
1 
 

 
 

 

 

Atmospheric Non-Thermal Plasma 

Discharges for Cleaning And 

Bio-Decontamination 
 
 
 
 
 
 
 
 

SIRUI LI，BEng (Hons), MSc 

 
 

 

Thesis submitted in accordance with the requirements of the University of 

Strathclyde for the degree of 

 

Doctor of Philosophy 2016 

 

 

 

 

Department of Electronic and Electrical Engineering 

University of Strathclyde 

Glasgow, UK  



2 
 

DECLARATION OF AUTHENTICITY AND AUTHOR’S RIGHTS 

This thesis is the result of the author’s original research. It has been composed by the 

author and has not been previously submitted for examination which has led to the 

award of a degree. 

The copyright of this thesis belongs to the author under the terms of the United 

Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50. 

Due acknowledgement must always be made of the use of any material contained in, 

or derived from, this thesis. 

 

Signed:  

Date: 

 

 

 

 

 

 

 

 

 

 

 

 

  
  



3 
 

ACKNOWLEDGEMENT 
 

First, I would like to thank my family, especially my parents and my wife for their 

unconditional support.  

Special thanks to my supervisor Dr. Igor Timoshkin, also Dr. Michelle Maclean, 

Dr. Tao Wang and all the amazing people in Strathclyde HVT group. 

Last but not the least, I would like to thank my baby daughter Yujia, who will read 

this thesis someday.  



4 
 

ABSTRACT 

It has been shown that non-thermal plasma has great potential for chemical oxidation 

and bacterial inactivation. However, the mechanism of plasma-induced oxidation and 

bactericidal effects is not fully understood, and optimisation of the non-thermal 

plasma treatment is required to improve the efficiency of this technology. 

This research presents an investigation into the oxidation and bio-decontamination 

capabilities of steady-state corona discharges and impulsive transient plasma 

discharges in atmospheric air. Degree of decolorisation of blue dye by plasma 

discharges was obtained and used for evaluation of the oxidation efficiency of these 

discharges. The Gram-positive and Gram-negative bacteria, Staphylococcus aureus 

and Escherichia coli, respectively, were used for investigation of the 

bio-decontamination capability of the plasma discharges. It has been shown that 

conditions such as air humidity, electrode topology, and voltage levels may affect the 

efficiency of plasma treatment. The obtained results show that the oxidation and 

inactivation effects depend on the amount of charge delivered by the plasma. The 

charge-dependent decolorisation and inactivation rates of plasma discharge treatment, 

which indicate the oxidation efficiency and inactivation efficiency, were obtained and 

analysed. Different decolorisation and inactivation rates were achieved with various 

electrode topologies and energisation polarities. 

This study also investigated the production of reactive species by atmospheric plasma 

discharges. Ozone concentration was measured during the decolorisation and 

inactivation tests. The production of OH radicals by the plasma discharges have also 

been obtained in this study using terephthalic acid as the chemical probe. The 

obtained results confirm that the reactive oxygen species play a major role in the 

plasma discharge treatment. In addition, an attempt of using TiO2 as a catalyst to 

enhance oxidation and bio-decontamination effects of the plasma discharge treatment 

has been made. TiO2 was revealed to have the potential to improve the oxidation 

efficiency of atmospheric plasma discharges.  

The results obtained and presented in this thesis will help in optimisation of 

non-thermal plasma systems for chemical and biological decontamination. 
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CHAPTER 1  

Introduction 

Plasma, as the fourth state of matter, has been studied over many decades. Generally, 

plasma refers to a partial or fully ionizioniseded gas which consists of ions (positively 

or negatively charged), electrons, and neutrals. Plasmas are usually categorised into 

two major groups: thermal plasma and non-thermal plasma. In the case of thermal 

plasma, thermal equilibrium or near equilibrium can be formed between electrons, 

ions, and neutrals. Generation of thermal plasma typically is associated with thermal 

ionization and Joule heating. Thermal plasma can be used in several practical 

applications, including reduction of environmental pollution by the destruction of 

toxic substances, and thermal (municipal) treatment of industry wastes (plasma 

gasification). However, the high temperature of thermal plasma may be undesirable in 

many situations. In addition, the maintenance of thermal plasma systems and energy 

costs is generally quite high. Alternatively, non-thermal plasmas are generated 

through ionization processes which deliver energy primarily to the energetic electrons 

instead of heating up the gas. This type of plasma also can be applied in heat-sensitive 

situations, and the maintenance cost is low. Therefore, non-thermal plasma has 

attracted significant attention in recent years.  

The non-thermal plasma generated by electrical discharges in atmospheric air has 

been investigated by many researchers worldwide, and its cleaning and 

decontamination effects have been confirmed in various published papers such as 

[1]-[4]. As a result, a number of practical applications of non-thermal plasma are now 

being developed, including non-thermal plasma discharges for gas treatment, water 

purification, bio-decontamination, and wound healing [5], [6]. Although the great 

potential of non-thermal plasma technology has been proved, the exact mechanisms of 

the chemical and microbiological effects of atmospheric plasma discharges still are 

not fully understood. It is believed that plasma agents generated by atmospheric 

discharges such as chemically reactive species, UV radiation, and intensive electric 

fields make a significant contribution to those processes. The reactive chemical 

species generated by plasma discharges are considered the most important plasma 

agents. Species such as OH radicals, ozone, hydrogen peroxide, singlet oxygen, nitric 

dioxide, peroxynitrites, and many others have been detected and studied in multiple 
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papers including [7]–[10]. Different types of plasma discharges or even different 

discharge conditions can result in varying rates of production of these chemically 

active species and, thus, can result in a different degree of chemical or anti-microbial 

activity. For further development of practical applications of the non-thermal plasma 

discharges, it is necessary to investigate the oxidation and microbiological 

decontamination efficacy of different types of discharges and their dependency on 

discharge parameters, such as the magnitude and polarity of the applied voltage, the 

charge delivered during the plasma treatment, and the discharge topologies. 

The present research project is aimed at the investigation of the oxidation and 

microbiological decontamination efficacy of atmospheric steady-state and impulsive 

plasma discharges. Two important types of atmospheric non-thermal plasma 

discharges that are commonly used are steady-state corona discharges and transient 

plasma discharges. The main objectives of this project are to 

 Investigate oxidation and decontamination efficacy of the steady-state corona 

discharges and transient plasma discharges 

 Investigate the difference in oxidation and decontamination efficacy caused by 

discharge parameters 

 Investigate the production of reactive oxygen species with high redox potential 

(ozone and hydroxyl radicals) and their relation to oxidation and 

bio-decontamination effects of plasma 

 Provide analysis and discussion on the optimisation of non-thermal plasma 

discharge technology 

Factors that affect the oxidation and decontamination efficacy of atmospheric plasma 

discharge were studied in this research project. These factors include the discharge 

topologies and the total charge delivered by the discharge. It is believed that ozone 

and hydroxyl radicals play a dominant role in the process of oxidation and 

decontamination. The production of ozone and hydroxyl radicals is directly related to 

the plasma bio-decontamination and oxidation efficacy. However, the contribution of 

other species cannot be ruled out. Another important approach which was investigated 

in this research is to use TiO2 to enhance the oxidation and decontamination effects of 

atmospheric plasma discharges. Preliminary tests demonstrated potential enhancement 
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effects which depend on the way TiO2 is introduced into the plasma treatment system 

in practical situations. 

A brief description for each thesis chapter is provided in the following paragraphs： 

Chapter 2 (“Background and Literature Review”) provides background information 

on the non-thermal plasma discharges and their use for surface cleaning and 

bio-decontamination. Electrical properties of corona discharges and transient spark 

discharges are discussed in this chapter along with their chemical and 

bio-decontamination effects. Generation of important reactive chemicals and possible 

mechanisms of bacterial inactivation are also presented. 

Chapter 3 (“Development of Steady-State and Transient Plasma Treatment Systems”) 

describes the development of plasma systems and equipment used in this research 

project. The plasma systems developed and used in this project include a DC 

steady-state corona discharge system and an impulsive transient plasma discharge 

system. Experimental conditions are presented, and the topologies of plasma reactors 

are discussed. The results of electrostatic simulations of the electric field in the 

plasma reactors and electrical characteristics of both types of discharges are also 

presented. 

Chapter 4 (“Oxidation Capability of Atmospheric Non-Thermal Plasma Discharges”) 

presents the experimental study of chemical oxidation capability of atmospheric 

plasma discharges. In this study, indigo carmine was used as an indicator to 

investigate the oxidation capability of both steady-state corona discharge and transient 

plasma discharge under different conditions (polarity, voltage level, humidity, and 

reactor topology). Decolorisation rates of indigo carmine solutions were evaluated in 

plasma reactors with different electrode topologies. The results of this experiment 

were analysed and are discussed in this chapter to present information on optimisation 

of the plasma systems. 

Chapter 5 (“Bio-Decontamination Capability of Atmospheric Non-Thermal Plasma 

Discharges”) presents an experimental study of bio-decontamination efficiency of 

steady-state corona discharges and transient plasma discharges. E. coli and S. aureus 

were used as test bacteria and were inactivated by both types of discharges under 

different conditions. The obtained results are presented in this chapter along with their 
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analysis and discussion. The mechanisms of plasma-induced bactericidal effects and 

their efficiency are discussed. 

Chapter 6 (“OH Radicals Produced by Atmospheric Non-Thermal Plasma 

Discharges”) describes experimental work on the detection of OH radicals produced 

by plasma discharges. Terephtalic (TA) acid was used as a sensor to detect OH 

radicals and to produce HTA acid, which gives the fluorescence signal. Thus, 

concentration of OH radicals produced by plasma discharges can be obtained. The 

concentration of OH radicals generated by both types of discharges under different 

conditions was detected, and results are discussed in this chapter. 

Chapter 7 (“TiO2 as A Potential Catalyst for Improving The Efficiency of 

Non-Thermal Plasma Treatment”) presents several attempts of using TiO2 as a 

catalyst to enhance the decolorisation and bio-decontamination effects of the plasma 

discharges. A six-needle corona discharge reactor was used to generate plasma 

discharges. Different approaches of introducing TiO2 into the plasma discharge 

treatment system were tested, and results are presented and discussed. 

Chapter 8 (“Conclusion and future work”) summarises the results and achievement 

of this research project. The bio-decontamination and oxidation capabilities of the 

steady-state corona and transient plasma discharges under different conditions are 

analysed. OH radical production is also discussed to provide insight into the 

mechanisms of plasma-induced chemical and biological effects. The obtained results 

and analysis from each chapter are combined in this chapter to provide information 

and discussion on optimisation of plasma discharge treatment systems. 

Recommendations for future work are also provided. 
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CHAPTER 2 

Background and Literature Review 

 

2.1   General 

In this chapter, a background study and a comprehensive literature review on 

chemical and bio-decontamination effects of non-thermal plasma discharges has been 

conducted. Fundamentals and principles of plasma are described, and related theories 

and applications are presented to provide theoretical support for the research of 

oxidation and decontamination effects of non-thermal plasma discharges. The 

following topics are included in this review: 

 Plasma basics  

 Atmospheric pressure non-thermal plasma discharges  

 Chemical effect of non-thermal plasma  

 Bactericidal effect of non-thermal plasma 

Practical applications of the non-thermal plasma discharges, including plasma 

catalytic processes, are also discussed. 

 

2.2 Basics of Plasma 
 

2.2.1 What is plasma? 

The term “plasma” was first used by Noble prize winning chemist Irving Langmuir to 

describe ionised gas in 1927 [11]. The matter in our universe is classified into four 

states: solid, liquid, gas, and plasma. It is known that the bonding force which holds 

the particles together is different in solid, liquid, and gas states (solid>liquid>gas). 

The random kinetic energy of the atoms or molecules and the bonding energy 

determine which state the matter has. If sufficient energy is provided, for example 

through heating of solid or liquid substances, the kinetic energy of atoms and 

molecules increases, atoms and molecules overcome the bonding force, and phase 
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transition will occur. In the case of a substance in the gas phase, when enough energy 

is provided (for example, by heating up the gas), the kinetic energy will exceed the 

molecular bonding potential energy and result in dissociation of gas molecules. 

Furthermore, if the kinetic energy in an atomic gas increases to a level that overcomes 

the bonding force of orbital electrons, ionised gas or plasma is formed. 

Plasma refers to fully ionised or partially ionised gases. The ionisation degree of 

plasma can vary from very low value (for example 10
-4

 to 10
-6

, partially ionised) to 1 

(fully ionized) [12]. Typically, plasmas are electrically neutral, and they consist of 

ions (positively or negatively charged), electrons, and neutrals. The visible universe is 

mostly in plasma form; examples include the sun, interstellar medium, and solar wind. 

Plasmas are also very common on earth: polar auroras, flames, and lightning are all 

plasmas. With modern technology, artificial plasmas are commonly created and used 

in multiple practical applications including bio-decontamination and chemical 

oxidation such as in [13] and [14]. 

 

 

2.2.2 Plasma Temperature  

The temperature of plasma is described by the temperatures of each particle, including 

electron temperature Te, ion temperature Ti, and temperature of neutral particles T0. 

Assuming that plasma is an ideal gas, the average kinetic energy of a particle can be 

written as in (2.1) based on the Maxwell-Boltzmann distribution: 

 

E =
3

2
𝐾𝐵𝑇                                 (2.1) 

 

where KB is the Boltzmann constant 1.38∙10
-23

 J/k. 

 

Generally, for ionising molecules, the energy required is greater than 10 eV. It is 

also very common to use KBT to express temperature in an energy unit of eV, which 

indicates the energy acquired by an electron through a potential change V, eV=KBT. 
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Hence, 1 eV equals a temperature of 11,600 K. Examples of plasmas with different 

electron temperatures and densities are shown in Figure 2.1. 

 

 

Figure 2.1. Plasmas with different electron temperatures and densities (graph from 

[15]). 

 

 

2.2.3 Classification of Plasmas  

In laboratory research, plasmas generally are classified into two major categories: 

equilibrium plasma and non-equilibrium plasma. Equilibrium plasma, also known as 

thermal plasma, typically has a high temperature that results in thermal equilibrium. 

The species (ions, electrons, and neutrals) in this type of plasma have the same 

temperature Te ≈ Ti ≈ T0. Thermal equilibrium could be formed in a localised area. In 

non-equilibrium (or non-thermal) plasma, electrons have a much higher temperature, 

Te >> Ti ≈ T0, and thermal equilibrium is not formed. Based on the electron 
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temperature, plasmas can also be further classified into cold plasma (Te ≤ 10
5
 K) and 

high-temperature plasma (Te > 10
6
 K) [15], [16]. Many other types of plasma 

classifications exist. They are based on parameters other than temperature, such as 

ionisation degree and gas temperature. In this thesis, research was focused on 

non-thermal atmospheric plasma which was generated by high-voltage discharges in 

ambient and bottled air. 

 

 

2.3 Non-Thermal Atmospheric Plasma Discharges 

 

2.3.1 Introduction  

As mentioned in Section 2.2.3, plasmas are typically categorised into two major types: 

thermal plasma and non-thermal plasma. Each of these types has its features and can 

be used for practical applications. In the case of thermal plasma, thermal equilibrium 

or near equilibrium can be formed between electrons, ions, and neutrals. Thermal, 

fully ionised plasma is hot (10s of thousands of degrees K) and difficult to control. 

Despite this characteristic, thermal plasma can be applied to many areas, such as 

material processing [17], solid waste treatment [18], and many others [19]. However, 

the high temperature of thermal plasma may be undesirable in many situations. In 

addition, the costs of energy and the maintenance of thermal plasma systems are 

generally quite high.  

Alternatively, non-thermal plasmas are generated through ionisation processes which 

deliver energy primarily to the energetic electrons instead of heating up the gas. Those 

energetic electrons with high electron temperature Te ≈10
4
~10

5 
K can produce 

radicals, ions, and electrons by impact with gas molecules. Chemically active species 

produced in this way can degrade organic molecules and kill microorganisms, 

resulting in oxidation, cleaning, and bio-decontamination effects. The temperatures of 

ions and neutrals are low (close to room temperature in most cases). Therefore, 

non-thermal plasma discharge could be applied to heat-sensitive material such as 
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biological tissues and polymers. Additionally, the maintenance and energy cost of 

non-thermal plasmas are much lower compared with those of thermal plasmas. 

Electric discharges in air are one of the most common ways to generate non-thermal 

plasma. As reported in [12], various chemical non-equilibrium conditions can be 

achieved by modifying the discharge parameters such as gas content, electrode 

configuration, and pressure. Therefore, gas discharge plasma is considered highly 

potential in many environmental applications. In this research, non-thermal plasmas 

generated by atmospheric discharges were investigated.   

 

 

2.3.2 Ionisation and Charged Particles 

Gases in a non-ionised state and under normal environmental conditions (temperature, 

pressure) are electrical insulators. Gas molecules are electrically neutral. Charged 

particles in gases are generated through ionisation, and this process may involve the 

collision of species and photoionization. Atoms can be excited and transferred into an 

excited state after receiving energy through absorption of a photon or collision with 

electrons or other energetic particles. When enough energy is provided to an atom 

(amount equal to the electron bond energy), the electron will no longer be bound to 

the atom and will separate from the atom. Thus, this atom will be ionised. The 

minimum energy which is required to release an electron from an atom is called the 

ionisation potential. For different atoms and molecules, the ionization potentials are 

different: for example, 13.6 eV for H, 12.07 eV for O2, 13.77 eV for CO2, 14.5 eV for 

N, and 15.6 eV for N2 [20].  

Charged particles and free electrons can also return to neutral atoms or molecules 

through recombination. The main mechanisms of ionisation and recombination can be 

written in the following equations: 

 

A + e ↔ A
+
 + e + e         (2.2) 

 

A + B ↔ A
+
 + e + B (2.3)   
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A + hν ↔ A
+
 + e     (2.4) 

 

where A and B represent neutral atoms or molecules. These equations describe 

ionization by (2.2) electron collision with neutral species; (2.3) neutral species 

colliding with each other; and (2.4) photoionization.  

Ionisation occurs not only with ground state neutral species, but also with excited 

atoms and metastable particles, which can be ionised or de-activated through the 

impact of other particles such as electrons and neutrals. Excited atoms take less 

energy to be ionised compared with ground state atoms. Reactions caused by 

collisions of metastable species and neutrals can be written as: 

 

Penning dissociation: M
*
 + C2 → 2C + M (2.5) 

 

Penning ionisation: M
*
 + A → A

*
 + M + e  (2.6) 

 

where M
*
 are metastable particles, and C2 represents neutral molecules such as O2 and 

N2.  

 

In addition, negative ions can be produced through another reaction which is caused 

by attaching electrons to heavy molecules. These attachment reactions are shown in 

(2.7) and (2.8): 

 

Dissociative attachment: C2 + e → C
-
 + C              (2.7)  

 

Triple collision attachment: C2 + e → C2
-
                            (2.8) 
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As discussed in [21], other reactions can take place in the non-thermal plasma 

environment: 

 

Charge exchange: A
+
 + B → B

+
 + A                         (2.9) 

 

Ion-ion recombination: A
+
 + B

-
 + M → AB + M                 (2.10) 

 

Generation and disappearance of the charged particles are important events in the 

mechanism of gas discharges, and the reactions between species also result in the 

production of chemically reactive species which directly and indirectly work on 

pollutants and bacteria. 

 

 

2.3.3 Plasma Streamers 

A plasma streamer is a form of transient discharge event which is developed from an 

electron avalanche in dielectric media. The concept of streamer was introduced by 

Raether, Meek, and Loed around 1940 to describe the electric breakdown 

phenomenon in gas [22]. The formation of the streamer is based on the distortion 

effect of space charges created during electron avalanches. Under the effect of an 

applied external electric field, gas molecules are ionised, and the electron avalanche 

occurs. The numbers of electrons and positive ions increase exponentially in the 

process of electron avalanche. Due to the difference in mobility, electrons move to the 

anode with a higher speed, while positive ions move to the cathode slowly. Electrons 

are accumulated in the front area, and the positive ion zone is in the “tail” part, 

creating additional localised electric fields. Therefore, distortion of the electric field 

occurs due to the existence of space charges. An example is shown in Figure 2.2; the 

electric field is enhanced near the head (electron zone) and tail (positive ion zone) of 

the avalanche; while inside the avalanche, the electric field is reduced. 
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Figure 2.2. Distortion to the electric field caused by the effect of space charges. E0 is 

the external electric field; E’ is the localised electric field caused by space charges. 

When the primary electron avalanche is not very strong, the number of electrons in 

the avalanche head is less than 10
18

-10
20

, and the concentration of charge is not 

sufficient to distort the electric field between the electrodes. In this case, the 

avalanche ends after it propagates through the gap (electrons reach the anode and ions 

reach the cathode). When the primary electron avalanche is strong, the number of 

electrons in the head is >10
20

, and space charges can create an intensive localised 

electric field, E’. Under the effect of this localised electric field, the growth of further 

avalanches is enhanced in a direction conditioned by the external electric field. As a 

result, an ionised, thin conductive region propagates in that direction, forming single 

or multiple discharge channels as “the streamers”. The densities of electrons and ions 

are roughly the same in the ionised streamer channel, and the external electric field is 

screened by the thin space charge layer. In the area in front of the streamer head, an 

electric field is enhanced by the space charge. 

Streamers are categorised as positive streamers or negative streamers. Streamers 

which grow from the anode to the cathode are known as the cathode-directed 

streamers or positive streamers. The negative streamers (anode-directed streamers) 
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move in the direction of electron drift (from cathode to anode), as shown in Figure 

2.3. 

 

 

Figure 2.3. Positive streamers (left) and negative streamers (right) propagate in the 

gap. 

In the case of negative streamers, photons emitted from the primary avalanche 

generate electrons in the area near the head of the primary avalanche, and those 

electrons (together with electrons from the primary avalanche that are moving in front 

of the primary avalanche head) would start secondary avalanches under the effect of a 

strong electric field. Tails of secondary avalanches (positive ions) then will be 

neutralised by the head of the primary avalanche (electrons). 

In the case of positive streamers, photons emitted from the primary avalanche 

generate electrons which may cause many secondary avalanches in the area near the 

tail of the primary avalanche, where the electric field is enhanced. Electrons from 

secondary avalanches are then pulled into the tail of the primary avalanche and create 

a quasi-neutral plasma channel. The streamer propagates from the anode to the 

cathode, with a growth velocity of 10
8
 cm/s [23].  

A streamer is a weakly conductive and short-lived cold plasma discharge. However, 

when it bridges the gap between the anode and cathode, the discharge current 

increases significantly, and the streamer channel becomes highly conductive and 

thermalised. Thus, the spark channel is formed in this way. 
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Several differences, including diameter, length, and propagation velocity between 

positive and negative streamers, could be observed. In [24], Luque et al. used models 

to simulate the propagation of positive and negative streamers in ambient air in a 

needle-plane discharge system stressed by high voltage; the radius of the needle was 

0.26 mm. They claimed that positive and negative streamers have similar behaviours 

when the voltage is above 60 kV, while differences in streamer behaviours were 

observed for voltages below 40 kV. Positive streamers are faster, longer, and thinner. 

Under 23 kV, positive streamers propagating through an 11.5 mm gap used ~15 ns, 

while negative streamers used ~25 ns. The authors explained this phenomenon: they 

believe that the electron drift in negative streamers does not strongly help in streamer 

propagation, but leads to an increase of the streamer head diameter and dilutes the 

field enhancement effect. In the case of positive streamers, the growth depends more 

on the local electric field; it is thinner, so the field is more enhanced, and positive 

streamers propagate faster [24]. This was supported by experimental results from 

another study [25] in which the propagation, formation, and diameters were compared 

between positive and negative streamers. In their research, the authors claimed that 

positive streamers are thinner and can be ignited and propagate easily, while thicker 

negative streamers require higher ignition voltage. Streamers were generated in 

ambient air at 1 bar using a pair of needle-plane electrodes with a gap length of 40 

mm. It was reported that in the voltage range of 5 kV to 40 kV, positive streamers 

were observed. The diameter of the positive streamer head and the propagation speed 

increased from 0.2 mm, 10
5
 m/s (at 5 kV) to 1 mm, 10

6
 m/s (at 40 kV). When the 

voltage is increased to 40 kV, negative streamers appeared. As the voltage increased 

from 40 kV to 96 kV, the diameters of positive and negative streamers are similar, 1–

3 mm. The propagation velocity of positive streamers increased from 10
6
 m/s to 4∙10

6
 

m/s, while the propagation velocity of negative streamers can only be measured above 

56 kV, and is 25% lower than in the positive streamer case. The authors of this 

research also reported similar energy of primary streamers with positive or negative 

polarities (20-50 mJ). However, they also believed that the total energy delivered by 

the positive discharges is higher than the negative discharges. 

Streamers in ambient air promote multiple reactions including excitation dissociation 

and ionisation. O and N based neutral molecule, positive and negative ions participate 

in those reactions as reported in [26]. An optical study in [7] reported the existence of 
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OH radicals, ozone, and NO molecules in streamer discharges. Streamer-based 

discharges are often considered as good sources to generate non-thermal plasma. They 

can provide good performance with low costs to meet the requirement of many 

applications such as plasma medicine [27]. 

 

 

 

2.3.4 Corona Discharge  

Corona discharge is a type of self-sustained discharge which normally occurs in gas 

and is generated by a highly divergent, intensive electric field in areas around sharp, 

high-voltage (HV) electrodes. During the corona discharge, a weak, light emission of 

bluish color can be observed near the high-voltage electrode. The corona discharge is 

a common type of non-thermal plasma discharge, and it has been observed in many 

gases, including air at different conditions. For example, the St. Elmo’s fire is a form 

of corona discharge which appears at the end of the mast on a ship during storms. 

With the development of electrical engineering, corona discharges are more widely 

seen in the modern world; they may appear around high-voltage transmission lines, or 

near lightning rods or high-power antennae. 

 

Mechanisms of Corona Discharge  

When a high voltage is applied, a highly intensive divergent electric field is generated 

in the area near a sharp (highly curved) electrode. If this field exceeds the critical 

value, electron avalanches start to develop, and the ionisation process in the high field 

area becomes intensive enough to generate the corona discharge. The region near the 

stressed electrode where the electric field is intensive and the ionisation take place is 

the “ionisation region”. Light emission can be observed from this region. Outside the 

ionisation region is the “drift region”. In this region, the intensity of the electric field 

is low, and ions or electrons generated in the ionisation region drift to opposite 

electrodes through the region. The ions or electrons may interact with neutral 

molecules, but ionisation is not caused due to insufficient energy. If the applied 

voltage would increase sufficiently, breakdown of the entire inter-electrode gap could 

happen, and corona discharge would be transformed into a spark [23]. 



31 
 

Corona discharges can be classified as positive corona and negative corona discharges: 

if the sharp electrode is stressed with negative high voltage, corona discharge 

generated in this case is negative. Alternatively, if a positive high voltage is applied to 

the sharp electrode, generated corona discharge is positive. Although both types of 

corona discharges rely on the development of electron avalanche, the mechanisms of 

positive and negative corona discharges are quite different. 

In the case of positive corona discharge, electrons produced by exogenous ionisation 

move toward the curved electrode which is positively charged. In the region where the 

electric field is sufficiently high, electron avalanche is then triggered. More electrons 

produced from ionisation move toward the curved positive electrode, while positive 

ions move to the flat electrode (cathode). Photons emitted from ionisation then radiate 

into the gas and generate electrons; those electrons move toward the curved electrode 

under the effect of the electric field and trigger secondary avalanches. The mechanism 

of positive corona discharge can be described as a cathode-directed streamer.  

In the case of negative corona discharge, electrons generated from the ionisation 

process move away from the curved cathode, and positive ions move toward the 

cathode. Contrary to the positive corona case, those electrons do not contribute to 

further avalanches in the negative corona. However, electrons can be generated at the 

surface of the curved electrode by the photoelectric effect or the impact of positive 

ions. These electrons then start further avalanches under the effect of the intensive 

electric field. As the electrons move away from the curved electrode, they attach to 

neutral molecules and form negative ions. Those negative ions will then move to the 

anode.  

 

Characteristics of Corona Discharge  

Due to the different mechanisms of positive corona and negative corona discharges, 

the ignition conditions for these discharges are described in different ways. Fridman 

et al. discussed the ignition of corona discharge in [23] and [28]. In the case of 

negative corona, the ignition follows the same criterion of Townsend breakdown, as 

shown in (2.11): 
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∫ [𝛼(𝑥) − 𝛽(𝑥)]𝑑𝑥 = ln(1 +
1

𝛾
)

𝑥𝑚𝑎𝑥

0
              (2.11) 

 

where α(x) and γ are the Townsend primary and secondary ionisation coefficients, 

and β (x) is the attachment coefficient. 

 

At the position which is a distance xmax from the cathode, the electric field is low 

enough, the balance between ionization and attachment is reached, and α(xmax) = 

β(xmax). Thus, no additional electron multiplication occurs. The critical distance xmax 

defines not only the ionization-attachment balance but also the excitation zone (i.e., 

the visible size of the corona discharge).  

 

In the case of the positive corona, the process is described as the formation of the 

cathode-directed streamer. Therefore, the ignition process can be described by the 

streamer breakdown criterion (Meek breakdown criterion) as in equation (2.12): 

 

∫ [𝛼(𝑥) − 𝛽(𝑥)]𝑑𝑥 ≈ (18 − 20)
𝑥𝑚𝑎𝑥

0
      (2.12) 

 

Although mechanisms of development of positive and negative corona discharges are 

different, the critical ignition field is only slightly higher in the positive case.  

Additionally, in [23] and [28], the relationships between the corona discharge current 

and voltage characteristics of two parallel wires have been deduced. In a more general 

case with different electrode geometry, the corona discharge current and voltage have 

a relation as written in (2.13): 

 

I = CV(V − V𝑐𝑟)        (2.13) 

 

where C is a constant, I is the discharge current, V is the applied voltage, and  

Vcr is the critical corona ignition voltage.  
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Therefore, the power released in the corona discharges can be expressed by equation 

(2.14): 

 

P = VI = CV2(V − V𝑐𝑟)     (2.14) 

 

The power released from continuous corona discharge is limited by the low discharge 

current (tens or hundreds of µA in atmospheric air). However, if the applied voltage is 

increased, the spark channel can be formed. This becomes a problem in many 

applications. To increase the power delivered to the corona discharge without forming 

a spark, pulsed corona discharges and continuous corona discharges with 

pulse-periodic regimes are considered in many applications.  

 

 

Pulse-Periodic Regime of Continuous Corona Discharges 

As mentioned previously, corona discharge can be transformed into spark discharge if 

the applied voltage increases to a level that is sufficiently high. Therefore, to avoid 

undesirable sparks, the applied voltage level used to generate the continuous corona 

discharge is limited. The pulsed power supply has been used in many cases to 

generate corona discharges with high power while avoiding transformation into a 

spark [29], [30]. 

However, periodic current pulses can be observed even if the corona discharges are 

produced by a constant voltage. This pulse-periodic regime that is sustained by 

continuous constant voltage is known as “flashing corona” in the case of positive 

energisation and “Trichel pulses” in the case of negative energisation. According to 

[31], the frequency of flashing corona current pulses can reach up to 10
4
 Hz. The 

frequency of Trichel pulses can reach a higher frequency, up to 10
5
 to 10

6 
Hz. 

Although increase in the voltage can still result in a transition to spark, the discharge 

current and power of these self-pulsing corona discharges is still limited; the 

pulse-periodic regime can increase power delivered by corona discharge under 
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constant voltage conditions. An example is given in [31], in which the author 

calculated the maximum power of corona discharge generated in a point-plane 

electrode system: the radius of the stressed sharp electrode is 3–50 µm, and the gap 

between electrodes is 1 cm. Results showed that the maximum corona power with the 

continuous regime is 0.4 W; the maximum power is much higher during the 

pulse-periodic regime (~3 W). Therefore, the pulse-periodic regime is crucial and 

must be discussed in the study of steady-state corona discharge.  

 

 

Flashing Corona  

In the case of positive corona discharges generated by application of DC constant 

voltage, flashing corona (positive current periodic pulse) is caused by the effect of 

positive space charge. The process can be explained briefly as follows: during 

positive corona discharge, a cathode-directed streamer is formed along with the 

generation of electrons and positive ions. Under the effect of an external electric field, 

electrons with a higher speed move to the anode, and their number decreases quickly. 

At the same time, positive ions with low speed remain in the gap. The accumulation 

of positive ions in the gap results in a local electric field which is in an opposite 

direction of the external field, and this prevents the formation of new streamers. 

Therefore, the positive discharge current is suppressed. Those positive ions in the gap 

move slowly under the effect of an external electric field and eventually reach the 

cathode, then the gap is cleared up, and new streamers can be formed. Periodic-pulses 

in discharge current appear due to the repetition of this process.  

Examples of flashing corona discharge current waveforms are shown in Figure 2.4.  
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Figure 2.4. Examples of positive flashing corona discharge current waveforms, at 

0.2-bar gauge pressure: (a) +22 kV, (b) +26 kV [32]. 

 

The pulses in discharge current exist when the applied voltage/electric field is in a 

certain range. Increasing the applied voltage would result in an increase in the electric 

field. Discharge current becomes stable as the electric field provides enough ability to 

clear up the space charge in the gap. For example, a positive corona discharge 

generated in a point-plane reactor is described in [33] and [31]. The radius of the 

stressed point electrode was 0.17 mm, and the gap distance was 3.1 cm. The observed 

corona ignition voltage Vcr ≈ 5 kV, and the flashing corona was operated in the 

voltage range from the ignition voltage to V1 ≈ 9.3 kV. The maximum frequency of 

discharge current pulses was ~6.5 kHz; it was achieved at an applied voltage level in 

the middle of Vcr to V1. The voltage was increased to V2 ≈ 16 kV, at which pulses in 

the discharge current disappeared. As the voltage further increased to Vt  ≈ 29 kV, 

spark discharges with a frequency of 4.5 kHz were achieved. The mean values of 

discharge current were 1 µA, 10 µA, and 100 µA at Vcr, V1, and Vt, respectively. The 

regimes of positive corona discharge are shown in Figure 2.5.  
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Figure 2.5. Positive corona discharge regimes with voltage and pulse frequency [33]. 

 

 

Trichel Pulses  

Periodic pulses in discharges can also be achieved in negative corona discharges; this 

effect is known as “Trichel pulses”. Trichel pulses are also caused by the effect of 

space charge. When corona discharge is ignited in electronegative gases such as air 

and oxygen, electrons released from ionisation can form negative ions in the gap. 

Under the effect of an external electric field, positive ions move to the stressed 

cathode, and negative ions move to the anode. Two layers are formed near the 

stressed electrode: a layer of positive ions close to the electrode and an outside layer 

of negative ions. As the number of negative ions grows, they produce a local electric 

field which is in the opposite direction of the external field. Therefore, the ionisation 

process is suppressed, and the discharge current is suppressed as a result. When the 

negative ions move to the anode (far from the cathode), the suppression brought by 

space charge effect is decreased; then, the negative corona discharge is ignited again. 

Periodic pulses are produced by repetition of this process [34], [35]. However, in the 

case of corona discharge in electropositive gases such as argon and nitrogen, electrons 
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can move to the anode rapidly without forming negative ions. In this case, the electric 

field near the cathode is not suppressed as much, and Trichel pulses are not generated 

[36]. Examples of discharge current waveforms with Trichel pulses are shown in 

Figure 2.6. 

 

 

 

Figure 2.6. Examples of negative corona discharge current waveforms with Trichel 

pulses, at 0.2-bar gauge pressure: (a) +22 kV, (b) +26 kV [32]. 

 

Compared with flashing corona, Trichel pulses disappear at a high constant voltage 

level, and the steady-current state exists until the voltage increases to a certain level 

that is enough to transform the corona into a spark. An example is given in [37]: the 

characteristics of negative corona discharges under different regimes are shown in 

Figure 2.7. 

 



38 
 

 

 

Figure 2.7. Characteristics of negative corona discharges under different regimes 

(graph from [37]). 

 

As described in [37], a pair of needle-plane electrodes was supplied with a 

high-voltage DC power supply. The stressed needle electrode had a radius of 0.1 mm, 

and the distance from the tip to the plane electrode was 15 mm. The observed ignition 

voltage of negative corona discharge was 5 kV; the Trichel pulses in discharge current 

were observed immediately after the ignition. As the voltage increased, the 

time-averaged current and the pulse frequency increased, while the amplitude of the 

Trichel pulses decreased. As the voltage and time-averaged current increased to 

~14.1 kV and ~120 µA, corona discharge with Trichel pulses was converted into the 

pulseless state, and it became glow corona with further increase of voltage and current. 

Finally, a spark was formed as the discharge current increased to ~740 µA. Also in 

[37], the author suggested that the gap distance between electrodes has less influence 

on the magnitude of Trichel pulses. However, by using a needle electrode with a 

bigger radius, a higher discharge current can be achieved before corona discharge 

with Trichel pulses convert into the pulseless state. In another study [38], the author 

believes that the frequency of Trichel pulses depends on the radius of the cathode, air 

pressure, and gap distance, and this frequency increases with the voltage.  
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Production of Reactive Species by Corona Discharges in Air 

Multiple practical applications have been developed based on the corona discharges: 

examples include ozone generation [39], [40], removal of industrial flue gases [41], 

and decontaminating microorganisms [32]. These processes are based on the reactive 

species produced by corona discharges. Considering corona discharges in the 

atmospheric air, which mainly consist of nitrogen (78.09%) and oxygen (20.95%), 

reactions take place under the effect of electron impact, and parent species (O2 and N2) 

are transformed into reactive species. In addition, water molecules can be considered 

as one of the parent species if discharges are generated in humid air.  

By breaking the chemical bonds in the molecules of the parent species (such as H-OH 

bond and O=O bond), primary chemical species are produced. These primary species 

include H, OH radicals, O2
*
, N2

*
, H2O*, O, N, and positive/negative ions. Then, these 

primary species react with each other or with the parent species to form secondary 

species. The secondary species include reactive oxygen species such as O3, OH 

radicals, H2O2, and so on. Reactive nitrogen species such as NO, NO2, and ONOOH 

also are produced as secondary species. These species could react with liquid to 

produce H
+
, NO2

-
, and NO3

-
 through further reactions. This chemical production 

process of corona discharge in the atmospheric air has been proposed in [42] and [43]. 

The entire process is illustrated in Figure 2.8. 
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Figure 2.8. Chemical production process of corona discharge. 

 

Evidence of reactive species production by corona discharge has been reported in 

many studies. For example, in studies [44], [45], the OH radical produced by corona 

discharge was measured using the laser-induced fluorescence technique. Ozone is 

considered to be the most important component among the reactive species generated 

by corona discharge by many studies [46], [47]. Ozone concentration was measured in 

[48], which showed the formation of ozone during corona discharge through the 

following two steps: 

First, the oxygen atoms are formed by dissociation of the oxygen molecule, as shown 

in (2.15): 

 

O2 + e− → 2O + e−      (2.15) 

 

Then, the atomic oxygen and oxygen molecules react with a third species to create 

ozone molecules: 
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O + O2 +M → O3 +M       (2.16) 

M refers to a third species, such as O2 and N2. 

 

In the case of nitrogen molecules, bonds can be broken by electron impact to form 

atomic nitrogen, and atomic nitrogen and nitrogen molecules react with oxygen atoms 

to form NO:  

 

N2 + e− → 2N + e−                     (2.17) 

N2 + O → NO + N                        (2.18) 

N + O → NO                                   (2.19) 

 

NO further reacts with O2 and O3 to form NO2: 

 

2NO + O2 → 2NO2                  (2.20) 

NO + O3 → NO2 + O2                         (2.21) 

 

NO and NO2 can be dissolved in water and trigger further reactions with H2O and OH 

to produce NO2
-
, NO3

-
, and ONOOH. 

Under the same discharge conditions, including the geometry of electrodes, gap 

length, and so on, negative and positive corona discharges have different abilities to 

produce reactive chemical species. Due to the differences in the mechanisms, negative 

corona discharge produces more energetic electrons and has a larger plasma region 

than positive corona discharge [49], [50]. As a result, negative corona discharge has a 

higher electron impact rate and produces more excited molecules. Therefore, more 

ozone can be produced by negative corona discharge. Chen et al. [40] compared 

models of positive corona and negative corona with experiment results that showed 

the dependence of discharge polarity [49], [50]. In their study, corona discharges were 

generated near a 100 µm-radius wire with a current per unit of I=2.55 µA/cm. 
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Negative corona generated plasma was reported to be 200 µm thicker than the plasma 

generated by positive corona discharge. Additionally, the total number of electrons in 

negative corona plasma was more than 50 times higher than in positive corona 

generated plasma. Consequently, ozone production rate in the negative corona was 

reported as 6.1∙10
-3

 mg/s-m, which was 6.6 times of the production rate in the positive 

corona (9.2∙10
-4

 mg/s-m). This research also suggested that the ozone production rate 

increases with discharge current, electrode radius, and the decrease of temperature. 

Higher ozone production in negative corona discharge has been observed in many 

research. In [51] and [52], the authors reported that the ozone production rate of the 

negative corona is 5-8 fold as opposed to positive corona under the same condition in 

a wire-cylinder/plate discharge system.  

The production of ozone could make a significant contribution to the chemical and 

bio-decontamination effect of corona discharges. However, other chemical species 

such as OH radicals and reactive nitrogen species can be generated by corona 

discharges and play a role in corona-induced oxidation and bio-decontamination 

reactions. Furthermore, the bio-decontamination effect of non-thermal plasma is 

caused by multiple agents generated in discharges; this will be discussed in a later 

section. 

 

 

 

 

2.3.5 Transient Spark Discharge 

As mentioned in the previous section discussing streamer mechanisms, once the 

streamers propagate through the gap and reach the opposite electrode and form a 

conductive plasma channel which bridges both cathode and anode, a breakdown in the 

gap occurs and a spark can be formed. In a spark discharge, the spark channel is 

thermalized, and gas typically is heated up to a high temperature (10
4
 of degrees K). 

Considering practical environmental applications of plasma discharges in atmospheric 

air, high plasma temperature is not desirable. Therefore, attempts were made to avoid 

thermalisation of plasma in the case of the streamer-to-spark transition while 

maintaining a high production rate of chemically active species in the plasma. 
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Different approaches, including using sub-microsecond or nanosecond high-voltage 

pulses to generate transient plasma discharges [29], [53]–[57], using prevented-spark 

discharge regimes as discussed in [58], and employing dielectric barrier discharge 

topologies [59]–[61], have been used to achieve this goal. However, one of the most 

effective ways to develop transient chemically rich atmospheric pressure plasma is to 

use a novel type of discharge, the transient spark (TS) discharge, which is described 

by Machala et al. in [62] and [63]. 

 

Transient spark discharge is a type of transition discharge which is initiated by a 

streamer and followed by a short current pulse (~10-100 ns). Despite using a DC 

high-voltage stress, this discharge has a self-pulsing nature due to charging and 

discharging of the reactor which has an internal capacitance. High-current pulses with 

magnitude of ~1–10 A can be generated by the transient spark discharges with a high 

repetition rate of up to 20 kHz [62], [64]. As confirmed by optical emission studies 

[63], [65]–[67], the plasma produced by transient spark discharge is in a 

non-equilibrium condition. At a 1 kHz pulse frequency, it is reported that the gas 

temperature and rotational temperature is 550± 100 K, while the vibrational 

temperature is much higher than 3000 K [65]. This type of discharge is different than 

that of a typical spark discharge in which a much hotter plasma is produced and local 

thermodynamic equilibrium can be reached. Transient spark discharge is capable of 

producing cold plasma.  

 

An example of a transient spark discharge system is given in [64]. In the research, a 

DC high-voltage power supply was connected to a needle electrode through a current 

limiting resistor R (3.5–9.84 MΩ) and a separating resistor r (0–110kΩ). A simplified 

schematic diagram is shown in Figure 2.9. 
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Figure 2.9. Simplified schematic diagram of a TS discharge system [64]. 

 

A high-voltage power supply with output voltage V0 was used to stress the needle 

electrode. The streamer was formed first in the reactor chamber. When the voltage 

across the gap V reached the breakdown voltage VTS, the streamer transformed to a 

short pulse spark. The discharge current can be expressed as in (2.22) [64]:  

 

𝐼(𝑡) ≈ −𝐶
𝑑𝑈(𝑡)

𝑑𝑡
       (2.22) 

 

where C is the capacitance of the discharge system, including the internal capacitance 

of the discharge reactor, and the capacity of the cable and so on. 

 

The discharge current increased to the peak value and then decreased to zero. Then C 

was recharged by the increasing voltage U (t). This voltage can be expressed by 

charging time t, resistance R, capacitance C, and voltage of the external power supply 

U00 [64]: 

 

𝑈1(𝑡) = 𝑈00[1 − exp (
−𝑡

𝑅𝐶
)]      (2.23) 
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According to this equation, the breakdown voltage can be expressed as in (2.24) [64]: 

 

𝑈𝑇𝑆(𝑡) = 𝑈00[1 − exp (
−𝑇𝑡

𝑅𝐶
)]        (2.24) 

 

where Tt is the period of the TS pulses.  

 

The pulse repetition frequency is then shown in (2.25) [64]: 

 

 

𝑓 =
1

𝑇𝑡
=

1

𝑅𝐶𝑙𝑛[
𝑈00

𝑈00−𝑈𝑇𝑆
]
         (2.25) 

 

It can be seen from equation (2.25) that with certain R and C, the pulse frequency can 

be increased by increasing the voltage level of the external power supply. 

Typical transient spark discharge current and voltage waveforms from [64] are shown 

in Figure 2.10. 
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Figure 2.10. Typical current and voltage waveforms of transient spark discharge a) in 

ns scale; (b) in ms scale [64]. 

 

As shown in Figure 2.10 (a), the streamer transformed to pulse from phase A to B, 

and the current decreased to zero in phase C. Through recharge phase D in Figure 

2.10 (b), the voltage reached a certain level, and corona and pre-breakdown appeared 

in phase E. As the voltage increased to the breakdown level, the transition re-occurred 

(back to phase A). 

 

In addition, the plasma generated by transient spark discharge is highly reactive. This 

type of discharge can produce reactive species such as ozone, OH radicals, excited 

ions, and others. Because of this feature, good performance in terms of chemical 

oxidation and bio-decontamination can be achieved with this type of discharge. As 

reported in [68], suspensions of E. coli were treated by transient spark discharges, and 

up to 7-log reduction in population was obtained. This research also reported that 

H2O2, NO2
-
, and NO3

-
 were detected in the treated liquid sample. In another study 

[69], transient spark discharges and streamer corona discharges were used to 

inactivate S. typhimurium. Results showed that time required to achieve 90% 

inactivation (D-value) is in a range from 110 s to 326 s when transient spark 

discharges were used, which is much shorter than the time using streamer corona 
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discharges (529 to 1947 s). Transient spark discharges can be used to inactivate 

bacterial cells, and they also have cytotoxic effects on mammalian cells. In research 

work [70], transient spark discharges in air were used to treat E. coli contaminated 

water, and a strong bactericidal effect was observed (3-5 log reduction in population 

was obtained). Also in this research, HeLa cells suspended in 5 ml phosphate buffered 

saline (PBS) with a population of approximately 5∙10
5
 cells/ml was directly exposed 

to transient spark discharges, and maximum cytotoxicity of 94% was observed in 

samples treated by transient spark discharge with a frequency of 4 kHz for 20 

minutes.    

As one of the most important factors that leads to a strong chemical and 

bio-decontamination effect, the formation of the reactive species in transient spark 

discharges has been investigated in many studies. In the case of transient spark 

discharge generated in atmospheric air, reactive oxygen species (ROS) and reactive 

nitrogen species (RNS) are considered the main reactive species produced. A study 

[67] that conducted optical emission spectroscopy (OES) investigation on the UV-VIS 

(ultraviolet-visible) spectra proved that N, O atoms, N
+
 ions, and N2 excited species 

could be generated by TS discharge in air. This research also suggested that TS 

discharge with low-frequency, intensive and shorter current pulses generates more 

radicals per pulse. Research [65] also used OES in the UV-VIS region to identify the 

reactive species generated by TS discharges. Results confirmed the existence of OH, 

NO radicals, N2
+ 

ions, and atomic O, N, and H. The OH radicals were considered to 

be formed from water vapors in air, and the NO radicals were from dissociation of O2 

and N2 by electron impact. The presence of atomic O, N, and H would participate in 

further chemical processes that produce other reactive species such as ozone O3 and 

peroxyl radicals (HO2). The authors also claimed that no UV-C radiation was detected 

during the TS discharges. 

 

In a gas-liquid environment, transient spark discharge produces chemical effects in 

both the gas phase and the liquid phase. It is believed that chemicals generated in the 

gas phase and at the gas-liquid interface could be induced to liquid, initiate further 

reactions, and result in bactericidal and chemical effects. For example, hydrogen 

peroxide, which contributes to the bactericidal effect, can be generated in liquid by TS 
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discharge in the gas-liquid environment. As suggested in [71], the most 

straightforward pathway of generating H2O2 by plasma discharge in the gas-liquid 

environment is: 

 

H2O → OH· + H·                      (2.26) 

 

OH· + OH· → H2O2                         (2.27) 

 

H. + O → OH·                           (2.28) 

 

The generation of H2O2 could take place in the gas phase and then be induced to 

liquid, or it could occur directly in the liquid phase. However, the author of the 

research [71] observed a very low concentration of H2O2 (<0.1 mol%) in the liquid 

sample treated by plasma discharges with the absence of water molecules in the gas 

phase (gas with RH=0% was fed to the reactor). The concentration of H2O2 increased 

with increased gas humidity during discharges. The researchers believed that H2O2 

was formed through dissociation of water molecules in the gas phase instead of in 

liquid. However, the contribution of liquid phase reaction cannot be totally ruled out. 

It is possible that OH radicals are partially produced in liquid phase, and H2O2 can be 

formed through (2.26)-(2.28) or through other reactions such as described in (2.29) 

[72]: 

 

O3 + H2O(l) → H2O2(l) + O2      (2.29) 

 

Reactive nitrogen species play an important role in the case of plasma discharge in 

contact with the liquid. During plasma discharge in the gas phase, dissociation of N2 

and O2 take place, and nitrogen oxides are formed through reactions in the gas phase. 

Then the NOx dissolute in liquid which exposed to plasma discharge, forming NO2
-
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and NO3
-
. The pH of the liquid solution is decreased by this process. Equation (2.30) 

and (2.31) describes the dissolution of NOx: 

 

NO2 + NO2 + H2O → NO2
− + NO3

− + 2H+      (2.30) 

 

NO + NO2 + H2O → 2NO2
− + 2H+                   (2.31) 

 

Furthermore, nitrites converts into nitrates under acid condition, as in equation (2.32): 

 

3NO2
− + 3H+ + H2O → 2NO + NO3

− + H3O
+                      (2.32) 

 

This route was proposed in [68] and [73] as the major reason for having a higher 

concentration of nitrates (≈0.9–1 mol/L) than nitrites (≈0.2 mol/L) in water treated by 

transient spark discharge. It also was suggested in this paper that the conversion from 

nitrites to nitrates through equation (2.32) was accelerated at low pH level (pH<3.5). 

This reaction occurred even after the plasma discharge turned off, so the reaction also 

was indicated as a “post-discharge reaction”. 

 

In the liquid phase under acid condition, proxynitrous acid (O=NOOH) or 

peroxynitrites (O=NOO
-
) can be formed via reaction route in (2.33): 

 

NO2
− + H2O2 + H+ → O = NOOH + H2O                   (2.33) 

 

Peroxynitrites are strong oxidants and can react directly with cells and chemicals or 

form highly reactive species such as NO2
∙ 

and OH radicals via decomposition 
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reactions under acid conditions. The decomposition route is complex and can be 

shown briefly as: 

 

O = NOOH ↔ [ONO··OH]cage                           (2.34) 

 

[ONO··OH]cage ↔ OH· + NO2
·
                         (2.35) 

 

[ONO··OH]cage → HNO3 → NO3
− + H+                      (2.36) 

 

First, O=NOOH homolyzes to form a geminated pair of NO2
·
 and OH·, as described 

in (2.34). Then, ~30% of the geminated pairs convert to NO2
·
 and OH· through 

equation (2.35), and ~70 % of the geminated pairs collapse to HNO3, which forms 

NO3
-
 and H

+
 by dissociation [73], [74], as in (2.36). 

In addition, more reactions take place under acid condition in water treated by plasma 

discharges. For example, nitrous acid (HNO2) formed via dissolution of nitrites is not 

stable and may decompose: 

 

2HNO2 → NO· + NO2
· + H2O2           (2.37) 

 

The products of this reaction, NO· and NO2
·
, are known for their strong cytotoxic 

effects under acid condition [73], [75], [76]. The oxygen dissolved in water may react 

with NO· and NO2
·
 as:  

 

4NO· + O2 + 2H2O → 4NO2
− + 4H+                     

 (2.38) 
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4NO2
· + O2 + 2H2O → 4NO3

− + 4H+                         
(2.39) 

 

In general, the bactericidal and chemical effect in liquid is induced by atmospheric 

plasma discharge (TS discharge) through multiple chemical processes. Hydrogen 

peroxide and nitrites under acid condition may make a significant contribution, and 

the existence of products in the liquid phase such as ONOOH, OH radicals, and NO 

radicals is critical. The simplified overall chemical processes at the gas/liquid 

interface and in bulk liquid are shown in Figure 2.11. 

 

 

Figure 2.11. Chemical process of plasma discharge in contact with liquid (a) at the 

gas/liquid interface; (b) in the bulk liquid. 
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The role of ozone in the liquid phase chemical process is debatable. Lukes et al. 

discussed the contribution of ozone through experimental study. In [73], they claimed 

that ozone did not contribute to the aqueous-phase chemical process induced in water 

by plasma discharge in air. The authors believed that this was because ozone was 

eliminated by radicals such as 𝑁𝑂· and 𝑁𝑂2
·
 in the plasma zone, or in liquid 

through the reaction shown in (2.40): 

 

NO2
− + O3 → NO3

− + O2       (2.40) 

 

According to [77], ozone reacted with NO2
-
 rapidly, and the rate constant was 

~3.7∙10
5
 M

-1
s

-1
. 
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2.4  Non-Thermal Plasma Treatment for Microbial 

Inactivation 

It has been shown that non-thermal plasma discharges have a great potential in 

inactivation of microorganisms over a wide range [78]–[80]. The bactericidal effect of 

non-thermal plasma discharge depends on discharge type, discharge parameters 

(intensity of voltage and current), temperature, humidity, gas pressure, and many 

other factors. However, due to the complexity of the physical and chemical processes 

during a non-thermal plasma discharge, the mechanism of bacterial inactivation 

remains unclarified. In this section, a background study of plasma-microbial cell 

interaction is presented. This section of literature investigation provides important 

information to optimise the bacterial inactivation effect of non-thermal plasma 

discharges. 

 

2.4.1 Basic Structure of Biological Cells 

Biological cells are the fundamental working units of life. Bio-cells can be classified 

as eukaryotic cells and prokaryotic cells. Eukaryotic cells contain a nucleus and other 

membrane-bounded organelles which prokaryotic cells do not have. Plant cells and 

animal cells are eukaryotic cells, while bacteria are prokaryotic cells. Both types of 

cells have a semi-permeable outer cell membrane which plays an important role in 

plasma-cell interactions. The membrane is composed of a lipid bilayer with an 

embedded protein. The lipid layer acts as a barrier, and the protein determines 

functions such as pumps and gates. In addition to the membrane, bacterial cells also 

have a cell wall. Depending on the structure of the cell wall, bacteria are classified as 

Gram-positive or Gram-negative. 

Gram-positive bacteria have a cell wall with a thicker peptidoglycan layer outside the 

membrane. This type of bacteria appears purple in the Gram stain test. 

Gram-negative bacteria have a cell wall that contains a thinner peptidoglycan layer 

between the plasma membrane and the outer membrane. This type of bacteria appears 

pink in the Gram stain test. 
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Structural differences in the cell wall between Gram-positive and Gram-negative 

bacteria are shown in Figure 2.12. 

 

 

 

Figure 2.12. Cell wall structure of (a) Gram-positive bacteria and (b) Gram-negative 

bacteria.  

 

Cell death is of two types: necrosis and apoptosis. Both types of cell death can be 

caused by non-thermal plasma discharge treatment.  

Apoptosis is a process of natural programmed cell death. It typically occurs in 

multicellular organisms. Biochemical events in cells can cause morphology changes 

such as cell shrinkage, nuclear fragmentation, DNA fragmentation, etc., and lead to 

cell death.  

(a) 

(b) 
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Apoptosis is a common and necessary process in organisms of human, animal, and 

other life forms. However, plasma-induced cell apoptosis has been reported in many 

studies. As reported in [81] and [82], plasma-induced cell apoptosis can be achieved. 

Reactive species generated by plasma discharges could result in cell apoptosis. In [83], 

the concentration of H2O2 was reported to have a strong influence on cell apoptosis. 

Reactive species generated by plasma discharges could bring DNA damage which 

leads to a potential apoptotic process. In [84], plasma-induced reactive oxygen species 

are proved responsible for DNA damage in cells treated by dielectric barrier discharge 

(DBD) plasma. Another possible factor which may cause plasma-induced apoptosis is 

the intensive electric field; this has been proved by research [85] with a high-intensity 

pulsed electric field. Plasma-induced apoptosis is potentially important for the 

development of plasma medicine in many areas such as cancer treatment. 

Necrosis is a process of unorganised cell death which typically is caused by external 

factors such as toxins, trauma, and infections. Unlike apoptosis, this type of cell death 

is not a natural process and is not necessary for organisms. Necrosis caused by 

non-thermal plasma discharges has been widely investigated. Inactivation of 

microorganisms, as an example, is one of the major topics of plasma discharge 

research. Many factors are potentially responsible for plasma-induced necrosis, 

especially regarding microbial inactivation using plasma discharge treatment.  

 

 

2.4.2 Mechanisms of Bio-inactivation by Non-Thermal Plasma  

Non-thermal plasma has been proved to have significant potential for inactivation of a 

wide range of microorganisms. Because of complicated mechanisms which result in 

the death of microorganisms due to the action of non-thermal plasma, these 

mechanisms are still not fully understood. It is known that the inactivation effect 

depends on the plasma chemical composition, plasma temperature, type of 

microorganisms, and their present environment [86]. Although a complete theory of 

plasma inactivation mechanisms has not been established, many attempts have been 

made to identify reasons that lead to cell death in plasma treatment [87], [88]. 
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According to Akishev et al. [89], the most probable mechanisms of plasma 

inactivation are: 

(1) Damage or irreversible alteration to the cell wall and membrane, causing an 

increase of the substance transport, leading to cell lysis and death 

(2) Damage or irreversible alteration of intercellular components, causing dysfunction 

of the cell 

(3) Irreversible damage to DNA (breaking the chain) 

Under the effect of the non-thermal plasma, microorganisms would be attacked by 

plasma agents and eventually inactivated through the possible mechanisms listed. 

From the non-thermal plasma point of view, the plasma agents are responsible for the 

microbial inactivation and must be investigated. As reported by papers [3] and [90]–

[96], four major factors could result in microbial inactivation: (1) thermal effect, (2) 

chemically reactive species, (3) charged particles and electric field, and (4) ultraviolet 

radiation. Papers [97] and [98] specify these inactivation plasma agents. The effect of 

each plasma agent and their importance are discussed in this section. 

 

Thermal Effect  

The most frequently used method of microial inactivation is thermal heating. The heat 

can damage the cell membrane, cell wall, nucleus, and other components, making 

them lose their functions and leading to cell death. Many heat-based inactivation 

methods have been established, and different temperatures are required for 

inactivation, depending on bacterial heat tolerance and air humidity. For example, in 

the case of sterilisation using moist heat in an autoclave (steam sterilisation), the 

temperature required is 121°C at atmospheric pressure, and the process takes 15 

minutes. For the case of sterilisation using dry heat, 160°C for 120 minutes and 170°C 

for 60 minutes are recommended in [90] and [99]. 

Gas temperature remains at room temperature level in most cases of atmospheric 

pressure non-thermal plasma. Many studies have measured the temperature during 

non-thermal plasma discharges in various ways, such as in [95], but no significant 

increase in temperature was reported. Although minor change (increase) in 
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temperature could be caused in the exposed target objects (samples), the thermal 

effect on microbial inactivation is not likely to be a major contributor to cell death. 

However, exceptions exist if the microorganism has a low tolerance for heat, and 

temperature higher than room temperature in the gas can be achieved during some 

types of gas discharge (70-100°C). 

 

Reactive Species  

During non-thermal plasma discharges, chemically reactive species are generated 

through dissociation of molecules or many other pathways. As discussed in [100], 

ionic species and neutral species are produced in atmospheric plasma discharges 

through ion-molecule reactions and ion evolutions. Some of those reactive species 

have a high oxidising potential, which indicates a strong oxidation ability; examples 

are listed in Table 2.1.   

 

Table 2.1. Oxidising potential of chemicals generated by non-thermal plasma 

discharges [101], [102]. 

Oxidizing species Oxidation Potential (V) 

Hydroxyl radical 2.80 

Oxygen (atomic) 2.42 

Oxygen (molecular) 1.23 

Hydrogen peroxide 1.78 

Ozone 2.08 

 

It is believed that the reactive species generated by non-thermal plasma discharge play 

a dominant role in the bacterial inactivation process [65], [69], [86], [103]. In the case 

of non-thermal plasma discharge in ambient air, reactive oxygen species (ROS) and 

reactive nitrogen species (RNS), such as atomic oxygen (O), Ozone (O3), hydroxyl 
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radicals (OH
-
), and nitrogen dioxide (NO2), are produced [3], [95]. These reactive 

species react with unsaturated fatty acida and protein molecules, causing damage to 

the cell wall and membrane; in this way, cell lysis can be caused. Furthermore, 

reactive species can penetrate through the cell wall and membrane, break the 

biochemical balance in the cytoplasm, and bring heavy damage to inner components, 

leading to cell death.  

As suggested in [86], [88], and [103], the reactive oxygen species play the most 

important role in microbial inactivation. In the research studies [104]–[106], better 

inactivation effect was achieved by plasma discharge with the presence of oxygen; 

this indicated the importance of ROS. In [107], ROS-caused lipid peroxidation was 

reported as the main mechanism of bacterial inactivation, while DNA damage of 

plasma-treated mammalian cells caused by ROS also was reported in some studies 

[93]. Research work by Machala et al. using optical emission spectroscopy and 

thiobarbituric acid reactive substances (TBARS) absorption spectroscopy confirmed 

the peroxidation of the membrane caused by reactive oxygen species [69]. 

In atmospheric non-thermal plasma discharges, ozone is one of the most commonly 

produced products [108], [47], and it could be the dominant product among all 

reactive oxygen species [47], [46]. Its high bactericidal effect has been recognised and 

widely used as a sterilising agent [109]–[112]. Ozone can react with all major 

bacterial components and cause membrane lysis and damage to DNA and RNA 

[113]–[115]. Although ozone has been considered as a highly bactericidal agent, its 

importance in microbial inactivation by plasma discharge has been argued by many 

studies. Dobrynin et al. reported that the same E.coli inactivation efficiency was 

achieved with and without ozone produced from DBD plasma. Therefore, they 

believe that ozone generated by plasma discharge is not the main factor responsible 

for bacterial inactivation [92]. In [116], the author proved that even modest 

concentration of ozone (20 ppm) produced from plasma is enough to provide an 

inactivation effect on Botrytis fungal spores. As in [117] and [118], ozone plays a 

“‘largely indisputable” role in the inactivation of microorganisms by plasma 

discharges.   

The hydroxyl radical is one of the reactive species produced by plasma discharge that 

also has a great potential for microbial inactivation. As suggested in [97] and [119], 
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hydroxyl radicals generated in moist air are expected to attack the outer structure of 

the bacteria and make a significant contribution to bacterial inactivation. Hydrogen 

peroxide produced by plasma discharge is also toxic to biological cells. Other reactive 

species such as NO, NO2, and O can be generated by atmospheric plasma discharge, 

and bring inactivation effect to microorganisms. For example, generation of nitric 

oxide by air plasma jet has been discussed along with the related microbial 

inactivation mechanism in [120]. Further research is needed to identify the reactive 

species produced by plasma discharges and reveal their roles in microbial 

inactivation.  

  

Charged Particles and Electric Field 

Non-thermal plasma discharges are normally accompanied by a highly intensive 

electric field, and many studies have investigated the bactericidal effect of this electric 

field. In [88], the global electric field in plasma discharge was isolated from other 

plasma agents and tested on cells, and no noticeable inactivation effect was achieved. 

In [121], cell apoptosis was observed by introducing a nanosecond pulsed electric 

field. As described in [122]–[126], the intensive pulsed electric field can be used for 

sterilisation, cell adhesion, or introduction of molecules into cells. 

As suggested in [127], charged particles produced by plasma discharges could play a 

significant role in bacterial inactivation. Those charged particles could accumulate on 

the outer surface of the cell membrane, create an electric field, and generate an 

electrostatic force that could overcome the tensile strength of the membrane, causing 

rupture of the cell. This type of mechanism works better in the case of Gram-negative 

bacteria due to its more irregular membrane surface. This was confirmed by Laroussi 

et al. in [97], where the rupture of the bacteria cell wall was only observed in E. coli 

but not Bacillus subtilis. It is believed that B. subtilis cells (Gram-positive bacteria) 

have a much smoother membrane. In [87], the effect of charged particles and the 

external electric field was discussed, and the electrophysical effect was responsible 

for ~12% of total inactivation of Staphylococcus aureus and Pseudomonas 

aeruginosa by positive corona discharge. Research [87] also proposed that different 

cell components have different sensitivities to this mechanism. As reported in [128], 
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in the case of cells immersed in dielectric media with a pulsed electric field with 

E>10
4
 V/cm, their membrane could be easily broken, while in [87], a field with this 

intensity was not always considered to be destructive to intercellular components.  

In addition to the electrophysical effect, some charged particles (such as superoxide 

ion O2
-
) can be oxidative and bring chemical damage to the cell as well. It is believed 

that under the electrophysical effect, ions and reactive species can get into the cell 

more easily through the opened pore and attack intercellular components. 

 

UV Radiation  

Another important plasma agent for the microbial inactivation is the UV radiation 

generated during discharges. UV radiation has been widely used for sterilisation, and 

its effect is unquestionable. The germicidal wavelength range of UV is 220 nm to 280 

nm, while the most effective wavelength range for microbial inactivation is 250-280 

nm, with a peak at 260 nm [117]. UV radiation can cause damage to the DNA and 

prevent the reproduction process of the cell [129]. It can also cause damage to protein 

and generate hydrogen peroxide and ozone, which are toxic to cells. Some studies 

have listed UV radiation as a dominant factor for microbial inactivation by plasma 

discharges, such as in [130] and [131].  

Alternatively, many studies have reported that UV plays a minor role in microbial 

inactivation [88], [132], [133]. This concept has been supported by [92], [134], and 

[104], where UV radiation is not considered the primary factor for bacterial 

inactivation. In studies [86] and [93], the author used a quartz window to isolate UV 

radiation from other plasma agents and worked on targeting cells to investigate the 

contribution of UV radiation to inactivation. The results also showed that the role of 

UV could be negligible.  

In [135] and [136], UV radiation is considered to play the most important role in 

microbial inactivation by low-pressure plasma discharges. However, in the case of 

atmospheric pressure plasma, UV photons are generally reabsorbed by plasma itself, 

and are not delivered to target microorganisms [95], [137], [138]. In most of the 

atmospheric plasma discharge cases, UV emission is not able to satisfy those 
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conditions. Although shorter-wavelength UV can be generated, it is not able to cause 

lethal damage to the exposed cell. Therefore, UV radiation would not be expected to 

make the main contribution to microbial inactivation [97]. Experimental measurement 

from the research of Laroussi and Leipold [95] showed that DBD in air produced no 

significant UV signal below 285 nm, and the power density in the region of 200 nm to 

300 nm was below 50 µW/cm
2
. 

It was established in [87] that the inactivation effect of UV radiation depends on the 

intensity of the radiation, and the sensitivity of microorganisms. The geometric size of 

bacteria does have a strong influence on its sensitivity to UV. Experiments in this 

study showed that Staphylococcus with a smaller size are more sensitive to UV than 

Pseudomonads. The surface-to-volume ratios are also compared in this study, and 

inactivation of UV radiation is more effective on small cells rather than large cells. 

The production of UV radiation in plasma discharge depends on many factors, such as 

gas composition, electric parameters, and exposure time. Therefore, a general 

conclusion on the role of UV in microbial inactivation cannot  be made easily. It is 

also important to know that UV may work synergistically with other plasma agents 

such as reactive species so that better inactivation effects can be achieved. 

 

 

2.5  Important Factors of Non-Thermal Plasma Discharge 

Treatment  

In the previous sections, the characteristics of non-thermal plasma discharges were 

discussed. Without a doubt, non-thermal plasma discharges have great potential in 

many practical areas, and numerous applications have been developed based on this 

technology. One of the most important challenges in non-thermal plasma research is 

to optimise the treatment effect (inactivation effect, oxidation effect, etc.) and increase 

the efficiency. Due to the complexity of chemical reactions in non-thermal plasma 

discharges and plasma-cell interactions, it is difficult to identify the mechanism of 

plasma inactivation clearly. However, many important factors are reported to have an 

influence on non-thermal plasma discharge treatment.  
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2.5.1 Discharge Types and Electrical Parameters  

It is important to note that different types of non-thermal plasma discharges have 

different abilities in producing reactive species and other plasma agents. Therefore, 

their treatment effects, including microbial inactivation and chemical oxidation, are 

different. For example, dielectric barrier discharge (DBD) is known for its ozone 

production ability and has been widely used in the laboratary and in industry [5], [59], 

[139]–[141]. Electrical properties of non-thermal plasma discharges could determine 

the treatment effects of non-thermal plasma discharges. It is important to monitor and 

manipulate the electric parameters to achieve the proper results from the non-thermal 

plasma discharge treatment. These important parameters include voltage, current, 

electric field intensity, frequency of pulsation (in the case of impulsive treatment), 

total exposure time, and total delivered charge. This provides a wide range of choices 

to applied non-thermal plasma discharge to specific situations. 

 

 

2.5.2 Direct and Indirect Plasma Exposure  

Microorganisms, biological materials, or any other target can be exposed to 

non-thermal plasma discharges in two ways: direct exposure and indirect exposure 

(remote exposure). In the case of direct exposure, targets are directly exposed to 

plasma, and all the plasma agents are able to come in contact with the sample, 

including UV light, electric field, charged particles, and reactive species. In the case 

of indirect exposure, targets are at a distance from the plasma, or in a modified 

configuration. Short-lived species, charged particles or even UV could not make 

contact with the sample.  

Direct exposure provides better effects due to a greater number of plasma agents 

participating in the inactivation process. This was proved by experimental study in 

[142]. Moreover, it has been supported by research [143], as faster inactivation was 

achieved using the direct exposure method. However, the presence of reactive neutral 

species is normally considered to be the main factor for inactivation of 

microorganisms. Therefore, indirect exposure could also provide a significant 
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inactivation effect. The investigation into the difference in the inactivation effect 

between direct and indirect exposure could identify the role of charged particles, UV, 

or electric field. More importantly, two types of exposure configurations provide 

choices to specific practical applications.  

 

 

2.5.3 Gas Conditions  

As the media of non-thermal plasma discharges, gas is very important to the plasma 

inactivation process. The condition of gas directly or indirectly determines the 

generation of plasma agents. Gas compositions as one of the major aspects were 

tested in many studies to achieve better effects of non-thermal plasma treatment. For 

example, in a study [144], non-thermal plasma discharge in a specific mixture of 65% 

O2, 30% CO2, and 5% N2 produced better inactivation effects on Bacillus atrophaeus 

than another mixture with 90% N2 and 10% O2. Research conducted by Bo Yang et al. 

reported that even a small variation of oxygen content (0% to 1% b/v) in the carrying 

gas could result in a significant difference in the inactivation of Bacillus spores; 

discharges in gas with a higher percentage of oxygen are more effective [145]. As 

mentioned in the previous section, the reactive species generated by non-thermal 

plasma discharges plays a dominant role in most situations. Different types or 

amounts of reactive species could be generated if the gas composition is different. In 

[146], the fluorescence measurement research of Takamatsu et al. showed that 

different OH radicals and singlet oxygen were produced by plasma discharges in 

various gases. Also, generation of other plasma agents such as UV radiation could 

also be influenced by gas composition. Reineke et al. reported that plasma jet using 

argon mixed with 0.135% b/v oxygen and 0.2% b/v nitrogen have more than four-fold 

production of UV photons than using pure argon [147].  

Another important gas condition is its humidity, especially in the case of plasma 

discharge in air, which has a certain gas composition. Many studies confirmed that 

humidity has a strong influence on the treatment effect of non-thermal plasma 

discharges. Trompeter et al. showed that the germicidal effect of plasma discharge can 

be increased by adding water vapour into the gas stream [148]. This has been 
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confirmed by experimental results from [144] and [149], which showed that higher 

relative humidity results in a higher inactivation effect.  

The humidity affects the plasma discharge treatment effect in two different ways. 

First, humidity influences the characteristics of plasma discharges and affects the 

production of reactive species. Second, humidity does have an influence on the 

inactivation effects of some reactive species such as ozone. For example, as reported 

in [112] and [150], the germicidal efficiency of ozone and other species such as OH 

radicals is strongly influenced by relative humidity.  

 

It was reported in [151] that changes in humidity do have a strong effect on the ozone 

generation of DC corona discharges. Chen and Wang used a corona discharge model 

to evaluate the ozone production rate of corona discharges in air with different 

humidities. A wire with a radius of 100 µm was used in this model as an electrode to 

generate corona discharges. In the case of positive corona, the ozone production rate 

in dry air (relative humidity RH=0%) is 9.2∙10
-4

 mg/s∙m (expressed per unit length of 

wire); this number decreased to 1.49∙10
-4

 mg/s∙m when humidity increased to 

RH=50%. When the humidity increased to RH=100%, the ozone production rate was 

9.93∙10
-5

 mg/s∙m, almost 10× lower than in the dry air. In the case of negative corona, 

the ozone production decreased from 6.1∙10
-3

 mg/s∙m (RH=0%) to 1.54∙10
-3

 mg/s∙m 

(RH=100%). This influence of humidity on ozone production was supported by 

experimental results in [152] and [153]. Also, the electrical characteristics changed 

with the changes in humidity. The role of water vapour was investigated in many 

studies. Humidity could affect the mobility of charge carriers, as reported in [154] and 

[155], and the plasma chemistry could also be changed [156], [157], [158]. The key 

components of chemically reactive species are ozone and the OH radicals, and the 

production of both chemicals could be affected by humidity. In [153], it was reported 

that the production of ozone decreases with an increase in humidity, and this decrease 

is not linear. This research also suggested that OH radicals are responsible for the O3 

destruction in humid air. Ozone production in humid air is low due to the removal of 

atomic oxygen by water molecules. This has been proposed in [153] and [159], as 

shown in (2.41)-(2.43) . 

 



65 
 

O + H2O → 2OH∗                      (2.41) 

 

OH∗ + O3 → HO2 + O2                          (2.42) 

 

HO2 + O3 → OH∗ + 2O2                              (2.43) 

where OH
* 
is highly unstable. 

 

Alternatively, with the presence of water molecules, OH radicals and H2O2 can be 

generated. An example is shown in [160], in which increasing humidity resulted in an 

increase in OH formation and a decrease in density of ozone.     

  

The hydroxyl radical can be formed through different mechanisms, including direct 

electronic excitation of water molecules and dissociative recombination of excited 

water molecules [161], [162], [163]: 

   

 H2O +e
-
 → OH + H + e

- 
                        (2.44) 

 

 H2O
+
 +e

-
 → OH + H  (2.45)   

                                                     

 H2O
+
 +  H2O → H

+
(H2O) + OH                       (2.46) 

 

Other mechanisms of formation of the hydroxyl radical in plasma-treated water 

solutions can involve formation and subsequent dissociation of peroxynitrous acid 

and/or peroxynitrite, as discussed in [73] and [68]. These complex processes of 

formation of OH radicals through chemical reactions involving nitrites, nitrates, 

hydrogen peroxide, and ozone are not fully understood, and further investigations are 
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needed. OH radicals are highly reactive, and they can quickly form H2O2 or other 

products by further recombination or oxidation reactions. 

 

 

2.5.4 Acidity  

In many studies, non-thermal plasma discharges have been generated in a gas-liquid 

hybrid environment to treat the target liquid sample. With the presence of liquid, 

hydroxyl radicals and H2O2 can be formed and play important roles in microbial 

inactivation and chemical degradation, as described in the previous section. 

Furthermore, plasma-induced acidification in the target liquid has been reported in [43] 

and [164]–[169]. This process is considered to be an important method to affect the 

non-thermal plasma discharge treatment. The process also provides information on 

the chemical production of various plasma discharges. Therefore, extra attention has 

been paid by many researchers to plasma-induced acidification. As reported in [170], 

two major possibilities are considered to be the cause of plasma acidification: plasma 

generated nitric/nitrate acid and an acid consisting of hydrogen cation (H
+
) and 

superoxide anion (O2
-
). The first possibility was confirmed by Takamatsu et al. in 

[146]. In their research, plasma in air resulted in the largest pH decrease among all the 

gases tested, and the highest concentrations of nitrite and nitrate were correspondingly 

observed. The process is described in the following steps: NO and NO2 are first 

generated in air by plasma discharge, and then NO3
-
 and NO2

-
 are generated (through 

the dissolution of NO2 and NO into water). NO, NO2, and ions (NO3
-
 and NO2

-
) react 

with water, forming HNO2 and HNO3. Hence, the pH is decreased [171]. A similar 

conclusion was made in [167] and [172]. 

On the other hand, pH of plasma-treated liquid can also become acid even without the 

production of nitric/nitrate acid. In [165], the author observed a decrease in pH of the 

sample liquid after treatment by discharge without nitrogen. They proposed that H3O
+
 

might be one possible source of the acidification. In [170], it is believed that the 

superoxide anion O2
-
 is partially responsible for the decrease of pH in plasma-treated 

liquid. The researchers added superoxide dismutase (SOD) enzyme to plasma acid 

and observed an increase in pH.  
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As known, non-thermal plasma produces not only neutral species but also charged 

particles. Both types of products could have an effect on target liquid pH. For 

example, NO and NO2 lead to the formation of nitric/nitrate acid, while charged 

particles could produce H3O
+
 through a charge exchange mechanism. A study on the 

effects of discharge products on target pH was conducted by Brisset et al. [166]. They 

suggested that the acidification is mainly caused by the neutral species—especially 

singlet oxygen in air and oxygen plasma. They also observed pH changes caused by 

ions: for example, the pH increase was observed under the effect of cations. 

The acidification of the target liquid induced by plasma discharge treatment could 

have an influence on the effect of plasma treatment itself. In [146], low pH was 

considered an important factor for effective inactivation of microorganisms. When pH 

was below 3.8, inactivation of E. coli was very efficient. As reported in [42], lowering 

pH can enhance the oxidising ability of hydrogen peroxide, which is also a product of 

plasma discharge. The supporting effect of plasma-induced acidification in microbial 

inactivation has also been reported in many other papers [173], [174]. From another 

point of view, low pH could cause harm to cells such as disruptions of the plasma 

membrane. However, some studies proved that this activity was not considered the 

main reason for plasma inactivation. According to results from [171], the contribution 

of low pH can be neglected in comparison with other factors produced by electric 

discharges. A similar conclusion was made in [175]; plasma-induced acidification 

was not considered to be the primary cause of bacteria cell death. However, its 

assistance cannot be ruled out completely. 

 

 

2.5.5 Catalysts  

Plasma catalysis, is an interesting research topic that has been studied for decades. 

The plasma-catalyst hybrid system has been found to provide better performance than 

plasma or catalyst alone in many situations [176]–[178]. Non-thermal plasma 

discharges were discussed in previous sections; plasma-catalysis is also worth 

consideration as a potential way to optimise the non-thermal plasma treatment. The 

advantages of introducing a catalyst into a plasma discharge system are many: it can 
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enhance the production of reactive species, accelerate chemical reactions, vary the 

selectivity of the system, and minimise unwanted products [179]. Also, the surface 

property of the catalyst may be changed by interaction with plasma discharges 

through ions, electrons, and photons. Conversely, the properties of plasma discharge 

may be altered by introducing catalysts, which will result in a change in the 

composition of reactive species generated [180].  

The enhancement effect by adding catalytic material into a plasma reactor depends 

not only on the physical and chemical properties of the catalyst, but also on how the 

catalyst is introduced into the system. In [181] and [182], it was reported that particle 

size, the amount of the catalyst used, and the way it was packed can significantly 

influence the performance of the plasma-catalyst system. Two types of common 

configurations of the plasma-catalyst system are described in [179]: one-stage (direct) 

and two-stage (indirect) configurations. In the case of a one-stage system, the catalyst 

is directly exposed to non-thermal plasma discharges, and all the species produced by 

plasma discharge, including charged particles, electrons, and neutrals, are able to 

reach the catalyst surface. In a two-stage system, the catalyst can only be activated by 

stable and long-lived species such as neutrals, as shown in Figure 2.13. 

 

Figure 2.13． Plasma-catalyst hybrid system with (a) one-stage configuration and (b) 

two-stage configuration. 
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Many types of catalysts can be used in the plasma treatment processes. One of the 

most common catalysts used in the plasma-catalyst system is titanium dioxide, which 

has a bandgap of 3.2 eV and can be activated by UV radiation (< 385 nm). It can 

provide electrons and holes, leading to the production of reactive species [183]. In the 

case of a plasma-catalyst hybrid system, electrons produced by plasma discharge with 

a mean energy of ~3.5 eV are thought to activate TiO2 as shown in (2.47) [184]: 

 

TiO2 +e
−(> 3.2eV) → h+ + e−                          (2.47) 

h
+
 represents hole provided by catalyst. 

 

TiO2 is also mixed with other materials that act as catalysts to achieve better 

performance. For example, nitrogen-doped TiO2 nanotubes were used in [185] and 

achieved better results than using undoped TiO2 nanotubes. Ag/TiO2 was used in [186] 

and achieved 68% toluene destruction at 257°C, while using TiO2 alone only 

achieved 19%. This research also suggested that temperature could have a strong 

influence on the performance of a plasma-catalyst system, as Ag/TiO2 achieved 100% 

conversion of toluene at 400°C. However, this thesis will only be focused on 

non-thermal plasmas in gases near room temperature.   

 

 

2.6 Summary  

In this chapter, a literature review on non-thermal plasma was presented. Plasmas as 

the fourth state of matter widely exist in the universe. They are classified as thermal 

plasma and non-thermal plasma, depending on the thermal equilibrium. Non-thermal 

plasma has been studied for many years, and it has great potential in many 

applications including waste water treatment, bio-decontamination, and polymer 

surface treatment.  

Discharges in atmospheric air are considered to be a good source for non-thermal 

plasma. During the discharge, gas can be ionised and produce chemically reactive 
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species. UV radiation and a strong electric field are also produced during the 

discharge process. Hence, the atmospheric discharges have a great potential in 

chemical oxidation and bio-decontamination. In this chapter, the mechanism of 

streamer development was presented, followed by a discussion of two types of 

atmospheric discharges: corona discharge and transient spark discharge. Their 

mechanisms, electric characteristics, and the ability of production of reactive species 

were discussed in this chapter. 

In addition, bio-decontamination effects of non-thermal plasma discharge were 

addressed. This discussion includes the mechanisms of the bio-decontamination effect, 

the roles of different plasma agents in decontamination, and possible influences of 

different discharge conditions.  

This chapter provides valuable information on principles and mechanisms of 

non-thermal plasma discharge and supports the experimental study which is presented 

in later chapters.  
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CHAPTER 3 

Development of Steady-State and Transient Plasma 

Treatment Systems 

3.1  Introduction  

In the present research project, two types of atmospheric non-thermal plasma 

discharge were studied: DC steady-state corona discharge and transient plasma 

discharge. Chemical oxidation and bio-decontamination capabilities of these 

discharges were investigated, and measurements of the hydroxyl radicals produced by 

atmospheric non-thermal plasma discharges were taken. Due to the different natures 

of the steady-state corona discharges and the impulsive transient plasma discharges, 

two separate experimental plasma treatment systems were designed and constructed.  

This chapter presents both types of discharge systems along with the detailed 

experimental methodology and diagnostic equipment used to monitor electrical 

characteristics of the plasma discharges. Each plasma system includes:  

 

 High voltage power sources  

 Gas handling system  

 Plasma discharge test cell 

 Diagnostic and monitoring equipment  

 

Electrostatic simulation of the electric field in each of the developed test cells was 

conducted as a part of the pre-test analysis, and the results of this modelling are also 

presented and discussed in this chapter. 

 

 

3.2  Steady-State Corona Discharge System 

As described in Chapter 2.3.4, corona discharge is one of the most commonly used 

sources of non-thermal plasma in atmospheric air, and it has been studied from many 

aspects over recent decades. This research is aimed at investigating possible factors 
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that can be modified to optimise the chemical oxidation and bio-decontamination 

efficiency of non-thermal plasma discharges. To do so, a series of experiments was 

performed using a steady-state corona discharge system. This system was designed 

and built to generate DC energised steady-state corona discharge with both positive 

and negative polarities in air, and it provides both direct and indirect exposure of 

target samples to non-thermal atmospheric plasma. In this section, a detailed 

description of the developed experimental system is given. 

 

3.2.1 Corona Discharge Treatment System  

The corona discharge system designed and developed in this project is shown in 

Figure 3.1.  

 

 
 

 

Figure 3.1． Schematic diagram of the plasma treatment system configuration. 
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A Glassman (WR series) 250 W regulated high-voltage DC power supply was used to 

energise the high-voltage corona electrode in the test cell. This power supply was 

connected to the test cell through a 28 MΩ current limiting resistor (Rcl in Figure 3.1). 

Output voltage and current ranges are 0–100 kV and 0–2.5 mA.  

A DC high-voltage probe (Testec TT-HVP40 model) is attached to the corona 

electrode from the top connection port of the test cell, and the applied voltage is 

monitored using an ISO-TECH 705 digital multimeter. The maximum DC input 

voltage for the probe is 40 kV, which is suitable for the design voltage across the test 

cell (~30 kV).  

Transient and dc corona discharge currents were monitored using a 1 kΩ current 

viewing resistor (Rcv in Figure 3.1). This resistive shunt is connected to the ground 

connection port of the test cell (metallic mesh in the case of indirect treatment, or 

conductive sample plate in the case of direct treatment). A 50 Ω BNC cable is used to 

connect the resistive shunt with a Tektronix TDS 2024 digital oscilloscope 

(bandwidth 200 MHz, sampling rate 2 G samples/s). During the discharge, the voltage 

drop across the resistive shunt is monitored, and waveforms are stored in the 

oscilloscope for further analysis. 

Bottled air (obtained from BOC) and an FIAC FX 95 air compressor were used to 

provide bottled air flow (air with ~12.5% humidity) or ambient air flow (air with ~40% 

relative humidity) through the test cell during the corona discharge treatment. The air 

pressure inside the test cell was kept at 0.2 atm gauge, and the air flow rate was ~14 

L/min. The gas outlet port of the test cell was connected to an ozone analyser 

(IN-2000 LoCon IN USA Inc.). Figure 3.2 shows the equipment used to generate 

steady-state corona discharges and to monitor the discharge voltage and current 

waveforms.  
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Figure 3.2. Equipment used in the steady-state corona discharge experiments:  

(1) Glassman (WR series) 250 W regulated high-voltage DC power supplies 

(2) IN-2000 LoCon IN USA Inc. ozone analyser 

(3) Tektronix TDS 2024 digital oscilloscope 

(4) FIAC FX 95 air compressor  

(5) BOC bottled air 

(6) Test cell 

(7) 28 MΩ current-limiting resistor Rcl 

(8) Testec TT-HVP40 DC high-voltage probe  

(9) SO-TECH 705 digital multimeter 

 

 

 



75 
 

3.2.2 Corona Discharge Test Cell 

The corona discharge test cells are shown in Figure 3.3. The main body of the test cell 

is made of a Perspex cylinder with an inside diameter of 79 mm, and thickness of the 

Perspex wall of 5 mm. The top and bottom of the cylinder are covered with two 

polyvinyl chloride (PVC) flanges. Inside the cylinder, a stainless steel tube with a 

sharp edge is located in the center of the top flange and connected to an external 

high-voltage supply through an HV connection port. This stainless steel tube acts as 

the high-voltage stressed electrode during corona discharge; the internal and external 

diameter of this tube are 20 mm and 25 mm, respectively. A gas inlet port is located 

in the top flange, and a gas outlet port is in the bottom flange, allowing gas flow 

through the test cell during the discharge.  

 

 

 
(a) 

 
(b) 

 

Figure 3.3. Corona discharge test cells for (a) indirect exposure and (b) direct 

exposure. 
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To perform indirect and direct corona discharge treatment on target samples, this test 

cell was modified into two different topologies, as shown in Figure 3.4. 

 

25 mm

20 mm

25 mm

55 mm

20 mm

25 mm

  Stainless steel tube

- HV corona electrode

Grounded metallic mesh

  Stainless steel tube

- HV corona electrode

55 mm

Sample  plate covered w ith aluminium foil25 mm

Grounded metallic suportSample plate

25 mm

 
 

Figure 3.4. Diagrams of (left) indirect and (right) direct corona discharge treatment 

cells. 

 

Two different types of corona treatment were used in the present work: direct and 

indirect. In the case of indirect corona discharge treatment, a grounded metallic mesh 

was placed under the HV tubular electrode. This mesh was made from perforated 

stainless steel sheet (RS Components) with 6 mm hex holes. The thickness of the 

mesh was 0.55 mm, and open area percentage was 79%. The distance from the edge 

of the tubular electrode to the mesh was 25 mm. The chemical or biological sample 

was held by a 55 mm plastic contact plate (Sterilin Contact Plate, Thermal Scientific) 

which is non-conductive, and located 25 mm under the metallic mesh. During the 

discharge, ions, electrons, and charged particles produced by discharges along with 

Sample plate covered with aluminum foil 

Grounded metallic support 
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the electric field can be screened by this mesh. Therefore, their effect on the target 

sample is reduced.  

In the case of the direct corona discharge treatment, the 55 mm contact plates lined 

with aluminum foil (the thickness of the foil is negligible compared with other critical 

dimensions in the current plasma system) were used as sample plates. A picture of 

this conductive sample plate is shown in Chapter 4, Figure 4.4. For corona discharge 

tests, this sample plate with a biological or chemical sample was placed on a 

grounded metal support stand inside the test cell; the foil-lined plate was kept at earth 

potential, in this case acting as grounded electrode, 25 mm from the edge of the HV 

electrode. During the corona discharge treatment, a return current path was provided 

through the sample. Thus, ions, electrons, and charged particles, along with other 

neutral products from corona discharge, were able to reach the sample surface and to 

produce oxidation or bactericidal effects on the target sample.  

 

3.2.3 Electrical Characteristics of Corona Discharges  

The applied voltage in the present tests was 30 (±0.2) kV; positive and negative 

polarities were used. The discharge current was monitored using the current shunt 

resistor (Figure 3.1). The steady-state current values for different types of corona 

discharges are given in Table 3.1. 

 

Table 3.1. Corona discharge current for direct and indirect treatment, bottled air and 

atmospheric air. 

 

Treatment  Type of gas  +30 kV   -30 kV  

  
Indirect 

  
Atmospheric air  

  
(80-90) μA 

  
-(120-140) μA 

  
Indirect 

  
Bottled air  

  
(68-80) μA 

  
-(138-152) μA 

  
Direct 

  
Atmospheric air 

  
(30-40) μA 

  
-(70-90) μA 

  
Direct 

  
Bottled air 

  
(33-50) μA 

  
-(70-100) μA 
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The corona discharge current in the case of indirect treatment is higher than in the 

case of direct treatment; this is mainly due to the difference in the ground electrode 

and sample plate’s position. Variations can also be observed due to the stochastic 

nature of discharges and other factors such as slight humidity and pressure change in 

the test cell during discharge. Examples of discharge voltage and current waveforms 

are shown in Figure 3.5. 

 
 

 

(a) 

 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3.5. Corona current waveforms: (a) +30 kV (indirect); (b) -30 kV (indirect); (c) 

+30 kV (direct); (d) -30 kV (direct). 
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3.2.4  Electric Field Simulation  

Different electrode topologies are used in the direct and indirect discharge treatment 

cells. Therefore, the electric field distribution and its intensity in these test cells is also 

different. Electrostatic models of both test cells were built using electrostatic field 

software, Quickfield 5.10. Simulation results are presented in this section. All models 

were built using axisymmetric topology, which allows analysis of the electric field in 

3D. Quickfield is finite element analysis software; a mesh spacing value of 0.02 was 

used in all cases investigated in this work.  

The applied voltage was 30 kV. Relative permittivity of different parts of the test cell 

used in this analysis are listed in Table 3.2. 

 

Table 3.2. Relative permittivities used in the simulation of electric field. 

Parts 

 

Material Relative permittivity 

Top/bottom flange 

 

PVC 3 

Cylinder wall 

 

Perspex 3.3 

Contact plate  

 

Polystyrene 2.5 

Space in the test cell 

 

Air  1 

Chemical/biological 

sample 

 

Water-based indigo 

carmine solution/ agar  

80 
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Indirect Discharge Treatment  

 

In the case of indirect corona discharge treatment, the electric field distribution was 

obtained in the topology shown in Figure 3.6. 

 

 
 

 

Figure 3.6. Equipotential lines in the indirect discharge treatment test cell; the field 

observation contour is shown as a red arrow in the vertical direction. 

 

The magnitude of the electric field was obtained along the coutour line shown in 

Figure 3.6. This electric field is shown in Figure 3.7; 10 mm distance corresponds to 

the edge of the HV electrode. Results showed that the electric field is intensive near 

the edge of the HV electrode, and the screening effect of the grounded metallic mesh 

is obvious.  
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Figure 3.7. Electric field intensity along the contour in the vertical direction between 

high-voltage electrode and target sample during indirect discharge treatment. 

 

In the position which is close to the edge of the high-voltage electrode tip (~10 mm 

from the starting point of the contour), the electric field is the strongest; the intensity 

is 67.69 kV/cm. As the distance between the high-voltage electrode and sample 

surface increases, the intensity of the electric field decreases. A small increase in 

intensity is observed when the position becomes closer to the grounded mesh, 

39.81 kV/cm maximum. However, the intensity of the electric field behind the mesh 

is lower than 1 kV/cm.  

The intensity of the electric field in a position which is close to the sample (0.1 mm 

above the sample surface) has also been monitored. Readings are taken along the 

contour in a horizontal direction, as shown by the red arrow in Figure 3.8. 
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Figure 3.8. Equipotential lines in the indirect discharge treatment test cell; 

observation contour (red arrow) is 0.1 mm above the sample/air interface (horizontal 

direction). 

 

 

Figure 3.9. Electric field intensity at 0.1 mm above the sample surface during indirect 

corona discharge treatment. 
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As shown in Figure 3.9, at the horizontal level, which is 0.1 mm above the sample 

surface, the electric field has a peak of 0.50 kV/cm at the center position. Two higher 

peaks were observed at the polystyrene/air interface, where the the electric field is 

1.30 kV/cm.   

 

Direct Discharge Treatment   

In the case of the direct discharge treatment, the electrostatic field model is built 

according to the structure of the indirect treatment test cell. The equipotential lines in 

this test cell are shown in Figure 3.10. 

 

  

 
 

 

Figure 3.10. Equipotential lines in the direct discharge treatment test cell. 

 

The intensity of the electric field along the vertical direction (indicated as the red 

arrow) is shown in Figure 3.11: 
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Figure 3.11. Electric field intensity along the contour in the vertical direction between 

high-voltage electrode and target sample during direct discharge treatment. 

 

As shown in Figure 3.11, the electric field is intensive near the tip of the high voltage 

electrode; the intensity is 23.87 kV/cm. Another peak was observed at the sample/air 

interface with a value of 10.83 kV/cm. In comparison with the case of indirect 

treatment, the intensities are lower in the case of direct discharge treatment. This is 

primarily caused by the difference in the grounding electrodes.  
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The electric field intensity across the sample/air interface (as in the indirect treatment 

case, 0.1 mm above the sample surface) also was obtained and is shown in Figure 

3.12. 

 

 
 

Figure 3.12. The electric field intensity along contour on the sample/air interface. 

 

The electric field intensity has a peak value of 10.94 kV/cm, which is 20 times higher 

compared with the case of indirect discharge treatment. Grounded mesh does 

significantly reduce electric field magnitude at the sample/air interface. 
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voltage levels, electrode configurations, and discharge polarities. Therefore, a 

transient plasma discharge system has been developed and tested in this series of 

experimental tests. In this section, the transient plasma discharge system is described.  

 

 

 

3.3.1 System and Equipment 

The schematic diagram of the transient plasma discharge system is shown in Figure 

3.13. 

   

 
 
 

Figure 3.13. The schematic diagram of the transient plasma discharge system. 
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A high-voltage pulsed generator (Samtech Ltd., Scotland) was used to supply 

high-voltage pulses to the test cell, so the electrode inside the test cell could be 

energised. Transient spark discharges were produced in this way. This pulsed power 

generator is designed based on a high-voltage autotransformer; the voltage of pulses 

generated can be up to 30 kV, and the rate of rise is (3-5)10
2
 kV/ms. The repetition 

rate is also adjustable; 20 pulses per second is set for this series of experiments [187].  

To monitor transient current in the discharge circuit, a Pearson current monitor 

(model 6585) was used. It has a bandwidth of 250 MHz, and it was installed to the 

wire at the ground end of the test cell. A Tektronix high-voltage probe (model 

P6015A) with a bandwidth of 75 MHz was used to monitor discharge voltages across 

the test cell. The probe can measure voltage pulses up to 40 kV, which is suitable for 

the current system. Both high-voltage probe and current monitor were connected to a 

digital oscilloscope with 50 Ω BNC cables. The digital oscilloscope used in this 

system is identical to the corona discharge system in the previous section (Tektronix 

TDS 2024, bandwidth 200 MHz, sampling rate 2 G samples/s).  

An air pump (VP 1HV, KNF Neuberger Ltd.) was used to create a gentle air flow 

across the test cell, so that air inside the test cell could be delivered to an ozone 

analyser (IN-2000 LoCon, IN USA Inc.), which monitors the ozone level during 

discharges. Pressure and humidity in the test cell are kept the same as the ambient 

environment outside of the test cell (relative humidity was ~40%). 
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3.3.2 Transient Plasma Discharge Test cell 

The transient spark test cell has a topology similar to the corona discharge test cell 

discussed in Section 3.2.2, but the electrodes and test cell diameter are different. The 

main body of the test cell is made of a Perspex cylinder with a height of 80 mm and a 

diameter of 150 mm. The thickness of the cylinder wall is 6 mm. Two PVC flanges 

cover the top and the bottom of this cylinder. Inside this cell, a single gramophone 

needle is used to act as the high-tension electrode. The body diameter of the needle is 

1.2 mm, and the tip radius is ~36 µm. This needle electrode is installed into the top 

flange through a conductive screwed-in bar, which provides a connection port to the 

impulsive power supply. The distance between the needle tip and the sample surface 

can be adjusted by rotating the bar. A metal plate with a 27 mm high rounded edge is 

on the bottom flanges. The thickness of the plate is 10 mm; external and internal 

diameters are 120 mm and 100 mm, respectively. This metal plate is grounded 

through the earthed connection port on the bottom flange. The transient plasma 

discharge test cell is shown in Figure 3.14. 

 

 

 

Figure 3.14. Transient plasma discharge test cell. 
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As in the case of the corona discharge tests, two types of sample plates were used in 

the impulsive discharge system: non-conductive plate (plastic contact plate), and 

conductive plate (plate lined with aluminum foil). By using different types of sample 

plates, the propagation passages of generated transient spark discharge in this system 

are different. The cross-section of the test cell with non-conductive and conductive 

sample plates are shown in Figure 3.15. 

 

HV Electrode

Liquid sample

Plastic dish

55 mm

120 mm

Grounded 

metal plate

 
 

 

HV Electrode

Plastic dish

Liquid sample

Grounded

metal  plate

120  mm

55 mm

Al foil

 
 

Figure 3.15. Cross-section of the treatment cells: (a). non-conductive plate (plastic 

plate) filled with sample, and (b). conductive plate (plastic plate lined with aluminum 

foil) filled with sample. 
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Sample 
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In the case of the non-conductive sample plate, as shown in Figure 3.15 (a), liquid or 

agar samples were held in the contact plate and placed onto the grounded metal plate. 

The streamer discharge produced from the high-voltage needle electrode propagated 

down to the surface of the sample, developed across the sample/air interface to the 

edge of the sample plate, and finally reached the ground.  

In the case of the conductive plate, as shown in Figure 3.15 (b), the contact plate was 

lined with aluminum foil, and the sample was held by this conductive plate and placed 

onto the metal plate in the test cell. The plate was grounded in this way. The discharge 

produced from the high-voltage electrode propagated directly to the sample surface, 

and the ionic current flowed through the liquid sample toward the grounded sample 

plate. 

As mentioned earlier, the distance between the needle and the sample surface can be 

adjusted. At the extreme position where the needle is in contact with the sample 

surface, discharges are generated at the sample/air interface, propagate along this 

interface to the edge of the non-conductive sample plate, and then reach the ground. 

In the case of the conductive sample plateplate, when the high-voltage needle 

electrode is in contact with the sample surface, all discharge activity and ionic 

conduction occurred in the liquid, and no visible discharges across the liquid/air 

interface were observed. 
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3.3.3 Electrical Characteristics of Impulsive Discharges 

As mentioned in the description of the transient plasma discharge test cell, the 

distance from the tip of the HV needle to the sample surface can be set to different 

values. The breakdown voltages vary, corresponding to the different distances. 

Distances for breakdown voltages of 20 kV, 24 kV, and 28 kV for both polarities are 

listed in Table 3.3. 

 

Table 3.3. Breakdown voltage for different distances between the HV needle 

electrode and liquid surface. 

Peak Voltage 

(kV) 

Non-conductive sample 

plate (mm) 

Conductive sample 

plate (mm) 

+20 0.53 4.98 

+24 5.06 7.73 

+28 7.25 11.06 

-20 0.68 1.72 

-24 1.37 3.32 

-28 3.65 6.03 

 

As Table 3.3 shows, for the same breakdown voltage level, the distance is shorter for 

the non-conductive sample plate than for the conductive sample plate. This difference 

in the distance could be responsible for the difference in the efficiency of the 

discharge treatment and will be discussed in Chapters 4-6.  

 

In this research, transient spark discharges were generated at 20 kV, 24 kV, and 28 kV 

voltage levels (both polarities were used). The waveforms of discharge voltage and 

current were recorded by the oscilloscope. In Figure 3.16, typical discharge current 

and voltage waveforms are presented. 
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(a) 
    

(b) 

 

(c) 

 

(d) 

 

Figure 3.16. Voltage and current waveforms: (a) +24 kV non-conductive plastic plate; 

(b) - 24 kV non-conductive plastic plate; (c) +24 kV foil-lined conductive plate; and 

(d) -24 kV foil-lined conductive plate. 

 

As shown in Figure 3.16 (a, b), when the transient spark discharge is developed in the 

test cell with non-conductive sample plates, multiple current peaks can be observed in 

the discharge current and voltage waveforms. Corresponding drops in voltage also are 

clearly seen in the voltage waveforms (flashes) before the complete breakdown 

between high-voltage electrode and ground. This complete breakdown is manifested 

by the voltage collapse to zero. The existence of the multiple current peaks is related 

to the breakdown path: the streamer propagates from the tip of the needle electrode to 

the sample surface, across the sample/air interface, and finally reaches the ground 

from the edge of the sample plate.  

The discharge voltage and current waveforms obtained in the case of treatment in the 

conductive sample plates are presented in Figure 3.16 (c, d). Only one single current 
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peak is observed in each of these waveforms. The breakdown path of the transient 

streamer is from the tip of the needle electrode vertically down to the sample surface, 

and then the discharge passes through the sample to the ground.  

The magnitude of breakdown current peaks is quite different between the two cases. 

Waveforms (a) and (c) in Figure 3.16 confirm this statement: the peak discharge 

current is ~1.36 A (at breakdown voltage of +24.6 kV) in the case of non-conductive 

sample plates. This value is much lower than in the case of conductive sample plates: 

~16.1 A at breakdown voltage of +23.8 kV. In addition, the duration of discharges is 

also different: ~1 µs when using the conductive sample plate and ~10 µs when using 

the non-conductive sample plate.  

Also, it was observed that the peak current increases with an increase in the applied 

voltage. For example, in the case of a conductive foil-lined plate, when the (negative) 

applied voltage was increased from -20 kV to -24 kV, the peak discharge current 

increased by more than 50%, and an 80% increase was observed when the voltage 

was increased to -28 kV. In the case of the non-conductive plastic plate, the peak 

discharge current was doubled when the voltage was increased from -20 kV to -24 kV, 

and increased by three times when the voltage was increased to -28 kV. 
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3.3.4 Electric Field Simulation 

According to the system and tests described in the previous section, the electrostatic 

model of transient spark discharges was built, and the field analysis was conducted in 

Quickfield 5.10. Different topologies (conductive and non-conductive plates) and 

electrode-sample distance (as shown in Table 3.3) were considered in this series of 

simulations.  

 

Non-conductive Sample Plate   

In this case, the relative permittivity of the sample plate was set as 2.5 (55 mm contact 

plate), and the grounded electrode was the metal plate under the sample plate. The 

voltage of the stressed HV electrode was set as 28 kV, 24 kV, and 20 kV with related 

electrode-sample distances.  

The electric field distribution during transient plasma discharge with a breakdown 

voltage of +28 kV with electrode distance of 7.25 mm is shown in Figure 3.17. 

 

 

 

Figure 3.17. The equipotential lines during the transient plasma discharge with a 

breakdown voltage of +28 kV for the case of the non-conductive sample plate. 
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The electric field distribution under other breakdown voltage levels is similar to that 

shown in Figure 3.17, but the intensity of the field is different. The intensity of the 

electric field from the HV electrode to the sample along the vertical direction (as the 

red arrow points in Figure 3.17) is shown in Figure 3.18. 
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 (e) 

 

 (f) 

Figure 3.18. Intensity of electric field along vertical direction from the electrode to 

the sample with breakdown voltage (a) +28 kV, (b)-28 kV, (c)+24 kV, (d)-24 kV, 

(e)+20 kV, and (f)-20 kV. 

 

 

The intensity of the electric field in a position which is close to the sample (0.1 mm 

above the sample surface) has also been monitored. Results are shown in Figure 3.19. 
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 (c) 

 

 

 (d) 

 

 (e) 

 

 (f) 

Figure 3.19. Intensity of electric field, for the case of the non-conductive sample plate, 

along horizontal direction 0.1 mm above sample surface with breakdown voltage (a) 

+28 kV, (b)-28 kV, (c)+24 kV, (d)-24 kV, (e)+20 kV, and (f)-20 kV. 
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Conductive Sample Plate   

In the case of the conductive sample plate, the sample plate was set as the grounded 

electrode. The equipotential lines in this case with the breakdown voltage of +28 kV 

are shown in Figure 3.20. 

 

 

 

Figure 3.20. The equipotential lines of transient plasma discharge with a breakdown 

voltage of +28 kV for the case of the conductive sample plate. 

 

The intensity of the electric field with different breakdown voltages is measured in a 

vertical direction from the electrode to the sample (as the red arrow points in Figure 

3.20). Results are shown in Figure 3.21. 
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(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 3.21. Intensity of electric field, for the case of the conductive sample plate, 

along horizontal direction 0.1 mm above sample surface with breakdown voltage (a) 

+28 kV, (b)-28 kV, (c)+24 kV, (d)-24 kV, (e)+20 kV, and (f)-20 kV. 
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In the horizontal direction, the electric field intensity also was measured. The results 

are shown in Figure 3.22. 
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(e) 

 

(f) 

Figure 3.22. Intensity of electric field, in the case of the conductive sample plate, 

along horizontal direction, 0.1 mm above the sample surface with breakdown voltage 

(a) +28 kV, (b)-28 kV, (c)+24 kV, (d)-24 kV, (e)+20 kV, and (f)-20 kV. 

 

3.4 Summary 

In this chapter, the experimental set-up designed and developed to generate the 

non-thermal plasma discharges was described. The systems and equipment used in 

this research project were listed and discussed. Designed non-thermal plasma 

discharge systems can perform steady-state corona discharge/transient spark dischare 

treatment under different conditions.  

In the study of the steady-state corona discharge, both positive and negative polarities 

were tested, and samples were exposed to the corona discharge directly or indirectly. 

In the case of the transient plasma discharges, different voltage levels and 

configurations were applied. Also, discharges of both polarities were generated in the 

system. 

In addition, the pre-experiment analysis of the electric field was addressed in this 

chapter. The electrical characteristics of the generated corona discharges and transient 

plasma discharges were presented and discussed, including the waveforms of dicharge 

voltage/current and the results of electric field simulations. 
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CHAPTER 4  

Oxidation Capability of Atmospheric Non-Thermal 

Plasma Discharges 

4.1  Introduction 

As discussed in Chapter 2 (Literature Review), the bactericidal and chemical effects 

of non-thermal plasma discharges have been actively studied. Chemically reactive 

species are generated by non-thermal plasma discharges along with UV light and an 

intensive electric field. Although the chemical composition of non-thermal plasma 

discharges in the air is still not fully understood, it has been established that such 

discharges generate reactive oxygen species and nitrogen species that have high 

oxidation capability. In the case of bacterial inactivation, plasma discharge-induced 

oxidation damage to the bio-cell is considered to be the main mechanism that leads to 

cell death [69], [93], [107], [188]. More importantly, non-thermal plasma discharges 

are recognised as one of the novel technologies for advanced oxidation processes 

(AOPs), and applications in the area of air cleaning and wastewater remediation are 

actively studied [189]–[192]. Therefore, the oxidation capability of atmospheric 

plasma discharges should be investigated to optimise the biological and chemical 

effects of atmospheric non-thermal plasma discharges. 

It has been reported that chemicals such as azo dye, methylene blue, phenol, and other 

organic compounds can be decomposed by non-thermal plasma discharges [8], [193]–

[195]. Chemical degradation can be used as an indication of the oxidation capability 

of plasma discharges. As suggested in [8], [30], [189], and [195], ozone, hydroxyl 

radicals, and singlet oxygen are primarily responsible for the oxidation effect. 

However, multiple reactive species are generated by plasma discharges, and their 

contributions to the oxidation process cannot be ruled out completely. Additionally, 

the production of reactive chemical species by plasma discharges can vary under 

different conditions such as discharge voltage, energy delivered to plasma, electrode 

configuration, and types of discharges. In [196], Sato et al. used different gases and 

electrode topologies to decompose phenol by plasma discharges. The authors reported 

that the electrode shape influences the phenol decomposition rate. Also, it was 
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reported in [196] that discharges in argon provided better decomposition rate than in 

oxygen and air. Various attempts have been made to investigate the oxidation 

mechanisms of plasma discharges. However, still there is a gap in understanding of 

the mechanism and efficiency of the plasma-induced oxidation. 

In the present research project, the oxidation capabilities of the steady-state corona 

discharges and transient plasma discharges were investigated. Indigo carmine water 

solution was selected as a chemical sensor and exposed to non-thermal plasma 

discharges. Based on the degree of decolorisation of treated indigo carmine solution, 

the oxidation capability of non-thermal plasma discharge was obtained. According to 

[190], the possible factors that could affect the plasma oxidation efficiency include 

gas input, energy input, plasma reactor topologies, and energisation regime. In this 

series of experiments, the decolorisation tests were conducted using plasma 

discharges under different conditions: polarity, voltage level, air humidity, and 

electrode topology.  

In this chapter, the experimental methodology, plasma systems, and analysis of the 

obtained results are presented. The achieved oxidation effects for both types of 

discharges is discussed. Information on further optimisation of the plasma systems for 

efficient oxidation of liquid samples is provided.  

 

 

 

4.2  Experimental Methodology  

4.2.1 Indigo Carmine as a Chemical Sensor  

To investigate the oxidation capability of non-thermal plasma discharges, including 

steady-state corona discharge and transient plasma discharge, in this research, indigo 

carmine water solution was chosen as the target sample (chemical sensor).  

Indigo carmine (C16H8N2Na2O8S2) is a commonly used, non-toxic chemical with the 

formula weight of 466.35 g/mol. It is often used as PH indicator, redox indicator, cell 

stain, and even food colorant. Its molecular structure is shown in Figure 4.1. 
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Figure 4.1. Molecular structure of indigo carmine [198]. 

 

Indigo carmine is dark blue in color and powder in form. The solution of indigo 

carmine is typically a blue color. However, indigo carmine can react with superoxide 

and form isatin sulfonic acid [197], [198]. Consequently, the concentration of indigo 

carmine is reduced, and the blue color of this solution turns yellowish. In many 

studies, this method was used to detect ozone [199], [200]. Indigo carmine also can 

react with other oxidative species such as OH radicals [201], [202], [203]. As 

discussed in the literature review, ozone and other oxygen reactive species can be 

generated during high-voltage discharges. Indigo carmine can be oxidized by those 

products, which results in a color change in the solution. This color change is much 

easier to recognize compared with other complex methods such as emission spectrum 

analysis of discharges. Therefore, the indigo carmine solution is selected as a target 

sample to indicate the oxidation capability of non-thermal discharges.  

It is also important to note that the color of indigo carmine solution can be affected by 

the change in pH. Generally, indigo carmine solution appears to be blue in solutions 

with a pH below 11.4. It is known that pH in the target sample solution is affected by 

the production of reactive species during discharges. Thus, it is necessary to monitor 

pH of the target sample solution before and after the discharge treatment experiment. 

If a significant pH change is observed, then the color change of the indigo carmine 

solution could be a result of oxidation, pH change, or both. Further experiments 

would be required in such case. 
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Preparation of Indigo Carmine Solution 

Indigo carmine dye in the form of dry powder was purchased from Sigma-Aldrich 

(product code 131164) and used to make aqueous solution samples. The purity of this 

dye powder is >85%. Figure 4.2 shows the original powder dye and the aqueous 

solution. 

 

 

 

Figure 4.2. Indigo carmine original powder (left) and aqueous solution (right). 

 

A 59 mg indigo carmine sample was weighed using a digital analytical balance 

(Ohaus
® Adventurer

® balance AR 1530); the effective dye content is 50 mg. Next, the 

powder was dissolved in 200 ml distilled water to create a solution with a 

concentration of ~0.25 g/L. This solution was stored in a 250 ml bottle and kept in a 

cool, dark place.  

The pH of this sample solution is between 5.0 and 5.2, as measured using the Hannah 

pH210 Microprocessor pH meter with Sentek miniature probe (see Figure 4.3). This 

pH meter also has been used to measure the pH of sample solutions after exposure to 

plasma discharges. 
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Figure 4.3. Hannah pH210 Microprocessor pH meter and Sentek miniature pH probe. 

 

Before the plasma treatment, a 5 ml sample solution was transferred onto a 

non-conductive or conductive sample plate, as shown in Figure 4.4. Clean, 4 ml 

plastic transfer pipettes (Thermo Scientific™ Sterilin™) were used during the process 

to avoid any contact with the solution sample. Then, the sample solution together with 

the sample plate was put into the test cell and exposed to high-voltage discharges.  

 

 

Figure 4.4. The 5 ml sample solution in the non-conductive sample plate (left) and in 

the conductive sample plate (right). 
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4.2.2 Optical Transmittance of Indigo Carmine Solutions 

As mentioned earlier, the intensity of blue color of the indigo carmine solution will be 

changed as a result of the plasma oxidation effect (the solution will be decolorized). 

However, this change in color may not be recognised easily by the naked eye, and an 

analytical method should be used to monitor any changes in optical properties of the 

treated indigo carmine solutions.  

In this series of experiments, the indigo carmine sample solution was exposed to 

high-voltage plasma discharges, and transferred into plastic cuvettes (BrandTech, UK) 

and analysed by a UV-visible spectrophotometer (Biomate, Thermo-Spectronics 

Europe), as shown in Figure 4.5. In this way, the decolorisation of the blue indigo 

carmine sample solution can be registered as the change of transmittance. By 

measuring this change in optical transmittance, the degree of decolorisation is 

established and quantified, so the oxidation capability of plasma discharges can be 

established.  

 

 
Figure 4.5. UV-visible spectrophotometer and sample cuvettes. 

 

 

Differential optical transmittance  

The UV–visible spectrophotometer can measure differential optical transmittance by 

comparing transmittances of two samples. This function is used to detect the change 

in transmittance of the sample solution after exposure to the plasma discharges. The 

basic concept of this type of measurement is explained in the following paragraphs. 
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Two samples were placed into the spectrophotometer: Sample A is the control sample 

and is referred to as the original sample solution that has not been exposed to plasma 

discharges; Sample B is a target sample, which has been exposed to the plasma 

discharges. The differential transmittance is defined as: 

 

T% =
𝑇𝑏

𝑇𝑎
· 100%                             (4.1) 

 

where Ta is the transmittance of sample A (unexposed sample); 

     Tb is the transmittance of sample B (exposed sample). 

 

The differential transmittance directly indicates the change in transmittance of the 

indigo carmine sample solution after exposure to high-voltage plasma discharges. 

 

Differential transmittance of the samples was measured in the range from 200 nm to 

1000 nm. This range covers the wavelength of near UV, visible light, and IR. Noise 

was observed at the UV wavelength range due to the nature of the sample and 

equipment. Therefore, the actual wavelength with information is from 350 nm to 1000 

nm.  

First, the unexposed original sample solution was measured as an example. In this 

case, distilled water was used as the control sample. The differential transmittance of 

the unexposed sample compared to distilled water is shown in Figure 4.6.  
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Figure 4.6. Differential transmittance of unexposed sample compared to 

distilled water. 

 

It is clear that in the wavelength range from 350 nm to 700 nm, the differential 

transmittance (T%) is less than 100%. This means the indigo carmine solution has a 

lower transmittance compared to distilled water. In other words, the indigo carmine 

sample solution absorbs much more visible light.  

 

The original unexposed indigo carmine solution is then used as the control sample 

(sample A); the exposed sample solution is used as the target sample (sample B). The 

differential transmittance spectrum is measured. Figure 4.7 and Figure 4.8 are two 

examples of the differential transmittance spectrum of “exposed sample to unexposed 

sample”. Measurements were taken after the sample was exposed to positive indirect 

corona discharges for 2 minutes (Figure 4.7) and for 10 minutes (Figure 4.8).  
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Figure 4.7. Differential transmittance spectrum of the sample after exposure to 

positive indirect corona discharges for 2 minutes. 

 

 

 

Figure 4.8. Differential transmittance spectrum of the sample after exposure to 

positive indirect corona discharges for 10 minutes. 
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As mentioned in the previous section, oxidation effects or pH changes can make the 

indigo carmine solution change color from blue to yellow. Therefore, in the 

differential spectrum, the changes in the wavelength ranging from 450 nm to 590 nm 

should be investigated, because this is the wavelength range for blue to yellow light. 

Three main peaks can be observed in each spectrum, and these peaks indicate that the 

differential transmittance is above 100%. This means that the transmittance of the 

sample solution exposed to plasma has increased compared to that of the original 

unexposed sample solution. The major peak is observed at 550 nm. This wavelength 

matches the wavelength range of green light (495–570 nm), which is between the 

wavelength range of blue light (450–495 nm) and yellow light (570–590 nm). As 

discussed in the previous section, the oxidation effect or pH increment leads to the 

change in color of the indigo carmine solution, from blue to yellowish. Therefore, the 

peak at 550 nm in the differential transmittance spectrum is the most representative 

peak which can be used to obtain the magnitude of the color change. This peak was 

selected as an indicator to show the oxidation capability of plasma discharges. The 

values of the 550 nm peak in all the differential transmittance spectrums will be 

presented in Section 4.3 and Section 4.4. 

Examination of Figure 4.7 and Figure 4.8 demonstrates that a longer exposure under 

the corona discharges results in a larger increment in the transmittance. After 2 

minutes of exposure, the differential transmittance at 550 nm is 170%. However, after 

7 minutes of exposure to plasma discharges, this peak increased to more than 600%.  

 

 

4.2.3 Concentration of Indigo Carmine in Solution 

The change in the optical transmittance of the sample solution exposed to plasma 

discharges is related to the oxidation capability of atmospheric non-thermal plasma 

discharge. Through comparison of the differential transmittance spectrum at 550 nm, 

the oxidation effect of discharges can be estimated indirectly. The change of 

transmittance is caused by the change of concentration of indigo carmine dye in the 

solution samples. The oxidation process reduces the concentration of indigo carmine 

molecules in the sample solution. Therefore, the change in concentration of indigo 
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carmine molecules in the solution directly shows the oxidation capability of the 

plasma discharges to which the sample was exposed.  

Based on the peak in each differential transmittance spectrum, the actual 

concentration of indigo carmine in the treated sample solution was calculated by 

applying the Beer-Lambert law. The general concept of this calculation is discussed 

next. 

 

Beer-Lambert Law  

For a situation in which monochromatic light is induced to the surface of the 

homogeneous medium, and travels through this medium with a certain depth, the 

Beer-Lambert law defines the transmittance as:  

 

c

I

I
T  10

0

             (4.2) 

 

where Tis the transmittance  

 is the molar absorptivity of the media (m
2
/mol)  

c is the molar concentration of the media (mol/L)  

ℓ is the depth of the media (m)  

 

Transmittance is the ratio of the transmitted light intensity, I, to induced light intensity, 

I0. According to the Beer-Lambert law, the transmittance of the media is related to its 

molar absorptivity, , molar concentration, c, and depth, ℓ.    

 

Initial calculations were made for the original unexposed sample solution with a 

volume of 0.2 L: 

Volume =0.2 L. 

Concentration of indigo carmine in untreated sample cu= 0.25 g/L. 

Hence, the mass of indigo carmine in the sample is m=0.25·0.2=0.05 g (in 0.2 L). 
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The molar mass of the indigo carmine molecule is 466.36 g/mol; therefore, 0.2 L 

contains  

0.05/466.36= 1.072.10
-4

 mol of indigo carmine. 

 

Hence, the initial molar concentration of dye, c, in the fresh solution before exposure 

to plasma (t=0) is:  

 

c0 =1.072.10
-4

/0.2=5.36.10
-4

 mol/L. 

 

This value can be used in the Beer-Lambert law to calculate the molar absorptivity of 

indigo carmine: 

 

 
0

0log

c

T
                         (4.3) 

 

where ℓ is the depth of the cuvette, ℓ= 0.01 m. With known transmittance of the 

original unexposed sample solution, this molar absorptivity can be calculated. 

 

For a sample solution exposed to plasma discharge for a period of t, the concentration 

of indigo carmine Ct can be calculated using equation (4.4): 

 

 


t
t

T
c

log
              (4.4) 

 

where Tt is the measured transmittance of the exposed sample solution; the molar 

absorptivity, ε, can be obtained by equation (4.3）. 

 

 

Simplified Calculations Based on Differential Transmittance 

In this research, the differential transmittance of the exposed and unexposed samples 

was measured. However, the absolute transmittance of individual exposed samples 

were not measured. This is because the differential transmittance can be used to 
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obtain the changes in transmittance of the treated samples. Equations (4.3) and (4.4) 

can be combined and rearranged so the concentration of indigo carmine in the 

exposed sample solution can be calculated.  

In differential transmittance measurements, two samples with different concentrations 

of indigo carmine were used.  

For sample A, by using equation (4.2), transmittance, Ta, can be written as: 

 

 T𝑎 = 10−𝜀ℓ𝑐𝑎                             (4.5) 

 

where ca is the concentration of indigo carmine in sample A (g/L). 

 

The same approach is taken in the case of sample B: 

 

T𝑏 = 10−𝜀ℓ𝑐𝑏                           (4.6) 

 

where cb is the concentration of indigo carmine in sample B (g/L). 

 

Thus, the differential transmittance T% of samples A and B can be determined: 

 

T% =
𝑇𝑏

𝑇𝑎
=

10−𝜀ℓ𝑐𝑏

10−𝜀ℓ𝑐𝑎
= 10−𝜀ℓ(𝑐𝑏−𝑐𝑎)                 (4.7) 

 

The value of ε·ℓ can be calculated from transformation of equation (4.5) as: 

 

ε · ℓ =
log(𝑇%)

𝑐𝑎−𝑐𝑏
                    (4.8) 

 

Using the differential transmittance, T%, of two samples with known concentrations 

of the dye, ca and cb, this value can be calculated.  

Distilled water without indigo carmine was used as sample A, ca=0 g/L, and a solution 

with dye concentration of cb =0.025 g/L was used as sample B. The differential 

transmittance, in this case, is 27.74% at 550 nm. Sample B in these measurement was 

1/10 dilution of the original unexposed indigo carmine sample, which has a dye 

concentration of 0.25 g/L. The original unexposed sample solution is unsuitable for 
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calculation because its differential transmittance to distilled water at 550 nm is near 0% 

(see Figure 4.6).  

According to equation (4.8), the value of ε·ℓ can be calculated as: 

 

ε · ℓ =
log(27.736%)

(0−2.5·10−2)
= 22.300L/g                  (4.9) 

 

Then, the concentration of indigo carmine in the exposed sample, ct, can also be 

obtained from equation (4.7) as: 

 

𝑐𝑡 = 𝑐0 −
log(𝑇%)

𝜀𝑙
                   (4.10) 

 

Here, sample A is the exposed indigo carmine solution; sample B is the original 

unexposed indigo carmine solution with a concentration of dye, c0 = 0.25 g/L. By 

using the differential transmittance of each exposed sample in equation (4.10), the 

concentration of dye in the exposed sample solution, ct, can be calculated.  

 

 

4.2.4 Analytical Method 

Normalised Concentration  

After calculations of dye concentration in the samples, further analysis was conducted 

to show the degree of decolorisation after non-thermal plasma discharge treatment. In 

this case, the normalised concentration K(D) was used. This normalized concentration 

is a ratio of the concentration of dye in the treated solution to the concentration of dye 

in the untreated sample. The results from this series of experiments show that this 

concentration depends on the total charge delivered to the sample by discharge 

treatment. The concentration of dye was calculated using the method described in the 
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previous section. A low value of K(D) indicates a high degree of decolorisation. The 

normalised concentration of dye is given by equation (4.11): 

 

K(D)=Ct(D)/C0                        (4.11) 

 

where Ct(D) is the actual concentration of the dye in water (g/L)  

C0  is the initial concentration of the dye (0.25 g/L in the present study)  

D is the total delivered charge (C) 

 

 

Charge-dependent Decolorisation Rate  

According to the results obtained in this study, the normalised concentration depends 

on the total charge delivered by the plasma discharge treatment. Therefore, the 

normalised concentration of indigo carmine in the solution sample as a function of the 

charge delivered during the plasma treatment was fitted with a first-order kinetic 

function: 

 

 K(D)= exp (-µ D)                                      (4.12) 

 

where D is the total charge delivered, normalised on the total surface of the sample 

(C)  

      K(D) is the dose-dependent normalised concentration 

      µ is the rate of the decolorisation process (C
-1

). 
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Total Charge Delivered  

Total charge delivered was used as a metric in this study to evaluate the efficiency of 

the plasma discharge treatment. The total charge delivered was calculated by 

integrating the transient current waveform.  

The energy of this discharge is split into two separate components: the energy 

released in the plasma channel above the sample, and the energy released in the 

transient plasma channel(s) which either propagates across the sample surface or 

dissipates through the bulk of the samples. In the study of transient plasma discharges, 

the distance between the sample surface and the HV needle electrode was changed to 

provide the same voltage in the case of positive and negative energisation conditions. 

Thus, this difference in the distance may potentially result in different proportions of 

energy dissipated in the plasma above the sample surface.  

Conversely, the total delivered charge is not affected by the experimental topology. It 

is related to the amount of chemically active species generated by the transient 

discharge, which results in the observed oxidation effects. The use of the total charge 

as the metric allows all charged (and potentially neutral) species produced by the 

transient discharges to be considered when the efficacy of the decontamination and 

oxidation processes is considered. Also, it was found that in the range of voltages 

used in the present study, the voltage magnitude does not affect the efficacy of the 

oxidation process. 

Only phenomenological scaling relationships (pseudo first-order kinetic equations) 

which describe the decolorisation and inactivation processes as charge-dependent 

processes have been obtained. Therefore, it can be argued that the total amount of the 

charged species produced by the transient plasma discharges defines the efficacy of 

the biological inactivation and chemical oxidation plasma processes for the range of 

parameters used in this study.  
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4.3  Steady-State Corona Discharge Treatment: 

Decolorisation of Indigo Carmine 

It was proved that the corona discharges in atmospheric air have great potential for 

decomposition of a wide range of chemicals, including CO2, phenol, benzene, lignin, 

CF3CL, toluene, and some other volatile organic compounds such as propane, propene, 

and isopropyl alcohol [204]–[210]. A mixture of ions, charged particles, and neutral 

reactive chemical species generated by the corona discharges include super oxide 

anions, hydroxyl and hydro-peroxyl radicals, reactive nitrogen species, and reactive 

oxygen species. These reactive chemical species can interact with the liquid or solid 

surface and lead to oxidation or bactericidal effects. Depending on the concentration 

of chemical species generated by the corona discharges, the efficiency of 

oxidation/bio-decontamination of these discharges may vary. 

In this part of the research, the oxidation capability of the steady-state corona 

discharges was investigated. Indigo carmine was used as the target sensor in this study. 

Based on the achieved decolorisation effect, the charge-dependent chemical 

degradation efficiency of the corona discharges was obtained.  

To provide information on optimisation of the corona discharge treatment regimes to 

achieve maximum oxidation effect, different conditions and topologies were used to 

generate corona discharges. Both direct and indirect treatment was performed in this 

series of experiments. In the case of indirect discharges, a grounded metallic mesh 

was placed between the energised electrode and the sample. Therefore, most of the 

ions and charged particles were not able to reach the sample surface in the indirect 

discharge treatment. Thus, the neutral reactive species plays the dominant role in the 

decolorisation process in this case. In the case of direct treatment (no grounded mesh 

above the sample), both charged or neutral species can reach the sample surface and 

contribute to the oxidation effect (more details are provided in Chapter 3). Humidity 

of air and polarity of the applied voltage also have been reported as important factors 

that could have significant influence on the oxidation effect of the corona discharges 

[211], [212]. Therefore, these parameters were investigated in this research.  

The discharge voltage was set to a constant value of 30±0.2 kV, and both positive and 

negative polarities were used. Two types of gas were tested: atmospheric air (~40% 
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relative humidity) and bottled air (~12.5% relative humidity). The pressure inside the 

test cell was maintained at the 0.2-atm gauge. As mentioned in the previous section, 5 

ml indigo carmine sample solution with a concentration of 0.25 g/L was placed on the 

non-conductive or conductive sample plate, and treated by corona discharge in the test 

cell for 2, 5, and 10 minutes. Ozone level and discharge current were monitored 

during the test. The differential transmittance between treated and untreated samples 

was measured. 

In this section, the results of decolorisation tests using the steady-state corona 

discharges are presented and analysed. 

 

 

 

4.3.1 Indirect Steady-State Corona Discharge Treatment  

Indigo carmine solution samples were exposed to the indirect steady-state corona 

discharges. The treated samples were placed in the spectrophotometer along with the 

untreated sample solution, and the differential transmittance was measured. Then the 

concentration of indigo carmine in the sample solution was calculated based on the 

differential transmittance. As described in Chapter 3.2, in the case of the indirect 

corona discharge treatment, the samples were placed under the grounded metallic 

mesh. Thus, ions and charged particles were screened and were not able to reach the 

sample surface. In addition, the discharge current does not pass through the sample.  

 

a) Positive Energisation 

Positive DC high voltage was applied to the HV electrode of the indirect corona 

discharge treatment test cell to generate positive steady-state corona discharges. 

Ozone concentration during the tests was measured and found to be ~2 ppm. The 

differential transmittance of the treated samples to the untreated samples was 

measured. Examples of the differential transmittance spectra are shown in Figure 4.7 
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and Figure 4.8. The major peak in the differential transmittance is at ~550 nm, as 

shown in Figure 4.9. 

 

Figure 4.9. Peak of differential transmittance of sample solution as a function of 

exposure time. Each point in this figure represents an average of three independent 

tests. The error bars shows standard deviation values. Solid lines are for visual 

guidance only. 

 

The measured differential transmittance was above 100% for all samples after 

exposure to the positive steady-state corona discharges. This indicates that the indigo 

carmine solution was decolorized. As shown in Figure 4.9, the peak of the differential 

transmittance increases with exposure time. With longer time exposure, a higher 

degree of decolorisation was achieved. 
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By applying the calculation method (as explained in Section 4.1.3), the concentration 

of indigo carmine in the sample solution was obtained, as presented in Figure 4.10.  

 
 

Figure 4.10. Concentration of indigo carmine in solution as a function of exposure 

time after exposure to indirect positive steady-state corona discharge. Each point in 

this figure represents an average of three independent tests. The error bars show 

standard deviation values. Solid lines are for visual guidance only. 

  

Further analysis was conducted by calculation of the normalised charge-dependent 

concentration of the indigo carmine dye, K(D), which can be obtained by equation 

(4.11). 

 

The normalised concentration of indigo carmine in the solution as a function of the 

charge delivered was fitted with the analytical fitting line using equation (4.12). This 

fitting procedure was conducted in Origin Pro 5 graphing software; the results of this 

fitting are shown in Figure 4.11. 
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Figure 4.11. Normalised concentration of indigo carmine dye as a function of the 

charge delivered after treatment with positive, indirect, steady-state corona discharges. 

Each point in this graph represents an individual test. The straight line shows the 

fitting by equation (4.12). 

 

As shown in Figure 4.11, the normalized concentration of the blue dye decreases with 

an increase in the charge delivered during the plasma discharge treatment. The results 

obtained from bottled air tests and atmospheric tests did not show a significant 

difference. After exposure to plasma discharges for the same period, the same total 

charge was delivered to the sample, and the reduction in the dye concentration was 

similar. This reduction in the indigo carmine concentration was not very high. For 

example, the concentration of indigo carmine was decreased to 0.21-0.23 g/L by 10 

minutes of the positive indirect discharge treatment, which was less than 0.2 reduction 

in the normalised concentration.  

The first-order kinetic equation (4.12) was applied to the experiment results in Figure 

4.11, and the rate of the decolorisation process, µ, was found to be 2.79 C
-1 

in this 

case. 
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b) Negative Energisation  

The high-voltage power supply was then switched to negative polarity, and the same 

5 ml indigo carmine solution samples were placed into the indirect corona discharge 

test cell and exposed to negative corona discharges. Higher ozone concentration was 

observed in the case of negative discharges: ~40 ppm. The differential transmittance 

was measured, and the concentration of the dye in the solution sample was obtained. 

The results of this analysis are shown in Figure 4.12. 

 

 

 

Figure 4.12. Concentration of indigo carmine solution sample as a function of 

exposure time after exposure to indirect negative steady-state corona discharge. Each 

point in this figure represents an average of three independent tests. The error bars 

show standard deviation values. Solid lines are for visual guidance only. 

 

As shown in Figure 4.12, the concentration of the indigo carmine solution was 

decreased after exposure to negative indirect corona discharge. A high decrement was 

achieved after 10 minutes of exposure, particularly in the case of bottled air tests. 
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After 10 minutes of treatment, the concentration of indigo carmine decreased to 

~0.155 g/L (bottled air tests) and ~0.19 g/L (atmospheric tests).  

The normalised concentration of exposed indigo carmine solution samples is shown 

as a function of charge delivered in Figure 4.13. 

 

Figure 4.13. Normalised concentration of indigo carmine as a function of the charge 

delivered after treatment with negative indirect steady-state corona discharges. Each 

point in this graph represents an individual test. The straight line shows the fitting by 

equation (4.12). 

 

As shown in Figure 4.13, in the case of negative indirect corona treatment, a high 

degree of reduction in normalised concentration was achieved. However, a much 

higher charge dose was delivered during the negative treatment compared with the 

case of the positive discharge treatment. By applying the first-order kinetic equation 

(4.12), the fitting curve is obtained. It is shown as a solid line in Figure 4.13, and the 

rate of the decolorisation process is 4.35 C
-1

.  
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4.3.2 Direct Steady-State Corona Discharge Treatment  

Direct steady-state corona discharge treatment also was examined in this series of 

experiments. The direct corona discharge treatment test cell was described in Chapter 

3.2. The target sample was placed between the discharge electrodes and directly 

exposed to the steady-state corona discharges. Ions and charged particles were able to 

reach the sample surface, and the discharge current propagated through the sample. 

 

a) Positive Energisation  

Initially, the indigo carmine solution was treated by the direct steady-state corona 

discharges with positive polarity. The concentration of dye in the treated samples was 

obtained as a function of the exposure time. The results are shown in Figure 4.14. 

 

Figure 4.14. Concentration of indigo carmine solution sample as a function of 

exposure time after exposure to direct, positive, steady-state corona discharge. Each 

point in this figure represents an average of three independent tests. The error bars 

show standard deviation values. Solid lines are for visual guidance only. 
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The decrease in the concentration of indigo carmine in the treated solution samples 

was observed after exposure to positive direct corona discharges. However, this 

decrease was slightly lower than that in the case of the positive indirect treatment. The 

concentration was still above 0.23 g/L, even after exposure to positive direct corona 

discharge for 10 minutes in dry or atmospheric air.  

The normalised concentration of the dye in treated solutions is presented in Figure 

4.15 as a function of total delivered charge. 

 

Figure 4.15. Normalised concentration of indigo carmine as a function of the charge 

delivered after treatment with positive, direct, steady-state corona discharges. Each 

point in this graph represents an individual test. The straight line shows the fitting by 

equation (4.12). 

 

Low ozone concentration (~2 ppm) was observed during the discharge treatment. The 

normalised concentration of dye was above 0.93, even after 10 minutes of treatment. 

By applying the first-order kinetic fitting as in equation (4.12), the rate of the 

decolorisation process, µ, was obtained as 3.22 C
-1

. Although lower reduction in dye 

concentration was achieved, this rate was still higher than in the case of positive 
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indirect corona discharge treatment. This is because the charge delivered was much 

lower in this case, as shown in Figure 4.15. 

 

 

b) Negative Energisation  

Indigo carmine solution samples also were exposed to negative corona discharges in 

the direct test cell. The ozone level was 20-60 ppm during the discharge treatment. 

The differential transmittance of the treated and untreated samples was measured, and 

the concentration of indigo carmine in the treated samples was calculated. The results 

are shown in Figure 4.16. 

 

 

Figure 4.16. Concentration of indigo carmine solution sample as a function of 

exposure time after exposure to direct, negative, steady-state corona discharge. Each 

point in this figure represents an average of three independent tests. The error bars 

show standard deviation values. Solid lines are for visual guidance only. 
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Obvious reduction in the dye concentration was achieved in both the bottled air test 

and atmospheric tests. After 10 minutes of treatment, the concentration decreased to 

~0.19 g/L (atmospheric tests) and ~0.17 g/L (bottled air tests). 

The normalised concentration of the dye in treated samples was obtained as a function 

of the charge delivered; the results are shown in Figure 4.17. The first-order kinetic 

equation (4.12) was applied to provide a fitting curve as the solid line. 

 

Figure 4.17. Normalised concentration of indigo carmine as a function of the charge 

delivered after treatment with negative, direct, steady-state corona discharges. Each 

point in this graph represents an individual test. The straight line shows the fitting by 

equation (4.12). 

As shown in Figure 4.17, the reduction in the concentration of indigo carmine was 

proportional to the charge delivered during the discharge treatment. A charge of 45-50 

mC was delivered by 10 minutes of discharge treatment, and the normalised 

concentration was decreased to 0.68-0.72. By applying the first-order kinetic fitting 

for both bottled air tests and atmospheric tests, the rate of the decolorisation process, 

µ, is determined to be 7.36 C
-1

.  
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4.3.3 Acidity of Solution Sample after Treatment By 

Steady-State Corona Discharge 

As mentioned in the literature review (Chapter 2.5.4), it has been proved that the 

acidity of liquid samples may be changed after the treatment by non-thermal plasma 

discharges. In this series of experiments, the pH of the indigo carmine solutions was 

obtained as a function of treatment time for different plasma treatment regimes. The 

initial value of pH of the untreated sample solutions was between 4.8 and 5.2. The pH 

measurements were conducted using the Hannah pH210 Microprocessor pH meter 

with Sentek miniature probe. The pH of the solution samples as a function of 

treatment time are shown in Figure 4.18. 

 

 
 

Figure 4.18. The pH of the indigo carmine solution sample after treatment by indirect 

steady-state corona discharge with (a) positive energisation and (b) negative 

energisation. Each point in this figure represent an average of three independent tests. 

The error bars show standard deviation values. Solid lines are for visual guidance 

only. 
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In both positive and negative energisation cases, the pH of treated solution samples 

decreases with an increase in the exposure time. In the case of negative energization, a 

higher degree of decrement was observed. This pH decrease corresponds to the 

decolorisation effect of the corona discharge treatment, as the negative indirect corona 

discharge treatment produced a higher degree of decolorisation.  

 

In the case of direct corona discharge treatment, the pH of the solution sample was 

also measured and presented in Figure 4.19. 

 

 
 

Figure 4.19. The pH of the indigo carmine solution samples after treatment by direct 

steady-state corona discharge with (a) positive energisation and (b) negative 

energisation. Each point in this figure represents an average of three independent tests. 

The error bars show standard deviation values. Solid lines are for visual guidance 

only. 
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As shown in Figure 4.19, the pH of the indigo carmine solution did not decrease 

significantly after direct positive corona discharge treatment. The decrement was less 

than 0.2 after 10 minutes of exposure. However, after exposure to negative direct 

corona discharges, the pH of the indigo carmine solution sample decreased 

significantly. This change in pH corresponds to the decolorisation effect: the positive 

direct corona discharge treatment results in a decrease in concentration of less than 

0.02 g/L; negative direct corona discharge results in a much higher decrease in 

concentration (0.04-0.09 g/L).  

 

 

4.3.4 Summary 

In this section, the investigation into the oxidation effects of steady-state corona 

discharges was discussed. Decolorisation of indigo carmine water solutions was 

achieved using both indirect and direct corona discharges with positive or negative 

energisation mode. The concentrations of indigo carmine dye in the treated solution 

samples were calculated using the differential optical transmittances obtained by the 

spectrophotometer. 

Discharges in bottled air and atmospheric air were investigated. Although a 

non-substantial difference was observed in oxidation effects for both types of gas, the 

obtained results show that humidity of the air does not significantly affect the degree 

of decolorisation produced by the steady-state corona discharges. As the electrical 

characteristics of the discharges are almost the same in bottled and atmospheric air, 

the humidity difference between these two types of air, 40% and 12.5% RH, was 

considered as insufficient to result in a significant difference in the production of the 

reactive chemical species. Condensation inside the test cell may compensate for the 

difference in air humidity. 

A reduction in the concentration of the dye in the treated solutions was observed in 

the direct and indirect corona treatment with both bottled air and atmospheric air, and 

a stronger effect was observed in the negative direct and indirect treatment tests. 
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The results show that the oxidation capability of the steady-state corona discharges is 

proportional to the charge dose delivered. For longer exposure time, during which 

higher charge is delivered to the sample, a higher degree of decolorisation was 

observed. Normalised concentration of dye in the solution as a function of the charge 

delivered was used to indicate the decolorisation/oxidation efficiency of corona 

discharges. By applying the first-order kinetic equation (4.12), the rate of 

decolorisation was obtained. This fitting procedure was implemented in Origin Pro 

software. Table 4.1 summarises the decolorisation rate for different types of corona 

discharge treatment.  

 

Table 4.1. Decolorisation rate (C
-1

) for indirect and direct steady-state corona 

discharge. 

 

Indirect corona discharge Direct corona discharge 

Positive Negative Positive Negative 

2.79 

(2.54 – 3.04)
 

4.35 

(3.83 – 4.87) 

3.22 

(2.92 – 3.52) 

7.36 

(6.91 – 7.81) 

Values in brackets indicate a 95% confidence interval. 

 

 

As shown in Table 4.1, the decolorisation rates in the case of direct corona discharge 

treatment are higher than in the case of indirect corona discharge treatment. The main 

reason for this difference is considered to be the distance between the HV stressed 

electrode and the sample surface. The discharge current was lower in the direct 

treatment case: the charge was less, and the energy delivered was low. Also, charged 

particles may contribute to the decolorisation of the treated indigo carmine solution 

sample in direct corona discharge treatment. 

When positive energisation was applied, the decolorisation effect in both cases, 

indirect and direct corona discharge treatment, was similar. The decolorisation rates in 

both cases were similar, as shown in Table 4.1: 2.79 C
-1

 in the indirect treatment case 

and 3.22 C
-1

 in the direct treatment case. However, a much more intensive 

decolorisation effect was observed in the case of the negative energisation mode. The 

rates of decolorisation are higher than in the case of positive energisation, especially 

in the case of negative direct corona discharge treatment, for which the number is up 

to 7.36 C
-1

. This can be explained by the difference in the production of reactive 

species. Although the exact mechanisms of the chemical (oxidation) and bactericidal 
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effects of corona discharges require further investigation and analysis, as different 

reactive oxygen and nitrogen species make their contributions to these effects, ozone 

can potentially be used as an indicator of the production of ROS and the bactericidal 

and oxidation efficiency of corona discharges. As monitored during the discharge 

treatment, ozone level was ~2 ppm in the case of positive corona discharge with direct 

or indirect topology. The ozone level was much higher in the case of negative 

energisation mode: ~40 ppm in indirect corona discharge treatment and 20-60 ppm in 

direct corona discharge treatment.  

The acidity of the sample solution was increased after exposure to steady-state corona 

discharges, which is in line with the results reported in many studies [73], [169], [213]. 

The tendency of this decrease corresponds to the decolorisation effect brought by the 

corona discharge treatment. 
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4.4  Transient Plasma Discharge Treatment for 

Decolorisation of Indigo Carmine 

Plasma discharges with a pulsed energisation mode have been studied in chemical 

oxidation processing [29], [214]–[216]. The transient spark discharge with its 

self-pulsing feature is considered as a novel approach for generating non-thermal 

plasma. Transient sparks can generate a highly reactive non-thermal plasma in 

atmospheric air with low energy consumption of 0.1–1 mJ/pulse
 
[62]. It has been 

shown in [68], [86], and [217]–[219] that ROS, RNS, and other chemical species can 

be produced by transient spark discharges which lead to their strong oxidation 

capability and ability to decompose chemicals and inactivate bacteria. However, there 

is still a gap in understanding of the transient spark discharge oxidation mechanisms. 

Furthermore, parameters such as electrode configuration and voltage levels could 

have a strong influence on the oxidation effect. Therefore, it is important to 

investigate the oxidation capability of transient plasma discharge under different 

conditions. In this section, an experimental study on the oxidation capability of the 

transient plasma discharge is presented. This impulsive transient plasma discharge is 

similar to transient spark discharge as described in the literature review. Information 

acquired from this study can be used for optimisation of the oxidation efficiency of 

the transient plasma discharges. 

Water solutions of indigo carmine dye with a concentration of 0.25 g/L were used as a 

chemical indicator for analysis of the oxidation capabilities of the transient plasma 

discharges: depending on the decolorisation degree of these solutions, the oxidation 

capability of transient plasma discharges was evaluated. As described in Chapter 3.3, 

two types of topologies were used to provide surface discharges (which propagate 

across a liquid sample surface) and direct discharges (through the bulk of a liquid 

sample). The surface discharges were generated using non-conductive sample plates, 

while conductive sample plates were used to generate direct transient plasma 

discharge in the test cell. Three different breakdown voltage levels with both 

polarities were used: 20 kV, 24 kV, and 28 kV (± 0.2 kV). The repetition rate of the 

high voltage pulses was set to 20 pulses per second. The discharges were generated in 

an atmospheric environment with humidity of ~ RH 40% and temperature ~20°C. 

Indigo carmine solution samples were exposed to transient plasma discharge for 1, 3, 
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5, and 7 minutes. During the transient plasma discharge treatment, ozone production 

was not detectable.  

The change in the concentration of indigo carmine in the plasma-treated solutions was 

obtained and presented as a function of the charge delivered. An analysis was 

conducted to compare the oxidation capabilities of the transient plasma discharges 

under different conditions. 

 

 

4.4.1 Decolorisation of Indigo Carmine Using Surface Transient 

Plasma Discharges  

A 5 ml indigo carmine sample solution was placed on the non-conductive sample 

plate and exposed to transient plasma discharge. As described in Chapter 3.3, 

transient plasma streamers propagated from the tip of HV needle electrode to the 

sample/air interface; then the streamers propagated along the sample surface to the 

side of the sample plate, where they reached the grounded metal plate. The discharge 

current did not pass through the sample directly. 

 

a) Positive Energisation  

First, the high-voltage pulsed generator was switched to the positive mode and 

connected to the test cell. Transient plasma discharges with positive polarity were 

generated, and samples of dye solution were treated by these discharges. By adjusting 

the distance between the HV needle electrode and the sample surface, the breakdown 

voltage level was set as 20 kV, 24 kV, and 28 kV. The concentration of the dye in 

solutions after exposure to surface transient plasma discharges was obtained and is 

presented as a function of the exposure time in Figure 4.20. 
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Figure 4.20. Concentration of indigo carmine in solution after exposure to positive 

surface transient plasma discharge. Each point in this figure represents an average of 

three independent tests. The error bars show standard deviation values. Solid lines are 

for visual guidance only. 

 

 

 As shown in Figure 4.20, the concentration of indigo carmine dye decreased after 

exposure to the surface transient plasma discharges with positive polarity. Although 

three different voltage levels were tested, no difference in decolorisation rate was 

observed for different voltage levels. After 7 minutes of exposure to the transient 

plasma discharges, the concentration of indigo carmine decreased to ~0.215 g/L for 

all three energisation voltages. 
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The normalised concentration K(D) of indigo carmine in the treated solutions is 

presented as a function of the charge dose in Figure 4.21. 

 

Figure 4.21. Normalised concentration of indigo carmine as a function of the charge 

delivered after treatment with positive surface transient plasma discharge. Each point 

in this graph represents an individual test. The straight line shows the fitting by 

equation (4.12). 

 

By applying the first-order kinetic equation (4.12), the fitting curve of normalised 

concentration as a function of dose was obtained. The curve is shown as the solid line 

in Figure 4.21, and the rate of decolorisation µ is 5.42 C
-1

 in this case.  
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b) Negative Energisation  

The high-voltage pulsed generator was then switched to negative energisation mode, 

and negative surface transient plasma discharge was generated and treated at the 

sample surface. The concentration of the treated solution sample was calculated based 

on the differential optical transmittance; the results are shown in Figure 4.22. 

 

 

Figure 4.22. Concentration of indigo carmine solution sample as a function of 

exposure time after exposure to negative surface transient plasma discharge. Each 

point in this figure represents an average of three independent tests. The error bars 

show standard deviation values. Solid lines are for visual guidance only. 

 

As shown in Figure 4.22, reduction in the concentration of the dye in the solution was 

achieved by treatment with negative surface transient plasma discharge. This 

reduction was slightly lower than in the previous positive discharge treatment case. 

After 7 minutes of exposure, the concentration decreased to 0.22-0.23 g/L. The 

normalised concentration as a function of the charge delivered obtained and is 

presented in Figure 4.23. 
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Figure 4.23. Normalised concentration of indigo carmine as a function of the charge 

delivered after treatment with negative surface transient plasma discharge. Each point 

in this graph represents an individual test. The straight line shows the fitting by 

equation (4.12). 

 

The results shown in Figure 4.23 indicate that the decolorisation of the sample 

solution is a charge-dependent process and does not depend on the breakdown voltage 

level. The first-order kinetic equation (4.12) was used to fit the experimental data 

points. The fitting curve is shown as the solid line in Figure 4.23. The rate of 

decolorisation, in this case, is 5.77 C
-1

. Although a smaller amount of  charge 

delivered, this rate is slightly higher than that for the positive surface transient plasma 

discharge treatment. 
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4.4.2 Decolorisation of Indigo Carmine Using Direct Transient 

Plasma Discharge  

Direct transient plasma discharges were generated in the test cell using a conductive 

sample plate. As described in Chapter 3.3, the transient plasma discharges were 

produced from the needle electrode and propagated to the sample surface. Then, the 

discharge current passed through the sample and reached the ground. As in the case of 

surface transient plasma discharge, the distance from the needle tip to the sample 

surface was adjusted to achieve 20 kV, 24 kV, and 28 kV breakdown voltage levels 

for both polarities.  

 

a) Positive Energisation 

In the positive energisation mode, the high-voltage pulsed generator supplied positive 

pulses to the test cell, which drove positive direct transient plasma discharges used to 

treat the indigo carmine solution samples. The differential optical transmittance was 

measured and used to calculate the change in concentration. The results are shown in 

Figure 4.24. 

 

 

Figure 4.24. Concentration of indigo carmine solution sample as a function of 

exposure time after exposure to positive, direct, transient plasma discharge. Each 

point in this figure represents an average of three independent tests. The error bars 

show standard deviation values. Solid lines are for visual guidance only. 
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As in the previous case of the indirect TS discharges, the concentration of the indigo 

carmine in water solution decreased with the exposure time. However, when the 

breakdown voltage increased to +28 kV, the concentration was lower than the 

concentration in the case of +24 kV and +20 kV. This is primarily due to a higher 

charge that was delivered in the +28 kV case in the same period. The normalised 

concentration was plotted as a function of the charge dose to show this tendency. The 

results are presented in Figure 4.25. 

 

Figure 4.25. Normalised concentration of indigo carmine as a function of the dose 

after treatment with positive, direct, transient plasma discharge. Each point in this 

graph represents an individual test. The straight line shows the fitting by equation 

(4.12). 

 

It is clear that the higher dose was delivered within the same period under a 

breakdown voltage of 28 kV. However, the general tendency of the decolorisation 

process is not highly dependent on the breakdown voltage level. This tendency has 

been obtained by applying the first-order kinetic equation; the fitting curve is shown 
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as the solid line in this figure. The rate of the decolorisation process is found to be 

7.59 C
-1

. 

 

b) Negative Energisation  

With negative energisation, the direct transient plasma discharges were used to treat 

indigo carmine solutions. The obtained change in concentration of the dye is shown in 

Figure 4.26. 

 

Figure 4.26. Concentration of indigo carmine solution sample as a function of 

exposure time after exposure to negative, direct, transient plasma discharge. Each 

point in this figure represents an average of three independent tests. The error bars 

show standard deviation values. Solid lines are for visual guidance only. 

 

The concentration of the treated sample solution was decreased with exposure time. 
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energisation. Samples exposed to discharge with a breakdown voltage at 20 kV had a 

higher concentration; this is considered to be caused by the lower charge delivered.  

The normalised concentration as a function of charge delivered is shown in Figure 

4.27. By applying the first-order kinetic equation (4.12), the rate of decolorisation was 

4.72 C
-1

.                            

 
Figure 4.27. Normalised concentration of indigo carmine as a function of the dose 

after treatment with negative, direct, transient plasma discharge. Each point in this 

graph represents an individual test. The straight line shows the fitting by equation 

(4.12). 
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4.4.3 Acidity of Solutions Treated by Transient Plasma 

Discharge 

The acidity of indigo carmine solutions also decreased after exposure to the transient 

plasma discharges. The initial pH of the indigo carmine samples before surface 

transient plasma discharge treatment was in the range of 5.2 to 5.7. After 7 minutes of 

exposure to the transient plasma discharges, the pH of the solution decreased to 

3.22-3.42 in the positive energisation case and to 3.26-3.38 in the negative 

energisation case, as shown in Figure 4.28. This pH decrease corresponds to the 

results of the decolorisation experiment. 

 

 

 
 

Figure 4.28. The pH of the indigo carmine solution after the surface transient plasma 

discharge treatment with (a) positive energisation and (b) negative energisation. Each 

point in this figure represents an average of three independent tests. The error bars 

show standard deviation values. Solid lines are for visual guidance only. 

In the case of direct transient plasma discharge treatment, the pH of the treated 

solution samples as a function of the treatment time is shown in Figure 4.29. 
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(a) 

 
(b) 

 

Figure 4.29. The pH of the indigo carmine solution after direct, transient plasma 

discharge treatment with (a) positive energisation and (b) negative energisation. Each 

point in this figure represents an average of three independent tests. The error bars 

show standard deviation values. Solid lines are for visual guidance only. 
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The initial pH of the indigo carmine solution is in the range of 5.20 to 5.65. Figure 

4.29 reveals that after direct transient plasma discharge treatment with positive 

energisation, the pH reduction is higher than in the case of negative energisation. 

Once again, this result corresponds to the decolorisation results. 

 

 

4.4.4 Summary  

The oxidation capability of the transient plasma discharges was investigated in this 

chapter. By exposing indigo carmine solutions to transient plasma discharges, the 

degree of decolorisation of the treated samples was obtained. This indicates a strong 

oxidation effect developed by the transient plasma discharges, which is in line with 

previously published results [69], [195], [220].  

Both positive and negative polarities were tested with different breakdown voltage 

levels in the case of surface and direct transient plasma discharge treatment. A 

decrease in the concentration of the dye in the solution samples was observed for both 

polarities. According to the experiment results, the degree of decolorisation is 

proportional to the charge delivered during the discharge treatment. Although some 

differences are seen in the samples treated by discharge with different breakdown 

voltages, it can be stated that the breakdown voltage level does not significantly affect 

the decolorisation process. However, a noticeable difference in the decolorisation 

results was still observed between surface and direct transient plasma discharge 

treatment. This is reflected in the rate of decolorisation, µ. This rate is obtained by 

fitting experiment data with the first-order kinetic equation (4.12).  

 

Table 4.2. Decolorisation rate (C
-1

) for surface and direct discharges. 

  

Surface discharge Direct discharge 

Positive Negative Positive Negative 

5.42 

(5.02 – 5.82)
 

5.77 

(5.44 – 6.10) 

7.59 

(7.11 – 8.07) 

4.72 

(4.46 – 4.98) 

Values in brackets indicate a 95% confidence interval.  
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Table 4.2 summarises the decolorisation rates obtained in this study: it can be seen 

that in the case of surface transient discharges, the difference in the decolorisation 

rates for positive and negative energisation is less than 10%. Negative surface 

discharge resulted in a slightly higher rate. 

However, positive direct discharges resulted in a higher decolorisation efficacy as 

compared with negative direct discharges: the difference between these two 

decolorisation rates is 37%. The main reason for this is the difference in production 

of chemically reactive species. As mention earlier, the ozone level during both 

positive and negative discharge is undetectable. Therefore, it may be assumed that 

other chemical species were playing an important role in the decolorisation process. It 

was shown in [221] that polarity could have an influence on the production of reactive 

species during non-thermal plasma discharge. In [221] and [222], the OH density is 

almost the same, regardless of the discharge polarity, but positive discharges produce 

more NO molecules than negative discharges. 

The distance between the HV needle electrode and the sample surface is also need to 

be considered. The longer gap means that the transient plasma discharge propagates a 

longer distance in air—this may have an influence on the production of reactive 

species. However, as the distance is longer, reactive species are generated in the air 

above the sample surface, and it may be more difficult for them to reach to the liquid 

sample. This distance was listed in Chapter 3, Table 3.2.  

It was established that the acidity of indigo carmine solution has decreased after 

exposure to the surface and direct transient plasma discharges. The decrease in pH is 

not significantly different for the surface and direct transient plasma discharges with 

both positive and negative polarities.  
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4.5  Discussion and Conclusions 

In this chapter, the oxidation capabilities of steady-state corona discharges and 

transient plasma discharges were investigated. Discharge polarities, voltage levels, 

and different topologies were tested in this series of experiments. Indigo carmine 

water solution was used as a chemical sensor to be treated by non-thermal plasma 

discharges, and decolorisation of the solution was measured. The concentration of the 

dye in the treated solution was obtained using the change in optical transmittance of 

the treated samples. The decolorisation process of the non-thermal plasma discharge 

treatment followed the first-order kinetics. The rate of decolorisation was obtained 

and used to evaluate the efficiency of oxidation. 

 

In the study of steady-state corona discharges, both direct and indirect discharges 

resulted in a strong decolorisation effect. A higher decolorisation effect was observed 

in the samples treated with the negative corona discharges, especially in the case of 

the negative direct corona discharges. For such discharges, the rate of decolorisation 

was 4.35 C
-1

 for indirect treatment and 7.36 C
-1

 for direct treatment. The 

decolorisation effect achieved was similar for positive direct and indirect discharge 

treatment: the rates of decolorisation were 2.79 C
-1

 and 3.22 C
-1

,
 
respectively. Ozone 

concentration is considered to be the main reason for this result, because similar 

ozone concentrations of ~2 ppm were observed in positive discharge for both direct 

and indirect treatment. Higher ozone concentrations were observed in the case of 

negative indirect treatment (~40 ppm), and 20-60 ppm was observed in the direct 

corona discharge. This is in line with the result reported in [223]: 100% decolorisation 

of indigo carmine was achieved by plasma discharges in oxygen with a pulse 

repetition rate of 10 pps for 4 minutes (high ozone level); while 16 minutes of plasma 

discharge treatment in air with the same pulse repetition rate (low ozone level) only 

resulted in 80% decolorisation.   

 

In the case of transient plasma discharges, decolorisation of the indigo carmine was 

also achieved. However, the decolorisation effect is lower compared to the 

steady-state corona discharges. One of the potential reasons for this could be the low 
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(undetectable) ozone levels produced by all types of transient plasma discharges in 

this study. Different breakdown voltage levels did not have a significant influence on 

the decolorisation tests results. The degree of decolorisation is proportional to the 

charge delivered to the sample surface. The obtained rates of decolorisation show that 

the efficiency of decolorisation in the surface discharge treatment is virtually identical, 

regardless of discharge polarities. In the case of the direct discharge treatment, a 

higher decolorisation rate was obtained. This could be caused by a higher production 

of reactive species by positive discharge, such as NO and other reactive nitrogen 

species. 

 

The maximum energy efficiency of decolorisation of the indigo carmine obtained in 

the present work with the transient plasma treatment is ~5 µmol/kJ for the positive 

direct discharges. In the present tests, the concentration of indigo carmine is 0.25 g/L. 

In the case of negative direct corona discharge treatment, the maximum energy 

efficiency of decolorisation was much higher, it could reach to ~114 µmol/kJ. This 

value is higher than the efficiency of decolorisation of the indigo carmine dye 

achieved in [192], which was 3.7 µmol/kJ. The concentration of indigo carmine used 

in their tests was 0.05 g/L, which is lower than the concentration used in this study.  

 

In both corona discharge and transient plasma discharge treatment tests, the pH 

measurements of the treated solutions show that the pH decreases with the treatment 

time, which corresponds to the decrease of the concentration of the dye in the treated 

indigo carmine solutions. The pH of all solutions treated with plasma discharges 

demonstrated a tendency to decrease. It is believed that the decrease in pH correlates 

with the degree of the decolorisation effect. 

Compared with other studies, the decolorisation effect could be increased by changing 

several parameters of plasma discharge treatment. In this study, the maximum 

decolorisation of indigo carmine is less than 40%. As reported in [223], 16 minutes of 

plasma discharge treatment in air with a pulse repetition rate of 10 pps resulted in 80% 

decolorisation; while 8 minutes of plasma treatment with 50 pps pulse repetition rate 

achieved 100% decolorisation. However, the discharge current in their discharge 
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system has a peak of ~500 A, which is much higher than in our case (maximum 

current peak less than 30 A). On the other hand, in another study [224], plasma 

discharge was used to treat liquid spray and achieved 100% decolorisation of indigo 

carmine in only 2 minutes. The use of liquid spray increased the probability of 

reactive species (especially the short-lived, chemically active species) generated by 

the plasma discharge to react with the indigo carmine. However, the spray treatment 

system is a complex system, and the problem of electrode erosion is more serious in 

this case.   

 

In this study, the oxidation capability of steady-state corona discharge and transient 

plasma discharge was investigated under various conditions including different 

polarities, electrode topologies, and voltage levels. The rate of decolorisation for each 

group of tests was obtained. The results and analysis provide information that can be 

used to optimise the oxidation capability of non-thermal plasma discharges. 
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CHAPTER 5  

Bio-Decontamination Capability of Non-Thermal 

Atmospheric Plasma Discharges 

5.1  General Introduction  

It has been proved that non-thermal plasma discharges produce a significant bacteria 

decontamination effect [225], [226]. Multiple practical applications in a wide range of 

areas including food industry, medicine, medical device manufacturing, and 

environment applications are being investigated based on this effect. Although the 

mechanism of the inactivation process are not fully understood, there are several 

factors that make a significant contribution to bio-decontamination by non-thermal 

atmospheric plasmas: production of chemically active oxygen and nitrogen species, 

emission of UV light, and strong electric fields. As suggested in [69], [86], and [97], 

the chemically reactive species are responsible for the decontamination effect of 

non-thermal plasma discharges in atmospheric air. Chemically active species 

generated by non-thermal plasma discharges are able to induce oxidation damage to 

biomolecules and alter the functioning of biological membranes, which impose 

lethally damages on bacterial cells [227], [89]. For example, the reactive species 

generated O3, OH radicals, NOx
-
, and NO by corona discharge; they play a leading 

role in the bacterial inactivation, as reported in [100], [78]. Other reactive oxygen and 

nitrogen species such as hydroxyl radicals, nitric dioxide, and singlet oxygen also 

have a strong effect on bacteria and should not be ignored. 

In this study, the bio-decontamination capability of the non-thermal plasma 

discharges in the atmospheric air were investigated. Two types of discharges, 

steady-state corona and impulsive transient plasma discharges, were tested through a 

series of comprehensive inactivation experiments. The primary objective of this part 

of the study was to expose the bacterial sample to non-thermal plasma discharges in 

atmospheric air and to observe an inactivation and its dependency on plasma 

discharge parameters. As a result, the inactivation capability of plasma discharge was 

obtained and analysed. 
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In the case of steady-state corona discharge, both positive and negative polarities were 

used. Negative ions are the main charge carriers in the plasma of negative discharges, 

while positively charged particles are the main charge carriers in the plasma of 

positive discharges. This could result in a difference in generation of chemically 

reactive species by discharges with different polarities. Hence, the decontamination 

effect produced by plasma discharges could be different. In addition, two different 

topologies were investigated in this study. As described in Chapter 3.2, 

non-conductive sample plates were used in the indirect corona discharge treatment: in 

this case, ions and charged particles were screened by the grounded metallic mesh and 

could not reach the sample surface. In the case of the direct corona discharge 

treatment, conductive sample plates were used, and ions and charged particles were 

able to reach the sample surface and produce a direct bactericidal effect. Impulsive 

transient plasma discharges of both positive and negative polarities were also tested. 

By using conductive and non-conductive plates, the surface and direct transient 

plasma discharges were generated, and their decontamination effects were 

investigated. Two types of bacteria, Escherichia coli and Staphylococcus aureus, 

were used as model Gram-negative and Gram-positive bacteria, respectively, in the 

plasma bio-decontamination study.  

This chapter provides a detailed description of the experimental procedures and 

research methodology. The obtained inactivation results are presented and analysed. 

Discussion on the inactivation capabilities of both steady-state corona and impulsive 

transient plasma discharges is presented.  

 

 

 

 

 

 

 



153 
 

5.2  Methodology  

Bacterial samples of E. coli and S. aureus were used in this series of decontamination 

tests. In this section, the microbiological test procedures and experimental 

methodology are presented and discussed. 

 

5.2.1 Microorganisms Selected for the Test 

Bacteria can be categorised by their reaction to the Gram stain as Gram-positive and 

Gram-negative bacteria (Gram-positive bacteria become purple, and Gram-negative 

become pink after Gram staining). This difference is related to the difference in the 

cell structure of these two categories of bacteria. As described in Chapter 2.4.1, 

Gram-positive bacteria have a thick peptidoglycan cell wall outside of their 

cytoplasmic membrane. In contrast, Gram-negative bacteria have a thinner 

peptidoglycan cell wall. Outside this cell wall is an outer membrane.  

The difference in cell structure, and especially in the membrane, may result in a 

difference in inactivation by non-thermal plasma discharges. Oxidation, UV light, or a 

strong electric field produced by non-thermal plasma discharges may cause damages 

to bacterial cells. With different cell structures, the effect on the membrane produced 

by discharges may be different, and the probability of causing cell damage may be 

different. Hence, the inactivation effect also may vary. To investigate the 

decontamination effect of the non-thermal plasma discharges, both types of bacteria 

should be tested. E. coli was selected to represent Gram-negative bacteria, and 

S. aureus was selected to represent Gram-positive bacteria in plasma inactivation 

tests. 

 

Escherichia coli 

Escherichia coli (E. coli) is a type of bacteria that commonly exists in the lower 

intestine of human and animal bodies. It as a “rod” shape cell. Most of the E. coli 

bacteria are non-pathogenic and even benefit their host. For example, E. coli can 

produce vitamin B and K [228], and the existence of E. coli in the intestine can 

prevent colonization of some pathogenic bacteria. However, some special types of E. 
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coli are pathogenic and may cause gastroenteritis, urinary tract infection, and serious 

food poisoning. For example, E. coli O157 is a very dangerous type of bacteria, which 

causes illness and even death worldwide [229]. 

Alternatively, E. coli also is one of the most popular microorganisms used in 

laboratory experiments. In this research, E. coli NCTC 9001 (National Collection Of 

Type Cultures, UK) was chosen as a sample of Gram-negative bacterium to 

investigate the effect of non-thermal plasma discharges. The reasons for choosing E. 

coli in this study are:  

1) Safety considerations: the E. coli strain used in this study has low pathogenicity.  

2) It grows fast, and forms highly recognisable colonies.  

3) It grows easily, and does not require a special growing environment or conditions. 

4) It is very common and representative of bacterium. 

 

 
 

Figure 5.1. E. coli colony-forming units (CFU) cultured on agar plate. 

 

E. coli colonies are white in color and grow to approximately 3-6 mm diameter, when 

cultured on nutrient agar for 24 hours at 37 °C. 

 

Staphylococcus aureus 

Staphylococcus aureus (S. aureus) is another common type of bacteria. This type can 

be found in air, water, dust, human or animal skins, and waste. S. aureus is a 
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Gram-positive bacterium and has a round-shaped cell structure. Although S. aureus is 

not always pathogenic, it leads to a wide spectrum of infections including minor skin 

infection and respiratory infections.  

S. aureus can also produce toxins and has caused many serious food poisoning cases, 

pneumonia, and other life-threatening diseases [230], [231]. According to [232], S. 

aureus causes nearly 241,000 cases of illness in the United States every year and has 

been listed as one of the major pathogens [233]. S. aureus is also famous for its 

adaptive evolution ability—it can build up resistance to human defences and the 

effects of antibiotics. It has been reported in [234] and [235] that S. aureus can even 

have a quick response and develop resistance to some new antibiotics such as 

linezolid and daptomycin. Therefore, a different and effective decontamination 

method must be developed, and non-thermal plasma discharge technology could be a 

very promising and novel method to fight these bacteria. 

 

 

 

Figure 5.2. S. aureus colony-forming units (CFU) cultured on agar plate. 

 

S. aureus NCTC 4135 was used for these series of tests. It grows fast and does not 

need special growing conditions. S. aureus colonies are yellow in color and have a 

typical size of 0.5~1.0 mm on agar plates when cultured on nutrient agar for 24 hours 

at 37 °C (see Figure 5.2).  
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5.2.2 Microbiological Media  

To culture bacteria for experimental use, several types of media were used to provide 

appropriate conditions and nutrition at different stages of the experimental protocol. 

The media used and how they are prepared are described below: 

 

Broth 

Nutrient broth is a liquid media for culturing bacteria.  

Preparation: Nutrient Broth powder (Oxoid Ltd, UK, CM0001) was weighed on a 

digital analytical balance (Ohaus
® Adventurer

® balance AR 1530), and then dissolved 

in distilled water and mixed well. A total of 13 g of powder should be dissolved in 1 L 

of distilled water, as stated by the manufacturer. Liquid broth was sterilized by 

autoclave and cooled down before use. As standard, the autoclave was set at 121°C 

and 100 kPa for 15 minutes. 

 

Diluent  

Phosphate-buffered saline (PBS) is a commonly used buff solution that 

contains sodium dihydrogen phosphate and sodium chloride. It was used as a diluent 

for dilution of bacterial populations. 

Preparation: Phosphate-buffered saline tablets (from Oxoid Ltd, UK, BR0014G) were 

completely dissolved in distilled water to make PBS solution. One tablet was 

dissolved in 100 ml distilled water as stated. After sterilization by autoclaving, the pH 

of the PBS solutions was in the range of 7.1 to 7.5 (measured at 25°C). Several 9 ml 

volumes were prepared for series dilution by using a bottle top dispenser (VITLAB 

simplex). Solutions of 100 ml volume were also prepared for experimental use. 

 

Agar  

Nutrient agar is a jelly-like of media which is commonly used to grow 

microorganisms for microbiological study.  

Preparation: Nutrient agar powder (from Oxoid, Ltd, UK, CM0003) was weighed on 

the digital analytical balance and dissolved in distilled water. Powder (28 g) was 

dissolved in 1 L distilled water as stated. This solution was by autoclaving and the 

molten agar with the bottle was then placed in a water bath at a temperature of 48°C 

for cooling. Next, the molten agar was poured into a sterilized petri plate/contact plate, 



157 
 

or tube to make agar plates or agar slopes. Prepared agar plates and slopes were 

incubated overnight to make sure they are free from contamination before use.  

 

 

5.2.3 Microbiological Techniques 

The standard procedure to obtain the bacterial population is to count bacterial colonies 

on the agar plates. In the microbiological study, Colony-Forming Units (CFU) are 

used to describe the population of bacteria. To achieve accurate counting of bacteria, 

several microbiological methods and techniques were employed for preparing and 

enumerating bacteria samples. These methods are presented in this section. 

 

Bacteria Culture  

E. coli and S. aureus were stored frozen on Microbank beads (Pro-Lab Diagnostics).  

When required, a bead was taken from the freezer and streaked onto an agar plate, and 

incubated at 37°C overnight.  A bacterial colony from the agar plate was 

sub-cultured to an agar slope, grown overnight at 37°C and then stored at 4°C. This 

bacterial culture on the agar slope was used as the stock culture for experiments.  A 

fresh agar slope was prepared every 4 weeks.  

To prepare a bacterial culture for experimental use, a loopful of bacteria was 

transferred from the agar slope and inoculated into 100 ml nutrient broth.  This broth 

was cultivated in an incubator shaker (New Brunswick Scientific Co., Inc., model C24, 

as shown in Figure 5.3) for 18-24 hours. The temperature was set to 37°C, and 

shaking frequency was 120 rpm. 

 

 
 

Figure 5.3. New Brunswick C24 incubator shaker. 
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Dilution  

After incubation, the broth was centrifuged (in Heraeu Labofuge 400R Centrifuges) at 

4300 rpm for 10 minutes. The cell pellets were then re-suspended in 100 ml PBS, 

giving a population density of ~10
9
 CFU/ml. The bacterial population density 

required for experimental use was ~10
3
 CFU/ml. To prepare suspensions with this 

population density the suspensions were serially diluted as follows: 

Step one: 1 ml of the 10
9
 CFU/ml bacterial suspension was pipetted into a volume of 

9 ml PBS and mixed well. This gave a 10 ml volume with a population density of 10
8
 

CFU/ml.  

Step two: 1 ml of the 10
8
 CFU/ml suspension was transferred to another 9 ml PBS, 

giving a 10 ml volume of 10
7
 CFU/ml. 

This dilution process was continued until a bacterial population of 10
3
 CFU/ml was 

obtained. 

This serial dilution process is shown as in Figure 5.4. 

 

 

Figure 5.4. Diagram of the serial dilution method. 
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Plating  

Using the 10
3
 CFU/ml starting populations, volumes of 50 µl were  pipetted onto the 

55 mm agar plates, and spread evenly across the agar surface using an L-shaped 

spreader. The plates were then put into the discharge reactor and treated by 

non-thermal plasma discharges. 

 

Incubation  

After exposure, the agar plates seeded with E. coli or S. aureus were incubated at 

37°C for 18-24 hours. Colonies were formed on the agar surface after incubation.  

 

Enumeration  

The number of bacterial colonies formed on the agar plates were manually counted 

using the colony counter (BioCote), shown in Figure 5.5.  

 

 

Figure 5.5. BioCote colony counter. 

 

To establish the population density in the starting suspension, the number of 

colony-forming units per plate per plate grown from a 50 µl bacterial sample was 

multiplied by 20 to get the CFU count per mililitre (CFU/ml).  

In experiments, 50 µl samples were seeded onto the agar plates and exposed to plasma 

discharges.  These results were reported as CFU/plate. The number of colonies in 

each tested sample (samples treated by plasma discharges) can be compared directly 
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with the samples which were not treated by plasma discharges (0 minutes of plasma 

treatment) to present the decontamination capability. 

 

In the present work, the inactivation results were defined in terms of normalised 

population, S, which represents a ratio of the survived bacterial population to the 

initial bacterial population: 

 

𝑆 =
𝑃𝑛

𝑃0
=

𝑁𝑛

𝑁𝑜
                               (5.1) 

 

where S is the normalised bacterial population 

Pn is the survived bacterial population, ml
-1

 

P0 is the initial population of bacteria, ml
-1

 

Nn is the number of bacterial colonies on the plasma-treated sample plate (CFU) 

N0 is the number of bacterial colonies on the control plates (CFU) 
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5.3  Steady-State Corona Discharge 

The steady-state corona discharges were first used to inactivate E. coli and S. aureus 

bacteria. Bacteria-seeded agar sample plates were prepared as described in the 

previous section.  

In Chapter 3.2, the steady-state corona discharge system was introduced. This system 

also was used in this part of the present study: bacterial samples were placed into the 

discharge test cell and treated by the corona discharges with different exposure times. 

Then, the treated samples were incubated and enumerated, and the change in the 

bacterial population was obtained as a result of plasma-induced inactivation.  

The plasma inactivation experiments were conducted under different conditions. As 

mentioned in Chapter 3.2, using non-conductive and conductive sample plates, two 

types of corona discharge were generated, indirect and direct discharges. Based on the 

characteristics of the steady-state corona discharges and practical experimental 

environment, sample exposure time intervals were set to be 1 min, 1.5 min, 2 min, 3 

min, 5 min, and 10 min. Bottled air (12.5% RH) was fed into the test cell to create a 

discharge environment with different humidity. The pressure inside the test cell was 

kept at 0.2 bar gauge. Both positive and negative corona discharges were generated 

and tested at a constant voltage of 30 kV. 

Both discharge current and voltage waveforms were monitored during the inactivation 

experiment. In addition, the concentration of ozone in the test cell during discharges 

was also monitored.  

In this section, the results of this study, in which the populations of E. coli and S. 

aureus before and after exposure to steady-state corona discharges was obtained, are 

presented. The dependence of the surviving population on the total charge delivered 

during the discharge treatment also is discussed. 
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5.3.1 Decontamination by Indirect Corona Discharges 

E. coli and S. aureus seeded agar samples in the non-conductive plates were exposed 

to the steady-state corona discharges in the indirect treatment test cell. The change in 

the bacterial population due to plasma treatment was monitored; these results are 

shown and discussed in this section.  

 

a) Positive Energisation 

Positive high-voltage DC voltage supply, Glassman WR series, was used to energise 

the HV electrode in the indirect treatment test cell, and to create positive steady-state 

corona discharges. Ozone concentration was measured during these tests and found to 

be ~2 ppm. The population of surviving E. coli after exposure to the indirect positive 

corona discharge is presented in Figure 5.6 as a function of the exposure time. 

 

Figure 5.6. Surviving E. coli populations as a function of exposure time; positive, 

indirect, steady-state corona discharge treatment. All tests were conducted in triplicate, 

and each data point in this figure represents an average value. Error bars show the 

standard deviation. Solid lines are for visual guidance only. 
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The initial population before exposure to the plasma discharges was ~181 CFU/plate. 

Generally, with longer exposure time, less surviving bacterial colonies were observed. 

After 10 minutes of plasma treatment, surviving E. coli populations were down to less 

than 40 CFU/plate. In some cases, fewer than 10 CFU/plate were observed. 

The surviving E. coli population was converted into the normalised population 

according to Equation 5.1. It is presented in Figure 5.7 as a function of the total 

charge delivered. 

  

 

Figure 5.7. Normalised population of E. coli as a function of the charge delivered; 

positive, indirect, steady-state corona discharge treatment. The solid line is analytical 

fitting by equation (5.2). Each data point in this graph represents an individual test. 

 

As can be seen from Figure 5.7, a higher level of delivered charge during the plasma 

treatment resulted in a lower normalised bacterial population. When the total 

delivered charge was ~25 mC, the normalised population was reduced to (0.40–0.55); 

the highest delivered charge in this group of tests, 45-50 mC,
 
resulted in an average 

normalised population as low as 0.09. 

 

The normalised population of E. coli as a function of delivered charge can be fitted 

with a first-order kinetic function: 
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 S(D)= exp (- D)                                (5.2) 

 

where D is the delivered charge (mC) 

      S(D) is the charge-dependent normalised population 

       is the rate of the inactivation process, (mC
-1

) 

 

In this case, the inactivation rate, , was found to be 0.31∙10
-1

 mC
-1

 (0.25∙10
-1

 

-0.37∙10
-1

 mC
-1

, within a confidence level of 95%). The fitting curve according to 

equation (5.2) was indicated by the solid line in Figure 5.7. The fitting procedure was 

conducted using the graphing software package, Origin Pro 2015. 

In the case of Gram-positive bacterium, S. aureus was exposed to the indirect 

steady-state corona discharges under the same conditions. The surviving population of 

S. aureus as a function of the exposure time is shown in Figure 5.8.  

 

Figure 5.8. Surviving S. aureus populations as a function of exposure time; positive, 

indirect, steady-state corona discharge treatment. All tests were conducted in triplicate, 

and each data point in this figure represents an average value. Error bars show the 

standard deviation. Solid lines are for visual guidance only. 
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The initial population of S. aureus in this group of tests was ~170 CFU/plate. The 

surviving bacterial population was not decreased obviously after exposure to the 

positive indirect corona discharges for a short period of less than 3 minutes. As can be 

seen from Figure 5.8, surviving bacterial population remains at ~162 CFU/plate. After 

longer exposure time, the inactivation effect starts to become more pronounced. The 

surviving bacterial population was down to ~95 CFU/plate after 5 minutes of 

exposure, and further reduction to ~19 CFU/plate after 10 minutes of exposure was 

observed. 

 

The normalised population of S. aureus as a function of the total charge delivered 

during exposure to the positive indirect corona discharges is presented in Figure 5.9.  

 

Figure 5.9. Normalised population of S. aureus as a function of the delivered charge; 

positive, indirect, steady-state corona discharge treatment. The solid line is analytical 

fitting by equation (5.2). Each data point in this graph represents an individual test. 

 

When the delivered charge reached ~25 mC, the normalised population of S. aureus 

was in a range from 0.52 to 0.62. As the delivered charge increased to ~45 mC, the 

normalised population reduced to ~0.11. 

By applying first-order kinetic fitting as in equation equation (5.2), the fitting curve 

was obtained using Origin Pro 2015 software. This fitting is given as a solid line in 
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the figure. The inactivation rate was 0.23∙10
-1

 mC
-1

 with a 95% confidence interval 

(0.16∙10
-1

 - 0.30∙10
-1

 mC
-1

).  

 

b) Negative Energisation 

In this section, the results of inactivation obtained using negative indirect corona 

discharges are presented. The DC power supply was switched to negative energisation 

mode. The ozone concentration was monitored during the treatment with the negative 

corona discharges and found to be 12–30 ppm, which is significantly higher than in 

the positive energisation case. 

 

E. coli was exposed to the negative indirect corona discharges. The surviving 

populations of E. coli are a function of the exposure time, as shown in Figure 5.10. 

 

Figure 5.10. Surviving E. coli populations as a function of exposure time; negative, 

indirect, steady-state corona discharge treatment. All tests were conducted in triplicate, 

and each data point in this figure represents an average value. Error bars show the 

standard deviation. Solid lines are for visual guidance only. 
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The initial population of E. coli was ~162 CFU/plate. A significant reduction in 

E. coli population was observed, which indicates a strong inactivation effect achieved 

using negative indirect corona discharges. After 1 minute of exposure, surviving 

E. coli population was only ~1–2 CFU/plate. Complete inactivation of E. coli was 

achieved on the most of the sample plates.  

 

 

Figure 5.11. Normalised populations of E. coli as a function of the delivered charge; 

negative, indirect, steady-state corona discharge treatment. The solid line is analytical 

fitting by equation (5.2). Each data point in this graph represents an individual test. 

 

In the case of the negative indirect corona discharge treatment, the normalised 

population of E. coli was reduced to 0.01 at a delivered charge level of 7–8 mC
-1

, 

which shows that 99% inactivation of E. coli was achieved. 

By applying the first-order kinetic fitting to this group of results, the inactivation rate 

was obtained from experimented results and found to be 0.58 mC
-1

 with a 95% 

confidence level (0.43–0.72 mC
-1

).  
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The same procedures were applied to S. aureus samples, and the surviving population 

of these bacteria after exposure to plasma discharges is shown in Figure 5.12. 

 

Figure 5.12. Surviving S. aureus populations as a function of exposure time; 

negative, indirect, steady-state corona discharge treatment. All tests were conducted 

in triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 

 

The initial population of S. aureus was ~120 CFU/plate. This population decreased 

significantly after only 1 minute of plasma treatment, resulting in ~8.7 CFU/plate. 

Surviving S. aureus population was decreased further to 0-1 CFU/plate after 3 

minutes of exposure to the negative indirect corona discharges.  
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Normalised populations of S. aureus as a function of the total charge delivered after 

exposure of the microorganisms to the negative indirect corona discharge is shown in 

Figure 5.13. 

 

Figure 5.13. Normalised populations of S. aureus as a function of the delivered 

charge; negative, indirect, steady-state corona discharge treatment. The solid line is 

analytical fitting by equation (5.2). Each data point in this graph represents an 

individual test. 

 

The normalised populations of S.aureus was decreased to below 0.2 after exposure to 

the negative, indirect, steady-state corona discharge with a delivered charge of 8.1 mC. 

As the charge delivered during the discharge treatment increased to ~23 mC, the 

normalised population was close to 0. The average normalised population after 

exposure to the negative corona discharges at the minimum delivered charge of ~8 

mC was 0.072. 

By applying the first-order kinetic fitting to this group of results, the rate of 

inactivation was found to be 0.26 mC
-1

 with a 95% confidence level (0.22–0.31 

mC
-1

). 
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5.3.2 Decontamination by Direct Corona Discharges  

The direct corona discharge test cell was used to perform inactivation experiments, 

and the results are presented in this section. (The direct corona discharge system was 

discussed in Chapter 3.2.) In this system, bacterial samples on agar were placed in the 

conductive sample plates and directly exposed to corona discharge.  

 

a) Positive Energisation   

A positive high-voltage DC power supply was used to energise the corona electrode 

and to create the positive corona discharges in the direct discharge test cell. During 

the discharge treatment, ozone concentration was monitored and found to be 1-2 ppm.  

E. coli was exposed to the positive direct corona discharges. The surviving population 

of E. coli are presented in Figure 5.14 as a function of exposure time. 

 

Figure 5.14. Surviving E. coli populations as a function of exposure time; positive, 

direct, steady-state corona discharge treatment. All tests were conducted in triplicate, 

and each data point in this figure represents an average value. Error bars show the 

standard deviation. Solid lines are for visual guidance only. 
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The initial population of E. coli was ~122 CFU/plate. After exposure to positive direct 

corona discharges for 1 minute and 1.5 minutes, no obvious decrease in the surviving 

population was observed. However, a minor inactivation effect was achieved after 2 

minutes of exposure; the surviving bacterial population was down to ~106 CFU/plate. 

With longer exposure time, a higher degree of inactivation was observed: after 10 

minutes of exposure, the surviving E. coli population was reduced to 20 CFU/plate 

average. 

Converting the surviving population into the normalised population, the results of 

these tests can be presented as a function of the total delivered charge, as shown in 

Figure 5.15. 

 

Figure 5.15. Normalised populations of E. coli as a function of the charge delivered; 

positive, direct, steady-state corona discharge treatment. The solid line is an analytical 

fitting by equation (5.2). Each data point in this graph represents an individual test. 

 

As shown in Figure 5.15, the normalised populations decreased with an increase in 

the total delivered charge. The average normalised population was ~0.15 at the 

maximum delivered charge of ~30 mC. 

By applying the first-order kinetic fitting to the results, the rate of the inactivation 

process can be obtained. For the results presented in Figure 5.15, this rate is found to 

be 0.29∙10
-1

 mC
-1

, with a 95% confidence interval (0.19∙10
-1

 to 0.39∙10
-1

 mC
-1

). 
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S. aureus samples were exposed to the positive direct corona discharge. The surviving 

populations were recorded and are presented in Figure 5.16. 

 

Figure 5.16. Surviving S. aureus populations as a function of the exposure time; 

positive, direct, steady-state corona discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 

 

The initial population of S. aureus in this group of tests was ~151 CFU/plate. After 

exposure to the positive direct corona discharge for a short time, the population of 

S. aureus slightly decreased. After 3 minutes of exposure, the surviving population 

was in a range from 116 to 134 CFU/plate. Longer treatment caused futher 

inactivation, the surviving S. aureus population decreasing to ~22 CFU/plate after 10 

minutes of exposure. 
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Normalised population and delivered charge were used to present the inactivation 

results, as shown in Figure 5.17. 

 

Figure 5.17. Normalised populations of S. aureus as a function of the charge 

delivered; positive, direct, steady-state corona discharge treatment. The solid line is 

analytical fitting by equation (5.2). Each data point in this graph represents an 

individual test. 

 

As shown in Figure 5.17, a higher charge delivered results in a higher degree of 

inactivation. As the delivered charge increased to ~30 mC, the normalised population 

decreased to ~0.15. 

First-order kinetic fitting was applied to this group of results, and the inactivation rate 

was found to be 0.37∙10
-1

 mC
-1

, with a 95% confidence interval (0.27∙10
-1

 to 0.46∙10
-1

 

mC
-1

). 
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b) Negative Energisation 

The high-voltage DC power supply was switched to the negative mode and connected 

to a direct treatment test cell. Bacterial samples were exposed to the negative direct 

corona discharges in this case. Ozone concentration inside the test cell was 20–60 

ppm during the discharge treatment. 

E. coli samples were first exposed to the negative direct corona discharge. The 

population of the surviving bacteria as a function of the exposure time is shown in 

Figure 5.18. 

 
Figure 5.18. Surviving E. coli populations as a function of the exposure time; 

negative, direct, steady-state corona discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 

 

The initial population of E. coli in this group of tests was ~123 CFU/plate. Significant 

inactivation was observed after exposure to negative direct corona discharges. 

Surviving bacterial population was close to 0 after only 1 minute of exposure, 

complete inactivation was achieved in sample plates after longer time exposure.  
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In this case, the normalised populations of E. coli as a function of the delivered charge 

is shown in Figure 5.19. 

 

Figure 5.19. Normalised populations of E. coli as a function of the delivered charge; 

negative, direct, steady-state corona discharge treatment. The solid line is analytical 

fitting by equation (5.2). Each data point in this graph represents an individual test. 

 

The minimum delivered charge in this group of experiments is 5 mC. It resulted in 

more than 99% inactivation of E. coli as the normalised population was decreased to 

0.1 and less. 

By applying the first-order kinetic fitting, the estimated inactivation rate was 0.98 

mC
-1

 with a 95% confidence interval (0.73–1.23 mC
-1

). 
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S. aureus was exposed to the negative direct corona discharges. The surviving 

populations of S. aureus, as a function of the exposure time, is shown in Figure 5.20.  

 

Figure 5.20. Surviving S. aureus populations as a function of the delivered charge; 

negative, direct, steady-state corona discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 

 

It can be seen from Figure 5.20 complete inactivation of S. aureus on the agar surface 

was achieved by 1-2 minutes of negative direct corona discharge treatment. 
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The inactivation results were converted into the normalised populations and are 

shown in Figure 5.21 as a function of the total delivered charge. 

 

Figure 5.21. Normalised populations of S. aureus as a function of the delivered 

charge; negative, direct, steady-state corona discharge treatment. The solid line is an 

analytical fitting by equation (5.2). Each data point in this graph represents an 

individual test. 

 

The normalised populations of S. aureus were reduced to zero (complete inactivation 

was achieved) after treatment with the negative direct corona discharges with a 

minimum delivered charge of ~5 mC. 

The first-order kinetic fitting was applied to this group of results. The estimated rate 

of the inactivation process was determined to be 1.44 mC
-1

 with a 95% confidence 

interval (0–4.86 mC
-1

).   
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5.3.3 Summary of Bacterial Inactivation by Steady-State Corona 

Discharge 

In the experiments conducted and presented in this chapter, it was shown that the 

steady-state direct and indirect corona discharges have the ability to inactivate E. coli 

and S. aureus on surface. The degree of inactivation may vary and depends on 

topologies of the treatment cells and polarities of the corona discharges. However, it 

was shown that decontamination of bacteria on agar surface was achieved by all the 

types of steady-state corona discharges used in this work. The charge-dependent 

character of inactivation curves for both tested microorganisms were established.  

Two types of corona discharge treatment test cells were used in this work: direct and 

indirect. In the case of the indirect corona discharge treatment, most of the charged 

particles were screened along with the high electric field by the grounded metallic 

mesh above the sample; thus, the charged particles were not able to reach the sample 

surface. It can be assumed that in this case neutral chemically active species such as 

ozone passed through the grounded mesh and acted on the bacteria on the agar surface, 

resulting in a decontamination effect.  

During the positive corona discharge at +30 kV, the ozone concentration was ~2 ppm. 

At the maximum delivered charge of ~47 mC, a noticeable inactivation effect was 

produced by the positive indirect corona discharge: the normalised populations of 

E. coli and S. aureus were decreased to ~0.09 and 0.11, respectively, which means 

that ~91% inactivation of E. coli and ~89% inactivation of S. aureus was achieved.. 

In the case of the negative corona discharge treatment at -30 kV, the ozone 

concentration was 12–30 ppm, much higher than in the case of positive energisation. 

The inactivation effect was also higher according to the obtained results. After 1 

minute of exposure to the negative indirect corona discharges, the normalised 

populations of E. coli and S. aureus were decreased to 0.01 and 0.07, respectively, 

which means that a 99% inactivation of E. coli and 93% inactivation of S. aureus was 

achieved using negative indirect corona discharges at a delivered charge level of 8 

mC. As the delivered charge increased to ~16 mC, 99% inactivation of S. aureus was 

observed.  
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In the case of the direct corona discharge treatment, the charged particles could be 

delivered to the sample surface. When positive energisation was applied, the ozone 

concentration inside the test cell was 1–2 ppm, similar to the case of the positive 

indirect corona treatment. The inactivation effect produced by positive direct corona 

discharges was also similar to the effect produced by the positive indirect corona 

discharge treatment. The average normalized populations of E. coli and S. aureus 

were reduced to ~0.15 after exposure to the positive direct corona discharges for 10 

minutes. However, the maximum charge delivered at this point was ~30 mC, which is 

much lower than in the case of the indirect positive discharges ~47 mC. 

When the negative direct corona discharges were used to treat the bacteria samples, 

the ozone concentration was higher, 20–60 ppm, and significant inactivation effect 

was observed. The discharge treatment with a relatively low charge delivered of ~5 

mC resulted in 100% inactivation of both E. coli and S. aureus. 

By applying the first-order kinetic fitting to the normalised population as a function of 

the total delivered charge, the rate of the inactivation process was obtained in different 

cases. These rates are given in Table 5.1.  

 

Table 5.1. Inactivation rate (mC
-1

) for indirect and direct corona discharges. 

   

Indirect discharge 

Positive Negative 

E. coli S. aureus E. coli S. aureus 

0.31·10
-1

 

(0.25·10
-1

 – 

0.37·10
-1

) 

0.23·10
-1

 

(0.16·10
-1

 –

0.30·10
-1

) 

0.58 

(0.43–0.72) 

0.26 

(0.22 –0.31) 

Direct discharge 

Positive Negative 

E. coli S. aureus E. coli S. aureus 

0.29·10
-1

 

(0.19·10
-1

 –

0.39·10
-1

) 

0.37·10
-1

 

(0.27·10
-1

 –

0.46·10
-1

) 

0.98 

(0.73 –1.23) 

1.44 

(0 –4.86) 

Values in brackets indicate a 95% confidence interval. 

 

In the case of positive energisation, the inactivation effect of the indirect and direct 

corona discharges was similar for both E. coli and S. aureus. The inactivation rates for 

these two bacteria were similar.  
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Negative energisation in both indirect and direct corona discharges produced a 

stronger inactivation effect compared to positive energisation. The inactivation rates 

in the case of negative energisation are much higher than in the case of positive 

energisation. The negative direct discharges produce the strongest inactivation effect: 

5 mC charge resulted in ~99.9% inactivation of E. coli. Compared with the indirect 

negative corona discharges, the direct negative corona discharges produce a higher 

ozone concentration during the treatment: 20–60 ppm instead of 12–30 ppm. This 

could be the main reason that direct negative discharge treatment resulted in a higher 

inactivation rate. 
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5.4  Impulsive Transient Plasma Discharges 

To compare decontamination efficiencies of different types of discharges, the 

decontamination capability of impulsive plasma transient discharges was investigated. 

The impulsive discharge system which was described in Chapter 3.3 can produce two 

types of discharges: surface transient plasma discharge (which propagates across the 

sample/air interface) and direct transient plasma discharge (which propagates through 

the bulk of the liquid or agar sample). In this part of the present research, both types 

of transient plasma discharge were tested: positive and negative energisation was used 

to develop the transient plasma discharegs. As in Chapter 4, the breakdown voltages 

were selected as 20 kV, 24k V, and 28 kV. Treatment time intervals were 1, 3, 5, and 

7 minutes. Pulse repetition rate was 20 pulses per second. Bacteria were seeded on 

agar plates (conductive or non-conductive), and these agar plates were placed into the 

discharge reactor and treated by the non-thermal plasma discharges. Then the 

bacterial samples were incubated for 18–24 hours at 37°C, and bacterial colony 

numbers were enumerated. During the discharge treatment, the ozone concentration 

was measured and found to be less than 1 ppm; it was not detectable by the ozone 

analyser.  

 

 

5.4.1 Decontamination by Surface Transient Plasma Discharges 

 

a) Positive Energisation 

Positive energisation was applied to the transient plasma discharge system with 

non-conductive sample plates to create surface transient plasma discharges. E. coli 

was treated by this discharge. The inactivatiion curves are shown in Figure 5.22. 

 



182 
 

 

Figure 5.22. Surviving E. coli populations as a function of exposure time using 

positive surface transient plasma discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 

 

The initial population of E. coli in these tests was in a range of 70-100 CFU/plate. An 

obvious decrease in population was achieved for all three applied voltages. After 1 

minute of exposure to the surface transient plasma discharge with breakdown voltages 

of 24 kV and 28 kV, E. coli populations were decreased to ~(43–46) CFU/plate. The 

decrease was also observed in the samples exposed to the discharges with a 

breakdown voltage of 20 kV: the population was reduced to ~77 CFU/plate. A further 

decrease in the population of E. coli was achieved after 3 minutes of exposure for all 

breakdown voltages: the population was reduced to less than 10 CFU/plate. It can be 

seen from Figure 5.22 that all bacteria were inactivated after 5 minutes of treatment.  

 

 

The surviving bacterial populations were converted into the normalised population 

and are presented as a function of delivered charges, as shown in Figure 5.23. 
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Figure 5.23. Normalised population of E. coli as a function of the delivered charge 

using positive surface transient plasma discharge treatment. The solid line is an 

analytical fitting by equation (5.2). Each data point in this graph represents an 

individual test. 

 

It is clear that the decontamination effect is proportional to the delivered charge; as 

more charge is delivered to the sample surface, less E. coli survived on the plate 

treated by the discharges. The normalised population was reduced to ~0.01 as the 

delivered charge reached ~10 mC. In the case of the discharge treatment with a 

delivered charge higher than 13 mC, the normalised population of E. coli was 

decreased to 0 CFU/plate. Complete inactivation was achieved. 

The rate of inactivation, , was found to be 0.26 mC
-1

. This fitting is presented as the 

solid line in Figure 5.23.  

 

As with E.coli, S. aureus was treated by surface transient plasma discharges with 

positive energisation. The surviving bacterial population as a function of exposure 

time is presented in Figure 5.24. 
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Figure 5.24. Surviving S. aureus populations as a function of exposure timeusing 

positive surface transient plasma discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 

 

The initial population of S. aureus in these experiments was 130-176 CFU/plate. This 

number was reduced to 40-50 CFU/plate after 5 minutes of exposure to the positive 

surface transient plasma discharges. Further decrease in S. aureus population was 

observed with an increase in the treatment time: with less than five colonies of 

S. aureus were observed on agar plates after 7 minutes of exposure.  

 

 

 

As in the case of E. coli, the surviving populations of S. aureus were converted into 

the normalised populations and are presented in Figure 5.25 as a function of the 

delivered charge.  
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Figure 5.25. The normalised populations of S. aureus as a function of the delivered 

charge using positive surface transient plasma discharge treatment. The solid line is 

analytical fitting by equation (5.2). Each data point in this graph represents an 

individual test. 

 

The normalised population of S. aureus was reduced to 0.8 after the plasma discharge 

treatment, with a total delivered charge of 2.5 mC. Further decreases in the population 

of S. aureus was observed with an increase in the delivered charge: as the delivered 

charge increased to ~20 mC, the normalised population decreased to 0.  

Applying the first-order kinetic function in (equation5.2) to fit the experimental data 

(the normalised populations of S. aureus as a function of delivered charge), the fitting 

curve is obtained and shown as the solid line in Figure 5.20. The rate of the 

inactivation, , was found to be 0.11 mC
-1

. 
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b) Negative Energisation 

The negative impulsive power supply (Samtech Switching Generator) was used to 

energise the high-voltage electrodes in the discharge reactor. The surface transient 

plasma discharges were generated to treat bacteria samples. 

E. coli was seeded on agar on the non-conductive plastic plates and then exposed to 

the transient surface plasma discharges. Surviving bacterial populations were counted 

and are presented as a function of the exposure time in Figure 5.26. 

 

 

 

Figure 5.26. Surviving E. coli populations as a function of exposure time using 

negative surface transient plasma discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 

 

The initial population of E. coli in these tests was in a range of 133–189 CFU/plate. 

After 3 minutes of exposure, the average surviving population was less than 50 

CFU/plate for all three breakdown voltages. This number was reduced further to less 

than 5 CFU/plate after 5 minutes of exposure. After 7 minutes of exposure, 0 colonies 

were observed on most of the agar plates.  
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The normalised populations of surviving E. coli as a function of total delivered charge 

is shown in Figure 5.27. 

 

Figure 5.27. Normalised populations of E. coli as a function of the charge delivered 

using negative surface transient plasma discharge treatment. Solid line is analytical 

fitting by equation (5.2). Each data point in this graph represents an individual test. 

 

The normalised population of E. coli was reduced to 0.01 when the delivered charge 

reached ~15 mC. Inactivation was achieved at the maximum charge of ~20 mC. A 

first-order kinetic fitting curve was obtained according to equation (5.2) using Origin 

Pro 2015, and the rate of inactivation, λ, was found to be 0.19 mC
-1

. 
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S. aureus was then exposed to the surface transient plasma discharges with negative 

polarity. The same experimental procedure was applied as in the previously described 

E. coli tests. The results are shown in Figure 5.28. 

 

 

 

Figure 5.28. Surviving S. aureus populations as a function of exposure time using 

negative surface transient plasma discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 

 

The initial population of S. aureus was in a range of 203–278 CFU/plate. After 3 

minutes of exposure to the negative surface transient plasma discharges, the average 

number of surviving S. aureus population was less than 150 CFU/plate. After 5 

minutes of exposure, the surviving bacterial population was below 60 CFU/plate. 

After the longest exposure, 7 minutes, complete inactivation was achieved on most of 

the plates; only 1 or 2 colonies were observed on the remaining plates. 
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The normalised population of S. aureus is presented as a function of charge delivered 

in Figure 5.29. 

 

Figure 5.29. Normalised populations of S. aureus as a function of the delivered 

charge using negative surface transient plasma discharge treatment. The solid line is 

analytical fitting by equation (5.2). Each data point in this graph represents an 

individual test. 

 

The normalised populations reduced with an increment in the delivered charge. In the 

case of the maximum delivered charge, 24 mC, the normalised populations were 

decreased to less than 0.01. The first-order kinetic fitting curved was plotted per 

equation (5.2) and given a solid line in Figure 5.24. The rate of inactivation,  , is 

0.97∙10
-1

 C
-1

.  
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5.4.2 Decontamination by Direct Transient Plasma Discharges 

E. coli and S. aureus were seeded on agar in the conductive sample plates, and treated 

in the discharge reactor. In this case, bacterial samples were exposed to the direct 

transient plasma discharges. Ozone concentration during the direct transient plasma 

discharge treatment was measured and found to be negligible (less than 1 ppm). The 

waveforms of the breakdown voltage and current were recorded for the delivered 

charge calculation. Bacteria on the tested sample plates were enumerated before 

(control) and after exposure. The results of these tests are presented in the next 

section.  

 

a) Positive Energisation 

The surviving populations of E. coli are presented as a function of the exposure time 

in Figure 5.30. 

 

 

Figure 5.30. Surviving E. coli populations as a function of the exposure time using 

positive, direct, transient plasma discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 
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The initial population of E. coli on the agar plates was in a range of 203–265 

CFU/plate. After 1 minute of exposure to the direct transient plasma discharges with a 

breakdown voltage of 28 kV, the surviving E. coli population was reduced to 150 

CFU/plate. For the direct transient plasma discharges with a breakdown voltage of 24 

kV and 28 kV, the average surviving populations were 190 CFU/plate and 170 

CFU/plate, respectively. Further exposure resulted in a decrease in the surviving 

bacterial population. It was observed that the surviving E. coli population was reduced 

to less than 20 CFU/plate after exposure to the direct transient plasma discharges with 

different voltage levels. Inactivation was achieved by the direct transient plasma 

discharge treatment; however, unlike in the case of the surface transient plasma 

discharges, no complete inactivation (0 CFU/plate) was observed, even after 7 

minutes of exposure.  

The surviving E. coli population was converted into the normalised populations, and 

the delivered charge was obtained. Figure 5.31 shows the normalised populations of 

E. coli after exposure to positive, direct, transient plasma discharges as a function of 

delivered charge.      

 

Figure 5.31. The normalised populations of E. coli as a function of the charge 

delivered using positive, direct, transient plasma discharge treatment. The solid line is 

an analytical fitting by equation (5.2). Each data point in this graph represents an 

individual test. 
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It is established that the normalised populations of E. coli is a function of the 

delivered charge. The highest delivered charge was 22 mC, and it resulted in a 

reduction of the normalised E. coli population to 0.38∙10
-1

. Different breakdown 

voltages do not result in a difference in the relationship between delivered charge and 

normalised population. The first-order kinetic fitting curve was obtained using 

equation (5.2). The curve is shown in Figure 5.31; the rate of the inactivation process, 

, is 0.13 mC
-1

. 

 

S. aureus was then treated with the positive, direct, transient plasma discharges. The 

surviving bacterial population is presented in Figure 5.32 as a function of the 

exposure time. 

 

 

 

Figure 5.32. Surviving S. aureus populations as a function of exposure time using 

positive, direct, transient plasma discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 
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The initial population of S. aureus was in a range of 194–196 CFU/plate. After 3 

minutes of exposure to the direct transient plasma discharges with a breakdown 

voltage of 28 kV, the surviving population was reduced to ~94 CFU/plate. Higher 

surviving populations of S. aureus were observed after exposure to the direct 

discharges with a breakdown voltage of 24 kV and 20 kV: 147 CFU/plate and 162 

CFU/plate, respectively. After 7 minutes of exposure to the direct transient plasma 

discharge with a breakdown voltage of 28 kV, the surviving population was 19 

CFU/plate. In the case of 7 minutes of exposure to the direct transient plasma 

discharges with a breakdown voltage of 24 kV and 20 kV, the surviving bacterial 

populations were 82 CFU/plate and 88 CFU/plate, respectively.   

 

The surviving populations of S. aureus were converted into the normalised population 

and are shown in Figure 5.33 as a function of charge delivered. 

 

Figure 5.33. Normalised populations of S. aureus as a function of the delivered 

charge using positive, direct, transient plasma discharge treatment. Solid line is an 

analytical fitting by equation (5.2). Each data point in this graph represents an 

individual test. 
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At the maximum delivered charge of ~20 mC
-1

, 0.05–0.15 normalised population was 

observed. The first-order kinetic fitting curve is given in Figure 5.33. The inactivation 

rate, , is 0.57∙10
-1

 mC
-1

. 

 

b) Negative Energisation 

Negative pulses were generated by the pulse power supply and delivered to the 

discharge reactor to generate the negative, direct, transient plasma discharges. 

Bacteria samples were treated by the negative direct discharges, and the surviving 

bacterial colony were enumerated. 

Figure 5.34 shows the surviving populations of E. coli after exposure to the negative, 

direct, transient plasma discharge.  

 

 

 

Figure 5.34. Surviving E. coli populations as a function of the exposure time using 

negative, direct, transient plasma discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 
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The initial population of E. coli was in the range of 101-123 CFU/plate. Inactivation 

was achieved by exposure of the samples to direct transient plasma discharges. As 

shown in Figure 5.34, after 5 minutes of exposure, the surviving bacterial population 

was less than 60 CFU/plate. The difference in breakdown voltage did not make a 

significant difference in the inactivation effect. After the longest exposure, 7 minutes, 

the surviving bacterial population was less than 35 CFU/plate. Some plates had a 

population lower than 10 CFU/plate; however, full inactivation was not achieved. 

The normalised populations of E. coli were calculated and are presented in Figure 

5.35 as a function of the total delivered charge. 

 

Figure 5.35. Normalised populations of E. coli as a function of the delivered charge 

using negative, direct, transient plasma discharge. The solid line is an analytical 

fitting by equation (5.2). Each data point in this graph represents an individual test. 

 

The normalised population was reduced to 0.04–0.10 after the direct, transient plasma 

discharge treatment with a delivered charge of ~21 mC. 

The first-order kinetic fitting was applied to the results. The fitting curve is shown as 

a solid line in Figure 5.33. The inactivation rate was found to be 0.67∙10
-1

 mC
-1

.  
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The surviving populations of S. aureus as a function of the exposure time in the case 

of treatment with negative direct discharges are shown in Figure 5.36. 

 

 

 

Figure 5.36. Surviving populations of S. aureus as a function of exposure time using 

negative, direct, transient plasma discharge treatment. All tests were conducted in 

triplicate, and each data point in this figure represents an average value. Error bars 

show the standard deviation. Solid lines are for visual guidance only. 

 

The initial populations of S. aureus was in a range of 156–187 CFU/plate; a decrease 

in population was observed with an increase in treatment time. However, the 

inactivation effect on S. aureus was not as significant as in the case of E. coli. Even 

after 7 minutes of exposure to the direct, transient plasma discharges, the surviving 
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did not result in a difference in the inactivation effect. 
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The normalised population of S. aureus is presented in Figure 5.37 as a function of 

the delivered charge. 

 

 Figure 5.37. Normalised populations of S. aureus as a function of the delivered 

charge using negative, direct, transient plasma discharge. The solid line is an 

analytical fitting by equation (5.2). Each data point in this graph represents an 

individual test. 

 

As shown in Figure 5.37, the normalised population of S. aureus was higher than in 

any other cases. After the exposure to the discharge with the highest delivered charge 

(~25 mC), the normalised population was still in the range of 0.34–0.43. 

By applying the first-order kinetic fitting to the experimental of results, the rate of the 

inactivation process was found to be very low,  = 0.25∙10
-1

 mC
-1

. 
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5.4.3 Summary of Bacterial inactivation by Impulsive Transient 

Plasma Discharge  

The primary focus of this section of Chapter 5 was investigation of the inactivation 

capability of the transient, atmospheric plasma discharges. It was found that the 

impulsive transient plasma discharges produced a significant inactivation effect on the 

target bacterial samples on surface. Both the surface transient plasma discharge 

treatment and the direct transient plasma discharge treatment resulted in a noticeable 

decrease in bacterial population. The tendencies of the charge-dependent inactivation 

were observed. 

In the case of the surface transient plasma discharges, the discharge developed across 

the sample/air interface. After exposure to the positive, surface, transient plasma 

discharges with a delivered charge of ~13.5 mC, complete inactivation of E. coli was 

observed (the normalised population was decreased to 0). The total charge of ~19.5 

mC was required to achieve complete inactivation of S. aureus. When negative 

energisation was applied to the HV electrode, the complete inactivation of E. coli and 

99% inactivation of S. aureus were achieved at the total delivered charge levels of 21 

mC and 25 mC, respectively. 

In the case of the direct transient plasma discharge treatment, more than 85% of the 

S. aureus population was inactivated after exposure to the positive, direct, transient 

plasma discharge treatment with the delivered charge of 21 mC. E. coli was also 

exposed to the positive, direct, transient plasma discharges: 96% inactivation was 

achieved at the maximum delivered charge of ~22 mC. When negative energisation 

was applied to the direct, transient plasma discharge system, the maximum delivered 

charge in E. coli tests was ~21 mC. The normalised population was in a range of 

0.04–0.10, which means that 90% to 96% inactivation was achieved. In the case of S. 

aureus, the normalised population was decreased to 0.34–0.44; at a maximum 

delivered charge of ~25 mC, with only 56% to 66% of bacteria inactivated. 

First-order kinetic fitting was used to fit the experimental datapoints. The inactivation 

rates were obtained using this fitting, and the results for all tests are listed in Table 

5.2.  
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Table 5.2 Inactivation rate (mC
-1

) for surface and direct transient plasma discharges. 

   

Surface discharge 

Positive Negative 

E. coli S. aureus E. coli S. aureus 

0.26 

(0.23 – 0.30) 

0.11 

(0.10 –0.13) 

0.19 

(0.17–0.22) 

0.97·10
-1 

(0.88·10
-1 

–0.11)
 

Direct discharge 

Positive Negative 

E. coli S. aureus E. coli S. aureus 

0.13 

(0.11 –0.14) 

0.57·10
-1

 

(0.51·10
-1

 –

0.63·10
-1

) 

0.67·10
-1

 

(0.57·10
-1

 –

0.76·10
-1

) 

0.25·10
-1

 

(0.22·10
-1

 –

0.28·10
-1

) 

Values in brackets indicate a 95% confidence interval. 

 

The results obtained from these tests show that the inactivation capability of the direct 

transient plasma discharges is substantially lower than that of the surface transient 

plasma discharges. As listed in Table 5.2, the inactivation rates of the surface 

discharges are twice as high as the inactivation rates of the direct transient plasma 

discharges, for both types of bacteria and both polarities of energisation. As 

mentioned earlier, the direct transient plasma discharges propagate through the bulk 

of the agar sample, while the surface discharges propagate across the agar/air 

interface. Therefore, the surface discharges treat a larger surface area and demonstrate 

a substantially higher inactivation rate. However, the inactivation effect demonstrated 

by the direct transient plasma discharges is also noticeable. 

This study also showed that E. coli has a higher sensitivity to the impulsive transient 

plasma discharges compared with S. aureus. The inactivation rates obtained for E. 

coli are twice as high as the inactivation rates for S. aureus. This higher sensitivity of 

E. coli to the transient plasma treatment is potentially caused by the difference in the 

cell structure of Gram-positive and Gram-negative bacteria. The thicker 

peptidoglycan layer of Gram-positive may help to protect these bacteria from the 

lethal damage caused by the transient plasma discharge treatment.  

The difference in the breakdown voltage levels of the impulsive transient plasma 

discharges did not produce a noticeable difference in the inactivation results. However, 

it was found that the inactivation effect is a function of the total delivered charge. 
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Under the same experimental conditions (the same bacteria type, discharge polarity, 

and topology), the transient plasma discharge treatment with a higher delivered charge 

results in a higher degree of bacterial inactivation.      

 

The inactivation capability of the impulsive transient plasma discharges was 

investigated. The experimental results will help in further study of the non-thermal 

plasma for decontamination applications, especially in the design and optimisation of 

the plasma treatment systems based on the transient discharges in atmospheric air. 

 

 

5.5  Discussion and Conclusions 

In this chapter, the decontamination capabilities of the steady-state corona discharges 

and the impulsive transient plasma discharges were investigated. An experimental 

study of the decontamination efficiency of the transient plasma discharges was 

completed, and the obtained results were presented and discussed. E. coli and S. 

aureus were used in the inactivation experiments as target microorganisms 

representing Gram-negative and Gram-positive bacteria, respectively.  

It was shown that both steady-state corona discharges and impulsive transient plasma 

discharges produce a noticeable bio-decontamination effect, which is in line with the 

previously published results [32], [100]. The original experimental results also show 

that the degree of inactivation is charge-dependant: higher delivered charge always 

results in a higher degree of inactivation for the same type of discharges. Higher 

delivered charge is normally achieved from an increasing discharge current or 

exposure time. A similar result was obtained in [226]. In this research, Dobrynin et. al 

used DC corona discharges to inactivate E. coli, and they presented the surviving 

bacteria colonies number as a function of dose (charge per treated area, μC/cm
2
). 

Their results showed that higher charge delivered to the sample could result in a more 

pronounced bio-decontamination effect: 1 log decrease in bacteria population was 

achieved by the plasma treatment with a dose of ~75 μC/cm
2 

(total charge delivered 

during the treatment was ~2.5 mC), while plasma treatment with 300 μC/cm
2
 (~10 

mC total charge) resulted in more than 2-log reduction in bacterial population. 
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In the study of the steady-state corona discharges, the negative corona discharge was 

shown to provide a significant inactivation effect. In the case of the indirect corona 

discharge treatment, the inactivation rates were 0.575 mC
-1

 for E. coli and 0.264 mC
-1

 

for S. aureus. In the case of the direct corona discharge treatment, the inactivation 

rates were even higher, 0.978 mC
-1

 for E. coli and 1.441 mC
-1

 for S. aureus. In the 

case of the negative direct corona discharge treatment, a minimum charge delivered to 

the bacterial sample resulted in a 0.99 reduction in the normalised population. In 

[226], a slightly higher charge (~7.3 mC) was required to achieve similar results by 

using negative corona discharges.  

In addition, the corona discharge treatment used in this thesis demonstrated high 

bio-decontamination efficiency compared with other similar inactivation methods. 99% 

of S. aureus were inactivated by the negative direct corona discharge treatment with a 

duration of 1 minutes. In contrast, more than 20 hours are required to achieve 2-3 logs 

reduction in S. aureus population in the series of corona discharge treatment tests 

described in [236].   

Ozone production during the discharge treatment has been investigated, and it was 

considered to be one of the most important factors that caused the difference in 

inactivation results for positive and negative corona discharges. The ozone 

concentration was much higher during the negative corona discharge treatment (13-30 

ppm and 20–60 ppm in the case of indirect and direct discharges, respectively) than 

during the positive corona discharge treatment (1–2 ppm). Although a noticeable 

degree of inactivation was also achieved by the positive corona discharge treatment, 

faster and more intensive bio-decontamination effect was achieved by the negative 

corona discharge treatment with a higher ozone concentration. It confirms the 

dominating role of ozone in the bio-decontamination process by the corona discharge 

treatment. As reported in [237], air plasma treatment and ozone treatment with the 

same concentration resulted in a very similar reduction in bacterial population.  

 

In the study of the impulsive transient plasma discharges, inactivation of E. coli and S. 

aureus was also achieved using different topologies and energisation modes. The 

results demonstrated that the different breakdown voltages do not produce different 

inactivation effects. Results showed that not only the charge delivered by the 
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discharge treatment, but also the energisation polarities and discharge topologies 

affect the inactivation results. The positive impulsive transient discharges resulted in 

slightly higher inactivation rates. More importantly, the surface transient plasma 

discharges produced a greater inactivation effect. This is because the surface 

discharges propagate through the sample/air interface; therefore, they act upon a 

larger sample area, which results in a higher inactivation rate.  

Also, it was shown that Gram-negative bacteria are more sensitive to the transient 

plasma discharges than Gram-positive bacteria. The thicker peptidoglycan layer of 

Gram-positive bacteria may protects those microorganisms against the lethal damage 

caused by the transient plasma discharges. This has been confirmed by the results 

presented in [237]: 99% inactivation of Pseudomonas aeruginosa (Gram-negative) 

was achieved by 60 seconds of plasma treatment, while 80% inactivation of S. aureus 

(Gram-positive) was achieved by the same type of plasma treatment. A study [236] 

also reported that E. coli (Gram-negative) were more susceptible to the plasma 

germicidal effect than S. aureus (Gram-positive), as 3.5-log and (2.0-2.5)-log 

inactivation was achieved using the same plasma discharge treatment on E. coli and S. 

aureus respectively. 

The ozone concentrations measured during the transient plasma treatment was 0 ppm. 

This indicates that other reactive oxygen species such as OH radicals and nitrogen 

reactive species contribute to the inactivation process. As reported in [68], [218] and 

[219], the concentration of H2O2 and NO2
-
 in water solution increased after the plasma 

discharge treatment. The pH and conductivity of water solutions were also increased 

after the treatment. All these factors could lead to the bio-decontamination effect of 

the transient plasma discharge treatment.    

 

Two types of discharges were investigated in this chapter, and the obtained 

decontamination results were presented and analysed. Several important factors which 

affect inactivation efficiency of the plasma discharges, such as energisation polarities, 

discharge topologies, and delivered charge were discussed. These results will help in 

further study of non-thermal plasma decontamination and the optimisation of this 

process. 
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CHAPTER 6 

OH Radicals Produced by Atmospheric 

Non-Thermal Plasma Discharges 

6.1  General Introduction  

The oxidation capabilities of the non-thermal plasma discharges were evaluated in 

Chapter 4, and the decontamination capabilities of non-thermal plasma discharges 

were examined in Chapter 5. As mentioned previously, strong electric fields, UV 

emissions, and production of chemically reactive species by non-thermal plasma 

discharges are responsible for the oxidation and decontamination effects. Although 

the exact mechanisms of bio-decontamination of the transient plasma discharges still 

are not well understood, it is believed that the reactive chemical species are 

considered to be the main contributors to bacterial inactivation and chemical 

oxidation by air-based non-thermal plasma discharges [92], [142]. Optimisation of 

production of the reactive species by the non-thermal plasma discharges was 

identified as the main challenge related to the successful development of practical 

applications of the transient plasma discharges in environmental and medical 

fields [238].  

It was demonstrated that the reactive oxygen species are the main contributors to the 

oxidation and decontamination capabilities of non-thermal plasma discharges [73], 

[107], [197]. This was established in Chapter 4 and Chapter 5: the negative corona 

discharges resulted in better decolorisation and decontamination effects with higher 

production of ozone. The appearance of ozone indicates the presence of the reactive 

oxygen species generated by plasma discharges. However, the role of each individual 

chemical species in the decontamination process was not determined.  

It has been reported that hydroxyl radicals are detected in non-thermal atmospheric 

plasma discharges [239], [240]. OH radicals are highly reactive species, and these 

species can make a significant contribution to the oxidation and decontamination 

processes. In [241], OH radicals generated in humid air by dielectric barrier 

discharges are primarily responsible for the inactivation of 

Geobacillus stearothermophilus spores. Paper [144] suggested that OH radicals 
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produced by discharges in humid air quickly take part in chemical reactions and 

generate a significant amount of peroxides to inactivate Bacillus atrophaeus spores. In 

research publications such as [87] and [242], it was also reported that the OH radicals 

are the main reactive oxygen species that contribute to oxidation reaction and then 

inactivation of bacteria during atmospheric plasma discharges.  

The OH radicals can be generated in multiple ways during non-thermal atmospheric 

plasma discharges, including direct electronic excitation of water molecules and 

dissociative recombination of excited water molecules [161], [162]: 

 

 H2O +e
-
 → OH + H + e

-
                                 (6.1) 

 

 H2O
+
 +e

-
 → OH + H  (6.2) 

 

 H2O
+
 +  H2O → H

+
(H2O) + OH   (6.3) 

 

Other mechanisms of hydroxyl radical formation in plasma treated liquid solutions are 

possible. For example, as discussed in [68], the formation of OH radicals involves the 

formation and subsequent dissociation of peroxynitrous acid.  

As discussed in [243] and [244], ozone molecules can be decomposed in water 

through a chain reaction catalysed by hydroxyl radicals. Ozone reacts with OH 

radicals, resulting in the production of ∙O2
-
. Then, an electron will be transferred to an 

ozone molecule to form ∙O3
-
. ∙O3

-
 , in turn, reacts with water molecules to form OH 

radicals. Although the complex process of OH radical formation is still largely 

unexplored, further investigation on the reactions is not in the scope of this research.  

Considering the non-thermal plasma discharges system used in this research (as 

described in Chapter 3), OH radicals can be produced in the air above the sample 

surface and then diffuse into the liquid (if their half-life is sufficient), or they can be 

produced directly in the liquid sample when discharges propagate to the liquid surface. 

It has been discussed in Chapter 2.3 that most of the OH radicals are generated at the 

air/liquid interface in the case of transient spark discharges.   
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Hydroxyl radicals have a short half-life (estimated half-life in nanoseconds [245]), 

and they also are highly reactive and typically have a low concentration in the liquid. 

Due to these characteristics, hydroxyl radicals may not be detected easily in optical 

emission plasma spectra. As reported in [246], OH radicals were not detected at 308.9 

nm in the case of non-thermal plasma discharges until a much more intensive 

transient spark discharge in the atmospheric air was used. Multiple approaches have 

been used to detect OH radicals produced by plasma discharges, including 

laser-induced fluorescence techniques [239], light emission spectroscopy [247], 

electron paramagnetic resonance spectroscopy [248], and use of chemical 

probes [249]. A terephthalic (TA) acid-based method was proposed and used to detect 

OH radicals in [250] and [251]. TA as a highly selective OH scavenger would react 

only with OH radicals to form 2-hydroxyterephthalic acid (HTA). HTA provides 

fluorescence emission when excited with light at 310 nm. Measurement of 

concentration of OH radicals was based on the detection of the fluorescence signal 

emitted by HTA molecules after plasma treatment.   

 

In this chapter, measurements of the concentration of OH radicals produced in the 

liquid by atmospheric non-thermal plasma discharges were conducted. To coordinate 

these measurement with the results of oxidation and decontamination studies reported 

in previous chapters, the steady-state corona discharges and the impulsive transient 

discharges were tested. The factors that may affect the OH radical production, such as 

discharge polarity, voltage, total charge delivered, air humidity, and discharge path 

are discussed. Through this research work, information for optimisation of OH 

production by plasma discharges was provided. 

 

 

 

 

 

 

 

 



206 
 

6.2  Methodology of OH Radical Detection  

6.2.1  Terephthalic (TA) Acid and 2-Hydroxyterephthalic Acid 

(HTA) for OH Radical Detection 

To investigate the production of hydroxyl radicals by non-thermal plasma discharges 

in atmospheric air, TA was selected as an OH scavenger in this series of experiments.  

TA is a white solid in powder form, widely used in the industry process of making 

polyester. It is a low toxicity chemical which is hard to dissolve in water or alcohols. 

The formula of TA is C6H4(CO2H)2; the molecular weight is 166.13 g/mol, and its 

structure is shown in Figure 6.1. 

 

 

Figure 6.1. Molecular structure of terephthalic acid. 

 

Several chemically active species can be produced by non-thermal atmospheric 

plasma discharges, including the reactive oxygen species (ROS) and reactive nitrogen 

species (RNS). Typical oxidation indicators would react with most of the ROS, not 

only with hydroxyl radicals. TA was selected because it specifically reacts with 

hydroxyl radicals only; it does not even react with ozone, which also is highly 

oxidative. This reaction transforms TA into 2-hydroxyterephtalic acid (HTA) through 

the addition of OH to its aromatic ring. 

HTA (2-hydroxyterephthalic acid), C8H6O5, is a chemical in powder or crystal form 

that typically has a white or yellow color. It has a molecular weight of 188.13 g/mol. 

One of the most important features of HTA is that it can give fluorescence under its 

excitation conditions. The fluorescence emission intensity is in proportion to the 

concentration of HTA under the excitation condition. The molecular structure of HTA 

is shown in Figure 6.2. 
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Figure 6.2. Molecular structure of 2-hydroxyterephthalic acid. 

 

The excitation wavelength for HTA is ~315 nm, and the peak of its fluorescence 

emission is ~425 nm. The hydroxyl radicals generated by non-thermal plasma 

discharges will react with TA, and HTA will be the only product of this reaction. 

Therefore, the intensity of the fluorescence signal indicates the concentration of HTA, 

and using the yielding rate which can be obtained by calculation, the concentration of 

OH can be calculated. It has been reported that the OH yield from the oxidation of 

HTA by oxygen is 35% [249]–[251], and this rate can be used to calculate OH 

concentration in the conditions of this experimental work. 

 

The general methodology of using TA and HTA to measure hydroxyl radical 

production by non-thermal plasma discharges is explained in Figure 6.3. 

 

 

Figure 6.3. General schematic of OH radical measurements using TA and HTA. 
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The TA solution was prepared and then exposed to the non-thermal plasma discharges. 

After the treatment, the sample was placed into a spectrofluorophotometer in which 

315 nm light was used as excitation light, and the fluorescence signal at 425 nm was 

measured. 

 

 

6.2.2 Preparation of TA and HTA Samples 

Terephthalic acid (TA) sample  

The terephthalic acid powder, purchased from Acros Organics, has a high purity of 

99+%. Because the TA poorly dissolves in water directly, NaOH water solution was 

prepared as the solvent for the liquid sample. First, 10.2 g of sodium hydroxide pellets 

(Sigma-Aldrich Ltd., purity>98%) was dissolved in 250 ml distilled water to make a 

NaOH solution with a concentration of 1 mole/L. Then, 5 ml of this solution was 

extracted and mixed with 95 ml of distilled water to make a 100 ml solution with 

NaOH concentration of 5 mM. Then, 34 mg of terephthalic powder was weighed on 

the digital analytical balance (Ohaus
® Adventurer

® balance AR 1530) and put into the 

NaOH solution to obtain the desired sample solution (2 mM TA and 5 mM NaOH). 

Figure 6.4 a, b, and c show the terephthalic acid, NaOH pellets, and sample solution, 

respectively.  

 

 
 

Figure 6.4. (a)Terephthalic acid； (b) NaOH pellet； (c) 2 Mm TA, 5 mM NaOH 

sample solution. 
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The sample solution was held in a 250 ml bottle and kept in a cool, dark place. The 

pH of the sample solution was ~10.9, measured by the pH meter (Hanna Instruments 

PH 210). Then, 6 ml of TA solution was placed onto non-conductive (see Figure 6.5a) 

or conductive (see Figure 6.5b) platees and exposed to non-thermal plasma discharges 

for different time intervals. After exposure, samples were transferred into plastic 

cuvettes (see Figure 6.5c) and measured again for pH. More importantly, samples 

were placed into the spectrofluorophotometer, and the fluorescence signal was 

measured. Clean, plastic transfer pipettes (Thermo Scientific™ Sterilin™) were used 

to transfer the sample solution. 

 

 
 

Figure 6.5. Terephthalic solution sample in (a) non-conductive plates, (b) conductive 

plates, and (c) in plastic cuvettes. 

 

 

2-Hydroxyterephthalic acid (HTA) sample  

In this research, HTA solution samples with different concentrations were used. HTA 

powder with purity ~97% was purchased from Sigma-Aldrich Ltd. (see Figure 6.6a). 

A total of 38 mg of this powder was weighed using the digital analytic balance 

(Ohaus
® Adventurer

® balance AR 1530) and dissolved into the prepared 5 mM NaOH 

solution to obtain an HTA solution with a concentration of 2 mM. This solution has a 

light yellow color. It was stored in a 250 ml bottle (see Figure 6.6b) and kept in a cool, 

dark place. After this step, 5 mM of the NaOH solution was used again to dilute the 

sample solution down to have samples with lower HTA concentration. In this way, all 

HTA samples were kept in the same NaOH concentration (5 mM) but with 11 

different HTA concentrations: from 0.1 mM to 1.1 mM, increased by 0.1 mM. HTA 

(a) (b) (c) 
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samples were transferred into plastic cuvettes (see Figure 6.6c) and placed into the 

spectrofluorophotometer (Shimadzu RF-5301PC) to have their fluorescence signals 

measured.  

 

 

Figure 6.6. (a) 2-Hydroxyterephthalic Acid; (b) 2 mM HTA, 5Mm NaOH solution in 

250 ml bottle; (c) HTA with different concentrations in plastic cuvettes.  

 

 

6.2.3 Optical Measurement  

TA solution samples which were exposed to non-thermal plasma discharges (or HTA 

sample solution) were transferred into plastic cuvettes and placed into a Shimadzu 

RF-5301PC spectrofluorophotometer. Fluorescence emission was measured using this 

spectrofluorophotometer, and spectrums were recorded.  

 

Figure 6.7. Shimadzu RF-5301PC spectrofluorophotometer [252]. 

The spectrofluorophotometer (Shimadzu RF-5301PC) uses a 150 W xenon lamp, with 

ozone resolving type lamp housing, as the light source. The excitation wavelength 
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peak was set to 310 nm; the default slit width is 1.5/3.0 nm. The measurement 

scanning range was from 250 to 800 nm (the effective measurement range is from 220 

nm to 900 nm). In this series of experiments, the expected fluorescence emission 

wavelength peak is at 425 nm. The measured intensity of the fluorescence signal was 

recorded in arbitrary unit (a.u.), and the measurement lower and upper limits are 0 a.u. 

and 1000 a.u. 

First, the fluorescence emission signal from unexposed TA solution was measured. Its 

fluorescence spectrum was recorded and is shown in Figure 6.8. 

 

Figure 6.8. Fluorescence emission spectrum of unexposed TA sample solution. Red 

line indicates wavelength at 425 nm. 

 

It can be seen clearly in this figure that no strong fluorescence signal was observed in 

the unexposed TA sample solution. This result is as expected, because HTA 

concentration in the unexposed TA sample solution is 0 mM. At 425 nm, a very low 

reading was recorded: 40-50 a.u. This number was then used as the baseline for 

fluorescence signal measurement of the exposed TA solution sample. 

In the case of measuring the fluorescence signal from the TA solution which was 

exposed to non-thermal plasma discharges, the same procedure was used. The 
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fluorescence spectrum was recorded in a wavelength range from 350 nm to 600 nm. 

This is because the lamp (excitation at 310 nm) would bring some noise to the low 

wavelength range of the spectrum (< 350 nm), and less information is contained in the 

high wavelength range (> 600 nm). In the recorded spectrum, the major fluorescence 

peak at 425 nm was used for detection of the fluorescence signal level. An example of 

the spectrum is given in Figure 6.9, which shows the spectrum of TA solutions that 

have been exposed to 20 kV impulsive transient plasma discharges for 1, 3, 5, and 7 

minutes. 

 

Figure 6.9. Fluorescence emission spectrum from the sample in dielectric plate holds 

sample after 20 kV positive discharge treatment for 1, 3, 5, and 7 minutes. 

 

Several peaks can be observed in the spectrum in Figure 6.9. There is an increment in 

the peak of magnitude at 425 nm as the exposure time increases. The fluorescence 

peak intensity of each spectrum was recorded and compared, providing an indirect 

comparison of OH radical production for each energisation level. Analysis of the 

fluorescence related experiment will be presented as results in the next section. 
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6.2.4 Calculation of OH Concentration 

As discussed in the previous section, the intensity of the fluorescence signal indirectly 

shows a tendency of OH radical production by non-thermal plasma discharges. High 

fluorescence signal intensity related to the high concentration of HTA in the sample 

solution as a result of high OH radical production. However, the amount of OH 

radical produced can also be calculated. It is necessary to quantify the amount of OH 

radicals produced by non-thermal plasma discharges. Based on the fluorescence 

emission intensity, a calculation method was developed. 

First, a calibration curve was plotted. HTA sample solution with a concentration of 2 

mM was diluted into 11 different HTA concentrations from 0.1 to 1.1 mM 

(concentration of NaOH was kept at 5 mM). Then, HTA samples were transferred 

into plastic cuvettes and their fluorescence signals were measured by 

spectrofluorophotometer using the same procedure as in the case of the exposed TA 

solution sample. Each spectrum was integrated from 425 nm to 600 nm, and this 

integral value was multiplied by a factor of two to recover an integration over the full 

range of axisymmetric fluorescence spectrum with a centre at 425 nm). This 

procedure allowed minimisation of noise in the low wavelength range from 250 to 

400 nm. Each integral value was related to the corresponding HTA concentration. 

Thus, the calibration curve was plotted as shown in Figure 6.10. 

 

Figure 6.10. HTA concentration as a function of the integral intensity of fluorescence 

signal. Each point in this graph represents an individual test. The straight line as the 

calibration curve, shows the fitting by equation (6.4). 
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For the integral intensity of fluorescence signal from 0 to 10
5
 a.u, the calibration curve 

can be fitted with a linear function as: 

 

H = 0.0095 + 1.251 · 10−5 · Y  (6.4) 

 

where H is the concentration of HTA  

(µM)Y is the integral intensity of the fluorescence signal (a.u.) 

 

If the integral intensity of the fluorescence signal is known, the concentration of HTA 

in the sample solution can be calculated. The valid range of concentration for this 

calculation of HTA is from 1 mM to 1 mM; this range corresponds to the integral 

intensity of the fluorescence signal range from 0 a.u. to 1000 a.u. 

Once the concentration of HTA in the sample solution is obtained, this concentration 

can be used for the calculation of OH radical concentration. As mentioned in the 

previous section, TA reacts with OH radicals to produce HTA. In this reaction, 

formation of a single HTA molecule requires a single OH radical to be added to a TA 

molecule. Therefore, the ratio of 1:1 is held for every HTA molecule formed by a 

single OH radical. However, not all OH radicals are captured by TA molecules in the 

solution. Under the ambient conditions, oxygen is acting as a catalyst in this reaction, 

and the OH radical yielding rate is 35% as established in [249]–[251]. Therefore, the 

yielding rate of 35% should be considered when calculating the concentration of OH 

radicals. 

 

To establish the efficiency of OH radical production by non-thermal plasma 

discharges, the total charge delivered was also obtained and presented along with the 

OH radical concentration. The charge delivered is calculated by taking the integral of 

the discharge current over exposure time. This procedure is similar to the procedure of 

calculating the total charge delivered in the indigo carmine decolorisation tests in 

Chapter 5.  
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6.3  OH Radical Produced by Steady-State Corona 

Discharges 

In the previous chapters, the oxidation and decontamination capabilities of 

steady-state corona discharges have been obtained in a series of experiments. Ozone 

level was monitored during the plasma discharges. However, it is also important to 

investigate the production of hydroxyl radicals by corona discharges, as they may 

play a critical role in the bio-inactivation and oxidation effects. 

It was reported that hydroxyl radicals can be produced by corona discharges over a 

liquid surface [8]. As hydroxyl radicals are one of the most important and highly 

oxidative chemical reactive species generated by the corona discharges, their 

production was investigated through a series of experiments.   

To link the results of the oxidation and decontamination investigations presented in 

Chapter 4 and Chapter 5, the same steady-state corona discharge system was used for 

the testing discussed in this chapter. Both positive and negative discharges were tested, 

and the voltage level was kept at 30 kV. TA was used as the target sample and was 

treated in the test cell. Direct and indirect steady-state corona discharges (as described 

in Chapter 3) were used to treat the samples. Both bottled air and atmospheric air 

were used to provide the gas environment, and the pressure inside the test cell was 

kept at 0.2 bar gauge. The treatment time was selected as 1, 3, 5, and 7 minutes. The 

fluorescence emission was measured, and the results are presented in this chapter. The 

concentration of hydroxyl radicals was also calculated and presented as a function of 

the total charge delivered. The acidity of TA solutions was monitored by measuring 

the pH of plasma-treated samples.  

 

 

6.3.1 Hydroxyl Radical Production by Indirect Steady-State 

Corona Discharges 

The concentration of OH radicals in samples after exposure to the indirect corona 

discharges was obtained first. TA samples were placed in the test cell. The grounded 
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metallic mesh was located 25 mm above the sample to screen ions and charged 

particles.  

 

a) Positive Energisation  

The DC high-voltage power supply was switched to positive mode; positive corona 

discharges were generated to treat the TA sample. After the corona treatment, the 

fluorescence spectrum of the treated sample was measured using the 

spectrofluorophotometer. At the wavelength of 425 nm, the fluorescence light 

emission peak was observed. The intensity of this peak as a function of the exposure 

time is presented in Figure 6.11. 

 

Figure 6.11. Fluorescence light intensity of samples treated with positive indirect 

steady-state corona discharges as a function of treatment time. Each point in this 

figure represents an average of three independent tests. The error bars show standard 

deviation values. Solid lines are for visual guidance only. 
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It can be seen from Figure 6.11 that the fluorescence light emission intensity of 

treated samples increases with an increase in the treatment time. Although there are 

slight differences, the light emission intensities from samples treated in the bottled air 

and in atmospheric air are similar. After 10 minutes of exposure to the positive 

indirect corona discharges, the light emission intensity at 425 nm was 570–650 a.u. 

for bottled air tests and 660–730 a.u. for atmospheric tests.  

The light emission spectrum was used to convert the light emission intensity into OH 

radical concentration using the calibration equation (6.4). The concentration of OH 

radicals after exposure to positive indirect corona discharges is shown in Figure 6.12 

as a function of total charge delivered. 

 

Figure 6.12. The concentration of OH radicals as a function of charge delivered after 

exposure to positive, indirect, steady-state corona discharges. Each point in this graph 

represents an individual test. The straight line shows the fitting by equation (6.5). 

 

As shown in Figure 6.12, OH radicals were detected in the TA solution after exposure 

to positive indirect corona discharges. With longer exposure times, more charge was 

delivered, which resulted in a higher concentration of OH radicals. However, the 

concentration of OH radicals was low, less than 2.25 µM, as detected after the plasma 
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treatment in both dry and atmospheric air. A linear fit was applied using Origin Pro 

software; the fitting equation is the following: 

 

COH= γ·D                   (6.5) 

 

where COH is the concentration of OH radicals (µM)        

     D is the charge delivered by the discharge treatment (mC) 

     And γ is the production rate of OH radicals (µM/mC) 

. 

In the case of positive indirect corona discharge treatment, the production rate of OH 

radicals was found to be 0.59∙10
-1

 µM/mC.  

 

 

 

b) Negative Energisation 

In the case of the negative indirect corona discharges, the DC high-voltage power 

supply was switched to negative polarity. TA solutions were treated with negative 

corona discharges, and the fluorescence signals were measured using the 

spectrofluorophotometer. In these tests, highly intense fluorescence light emission 

was observed, and the intensity of these fluorescence signals exceeded the range of 

the spectrofluorophotometer. Therefore, a 20-fold dilution was made to ensure that 

the light emission intensity was within a measurable range. Then the fluorescence 

signals from the diluted samples were measured. The fluorescence light emission peak 

intensity at 425 nm as a function of exposed time is shown in Figure 6.13. 
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Figure 6.13. Fluorescence light intensity of 20-fold dilution of the samples treated 

with negative, indirect, steady-state corona discharges as a function of treatment time. 

Each point in this figure represents an average of three independent tests. Error bars 

show the standard deviation values. Solid lines are for visual guidance only. 

 

 

As shown in Figure 6.13, the peak intensity of fluorescence light emission increases 

with the exposure time. No significant difference was seen between the intensity of 

fluorescence signals obtained in bottled air tests and in atmospheric air tests. By 

applying the calibration equation (6.4) and considering the dilution ratio, the 

concentration of OH radicals in the treated solution samples was calculated and 

presented in Figure 6.14 as a function of total charge delivered. 

0 1 2 3 4 5 6 7 8

0

200

400

600

800

1000

L
ig

h
t 

em
is

si
o

n
 i

n
te

n
si

ty
 a

t 
4

2
5

 n
m

 (
a.

u
.)

Exposure Time (minutes)

 Bottled air tests

 Atmospheric tests



220 
 

 

Figure 6.14. The concentration of OH radicals as a function of delivered charge after 

the exposure to negative indirect steady-state corona discharges. Each point in this 

graph represents an individual test. The straight line shows the fitting by equation 

(6.5). 

 

It can be seen from Figure 6.14 that significantly higher concentrations of OH radicals 

were detected compared with the positive corona treatment tests. Although more 

charge was delivered during the negative discharge treatment, the OH radical 

production rate for the negative indirect corona discharges was still much higher than 

for the positive case. Linear fitting by equation (6.5) was applied to the results using 

Origin Pro software; the OH production rate was found to be 5.17∙10
-1

 µM/mC.  
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6.3.2 Measurement of Hydroxyl Radicals Produced by Direct 

Steady-State Corona Discharges  

The concentration of OH radicals was also obtained in the case of the direct 

steady-state corona discharges. As in the case of the indirect corona discharges 

discussed in the previous section, samples of TA solution were treated with corona 

discharges and the intensity of the fluorescence light emission was measured. Using 

these measured intensities, the concentrations of the OH radicals were calculated. 

 

a) Positive Energisation  

TA solution samples were exposed to the positive direct corona discharges. After 

corona treatment, the fluorescence light emission was obtained. The peak intensity of 

this light emission is shown in Figure 6.5 as a function of exposure time. 

 

Figure 6.15. Fluorescence light intensity of samples treated with positive direct 

steady-state corona discharges as a function of the treatment time. Each point in this 

Figure represent an average of 3 independent tests, error bars show the standard 

deviation values. Solid lines are for visual guidance only. 
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As shown in Figure 6.15, the fluorescence light emission increases with an increase in 

the exposure time. The peak intensities of samples treated in bottled air and 

atmospheric air are very close; no significant difference was observed. However, the 

peak intensity of fluorescence light emission was low: less than 450 a.u., even after 7 

minutes of exposure. 

 

The OH radical concentration in the treated solution was calculated by equation (6.4). 

The concentration of OH radicals as a function of the total charge delivered is shown 

in Figure 6.16. 

 

Figure 6.16. The concentration of OH radicals as a function of charge delivered after 

exposure to positive, direct, steady-state corona discharges. Each point in this graph 

represents an individual test. The straight line shows the fitting by equation (6.5). 

 

As shown in Figure 6.16, the concentration of the OH radicals increases with an 

increase in the total charge delivered. The charge delivered, in this case, was lower 

than the indirect corona discharge treatment, and the concentration of OH radicals 
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was lower as well. After 7 minutes of exposure, less than 25 mC was delivered, and 

the concentration of OH radicals was lower than 1.4 µM. By applying the linear 

fitting equation, the rate of OH radical production γ was found to be 0.67∙10
-1

 

µM/mC. 

 

b) Negative Energisation 

Negative direct corona discharges were used to treat the TA solutions, and the 

fluorescence light emission intensity was obtained. Similar to the negative indirect 

corona discharge case, the light emission intensity from the treated samples exceeded 

the measurement range of the spectrofluorophotometer. Therefore, a ten-fold dilution 

was made, and the fluorescence light emission intensity was measured. The peak of 

the fluorescence signal obtained in the diluted samples is presented in Figure 6.17 as a 

function of exposure time.  

 

Figure 6.17. Fluorescence light intensity of the ten-fold dilution of the samples 

treated with negative, direct, steady-state corona discharges as a function of treatment 

time. Each point in this figure represents an average of three independent tests. Error 

bars show the standard deviation values. Solid lines are for visual guidance only. 
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The peak intensity of the fluorescence signal was higher than in the case of positive 

energisation. This intensity of the fluorescence signal in the diluted sample increased 

up to 1000 a.u. after exposure to the negative direct corona discharges. Again, similar 

intensity of the fluorescence signal was observed from samples exposed to the corona 

discharges in bottled air and in atmospheric air. 

 

Next, the OH radical concentration in the original exposed samples was calculated. 

The OH concentration is presented in Figure 6.18 as a function of the total charge 

delivered. 

 

Figure 6.18. The concentration of OH radicals as a function of charge delivered after 

exposure to negative, direct, steady-state corona discharges. Each point in this graph 

represents an individual test. The straight line shows the fitting by equation (6.5). 

 

High concentrations of OH radicals were obtained, as shown in Figure 6.18. The 

negative direct corona discharges delivered more charge than the positive discharges 

and resulted in a much higher concentration of OH radicals in the treated sample 
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solution. The linear fitting was again used to evaluate the production rate of OH 

radicals, and the rate was found to be 8.81∙10
-1

 µM/mC. 

 

 

6.3.3 Change in Acidity of Treated Solutions 

It was reported in the previous chapter that the acidity of the indigo carmine solution 

decreased after exposure to the steady-state corona discharges. This decrease is 

considered to be related to the decolorisation effect produced by the non-thermal 

plasma discharges. The pH of the TA solutions also was measured before and after 

exposure to corona discharges. 
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(b) 

Figure 6.19. The pH of the TA solution sample after exposure to indirect steady-state 

corona discharges with (a) positive polarity and (b) negative polarity. Solid lines are 

for visual guidance only. 

 

The initial pH of the TA solution sample was found to be ~11.2; pH of the treated 

solutions decreased to 9.5–10 after exposure to the steady-state corona discharges for 

1 minute, regardless of corona discharge polarities. Generally, in the case of negative 

energisation, the pH of the TA solutions was found to be slightly lower than in the 

case of positive corona discharges. After longer exposure times, the pH of the TA 

solution sample did not show an obvious further decrease.  
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(a) 

 

(b) 

Figure 6.20. The pH of the TA solution sample after exposure to direct steady-state 

corona discharges with (a) positive polarity and (b) negative polarity. Solid lines are 

for visual guidance only. 
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The initial pH of the TA solution sample was ~11.1 in this group of tests. After 

exposure to positive direct corona discharges for 1 minute, the pH decreased to 9–9.5, 

and further decrease was not observed after a longer exposure. In the case of negative 

direct corona discharges treatment, the pH decrement was similar to that of the 

positive case. However, a slight further decrease was observed: pH decreased to ~8.9 

after 7 minutes of exposure. The pH of solutions after direct corona treatment was 

slightly lower than the pH of solutions after indirect corona treatment. 

 

 

6.3.4 Summary  

In this section, the OH radical production in the TA solution treated with steady-state 

corona discharges was investigated. TA solution was used as an OH radical scavenger 

to trap OH radicals generated by corona discharges. Concentration of OH radicals was 

obtained using the fluorescence light emission signal from the treated samples. Both 

positive and negative polarities were used in generating steady-state corona 

discharges. TA samples were exposed to 30 kV corona discharges for 1, 3, 5, and 7 

minutes in bottled air or atmospheric air. Two types of corona discharge treatment 

were tested in this series of experiments: direct and indirect corona discharge 

treatment. The metallic mesh was used in the case of the indirect treatment to screen 

ions and charged particles. For the direct treatment, a conductive sample plate was 

used; charged particles and ions were able to reach the sample surface, and the 

discharge current propagated through the sample. 

The fluorescence emission signal was obtained from the samples after corona 

discharge treatment with different conditions. This means that OH radicals were 

produced by corona discharges with different polarities and in air humidity. It was 

also found that the humidity of air tested in these experiments (~12.5% RH for bottled 

air and ~40% RH for atmospheric air) did not result in a significant difference in OH 

production by corona discharges.  

Negative corona discharge treatment resulted in a significantly higher OH production 

rate in both direct and indirect treatment tests. This is considered to be a result of high 

production of reactive chemical species that have an effect on the OH radical 
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production. It was found that the ozone level was much higher in the case of negative 

discharges (40 ppm and 20–60 ppm in the indirect and direct treatments) than in the 

case of positive discharges (~2 ppm)..  

The concentration of OH radicals calculated in this research is considered to be 

consistent with the results obtained from oxidation and decontamination tests and 

presented in Chapter 4 and Chapter 5. For example, a higher degree of 

decontamination/oxidation was achieved using corona discharges with negative 

polarity. Similarly, a higher OH concentration was observed in the samples exposed 

to negative corona discharges as compared to positive corona discharges. 

The production rate of OH radicals is found to be proportional to the total charge 

delivered by the discharges. Higher concentrations of OH radicals were obtained after 

exposure to the discharges which delivered a higher total charge. OH radical 

production rates were obtained and are presented in Table 6.1.  

 

Table 6.1 OH production rate (∙10
-1

 µM/mC) for steady-state corona discharges. 

 

Indirect  Direct  

Positive Negative Positive Negative 

0.59 

(0.54 - 0.63)
 

5.17 

(4.87 - 5.46) 

0.67 

(0.62 - 0.73) 

8.81 

(8.26 - 9.37) 

Values in brackets indicate a 95% confidence interval. 

 

As shown in Table 6.1, the direct corona discharges resulted in a higher rate of OH 

radical production. Negative indirect treatment did produce the highest amount of OH 

radicals (up to 43 µM after 7 minutes), but also more charge was delivered in this case. 

Therefore, the rate of production is lower than in the case of the direct negative 

treatment. In the case of direct treatment, charged particles and ions reach the liquid 

surface, and OH radicals are generated; in the case of indirect discharges, charged 

particles and ions are screened, and only neutral reactive species can contribute to OH 

radical generation.  

Comparing the obtained results with the results reported by other research, it was 

found that the present treatment generates more OH radicals. In this study, the 
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negative indirect corona discharges produced OH radicals with rates up to 

6.14∙10
-10 

mol/s, while a similar OH radical production rate of (2–9)∙10
-10 

mol/s was 

reported in [240] using 20 kHz DBD plasma jet .  

Increase in acidity was also observed in the TA solutions after direct or indirect 

exposure to corona discharges. This result corresponds to results presented in Chapter 

4 which showed a decrease of acidity in indigo carmine solution after corona 

discharge treatment.  
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6.4 OH Radical Production by Impulsive Transient 

Plasma Discharges 

In Chapter 4 and Chapter 5, the oxidation and decontamination capabilities of the 

impulsive transient plasma discharges were investigated. The results showed that the 

indigo carmine solutions can be decolorised, and bacterial samples can be 

decontaminated by these discharges. Unlike the steady-state corona discharges, the 

ozone concentration produced by the transient plasma discharges was undetectably 

low. Therefore, OH radicals appear to be of high importance in this case. Thus, the 

measurement of OH concentrations and production rates are necessary to understand 

the oxidation and decontamination effects of the impulsive transient plasma 

discharges and to optimise atmospheric plasma systems for practical applications. 

It was shown in [65] that OH radicals can be generated by transient plasma discharges 

across water surfaces under ambient atmospheric conditions. In the present section, 

the measurements of the concentration of OH radicals generated by impulsive 

transient plasma discharges were conducted. TA solution samples were placed onto 

conductive and non-conductive sample plates and treated with the direct transient 

plasma discharges and surface transient plasma discharges. Both positive and negative 

energisation mode and three different voltage levels: 20 kV, 24 kV, and 28 kV were 

tested. The conditions for this series of the experiment are the same as for the 

previous decolorisation and decontamination experiment. The fluorescence light 

emission of treated samples were measured using the spectrofluorimeter. Results were 

used to calculate the concentration of OH radicals. The pH of the solution was 

monitored as well. 

 

6.4.1 Hydroxyl Radical Production by Surface Impulsive 

Transient Plasma Discharges                                      

The TA sample was placed into the non-conductive sample plate (55 mm plastic 

contact plate) and treated with impulsive transient plasma discharges. As described in 

Chapter 3.3, in the case of the non-conductive sample plate, the transient plasma 

discharges propagated along the sample/air interface.  
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a) Positive Energisation 

First, the positive energisation was used, and the TA solutions were treated by the 

positive transient plasma discharges. Fluorescence light emission was measured, and 

the peak intensity of the fluorescence signal at 425 nm was obtained. This peak 

intensity is presented in Figure 6.2 as a function of exposure time. 

 

Figure 6.21. Fluorescence light intensity of the samples treated with the positive 

surface transient plasma discharges as a function of treatment time. Each point in this 

figure represents an average of three independent tests. Error bars show the standard 

deviation values. Solid lines are for visual guidance only. 

 

 

As shown in Figure 6.21, the peak intensity of the fluorescence signal increased with 

the exposure time. Different voltage levels did not result in a noticeable difference in 

the fluorescence light emission. After the longest exposure of 7 minutes, the peak 

intensity increased to 500-650 a.u. The light emission intensity was then converted 

into the OH concentration, which is shown in Figure 6.22 as a function of the total 

charge delivered. 
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Figure 6.22. The concentration of OH radicals as a function of charge delivered after 

exposure to surface positive transient plasma discharges. Each point in this graph 

represents an individual test. The straight line shows the fitting by equation (6.5). 

 

As shown in Figure 6.22, the total charge delivered during the treatment with positive 

surface transient plasma discharges was high. Up to 21 mC was delivered after 7 

minutes of treatment, but the concentration of OH radicals was less than 2.2 µM. By 

applying the linear fitting as the solid line shown in Figure 6.22, the rate of OH 

production was found to be 1.02·10
-1

 µM/mC.  
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b) Negative Energisation  

Negative energisation was also used to generate the surface transient plasma 

discharges. The TA samples were treated with these negative transient discharges. 

The fluorescence light emission was detected from the treated solution samples, and 

the intensity of the fluorescence signal peak at 425 nm is shown in Figure 6.23 as a 

function of the exposure time. 

 

Figure 6.23. Fluorescence light intensity of samples treated with negative surface 

transient plasma discharges as a function of treatment time. Each point in this figure 

represents an average of three independent tests. Error bars show the standard 

deviation values. Solid lines are for visual guidance only. 

 

The peak intensity was higher than for the case of positive energisation: 720–920 a.u. 

was observed after 7 minutes of treatment with negative surface transient plasma 

discharges. It was also observed that the voltage levels did not make a noticeable 

difference in the light emission intensity. 
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The concentration of OH radicals was calculated based on the light emission intensity. 

The results are shown in Figure 6.24 as a function of charge delivered. 

 

Figure 6.24. The concentration of OH radicals as a function of total charge delivered 

after exposure to negative surface transient plasma discharges. Each point in this 

graph represents an individual test. The straight line shows the fitting by equation 

(6.5). 

 

As shown in Figure 6.24, the charge delivered by negative surface transient plasma 

discharges was similar to that of the previous positive energisation case, but the 

concentration of OH radicals was higher. This concentration was measured to be 2.2–

2.9 µM in the sample treated by the negative surface transient plasma discharges for 7 

minutes with 17–20 mC charge. Using linear equation (6.5) to fit the results, the solid 

line in Figure 6.24 represents this fitting. The rate of OH radical production, γ, was 

found to be 1.40∙10
-1

 µM/mC. 
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6.4.2 Hydroxyl Radical Production by Direct Impulsive 

Transient Plasma Discharges  

The direct impulsive transient plasma discharge treatment also was used in this series 

of experiments. As mentioned in Chapter 3.3, the direct transient plasma discharges 

are generated when the conductive sample plates are used. The transient plasma does 

not propagate through the sample surface in this case of direct discharges, but the 

discharge current passes through the sample and reaches the grounded conductive 

sample plate. Oxidation and decontamination effects of the direct transient plasma 

discharges were obtained and were discussed in Chapters 4 and 5. Results are 

considered to be related to OH radicals produced during the discharges. In this section, 

measurement of OH radicals produced by direct transient plasma discharge treatment 

is presented.  

 

 

a) Positive Energisation  

The TA solution was treated by positive direct transient plasma discharges, and the 

fluorescence light emission was measured. As in the case of transient plasma 

discharges, the ozone level was undetectably low. The peak intensities of the 

fluorescence signals at 425 nm, recorded from the treated sample, are shown in Figure 

6.25. 
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Figure 6.25. Fluorescence light intensity of samples treated with positive direct 

transient plasma discharges as a function of treatment time. Each point in this Figure 

represent an average of 3 independent tests, error bars show the standard deviation 

values. Solid lines are for visual guidance only. 

 

Intensive fluorescence light emission was detected from the samples treated by the 

positive direct transient plasma discharges. After 7 minutes of exposure, the peak 

intensity of the fluorescence signal in the samples treated with 24 kV and 20 kV 

discharges was 830–930 a.u. The fluorescence signal in the samples treated with 

28 kV discharges has a higher intensity, ~1000 a.u. after 7 minutes of treatment. This 

difference is primarily caused by the higher charge delivered in the 28 kV discharge 

case. The concentration of OH radicals in treated samples was calculated and is 

presented in Figure 6.26 as a function of the total charge delivered. 
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Figure 6.26. The concentration of OH radicals as a function of charge delivered after 

exposure to direct positive transient plasma discharges. Each point in this graph 

represents an individual test. The straight line shows the fitting by equation (6.5). 

 

As can be seen from Figure 6.26, the charge delivered by direct transient plasma 

discharges was lower than the case of surface transient plasma discharges. However, 

the concentration of OH radicals was higher compared with that of samples treated by 

the positive surface transient plasma discharges. The linear equation (6.5) was used to 

fit the results, and the rate of OH radical production was found to be 2.71∙10
-1

 

µM/mC. 
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b) Negative Energisation  

The direct transient plasma discharges with negative polarity were used to treat the 

target TA solution sample, and fluorescence light emission was detected. The peak 

intensity of the fluorescence signal at 425 nm was obtained as a function of exposure 

time for different energisation levels and is shown in Figure 6.27. 

 

Figure 6.27. Fluorescence light intensity of samples treated with negative direct 

transient plasma discharges as a function of treatment time. Each point in this figure 

represents an average of three independent tests. Error bars show the standard 

deviation values. The horizontal dotted line shows the sensitivity limit of the 

spectrofluorophotometer. Solid lines are for visual guidance only. 

 

The high-intensity fluorescence signals were obtained from the samples treated with 

negative direct transient plasma discharges. As shown in Figure 6.27, in the case of 20 

kV discharges, the peak intensity of the fluorescence signal nearly reached the limit of 

the spectrofluorometer, 1015 (a.u.). The peak intensity of the fluorescence signals in 

samples treated with 24 kV discharges for 7 minutes exceeded this limit. For the 
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samples exposed to 28 kV discharges for 5 minutes, the peak intensity already 

exceeded the limit.  

The light emission intensity was converted into OH radical concentration. The results 

are shown in Figure 6.28 as a function of charge delivered. 

 

 

 

Figure 6.28. The concentration of OH radicals as a function of the total charge 

delivered after the exposure to direct negative transient plasma discharges. Each point 

in this graph represents an individual test. The straight line shows the fitting by 

equation (6.5). 

 

The charge delivered by negative direct transient plasma discharges is slightly higher 

than that of the positive case, but still lower than for surface discharges. A similar 

tendency of increase in OH radical concentration was observed. The rate of OH 

radical production was found to be 2.25∙10
-1

 µM/mC by applying the linear fitting 

equation (6.5).  
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6.4.3 Change in Acidity of Plasma-Treated Solution Sample 

As reported in Section 6.2.3, the acidity of the target solution decreases after 

treatment with the steady-state corona discharges. In this aspect of the research, the 

acidity of the plasma-treated samples was monitored. In the case of the surface 

transient plasma discharges, the pH of the solution demonstrated a slight decrease 

with an increase in exposure time. This dependence is shown in Figure 6.29. 

 

 

 

Figure 6.29. The pH of the TA solution sample as a function of treatment time after 

exposure to the surface impulsive transient plasma discharges with (a) positive 

polarity and (b) negative polarity. Solid lines are for visual guidance only. 
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As shown in Figure 6.29, the pH decreases with an increase in the treatment time for 

samples treated with the surface transient plasma discharges. This decrease is similar 

in both positive and negative energisation cases. The initial pH was 10.8–10.9, and it 

decreased to 10.2–10.3 after 7 minutes of exposure. 

 

 

In the case of the direct transient plasma discharges, the pH values of the treated 

samples are shown in Figure 6.30. A slightly higher decrease in pH was observed in 

samples treated with direct transient plasma discharges. The initial pH was also 10.8–

10.9, but it decreased to 9.2–9.6 after exposure to the positive direct transient plasma 

discharges. In the case of negative direct transient plasma discharges, the pH 

decreased to 9.4–9.9 after 7 minutes of exposure. 
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(b) 

Figure 6.30. The pH of the TA solutions after exposure to the direct impulsive 

transient plasma discharges with (a) positive polarity and (b) negative polarity. Solid 

lines are for visual guidance only. 

 

 

6.4.4 Impulsive Transient Plasma Discharge Treatment without 

Air Gap 

a) Hydroxyl Radical Production by Impulsive Surface Transient 

Plasma Discharges  

The direct and surface transient plasma discharge test results were discussed in 

Sections 6.4.1 and 6.4.2. The OH radicals produced in both cases were detected. To 

clarify the origin of the generation of OH radicals (whether generated in air or at the 

liquid sample surface), a special case was studied in this section. The stressed HV 

electrode was lowered to make contact with the surface of the liquid sample which 

was placed in the non-conductive sample plate. In this case, the transient plasma 

discharges would propagate along the sample/air interface only. TA solution samples 
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were treated with plasma discharges, and the intensity of fluorescence light emissions 

were measured. The breakdown voltage level, in this case, is ±18 kV. The peak 

fluorescence signal intensity at 425 nm is given in Figure 6.31 as a function of the 

exposure time. 

 

Figure 6.31. Fluorescence light intensity of samples treated with surface transient 

plasma discharges (without air gap) as a function of treatment time. Each point in this 

figure represents an average of three independent tests. Error bars show the standard 

deviation values. Solid lines are for visual guidance only. 

 

As shown in Figure 6.31, the fluorescence light emission is detected from samples 

treated with the surface transient plasma discharges. First, it can be seen from this 

figure that there is no difference in the fluorescence emission intensities for samples 

exposed to the positive and negative surface transient plasma discharges. The 

intensity of the fluorescence emission, in this case, is much lower than in any other 

cases with the existence of air gap between the HV needle electrode and the liquid 

sample surface. For example, in the case of negative energisation, 7 minutes of 

exposure to surface transient plasma discharges resulted in a reduction of almost twice 
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the fluorescence emission intensity than negative surface transient plasma discharges 

for the same period of treatment time.  

The concentration of OH radicals in the samples treated with the surface transient 

plasma discharges is shown in Figure 6.32 as a function of delivered charge. 

 

Figure 6.32. The concentration of OH radicals as a function of charge delivered after 

exposure to impulsive surface transient plasma discharges (without air gap). Each 

point in this graph represents an individual test. The straight line shows the fitting by 

equation (6.5). 

 

As shown in Figure 6.32, the concentration of OH radicals produced by the surface 

transient plasma discharges without air gap is lower than the case of the surface 

transient plasma discharges with air gap. However, the surface transient plasma 

discharges produce a noticeable amount of OH radicals. The production rate, 0.085 

µM/mC, is found to be the same for both positive and negative cases.  
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This result confirms that in the case of the surface discharge treatment, the reactive 

species which are responsible for production of OH radicals (including OH radical 

itself) are generated in both sections of the transient plasma discharge path: vertical 

propagation path through the air and horizontal propagation on path across the 

air/liquid interface. 

 

 

b) Direct Transient Plasma Discharges without Air Gap 

The direct transient plasma discharges were also used for sample treatment under the 

condition in which the needle electrode was in contact with liquid sample. Conductive 

sample plates were used in this case. The discharges were generated in the liquid itself, 

and the discharge current propagated through the bulk of the liquid samples only. 

Pulses with voltage levels at ± 30 kV were used to generate discharges in the liquid 

samples. After such treatment for a specific period of time (up to 7 minutes), the 

recorded fluorescence light emission signals were very low; no peak at 425 nm was 

observed. This means that the direct discharges without an air gap were inefficient for 

the generation of OH radicals in target liquid samples. A potential reason for this 

inefficiency is the relatively high conductivity of solutions (~400 µS/cm). The process 

of formation of the transient plasmas in such liquid samples stressed with the HV 

pulses used in the present tests is inefficient: most of the discharge current dissipated 

through Joule conduction without generating OH radicals. 

This result indicates that in the case of the direct transient plasma discharges, the 

reactive species that are responsible for producing OH radicals (including OH radical 

itself) are mostly generated in air or at the air/liquid interface. Discharges through the 

bulk of the liquid do not make a detectable contribution to the production of OH 

radicals. 
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6.4.5 Summary  

In this chapter, production of OH radicals in target liquid samples by impulsive 

transient plasma discharges was investigated. Specifically, a TA solution was used as 

the scavenger to detect OH radicals. Based on the intensity of fluorescence emission 

signals detected from samples exposed to the impulsive discharges, the concentration 

of OH radicals was calculated. Experimental work presented in this chapter includes 

the used of transient plasma discharges with different parameters: three different 

voltage levels were tested (20 kV, 24 kV, and 28 kV) in both positive and negative 

energisation modes.  

 Two different types of discharge treatments were used: surface discharge treatment 

(using non-conductive sample plate, discharges propagate vertically through air and 

then across air/liquid interface), and direct discharge treatment (discharges propagate 

vertically in air to the sample surface, and then the discharge current dissipates 

through the bulk of the liquid sample). 

From the results, it was found that the concentration of OH radicals was proportional 

to the total charge delivered by the discharges, and this relation was almost linear. 

This defined the rate of OH production by the impulsive discharge treatment, and it 

enabled comparison of the efficiency of OH radical production for different cases.  

Another important finding from these experiments is that the production of OH 

radicals does not depend on the voltage level when the same amount of charge is 

delivered to the sample. Again, this confirms that the total delivered charge defines 

the OH production rate.  

Table 6.2. OH production rate (∙10
-1

 µM/mC) for surface and direct transient plasma 

discharges. 

 

Surface  Direct  

Positive Negative Positive Negative 

1.02 

(0.97 - 1.07)
 

1.40 

(1.34 - 1.47) 

2.71 

(2.57 - 2.84) 

2.25 

(2.16 - 2.34) 

Values in brackets indicate a 95% confidence interval. 
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Table 6.2 presents the OH production rates for surface and direct impulsive transient 

plasma discharges with positive and negative polarities. These results were obtained 

using Origin Pro with linear equation (6.5). In some specific cases, an even higher 

rate was achieved: for example, 3.24∙10
-1

 μM/mC for positive direct discharges, 

and 2.53∙10
-1

 μM/mC for negative direct discharges. It can be seen clearly from the 

table that direct discharges have a higher efficiency of generating OH radicals.  

In the case of the HV needle electrode in contact with the sample surface, OH radicals 

could still be produced when a non-conductive sample plate was used. Discharges 

propagated along the liquid/air interface and generated OH radicals. The rate of 

production was found to be 0.85∙10
-1

 µM/mC (with a 95% confidence interval, 

0.79∙10
-1

 – 0.91 ∙10
-1

). When a conductive sample plate was used, discharges were 

generated in the liquid, and no OH radicals were detected in the samples. The test 

results indicated that most of the reactive species which contributed to the production 

of OH radicals were generated in the air and at the air/liquid interface. The HV pulses 

used to generate discharges directly in the liquid were inefficient in the production of 

OH radicals.  

The acidity of the solution was changed after the treatment with transient plasma 

discharges. This is consistent with the results of treating liquid samples with plasma in 

Chapter 4.  
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6.5  Discussion and Conclusions 

It is recognised that OH radicals have the highest oxidation capability amongst all 

oxygen-based reactive species. The redox potential of OH radicals is ~2.7 V [254]. 

Thus, OH radicals produced by non-thermal plasma discharges play an important role 

in the oxidation of organic molecules and bacteria decontamination. It is important to 

investigate the OH production during non-thermal plasma discharges, and the 

information gained from this investigation will help in the optimisation of the 

cleaning and decontamination applications of non-thermal plasma discharge 

treatment. 

This chapter discusses OH radical production by steady-state corona discharges and 

impulsive transient discharges that was investigated through a series of experiments. 

TA solution was used for OH radical scavengers and exposed to discharges. OH 

radicals produced by non-thermal plasma discharges reacted with TA to form HTA. 

Then, the fluorescence emission from HTA was measured, and the concentration of 

OH radicals was calculated. The fluorescence emission signal was observed in the 

samples exposed to corona discharges as well as impulsive transient discharges. This 

means that both types of discharges produced a detectable amount of OH radicals. In 

addition, the OH radical concentration in the exposed sample solution had a linear 

relation with the total charge delivered by non-thermal plasma discharge treatment. 

This is in line with the the results reported in [255]: as the discharge current increased 

from 15 mA to 50 mA, more charge was delivered to the sample solution with a pH of 

10, the OH radical production rate was nearly three times as before. 

In the case of steady-state corona discharges, a higher concentration of OH radicals 

was observed in samples after exposure to direct corona discharges as compared to 

samples treated by indirect corona discharges. Another important finding is that the 

corona discharges with negative polarity produced a higher amount of OH radicals. 

This is a result of the higher ozone concentration during negative corona discharges. 

The charge-dependent production rate of OH radicals was calculated for indirect and 

direct corona discharges with both positive and negative polarities. It is obvious that 

negative corona discharges with a higher ozone concentration resulted in a higher OH 

radical production. As reported in [153] and [159], the existence of ozone does 

increase the production rates of OH radicals. 
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After exposure to impulsive transient plasma discharges, OH radical concentration in 

the solution sample was measured. Results showed that the OH radical production is 

in proportion to the charge delivered. It also was confirmed that discharges in air as 

well as at the liquid/air interface produce reactive species that are responsible for OH 

radical generation. However, discharges directly in the liquid sample with pulses used 

in this research did not produce detectable OH radicals.     

As reported in [153] and [159] and discussed in Chapter 2.4.2, ozone and other 

reactive oxygen species such as hydrogen peroxide could also have an effect on the 

OH radical production. However, in the present study, the ozone concentration during 

the transient plasma treatment was too low to be detected (less than 1 ppm) using 

available sensors. It is believed that in this series of transient plasma discharge tests, 

ozone did not make a significant contribution to the OH radical production. 

Regardless of the charge delivered to the sample during the plasma treatment, the 

time-dependent efficiency of OH production was significant. For 

example, ~0.8 ∙10
-10

 mol/s production rate was achieved in the negative direct 

transient plasma discharge treatment. This rate is higher than the efficiency of OH 

radical production by the underwater discharges reported in [250]. Other studies 

reported higher efficiencies, such as (2-9) ∙10
-10

 mol/s, [240], and 1.67∙10
-8

 mol/s, 

[253]. However, continuous steady-state plasma treatment with higher frequency or 

higher voltage level was used in those experiments. The results presented in this 

chapter were obtained using the impulsive plasma discharges with a pulse repetition 

rate of 20 pps. Therefore, it can be stated that higher time-dependent efficiency of OH 

radical production can be achieved by increasing the pulse repetition rate and 

treatment time.  

Comparing the results obtained using the steady-state corona discharges and 

impulsive transient plasma discharges, it may be concluded that the negative direct 

corona discharges resulted in a higher OH radical production rate 8.81∙10
-1

 µM/mC, 

These type of discharges also demonstrated a high time-dependent efficiency, 7.14 

∙10
-2

 µM/s.  This is primarily due to the high ozone concentrations produced by these 

discharges. The corona discharges demonstrated a lower OH production rate as 

compared with the impulsive transient plasma discharges when positive energisation 

mode was applied.  
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CHAPTER 7  

TiO2 as a Potential Catalyst for Improving the 

Efficiency of Non-Thermal Plasma Treatment 

7.1  Introduction  

In the previous chapters, the oxidation and bacterial inactivation capabilities of 

non-thermal plasma discharges were investigated. The obtained results provide 

valuable information for the optimisation of non-thermal plasma applications. As well 

as changing the discharge conditions, other methods can be used to improve the 

cleaning efficiency of the non-thermal plasma discharges. As reported in [256]–[260], 

catalysts can be used to enhance the performance of plasma systems: for example, to 

increase their energy efficiency. Also, by selecting a catalyst, production of unwanted 

by-products from the plasma cleaning process can be minimised. Toxic by-products 

such as CO can even be completely eliminated, and this makes the plasma-catalyst 

method even more attractive for practical applications.  

TiO2 is considered to be an efficient catalyst for plasma discharge processes. As 

reported in [261], [262], and [263], TiO2 was used in the plasma treatment systems to 

help to remove different chemical pollutants. Multiple applications in which TiO2 was 

employed as a plasma catalyst have been reported and include wastewater treatment, 

soil remediation [264], and cleaning of air streams [179].  

TiO2 is a photosensitive material; molecules of TiO2 can be excited by UV light, as its 

band gap is 3.2 eV. Charged particles, UV photons, and strong electric fields 

generated by plasma discharges would act on the surface of TiO2, electrons and 

holes-pairs can be generated, and chemically reactive species such as O3 and H2O2 

can be produced under the action of the non-thermal plasma discharges [265], [266]. 

Hence, the cleaning and decontamination effects of such discharges can be improved.  

As suggested in [179], TiO2 can be introduced into plasma systems in one of two 

ways: either a one-stage or a two-stage configuration. In the one-stage configuration, 

the catalyst is located in the discharge region and directly exposed to the active 

species (including ions, charged particles, and short-lived radicals), photons, and field 
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generated by the plasma discharges. In the two-stage configuration, the catalyst is 

located away from the discharge region and only exposed to long-lived chemical 

species that flow from the discharge region, such as O3.  

In this chapter, the use of TiO2 as a catalyst is discussed, and the one-stage 

configuration of the plasma discharge system is described. This configuration was 

selected for excitation of TiO2 with UV light, and generation of charged products by 

the plasma discharges to produce more reactive species and to improve the cleaning 

and inactivation ability of the plasma discharge treatment. The enhancement effect of 

the catalyst in the plasma discharge treatment system was investigated using two 

approaches. The oxidation capability of the discharges was obtained by measuring the 

decolorisation of indigo carmine, and the bio-decontamination capability of the 

plasma discharges was evaluated by the degree of bacterial inactivation, using E. coli 

and S. aureus as model bacteria. Although only preliminary experiments were 

performed, and further research is still needed, valuable information was obtained in 

the course of this study.  

 

 

7.2  Methodology of Sample Preparation and Treatment 

7.2.1  Sample Preparation  

TiO2 was used as a catalytic material in this series of tests. The oxidation capability of 

non-thermal plasma discharges in combination with the TiO2 catalyst was investigated 

by measuring the degree of decolarisation of the indigo carmine water solution. The 

bio-decontamination efficiency of the non-thermal atmospheric plasma discharges in 

combination with TiO2 was obtained using the same test microorganisms as 

previously, E. coli and S. aureus. However, the method of introduction of TiO2 to the 

non-thermal discharge system is the first methodological issue which required 

attention. Based on the practical experience obtained during this project and 

information found in the literature, several approaches to introduce TiO2 into the 

plasma discharge system were identified and tested. It was decided that TiO2 porous 

film can potentially be used for effective interaction and enhancement of the chemical 
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effects of the atmospheric plasma discharges. In the case of the microbiological 

samples, it was decided to add TiO2 fine particles (20 µm in diameter) to the agar 

nutritious media used to grow the microorganisms. The results of these tests in which 

chemical and biological samples with TiO2 were exposed to the non-thermal 

discharges are described in this chapter.  

 

A. Preparation of Porous TiO2 Film  

It is believed that the porous structure on nanometre-scale can change some chemical 

and physical properties of materials. The properties of porous TiO2 film has been 

reported in many studies [267]–[269]. Compared with the bulk structure, the porous 

structure has a larger surface area which enhances the contact surface with the 

reactants and increases the absorption of photons. Synthesis of the porous TiO2 films 

using nanometre size TiO2 has been discussed in [270], [271], [272], and [273]. In this 

research, TiO2 porous film was produced on the glass slides using TiO2 powder. The 

following method was employed.   

TiO2 powder (5.56 g) with an average particle size of 20 µm (AEROXIDE® TiO2 P 

25, Evonik Industries [274]) was dissolved in 50 ml distilled water to make a solution 

with a concentration of 10% by weight. Then this solution was transferred into a petri 

dish and placed in an ultrasonic bath (U100 Ultrawave Limited, UK) for 15 minutes. 

After treatment in the ultrasonic bath, the slurry was spread evenly on a glass 

microscope slide. The size of the glass slide was 75×25 mm and thickness was 1–

1.2 mm (Sail Brand 7101). The slurry was dried on the slides to form the first layer of 

the TiO2 film.  

The slurry was again dropped on the slides on top of the first layer of TiO2 and then 

spread evenly to form the second layer. After the second layer dried, this step was 

repeated to form a third layer of TiO2 on the slides. To stabilise the porous film, the 

glass slides with three layers of TiO2 were put into the furnace (Carbolite® CTF 

12/75) and baked for 30 minutes at 400°C. After cooling, the slides with the settled 

and dried TiO2 porous films were ready to use and were stored in a dark, dry, and 

sterile place. 
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In the decolorisation tests in which the chemical activity of the plasma discharges was 

obtained, 1 ml of indigo carmine water solution was dropped on the slide with the 

TiO2 porous film and treated by plasma discharges. 

In the microbiological decontamination tests, 50 µL of PBS with a bacterial 

population of 10
3
 CFU/ml was pipetted onto the slide with the TiO2 porous film 

before and left to dry, then it was treated with atmospheric plasma discharges.  

Figure 7.1 shows an original microscopic glass slide and another glass slide covered 

with a dry, three-layer TiO2 porous film. 

 

 
 

Figure 7.1. Blank glass slide and slide with TiO2 porous film. 

 

B. White Fabric with TiO2 

In another series of tests, a different approach to the preparation of samples with TiO2 

catalyst was used. A 10% TiO2 solution was prepared as described in Section 7.2.1. 

Medical gauze was cut into pieces with a size of 20 mm × 10 mm, and then fully 

immersed into the TiO2 solution. TiO2 saturated fabric pieces were transferred into a 

petri dish, and stored in a dry, dark place until they were completely dry. After this 

process, the sample fabric was ready to use.  
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In the decolorisation tests, 1 ml of the indigo carmine solution was dropped onto the 

sample fabric and then treated by non-thermal plasma discharges.  

 

C. TiO2 Topped Agar  

In this approach, TiO2 fine particles were introduced directly into the top layer of agar. 

To prepare the samples, first, nutrient agar plates were made as described in Section 

5.2.2.  

TiO2 water solution with particle concentrations of 1% (b/w) and 10% (b/w) was 

prepared and sterilised by autoclaving. This sterilised 5 ml TiO2 solution was cooled 

to room temperature and then pipetted onto the top of each agar plate and spread as 

evenly as possible using an L-shape spreader and allow to dry. TiO2 coated agar 

plates were seeded with bacteria and treated by non-thermal plasma discharges. 

 

D. TiO2 Mixed in Agar 

Another approach to treatment of microbiological samples with TiO2 was through the 

introduction of TiO2 particles into the bulk agar. In this case, 7 g of nutrient agar 

powder and 2.7 g of TiO2 powder were dissolved in 250 ml distilled water. In this 

solution, the concentration of TiO2 was 1% (b/w), and this sample maintained the 

required concentration of nutrient agar (28 g in 1 L of water as instructed by the 

manufacturer). This solution was then cooled in a water bath to 47°C. Then, 3.75 mg 

of TTC (2,3,5-Triphenyltetrazolium chloride from Sigma Aldrich, T8877) was added 

into this molten agar/TiO2 mixture, mixed well, and poured into 55 ml plates covered 

with sterile aluminum foil. 

Bacteria were seeded on these plates and treated in the plasma discharge system. 

Figure 7.2 shows a 55 mm diameter plate lined with aluminum foil and filled with 

agar/TiO2 mixture. 
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Figure 7.2. TiO2/agar sample. 

 

 

7.2.2  Discharge System for Preliminary Experiments 

In this chapter, the negative steady-state corona discharges were used to decolorise 

indigo carmine solution samples and to inactivate test bacteria (E. coli and S. aureus). 

The corona discharge system used in this series of experiments is the same as 

described in Chapter 3.2. However, due to convenience and sample size, a different 

plasma treatment test cell was used. This test cell has the same size and dimensions as 

the test cell used in the transient plasma discharge tests described in Chapter 3.3. The 

main body of this test cell was made of Perspex cylinder with a diameter of 150 mm 

and height of 80 mm. Two PVC flanges cover the top and bottom of this cylinder. A 

metal plate with a 27 mm high rounded edge was located on the bottom flanges. The 

thickness of the plate was 10 mm, and the internal diameter was 100 mm. This plate 

was grounded through the earthed connection port on the bottom flange. Six 

gramophone needles (body diameter, 1.2 mm; tip radius, ~36 µm) were installed on 

the top flange through a screw into the metal bar. A DC high-voltage supply was 

connected to the needles through this bar. During the plasma discharge treatment, six 

needles were stressed with the same negative high voltage. The target sample was 
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placed on the metallic plate under the needle electrodes. This test cell is shown in 

Figure 7.3. 

 

 

Figure 7.3. Six-needle plasma discharge test cell for the treatment of samples with 

TiO2. 
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7.3  Experimental Procedures 
 

7.3.1 Decolorisation of Indigo Carmine Solution 

In the case of indigo carmine decolorisation tests, TiO2 in the porous film form or on 

the fabric has direct contact with the dye solution. Different from the previous 

decolorisation study described in Chapter 4, in these tests some of the TiO2 could be 

mixed with the indigo carmine solution, and could be impossible to provide readings 

in the transmittance measurement using the spectrophotometer. Also, it was not 

possible to separate these two substances. Thus, the degree of decolorisation should 

be determined in a different way rather than measuring the change in transmittance as 

in the previous chapter. A color analysis (Red-Green-Blue/RGB analysis) of pictures 

of the treated indigo carmine solution samples (on the top of TiO2 porous films or 

TiO2 saturated tissue) was used in the tests described in this chapter to evaluate the 

degree of decolorisation after the plasma treatment. 

An example of RGB analysis is shown in Figure 7.4.  

 

Figure 7.4. Blue tonal value of solutions with different concentrations of dye were 

obtained using RGB histogram (Adobe Photoshop CS3). 
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Sample “a” is the original indigo carmine solution; samples “b” and “c” are indigo 

carmine solution after treatment by indirect corona discharges for 5 minutes and 10 

minutes. The concentration of indigo carmine in sample “a” is the highest; therefore, 

it has the darkest blue color. Sample “c” has the lowest indigo carmine concentration, 

so it has the lightest blue color. Blue tonal range values for samples a, b, and c were 

obtained using RGB histogram (Adobe Photoshop CS3). The tonality value is in the 

range of 0 to 255; lower tonal value indicates darker tonality of the object, while 

objects with lighter tonality have higher tonality values. As shown in Figure 7.4, the 

blue tonal value for samples a, b, and c are 85, 127, and 132, respectively. The blue 

value of the indigo carmine solution increased after decolorisation by plasma 

discharges. The increment was then used to quantify the level of decolorisation by 

plasma discharges. 

The test procedure was as follows: 1 ml of dye solution was dropped on the glass slide 

with porous film (or on the fabric with TiO2) and spread as uniformly as possible; a 

picture of the sample before plasma treatment was taken along with a color map 

(Photo A). Then, the sample was treated by negative corona discharges for a certain 

time period. After the discharge treatment, another photo (photo B) of the treated 

sample was taken with the color map under the same light conditions as picture A. 

Both photos, A and B, were analysed using Photoshop software, and the RGB values 

of each picture were recorded. Then the change in the blue value in the sample area 

was obtained using (7.1): 

 

∆P = 𝐵𝑠𝐴 − 𝐵𝑠𝐵            (7.1) 

 

where ∆P is the change of blue value in the sample area;  

BSA is the average blue value of the sample area in photo A (after the discharge 

treatment); and  

BSB is the average blue value of the sample area in photo B (before the discharge 

treatment). 
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When taking the pictures of the samples before and after the discharge treatment, the 

light conditions were kept the same (as far as was reasonably practicable), and a color 

map was used for calibration. As mentioned before, a photo of the sample and the 

color map was taken at the same time, before and after the discharge treatment. The 

change in blue value in the chosen calibration area on the color map is: 

 

∆C = 𝐵𝑐𝐴 − 𝐵𝑐𝐵          (7.2) 

 

where ∆C is the change of blue value in the color map caused by the light condition       

difference;  

     BcA is the blue value in the calibration area in photo A (after the discharge 

treatment);  

       BcB is the blue value in the calibration area in photo B (before the discharge 

treatment). 

Therefore, the actual change in the blue value in the sample caused by the discharge 

treatment is: 

 

∆B = ∆P − ∆C         (7.3) 

 

where ∆B is the actual change in blue value caused by the discharge treatment  

∆P is the total change of blue value in sample area 

∆C is the change of blue value caused by the light condition difference 

 

Therefore, the enhancement effect of TiO2 on decolorisation caused by the plasma 

treatment can be obtained.  

Figure 7.5 shows a picture of the sample (blue dye on the slide with the TiO2 porous 

film) and a picture of the color map.  
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Figure 7.5. Picture of the treated blue dye sample and the color map; the sample and 

calibration areas are indicated by arrows. 

 

By comparing the ∆B value of the sample treated by plasma discharges with TiO2 

and by plasma discharges only, the enhancement in the degree of decolorisation 

achieved using TiO2 can be calculated with (7.4): 

 

M = ∆B𝑇 − ∆B𝐶         (7.4) 

 

where M is the enhancement degree of decolorisation using TiO2 

∆B𝑇 is the actual change in blue value caused by discharge treatment with TiO2 

as catalyst 

∆B𝐶 is the actual change in blue value caused by discharge treatment without 

TiO2 as catalyst. 
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7.3.2 Biological Decontamination Tests 

The methodology used for the bacterial inactivation tests presented in this chapter is 

the same as that presented in Chapter 5.2. However, instead of using agar plates 

seeded with bacteria as the target samples for exposure to plasma discharges, four 

different approaches were employed in the present studies to establish the potential 

effect of TiO2 on the plasma decontamination process.  

(1) Biological inactivation tests with TiO2 porous film  

In these tests, instead of seeding bacteria on the agar, a bacterial sample of 50 µl was 

taken from the suspension with the bacterial population of 10
3
 CFU/ml and spread 

over the glass slide with TiO2 porous film. Then, this film was treated by the plasma 

discharges. After the treatment, the glass slide was placed onto the agar plate, and the 

side with bacteria was fully in contact with the agar and incubated. After 18–24 hours, 

bacterial colonies were counted. 

(2) Biological inactivation tests with TiO2 topped agar 

A 50 µl bacterial suspensions with a population of 10
3
 CFU/ml were spread evenly on 

the TiO2 topped agar plate. Then, the sample was treated by plasma discharges. After 

the treatment, sample plates were incubated at 37°C for 18–24 hours. Surviving 

bacterial colonies were counted. 

 

(3) Biological inactivation tests with TiO2 mixed with bacterial suspension 

TiO2 powder (1 g) was added to 99 ml distilled water to make a solution with a TiO2 

concentration of 1% (b/w). Then, this solution was used in the last step of bacterial 

suspension dilution (series dilution as discussed in Chapter 5.2.3) to have a bacterial 

suspension with 1% TiO2. A total of 50 µL of this bacterial suspension was pipetted 

and spread onto the pure agar plates (no TiO2 in agar). These samples were exposed to 

the negative corona discharges produced with a voltage of ~11 kV; average corona 

discharge current was ~100 µA. Air pressure inside the plasma treatment test cell was 

0.2 bar gauge. The treated agar samples were then incubated  at 37°C for 18–24 

hours, and the bacterial colonies were counted.  
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(4) Bacterial inactivation tests with TiO2 mixed with the bulk agar  

In these tests, the bulk agar was mixed with TiO2 powder. Bacteria were seeded on 

these TiO2 agar plates and exposed to the negative corona discharges for specific time 

intervals. Then, the treated samples were incubated at 37°C for 18–24. As TTC was 

used in the preparation of agar, the bacterial colonies were in red instead of their 

original colors (yellowish for E. coli and S. aureus). After the incubation, bacterial 

colonies were counted and analysed. 

 

 

7.4  Indigo Carmine Decolorisation Tests with TiO2 as 

Catalyst  

It has been reported in several research papers that the plasma discharges in 

combination with TiO2 produce significant decomposition of organic molecules in 

water [275], [276], [277]. As mentioned earlier, TiO2 can increase the production of 

the reactive chemical species during the plasma discharge treatment. Hence, it can 

increase the efficiency of the plasma-induced cleaning and decontamination.  

In this section, the enhancement effect of TiO2 as the catalyst is investigated. The 

experimental study was based on the decolorisation tests of the indigo carmine water 

solutions. Indigo carmine solution with a dye concentration of 0.25 g/L was used as a 

target sample and exposed to the plasma discharges with or without TiO2. Then, the 

degree of the decolorisation was obtained and compared, and the enhancement effect 

of TiO2 in the plasma treatment was evaluated. 

 

7.4.1 Decolorisation Tests with TiO2 Porous Film 

First, the indigo carmine solution was spread evenly over the glass slide with the TiO2 

porous film. Then, it was treated by the negative corona discharges in the test cell. 

After the treatment, the degree of decolorisation was obtained and compared with the 

degree of decolorisation achieved in the discharge treated samples on glass slides 

without TiO2. For both the blank slide and the slide with the TiO2 film, the same 
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treatment conditions were applied. The treatment conditions that were used in the 

tests and presented in this chapter are listed in Table 7.1.  

 

Table 7.1. Tested discharge treatment conditions. 

Treatment 

conditions 

Volume of  

dye  

solution 

(ml)  

Negative 

Energisation 

Stress (kV)  

Negative 

Discharge 

Current 

(µA) 

Pressure 

inside test 

cell 

(bar-gauge) 

Treatment 

Time 

(min)  

Values 1, 2, 3  10, 11, 12, 13, 

14  

80-140  0.1, 0.2  0-10  

 

The results of this study are summarised as follows: although in some groups of the 

tests, the decolorisation effect was observed, the enhancement in decolorisation using 

TiO2 as catalysts was not achieved. For example, 3 ml indigo carmine solution was 

completely decolorised on both the  blank slide and the slide with TiO2 film after 10 

minutes of treatment with -14 kV corona discharge, as shown in Figure 7.6.  

 

 

Figure 7.6. Complete decolorisation of indigo carmine by the plasma discharge  

treatment on glass slides with and without TiO2 film. 

Without 

TiO2 

Without 

TiO2 
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With a shorter treatment time or less intensive discharge, a lower degree of 

decolorisation was achieved. Due to the influence of the evaporation and gas flow, the 

liquid solution was no longer uniformly spread over the entire slide; decolorisation 

was obvious in some areas, but not on the entire slide. It is difficult to quantify this 

decolorisation effect; the results from visual observation showed no enhancement 

from using TiO2. An example is shown in Figure 7.7. 

 

 

Figure 7.7. A solution of 2 ml indigo carmine on slides with and without TiO2 and 

treated by -12 kV corona discharge for 7 minutes (test cell pressure at 0.2 bar gauge). 

 

As shown in Figure 7.7, it is difficult to quantify the decolorisation effect with or 

without TiO2 for the treated indigo carmine solution because the decolorisation 

enhancement in the case of using TiO2 was not achieved. TiO2 particles mixed with 

the liquid and became suspended. Therefore, the solution became visibly cloudy, and 

the transmittance measurements were not accurate in this situation.  

In this approach, TiO2 did not produce a quantifiable enhancement on the 

decolorisation effect of the plasma discharges. The liquid sample on top of TiO2 

possibly blocked charged and neutral chemically active particles, and light from 

discharges, so they were not able to excite electrons in TiO2 and to increase 

bio-decontamination and chemical oxidation effects of plasma discharges. Moreover, 

Without 

TiO2 
Without 

TiO2 
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an accurate measurement method is needed instead of using optical transmittance for 

evaluation of the degree of decolorisation.  

 

 

7.4.2 Decolorisation Tests with TiO2 Fabric Samples 

Another type of samples was tested in this study. White fabric (cut from medical 

gauze) with and without TiO2 was used; 1 ml indigo carmine was dropped onto each 

fabric and exposed to the plasma discharges. After plasma discharge treatment, the 

degree of decolorisation of the samples with and without TiO2 was obtained and 

compared. Decolorisation of indigo carmine was achieved on both fabrics after 

treatment by the negative corona discharges with voltage stress of -13 kV for 5 

minutes (discharge current ~80 µA; measured ozone level was 25–45 ppm). It was 

observed that the fabrics with TiO2 produce a higher degree of decolorisation. An 

example is presented in Figure 7.8. 

 

Figure 7.8. Fabric samples with and without TiO2 treated by negative corona 

discharge with -13 kV for 5 minutes. 

Without TiO2 

Without TiO2 
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As can be seen from Figure 7.8, the sample with TiO2 demonstrated a slightly higher 

degree of decolorisation. Each picture was analysed using the RGB color mapping 

method in Photoshop, and the actual change in blue value caused by the discharge 

treatment, ∆B, was calculated by Equations 7.1–7.3. The results are presented in 

Figure 7.9. 

 

Figure 7.9. Change in the blue values caused by the plasma discharge treatment. Five 

independent tests (five test groups) were conducted. 

 

Figure 7.9 shows that the change in blue color caused by the discharge treatment is 

higher in the case of the samples with TiO2, which means a higher degree of 

decolorisation was achieved using TiO2 as catalyst. By applying equation (7.4), the 

enhancement degree of decolorisation using TiO2 was calculated. The average 

enhancement degree in this series of tests is M = 9.14 ± 2.32. The average change in 
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blue value is 8.05 ±2.76 for samples without TiO2 and 17.19 ± 1.11 for samples with 

TiO2. To summarize, the decolorisation effect was doubled by using TiO2.  

 
 
 
 
 

7.4.3 Summary  

In this section, preliminary investigation of using TiO2 as a catalyst to decolorise 

indigo carmine samples was conducted. Two types of samples were investigated. By 

using TiO2 porous film underneath indigo carmine solution, the enhancement 

decolorisation effect was not observed. The liquid layer of indigo carmine solution 

could potentially block ions and charged particles generated from non-thermal plasma 

discharges, and therefore TiO2 was unable to increase the production of reactive 

species. Hence, the decolorisation effect was not improved.  

In the tests with samples made of fabrics, the results using the sample with TiO2 

demonstrated an enhancement effect in decolorisation of indigo carmine. The change 

in blue value achieved with the use of TiO2 was twice higher than in the case of the 

sample without TiO2. Two possible reasons can explain this difference: 1) with dried 

TiO2 on the fabric, the pores on the fabric were filled with TiO2, and the area of the 

sample was increased in this way and a higher degree of decolorisation was achieved; 

2) unlike in the case of the porous films, ions and charged particles were able to reach 

TiO2 surface, so the number of reactive species produced by plasma was increased, 

which also can produce a higher decolorisation effect. 

Although the enhancement effect was achieved in this series of preliminary tests, 

several methodological issues require attention. For example, the picture-based RGB 

value comparison is able to show the degree of decolorisation; however, the change in 

dye concentration cannot be obtained. Therefore, further investigation of potential 

effect of TiO2 on plasma treatment efficiency is required. 

 



269 
 

7.5  Bacterial Decontamination Tests With TiO2 as 

Catalysts 

The bacterial inactivation effect of the non-thermal plasma discharges also may be 

improved using TiO2 as catalysts. As mentioned before, the production of reactive 

species by non-thermal plasma discharges could possibly be increased due to the 

presence of TiO2. In this section, bacterial decontamination ability of the negative 

corona discharge treatment with and without TiO2 is examined. As in the preliminary 

decolorisation tests, four approaches were tested. In this section, each of the 

approaches is discussed, and the obtained results are presented. Two types of bacteria 

were used, E. coli and S. aureus, as representatives of Gram-negative and 

Gram-positive bacteria. 

 

7.5.1 Bacteria on TiO2 Porous Film 

E. coli and S. aureus samples were prepared in the same way as Chapter 5.2 and 

diluted to 10
3
 CFU/ml in PBS solution. Then, 50 µL of this bacterial suspension was 

spread evenly on the glass slide with and without TiO2 porous film and treated by the 

negative corona discharges with voltage levels of -9 kV, -10 kV, -11 kV, and -12 kV. 

Atmospheric air was fed to the plasma treatment test cell, and the pressure inside the 

test cell was kept at 0.2 bar gauge. The treated glass slides were placed onto the agar, 

the side with bacteria was fully in contact with the agar. Samples were incubated at 

37 °C for 18–24 hours. It was found that bacterial colonies formed in the slide-agar 

contact area were too difficult to count. Also, samples were easily contaminated 

during handling. Therefore, this approach was unsuitable for these tests. 

 

7.5.2 Bacteria on TiO2 Topped Agar 

A 50 µL bacterial suspension with a population of 10
3
 CFU/ml was spread on TiO2 

topped agar plates (topped with 10% or 1% TiO2 solution) and exposed to the 

negative corona discharges (voltage levels of -9 kV, -10 kV, -11 kV, and -12 kV). 

Atmospheric air was fed to the test cell to keep the pressure at 0.2 bar gauge level. 
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Then the treated samples were incubated. It was found that bacterial colonies were 

unable to form correctly on agar with a TiO2 layer on top. Therefore, this method was 

not used.  

 

7.5.3 Bacterial Suspension Mixed with TiO2 

As mentioned in Section 7.3.2 (3), bacterial suspensions mixed with TiO2 were spread 

on top of agar and treated by negative corona discharge with a voltage of -11 kV. The 

average corona discharge current was ~100 µA. The air pressure inside the test cell 

was 0.2 bar gauge. During the discharge treatment, the concentration of ozone was 

measured and found to be 15–35 ppm. The samples were treated for 30 seconds, 1 

minute, and 3 minutes. The results are shown in Figure 7.10 and Figure 7.11. 

 

Figure 7.10. E. coli populations as a function of exposure time using negative corona 

discharge treatment with and without TiO2 as the catalyst. Bacteria samples were 

prepared through bacteria suspension mixed with TiO2. Each point in this figure 

represents an average of three independent tests. The error bars show standard 

deviation values. Solid lines are for visual guidance only. 
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The initial population of E. coli in these tests was 87–100 CFU/plate. After the 

treatment with negative corona discharges for 30 s without TiO2, E. coli population on 

the agar plate was reduced to ~1 CFU/plate, which means that 99% of E. coli were 

inactivated. However, a lower degree of inactivation was achieved on the samples 

treated with TiO2, with an average 31 CFU/plate observed after 3 minutes exposure. 

By adding TiO2 to bacterial suspension and then treating these samples with plasma 

discharges, it was shown that no enhancement in inactivation of E. coli was achieved. 

On the contrary, the inactivation effect was weakened in the presence of TiO2.  

 

Figure 7.11. S. aureus populations as a function of exposure time using negative 

corona discharge treatment with and without TiO2 as the catalyst. Bacteria samples 

were prepared through bacteria suspension mixed with TiO2. Each point in this figure 

represents an average of three independent tests. The error bars show standard 

deviation values. Solid lines are for visual guidance only. 

 

Figure 7.11 shows the populations of S. aureus treated with negative corona 

discharges with and without TiO2. The initial population of S. aureus was 144–178 

CFU/plate on the agar plate when bacterial suspensions without TiO2 were used. This 
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number decreased to less than 10 CFU/plate after 30 seconds of the plasma discharge 

treatment. In the case of adding TiO2 into the bacterial suspension, the initial 

population of S. aureus was much lower: ~80 CFU/plate. This population was also 

reduced after exposure to the plasma discharges. However, the reduction was much 

lower; the population of S. aureus was ~36 CFU/plate, even after treatment by the 

plasma discharges for 3 minutes. 

Again, the enhancement effect of using TiO2 was not observed in this method. The 

difference in the initial populations of microorganisms showed that TiO2 had a 

negative effect on the S. aureus population and resulted in a 50% lower initial 

population. 

 

 

7.5.4 Bacteria Seeded on Agar Mixed with Tio2 

In this section, TiO2 was mixed with nutrient agar powder and distilled water 

(concentration of TiO2 was 1% (b/w)), and sterilised to make a special type of agar. A 

total of 3.75 mg TTC was added to make the mixture, which was metabolized by the 

bacteria and made the bacterial colonies appear to be red. This allowed for easier 

enumeration against the white background of TiO2-agar mixture, as shown in Figure 

7.12. 

 

Figure 7.12. TiO2 (1% (b/w)) mixed agar seeded with S. aureus. 
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These tests showed that the presence of TiO2 does randomly influence the growth of 

bacteria on agar. This type of agar is also very easily dried during incubation. 

Therefore, it was concluded that 1% TiO2 mixed agar was not suitable for this study.  

Again, problems with the presence of TiO2, at these concentrations appeared to have a 

negative impact on bacterial growth, making accurate experimental procedures 

difficult. This method was therefore not suitable. 

 

 

7.5.5 Summary 

In this section, the testing of four different methods is presented to examine the 

bacterial inactivation capability of the plasma discharges enhanced using TiO2 as the 

catalyst. The enhancement effect brought by using TiO2 in the plasma discharge 

treatment was not achieved in this series of experiments. Methods used in this study 

were proved not suitable for bacterial inactivation test, as the growth of bacteria were 

affected by TiO2, and samples could be easily contaminated during handling. 

Although no suitable method for testing of potential positive effects of TiO2 on 

bio-decontamination efficiency of the plasma discharges was found, and the 

enhancement effect of TiO2 was not achieved, valuable information still was obtained 

in this series of preliminary tests. For example, it was established that it would be 

beneficial to avoid direct contact between bacteria samples and TiO2 particles. 

However, as mentioned in the decolorisation section of this chapter, TiO2 particles 

should be in contact with electrons and ions generated by discharges to achieve 

increased production of chemically active species. Further investigation on the 

application of TiO2 for enhancement of bio-decontamination effects of plasma 

discharges is required.  
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7.6  Discussion and Conclusions 

In this chapter, several attempts were made to investigate the potential enhancement 

effect of using TiO2 as the catalyst in the non-thermal plasma discharge treatment. 

Preliminary experiments were performed by decolorisation of indigo carmine dye and 

by inactivation of E. coli and S. aureus.  

In the decolorisation tests, the indigo carmine solution was added on TiO2 porous film 

and on TiO2 added fabric; these samples were treated by the negative corona 

discharges. No significant enhancement effect was observed when the TiO2 film was 

used. Alternatively, by analysing the blue value on the images of the treated and 

untreated samples, the enhancement effect was observed in the case of the treatment 

of indigo carmine solution placed on TiO2-fabric samples. The increase in the blue 

value on the images of the sample with TiO2 is twice that on images of the sample 

without TiO2 after the plasma discharge treatment. However, the results obtained at 

this stage are insufficient to provide information for optimisation of the non-thermal 

plasma discharge treatment, and further studies are required.  

Based on the results obtained in this study, the following conclusions can be made. 

First, the interaction between the plasma discharges and TiO2 particles should be 

increased. When using the TiO2 porous film, indigo carmine solution on the top of 

TiO2 possibly blocks ions, charged particles, and even UV light produced by the 

plasma discharges. Hence, no enhancement was achieved. A suitable test 

configuration is needed to introduce TiO2 particles to the plasma discharge system, 

such as that described in [278], where TiO2 coated glass pellets were used in the 

air-liquid-solid system to enhance the decomposition of harmful chemical 

components by the plasma discharge treatment. TiO2 in the form of porous film or 

powder could be mixed in the liquid samples and present difficulty for separation of 

the fine TiO2 particles and liquid after plasma treatment. It is not possible to measure 

the optical transmittance of the samples accurately in this situation. Further 

improvements in the experimental system and methodology are required to overcome 

this issue. One possible approach is given in [279] and [280], where an 

electrochemical deposition method was used to make a TiO2 thin film which cannot 

be mixed with the liquid solution. 
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Decolorisation of indigo carmine dye placed on TiO2-fabric was evaluated by 

comparing the blue value on the pictures of the treated samples with the blue value 

obtained from the pictures of the untreated samples. Although the comparison showed 

an enhancement in the change of the blue color numbers achieved in the case of the 

TiO2 samples, this method is not accurate enough to quantify the concentration of 

indigo carmine dye after the plasma treatment. In addition to measuring the optical 

transmittance, other methods could be used for evaluation of potential catalytic effects 

of TiO2. For example, High-Performance Liquid Chromatography (HPLC) was used 

in [280] to measure the concentration of phenol in the liquid sample after the 

non-thermal plasma discharge treatment.  

TiO2 was also used to enhance the bacterial inactivation effect of the non-thermal 

plasma discharges. However, the results show that there was no conclusive outcome 

in this study. It was found that TiO2 particles could interfere with the culture of 

bacterial samples. Also, it is difficult to introduce TiO2 into the non-thermal plasma 

treatment system while keeping both bacteria sample and TiO2 directly exposed to the 

plasma discharges. Using TiO2 to enhance the bio-decontamination effect of 

atmospheric plasma discharge is a new topic, there are not too many published results 

in this area. However, many papers have reported that TiO2 has enhanced the 

bio-decontamination effect of UV radiation. The advanced methodology could be 

used in the research of plasma/TiO2 system. It was reported in [255] that TiO2 film 

prepared through sol-gel method, chemical vapour deposition (CVP) and plasma 

enhanced chemical vapour deposition (PECVP) showed an enhanced bactericidal 

effect during exposure to UV radiation. The film they used in the study does not 

interfere the growth of bacteria. In another research [281], a plasma-spraying TiO2 

coating method was used, the material coated with TiO2 was merged into fungus 

liquid and treated by UV radiation, fungus liquid was then withdrawn and used to 

culture fungus on agar. The TiO2 film and coating reported in these study could be 

used in future research of TiO2 in plasma discharge treatment. For example, coatings 

could be applied to grounded electrode (aluminum foil lined plate).   

The experimental topology and methodology should be improved for future studies of 

potential catalytic effects of TiO2 in combination with plasma discharges. 
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CHAPTER 8  

Conclusions and Future Work 

8.1 General  

The atmospheric non-thermal plasma discharge is a novel, powerful technology for 

bio-decontamination, disinfection, and oxidation in cleaning operations. Although the 

oxidation and micro-biological decontamination effects of atmospheric non-thermal 

plasma discharges have been studied by many researchers, the mechanisms of these 

effects are not fully understood, and the efficacy of plasma treatment may vary 

depending on the discharge parameters. The current research presents an investigation 

of the oxidation and micro-biological decontamination efficacy of the DC steady-state 

corona discharges and transient plasma discharges. Different discharge topologies 

were used along with different discharge parameters including voltage levels, 

energisation polarities, and air humidity.  

In the investigation of the oxidation efficacy of the atmospheric plasma discharges, a 

blue dye (indigo carmine) water solution with an initial dye concentration of 0.25 g/L 

was used as a chemical sensor. The dye solution was decolorised by the plasma 

discharge treatment, and changes in optical transmittance of the treated samples were 

measured and used to obtain the reduction in dye concentration. Thus, by comparing 

the reduction in dye concentrations caused by the different types of plasma discharges, 

their oxidation capability was obtained. 

The micro-biological decontamination capability of the plasma discharges was 

investigated through a series of bacterial inactivation experiments. Gram-negative and 

Gram-positive bacteria, E. coli and S. aureus, were seeded on agar plates and treated 

by plasma discharges. Bacterial population was enumerated, and it was found that the 

plasma discharges reduced bacterial population. Thus, the decontamination capability 

of the plasma discharges was measured.   

The concentration of hydroxyl radicals produced by the plasma discharges in water 

solution was measured using sample solutions made with 2 mM TA acid and 5 mM 

NaOH. Hydroxyl radicals produced by the plasma discharges reacted with TA and 
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formed HTA, which gives fluorescent signals at 425 nm. The fluorescence signals 

from the plasma-treated sample solution were obtained and used to calculate the 

concentration of OH radicals. The OH radical production rates by different types of 

plasma discharges were obtained, and these results were compared with the oxidation 

and bio-decontamination efficiencies of plasma discharge treatment.  

In this study, an attempt was made to use a catalyst to enhance the oxidation and 

micro-biological decontamination effects of plasma discharges. TiO2 was selected as 

a potential catalyst and used in the plasma discharge treatment tests. Several different 

approaches of introducing TiO2 into the plasma system were identified, and indigo 

carmine decolorisation tests and bacterial inactivation tests were performed with and 

without TiO2. Comparing the results, the enhancement effect of TiO2 in each 

approach was evaluated, and the results were discussed.  

This research confirmed the great potential of non-thermal atmospheric plasma 

discharges in cleaning and bio-decontamination. Methodologies and the obtained 

results with analysis are presented in this thesis. In this final chapter, conclusions 

obtained for each aspect of this study are presented, and directions for future work are 

also discussed. 

 

 

8.2  Conclusions 

8.2.1 Oxidation Capabilities of Non-Thermal Atmospheric Plasma 

Discharges 

One of the main findings of this research was the establishment of the oxidation 

effects of the DC steady-state corona discharges and transient plasma discharges. The 

oxidation effects of the atmospheric non-thermal plasma discharges were studied 

using indigo carmine decolorisation under the action of the plasma treatment.     

It was found that in the case of the steady-state corona discharges, the polarity of 

energisation affects the oxidation capability of the plasma discharges. In all tested 

electrode topologies, direct or indirect plasma treatment, it was established that higher 
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decrease in the dye (indigo carmine) concentration is achieved using the negative 

discharge treatment rather than the positive discharge treatment. This effect is more 

pronounced in the case of the direct plasma exposure; 10 minutes of negative corona 

discharge treatment resulted in a reduction of the dye concentration to 0.17–0.19 g/L, 

starting with the initial concentration of 0.25 g/L; while in the case of 10 minutes of 

positive discharge treatment, the final concentration was only 0.23 g/L. It was also 

established that the decolorisation process is a charge-dependent process. Although 

the total charge delivered to the dye samples was higher in the negative energisation 

case, the charge-dependent decolorisation rate (see Table 4.1) showed that the 

negative corona discharges produce a higher efficiency. It is suggested that this is due 

to a higher concentration of the reactive species produced by the negative corona 

discharges. For example, ozone concentration was much higher during the negative 

corona discharges rather than during the positive corona discharges. This confirms 

that chemically reactive species produced by atmospheric plasma discharges play an 

important role in the process of plasma-induced oxidation.  

The oxidation capability of corona discharges is also influenced by the electrode 

topologies. It was established that higher decolorisation rates were achieved in 

samples directly exposed to the corona discharges as compared with indirect exposure. 

However, this difference is not only caused by the charged particles that can reach the 

sample surface in the case of direct exposure. The distance from the stressed HV 

electrode to the sample surface is shorter in this case, which makes it easier for 

short-lived chemical species to reach the sample surface. Therefore, the direct corona 

discharge treatment has higher oxidation efficiency. It was found that the 

decolorisation rate of indigo carmine caused by positive corona discharges is 3.22 C
-1

, 

while the negative corona discharge treatment resulted in the decolorisation rate of 

7.36 C
-1

. In the case of indirect exposure, the achieved decolorisation rates were 

2.79 C
-1

 and 4.35 C
-1

 with positive and negative polarity, respectively.  

Also of note, it was found that the humidity of atmospheric air affected the oxidation 

efficiency of corona discharges to a lesser degree. The humidity of air used in this 

research was 12.5% and 40%, and it was found that this difference was insufficient to 

cause a significant change in decolorisation of the dye solution. In the confined test 

cell with liquid solution sample, this difference in humidity could be compensated by 

water vapor produced during the discharge.  
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In the case of the transient plasma discharges, the decrease in dye concentration was 

found to be a function of the total delivered charge. The polarity of energisation also 

had an influence on the oxidation capability, but this influence is different with the 

corona discharge case. In the case of surface discharges, the negative discharge 

treatment resulted in a slightly higher decolorisation rate (5.42 C
-1

 for positive and 

5.77 C
-1

 for negative), while in the case of the direct transient plasma discharge, the 

positive discharge treatment resulted in a much higher decolorisation rate (7.59 C
-1

 for 

positive and 4.72 C
-1

 for negative). It was established that the breakdown voltage does 

not significantly affect the decolorisation effect: 20 kV, 24 kV, and 28 kV discharge 

treatment demonstrated similar charge-dependent decolorisation effects.  

The reactive species are considered to be very important in the decolorisation of dye 

solution by the transient spark discharge treatment. Since the ozone concentration is 

undetectably low during all experiments with transient spark discharges, other 

reactive species such as OH radicals and NOx species could be responsible for the 

decolorisation, especially NO, which has been reported to have a higher production 

rate by the positive discharges [221], [222]. In the case of the direct transient spark 

discharge treatment, the distance between the needle tip and the liquid surface is 

longer when the positive energisation mode is used to maintain the same breakdown 

voltage with the negative discharge. This could cause a difference in the production of 

NO and other nitrogen species; then, additional chemical reactions could be triggered 

and could result in a different decolorisation effect. Generally, the oxidation 

capability of the transient spark discharge treatment depends on delivered charge, 

polarity, and discharge topologies.  

This research also confirmed the plasma-induced acidification effect. The decrease in 

pH was observed in the samples treated by plasma discharges, and it was found that 

the decrease in pH corresponds to the decolorisation effect.  
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8.2.2 Bio-Decontamination Capabilities of Non-Thermal 

Atmospheric Plasma Discharges 

The bio-decontamination effect of both steady-corona discharge and transient spark 

discharge was found and investigated in the study. It was established that the plasma 

discharge treatment resulted in the inactivation of both E. coli (Gram-negative) and S. 

aureus (Gram-positive). It was found that for the same type of discharge treatment, 

the degree of inactivation is a function of the total delivered charge. The 

bio-decontamination efficiency was obtained and characterised by the 

charge-dependent inactivation rate. 

In the case of steady-state corona discharge treatment, the different polarity of 

energisation resulted in a significant difference in the bio-decontamination effect. 

Using the negative direct corona discharge treatment, 99% or even complete 

inactivation was achieved with only ~5 mC delivered charge. The estimated 

inactivation rate of the negative direct corona discharges was 0.978 mC
-1

 and 1.441 

mC
-1

 for E. coli and S. aureus, respectively. When the positive energisation mode was 

used, the inactivation rate was 0.029 mC
-1

 for E. coli and 0.037 mC
-1

 for S. aureus. 

High inactivation rate also was achieved using the negative indirect corona discharge 

treatment: 0.575 mC
- 1

 and 0.264 mC
- 1

 for E. coli and S. aureus, respectively. The 

inactivation rate was only 0.031 mC
- 1

 and 0.023 mC
- 1

 for E. coli and S. aureus in the 

case of positive indirect corona discharge treatment. 

Ozone as a strong inactivation agent is produced by the corona discharges, and it is 

believed that ozone, amongst other chemical species, is responsible for oxidation and 

bio-decontamination effects. It was found that the ozone concentration was much 

lower in the case of positive corona discharges, ~2 ppm, as compared with 12–30 ppm 

produced by negative indirect discharge treatment and 20–60 ppm by negative direct 

discharge treatment.  

Comparing these results of direct and indirect corona discharge treatment, it was 

established that indirect topology resulted in a slightly higher inactivation effect. 

However, the obtained difference in the case of direct and indirect treatment is not 

significant, which proved that neutral chemical species (ozone in this case) play the 

dominant role in inactivation instead of charged particles.   
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It was found that in the case of the transient spark discharge treatment, the 

decontamination effect also was affected by the polarities of the energisation modes. 

However, the positive transient spark discharges produced higher charge-dependent 

decontamination rates, especially in the case of the direct transient spark discharge 

treatment. The decontamination rate of the positive discharges is more than twice the 

decontamination rate produced by the negative discharges. As in the case of indigo 

carmine decolorisation tests, the ozone concentration was undetectably low in all 

tested transient discharge treatment cases; therefore, other reactive species such as OH 

radicals and NO are considered to play the important role in bacterial inactivation.  

To establish the effect of the voltage on bio-decontamination capability of plasma 

discharges, different breakdown voltage levels were tested. However, it was found 

that the difference in the plasma-induced decontamination results was not very 

obvious. Alternatively, it was found that Gram-negative bacteria were more sensitive 

to the transient spark discharge treatment than Gram-positive bacteria. The thicker 

peptidoglycan layer of Gram-positive bacteria may help to protect them from the 

lethal damage from transient spark discharge treatment. 

Higher decontamination rates were achieved using the surface discharge treatment. 

Surface discharges propagate through the sample/air interface. Therefore, these 

discharges treat a larger sample area. Major chemical reactions took place at the 

sample/air interface, and the bacteria were seeded on top of the agar. Therefore, 

surface discharges provided a higher inactivation rate.  

 

In general, it was established that the steady-state corona discharges with negative 

polarity provide high decontamination rates, and both types of bacteria can be 

successfully inactivated in a very short time. The decontamination rates obtained in 

the case of steady-state corona discharges are much higher than the decontamination 

rates provided by the negative transient spark discharge treatment. It is believed that 

ozone with high concentration produced by negative corona discharges effectively 

participated in the bacterial inactivation process and resulted in such a high 

inactivation rate; while in the case of negative transient plasma discharges, ozone 

concentration is undetectably low.  
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When positive energisation mode was used, the transient spark discharge treatment 

provided a higher decontamination rate than positive corona discharge treatment. 

Unlike negative corona discharge, the positive corona discharge produces ozone with 

very low concentration (~2 ppm). Although this concentration of ozone is higher than 

in the case of transient plasma discharges, it is not enough to provide stronger 

bio-decontamination effects than positive transient plasma discharge. In this situation, 

OH radicals play an important role in plasma-induced bio-decontamination. As 

presented in Chapter 6, the positive transient plasma discharges provide a higher OH 

production rate than the positive corona discharges. Thus, a higher 

bio-decontamination rate was achieved by using positive transient plasma discharges 

rather than positive corona discharges. 

In general, non-thermal plasma discharges provide a novel alternative approach for 

bio-decontamination. A comparison between Non-thermal plasma discharges and 

commonly used sterilization technologies are showed in Table 8.1. 
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Table 8.1 Comparison between non-thermal plasma and commonly used sterilisation technologies. 
 

 
 Process Mechanisms Material 

compatibility 

Advantages Disadvantages 

Non-Thermal 

Plasma 

Discharges 

Steady-state 

corona discharges 

Straightforward 

exposure to plasma 

discharges, 

Ambient 

environment,  

Short treatment time 

(minutes) 

Complex 

mechanism, 

plasma agents 

cause irreversible 

damage to the cell 

wall, membrane, 

DNA and its 

internal 

components 

Compatible with 

most materials, 

including heat 

sensitive 

materials and 

liquids.     

Straightforward 

process. Laboratory 

proved high efficacy. 

Environment-friendly. 

Applicable to a wide 

range of 

micro-organisms. Low 

temperature. No 

resistance of 

microorganisms 

reported. 

Mechanism is not fully 

understood. Requires 

high voltage system. 

Further development is 

required for large scale 

treatment. 

Impulsive 

transient plasma 

discharges 

Commonly 

Used 

Sterilisation 

Technology 

Ethylene Oxide Complex process, 

Gas concentration 

(450 to 1200 mg/l); 

at 37 to 63 °C; 

Relative humidity 40 

to 80%; exposure 

time: 1 to 6 hours 

[286]. 

 

 

 

 

 

 

 

 

alkylation 

reaction with  

nucleic acid and 

functional 

proteins, causing  

denaturation 

[285] 

 

 

 

 

 

Compatible with 

heat sensitive 

materials, 

incompatible with 

liquids. 

Historically 

acceptable. High 

efficacy. Can be used 

for variety of material 

at low temperature.  

Toxic and flammable 

gas. Long quarantined 

time (7-14 days). 

Complex process. 
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Autoclaving 121 °C at 

~100 kPa for tens of 

minutes with 

saturated steam 

[283]. 

Causing 

irreversible 

denaturation of 

enzymes and 

structural proteins 

[284]. 

Stainless steel 

glass and other 

materials. 

Incompatible with 

heat sensitive 

materials.   

Most commonly used 

sterilization method. 

High efficacy. Simple 

and fast process. Low 

cost and non-toxic. 

Require high 

temperature and 

pressure. Incompatible 

with heat sensitive 

materials such as most 

of plastics. 

Dry Heat 160 °C for 2 hours,  

or 170 °C for 1 hour. 

Dry environment 

[283] 

Causing oxidation 

of cell 

constituents [284] 

Electron Beam Exposure to high 

energy electrons. 

Short treatment time 

(minutes) 

Damage to DNA, 

indirect damage 

through generated 

radicals. [287] 

Compatible with 

most materials. 

Safe method with low 

oxidation damage, 

Compatible with most 

of the materials, fast 

process. [287]  

Limited penetration, 

expensive equipment, 

Complexity of the 

system. 

Gamma 

Irradiation 

Exposure to gamma 

radiation using the 

radioisotope Cobalt 

60 as its energy 

source [288].  

Breaking down  

DNA by high 

energy ionizing 

radiation  , 

inhibiting cell 

division [289]. 

Compatible with 

most materials, 

incompatible with 

material such as 

PVC, plyacetals 

Polytetrafluoroeth

ene [289]. 

Complete penetration. 

Non-thermal method. 

Bulk process. Widely 

used for many years. 

Require radioactive 

source. Expensive 

system. Not compatible 

with some materials, 

causes degradation of 

polymers. 

UV Exposure to UV 

lights (especially 

UV-C).  

Damages the 

nucleic acids, 

disrupts DNA 

through UV 

photons [291]. 

Compatible with 

most materials, 

incompatible with 

polymers, may 

cause degradation 

of plastic 

materials. 

Low cost. 

Simple process, widely 

applied in many areas 

such as water, air and 

food decontamination. 

[293]. 

Lack of penetration, 

Safety issues. Cause 

degradation of plastic 

material   [290], [292]. 
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8.2.3 OH Radical Production of Non-Thermal Atmospheric Plasma 

Discharges  

Both steady-state corona discharge and transient spark discharge are proved to be able 

to produce OH radicals, and it was found that the OH radical production by plasma 

discharges is a charge-dependent process. 

In the case of the steady-state corona treatment, negative discharges demonstrated a 

higher OH radical production rate for both indirect and direct topologies. This is in 

line with the results from the decolorisation tests which demonstrated a higher 

oxidation capability of the negative corona discharges. Ozone production by negative 

corona discharges is also higher than by positive corona discharges, which could 

partly contribute to a higher OH production.  

Another important fact which was established in the present study is that the air 

humidity does not have a significant influence on the OH radical production. Most of 

the OH radicals were produced near the liquid/air interface or in the liquid sample. 

There might be some OH radicals produced in air and induced into the liquid sample, 

but due to the low production in the air and the short-lived feature of OH radicals, this 

part is negligible.    

It was found that the charge-dependent rate of the indirect corona discharge treatment 

is 0.059 µM/mC for positive discharges and 0.517 µM/mC for negative discharges. In 

the case of direct corona discharge treatment, this rate is higher, 0.067 µM/mC for 

positive and 0.881 µM/mC for negative. In addition to the effect of ozone, charged 

particles produced by corona discharge and reaching the liquid sample surface during 

direct treatment could contribute to OH radical production.  

 

In the case of transient spark discharges, the OH production efficiency is higher than 

corona discharge when the positive energisation mode is used: the production rates 

were 0.102 µM/mC for the surface discharge treatment and 0.271 µM/mC for the 

direct discharge treatment. In the case of positive transient plasma discharges, OH 

radicals are mostly generated at the sample/air interface or through the bulk of the 

liquid. In the case of corona discharges, OH radicals are mostly generated in air and 
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diffused into the liquid. Although positive corona discharges interact with water, this 

interaction is less intensive than in the case of transient plasma discharges. In addition, 

the HV stressed electrode in the case of positive transient plasma discharges is closer 

to the sample surface (distance ≤ 11.06 mm) than in the case of corona discharges (25 

mm for direct treatment and 50 mm for indirect treatment) Thus, short-lived OH 

radicals or species that are responsible for OH radical generation can reach the liquid 

surface more easily in the case of transient plasma discharges. Hence, a higher 

charge-dependent inactivation rate was achieved by using positive transient plasma 

discharges rather than positive corona discharges. 

When the negative energisation mode is used, the production rates were 0.14 µM/mC 

for the surface discharge treatment and 0.225 µM/mC for the direct discharge 

treatment, which are lower than for the negative corona discharge treatment. This 

difference is believed to be caused by different ozone concentrations. Negative corona 

discharge produces much higher ozone, hence it results in a higher OH production 

rate.  

Compared with surface discharge topology, OH radical production rate was almost 

doubled by using the direct discharge treatment. This could be a result of reactions 

which produce OH radicals in the bulk of liquid via the O=NOOH pathway. Also, the 

direct transient plasma discharge treatment with positive energisation mode has a 

higher OH production rate than the negative energisation mode. This can be explained 

by higher concentration of NOx produced in the positive energisation mode. These 

chemical species participate in the reaction in the bulk of liquid and produce more OH 

radicals.  

 

According to the results obtained in this OH radical detection study, the OH radical 

production rates of steady-state corona discharges and transient spark discharges 

correspond to their oxidation and bio-decontamination effects. This provides strong 

evidence to prove the importance of OH radicals in plasma discharge related 

applications.  
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8.2.4 TiO2 as Catalyst to Enhance the Plasma Discharge Treatment 

TiO2 is considered to be able to enhance the oxidation and bio-decontamination 

efficiency of the plasma discharge treatment. However, the results obtained in this 

experimental study demonstrated that an efficient way of introducing TiO2 into the 

plasma discharge system is required. 

In the dye decolorisation tests, the TiO2 layer underneath the dye solution was not 

able to provide enhancement to the decolorisation effect produced by corona 

discharge. This is believed to be because the UV radiation, ions, and electrons 

generated by corona discharge were blocked by the liquid sample itself and were not 

able to contact the TiO2. However, introduction of TiO2 to the fabric resulted in an 

enhancement in the decolorisation effect produced by the plasma discharge treatment. 

Potentially, more reactive species were produced in this case due to the existence of 

TiO2. Furthermore, dried TiO2 covered the hole in the fabric sample, which enlarged 

the area of treatment.  

The enhancement effect by using TiO2 in corona discharge to inactivate bacteria was 

not achieved in this study. TiO2 interfered with the growth of bacteria on the agar 

samples. Before making any conclusions on whether or not TiO2 could enhance the 

bio-decontamination effect of plasma discharges, further study is needed.  

 

 

8.3  Future Work 

A comprehensive study of oxidation/bio-decontamination effects of non-thermal 

atmospheric plasma discharge was completed in this research project. However, 

multiple aspects still must be investigated to provide a better understanding of the 

mechanisms of plasma oxidation and bio-decontamination effects and for 

optimisation of plasma treatment efficiency in practical applications.  

First, investigation of the reactive species generated by plasma discharge should be 

continued. In this research, ozone and OH radicals were measured during the 

discharge treatment. Ozone and OH radicals have very strong oxidation ability, and 
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they make a significant contribution to the oxidation and bio-decontamination 

processes of the non-thermal plasma discharge treatment. However, other reactive 

species generated by plasma discharges cannot be ruled out completely. For example, 

in the transient spark discharges which were studied in this research, nitrogen species 

produced by these discharges could have an effect on the oxidation and 

bio-decontamination capabilities. Also, those species could be involved in the 

reactions of generating OH radicals in liquid. Therefore, further investigation of their 

production is necessary, including detection and measurement of the reactive species 

generated by plasma discharge with different polarities and topologies.  

Two types of bacteria were tested in this research: E. coli and S. aureus, representing 

Gram-negative and Gram-positive bacteria, respectively. It will be beneficial to use 

other types of bacteria in future inactivation tests. Different types of bacteria may 

have different sensitivities to the plasma discharge treatment, and this difference may 

be caused by the different cell structures. Further investigation on sensitivity of 

bacteria to plasma treatment can help in understanding the bio-decontamination 

mechanisms of plasma discharges. 

The non-thermal atmospheric plasma discharges were acting primarily on the target 

sample surface in this research. The surface area and sample volume are small (55 

mm diameter, 6 ml volume), the effect of plasma discharge may cover all of the 

sample surface. It will be important to investigate the effective area of the plasma 

discharge treatment. This can be done by applying plasma discharge treatment to 

samples with larger surface area. The effective depth of the plasma discharge 

treatment on samples also must be investigated. 

In the present study, an attempt to use TiO2 as catalyst was made; however, it did not 

show the desired enhancement effect. This is primarily due to lack of an efficient 

approach to introduce TiO2 into the plasma system. However, this approach has merit, 

and further investigation with different topologies can potentially provide more 

confident results. 

The synergetic effect between non-thermal plasma treatment and other 

decontamination technologies should also be investigated. As in [294], Gao et. al.. 

performed series of experiments on disruption of bacteria cell in waste activated 

sludge, they reported that higher efficiency could be achieved by using a combination 
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of DC corona discharge and pulsed electric field. It is highly possible that 

bio-decontamination and oxidation effect can also be increased by using a 

combination of plasma discharge and other technologies. Therefore, future research in 

this area is also needed. 

In general, the non-thermal plasma discharge technology has great potential in many 

practical applications. It is a novel technology, and further investigation and 

development is required before it will meet wider industrial standards. To achieve a 

better understanding of the plasma oxidation and bio-decontamination mechanisms, 

and to optimise the energy efficiency of the plasma treatment, it will be important to 

continue to study the plasma chemical and biological effects.  
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