
 

 

 

 

 
PLASMA-WATER INTERFACE 

REACTIONS CAUSED BY 

POSITIVE CORONA AND GLOW 

DISCHARGES  
 

 

A thesis presented in fulfilment of the requirement for 

the degree of  

Doctor of Philosophy 

 

 Zhongshu Zhang, B.Eng(Honours) 

 

2020 

Department of Electronic and Electrical Engineering 

University of Strathclyde 

Glasgow, UK



 

I 

 

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: 21/09/2020 

 

  



 

II 

 

Acknowledgement 

Firstly, I would like to thank Dr. Tao Wang for providing the opportunity of 

doing this PhD project. During the past several years, I have always been 

appreciating his help in this research, as well as the caring in my study and life. 

We had hundreds of interesting discussions on science and technology, which 

would be unforgettable experiences in my life. 

I would like to express thanks to Prof. Scott MacGregor for the supervision, 

support and the help. Many thanks to Dr. Igor Timoshkin for his invaluable 

advice and discussions through my research. Many thanks to Dr. Michelle 

MacLean for their generous help in the research, especially providing chemical 

and biometric advice and instruments. I would like to express my gratitude to 

Dr. Martin Given and Dr. Mark Wilson for their comments and corrections on 

my academic paper. 

Thanks to all the staff in the High-Voltage Workshop: Sean Doak, Andy Carlin, 

Frank May, and David Griffin for their help in machining reactors and 

experimental equipment in this research. Many thanks to Mrs. Maureen Cooper 

for her patient assistance and order of laboratory supplies. 

Thanks to all my colleagues in the HVT Research Group. We had many 

interesting discussions, as well as colourful days in the lab. I would like to 

express my special thanks to my good friend, Dr. Ying Sun, for the five years 

we have had together in Glasgow. There are so many warm memories that I 

would never forget in my life.  

I would also like to thank my family for their great help and love in my life. 

Particularly, I would like to express my appreciation to my wife. Her 

companionship, help and love, make me full of passion and happiness for life.  

  



 

III 

 

Abstract 

Plasma in and in contact with water has drawn extensive attention in the field 

of advanced oxidation processes, due to its advantages of producing various 

reactive species such as O, OH, HO2, H2O2 and O3 in water. Plasma-water 

interface reactions are one of the core challenges in this field since it involves 

multiple physical and chemical processes leading to complex mechanism of 

mass/energy transfer and reactive species production at interface. Exploration 

of the plasma-water interface reactions would promote the wide application of 

plasma in environmental remediation and plasma medicine.   

The objective of this research is to investigate the interface reactions between 

water cathode and positive plasma produced by two types of gas discharges: 

corona discharge producing low energy drift positive ions and glow discharge 

producing energetic positive ions. A nine-needle electrode was developed to 

initiate d.c. corona discharge in nitrogen and oxygen. The experiments with a 

mesh cathode above water and a water cathode were conducted to explore the 

effects of ions and reactive neutral species. Glow discharge was generated 

between a single-needle anode and water cathode in nitrogen, oxygen and 

helium. The electrical characteristics of the discharges have been studied. The 

treated solutions have been investigated, including hydrogen peroxide (H2O2) 

production, pH and conductivity change. The effects of gas flow rate, gas 

pressure and hydroxyl radical (OH) scavengers on H2O2 production were 

studied.  

In corona discharges, the contribution of positive ions and reactive neutral 

species to H2O2 production has been quantified. An analytical model that 

describes interface processes has been developed. The drift positive ions 

accumulated on water surface acted as ion-anode, on which the adsorbed 

hydroxyl radical (•OH) and oxygen radical (•O) were formed. The H2O2 



 

IV 

 

production under both nitrogen corona discharge and oxygen corona discharge 

was proved not from the OH dimerization. 

In glow discharge, the amount of hydrogen peroxide (H2O2) produced by each 

positive ion has been proved higher than that in corona discharge, which is 

thought caused by the large kinetic energy of positive ions. In nitrogen and 

helium glow discharge, the majority of H2O2 production was found to be from 

OH dimerization. Oxygen glow discharge did not produce OH in water. The 

effects of ions’ kinetic energy and potential energy on the interface reactions 

were discussed. 
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1. Introduction 

1.1 Motivation 

Advanced oxidation processes (AOPs) relying on producing strongly oxidative 

hydroxyl radicals (OH) have attracted significant attention in water treatment 

since it was first proposed in 1987 by Glaze et al [1]. Their work reviewed the 

OH yield in the systems of ozone (O3) at high pH, ozone/hydrogen peroxide 

(O3/H2O2) ratios, ozone/ultraviolet radiation (O3/UV), and H2O2/UV. OH 

radicals can non-selectively and rapidly oxidize multiple types of non-

degradable organics (such as aromatics, dyes, pharmaceuticals and pesticides 

[2]) and volatile organic compounds to water, carbon dioxide and inorganic salt 

without introducing hazardous by-products in sewage water. Therefore, by 

generating strong oxidizing free radicals (particularly OH) in situ, which can 

significantly degrade organic contaminants, AOP is expected to become the 

ultimate solution for water treatment in the future [11].  

In addition to conventional AOPs, the interaction of plasma and liquid water 

can also produce large quantities of active substances in water, including OH, 

H2O2, O3, radical oxygen (O), hydroperoxyl radical (HO2), UV light and 

shockwaves [3]. Compared with conventional AOPs techniques, plasma-water 

interactions have the benefits of no chemical consumables, vast array of 

oxidation processes, superior decomposition rates and simple structures. This 

implies that plasma induced AOPs have the potential to revolutionise 

conventional water treatment techniques with extensive applications [3]. 

To improve the OH yield, a lot of researchers focused on the plasma and water 

interaction mechanisms. Samukawa et al. reviewed recent research and 

summarized the processes occurred at the interface of air plasma and water [4] 

as shown in Figure 1.1. They spatially divided the plasma-water interaction into 
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three parts: gas phase, interface and bulk liquid. In gas phase, three types of 

active species are produced by plasma: positive ions,  reactive neutral species 

and UV light. Both the positive ions and UV light interacting with water can 

ionize or decompose water molecules, producing water ions, aqueous electrons 

and reactive neutral species (eg. O, H and OH). Simultaneously, the evaporation 

and electrolysis of water also occurs at the interface. Although some processes 

have been discovered, a variety of physical and chemical processes, e.g. the 

transfer mechanisms of charged species, neutrals and radicals between liquid 

phase and gas phase, have not been fully identified [4]. These unknown 

mechanisms limit the understanding of plasma-water interactions, and thus the 

optimization in the application of plasma-induced AOPs. 

 

 

 

Figure 1.1 Interface processes in the air plasma–liquid cathode interaction [4]. 



Chapter 1 Introduction 

3 

 

1.2 Objectives 

There are two general states for  plasma: equilibrium and non-equilibrium. For 

plasma in equilibrium state, the temperature of electrons, ions and neutrals is 

almost equal, and normally the background gas temperature reaches thousands 

of kelvin degree, hence it is also called thermal plasma; for plasma in non-

equilibrium state, the electron temperature is much higher than ions and neutrals, 

and the background gas temperature barely rises, hence it is also called non-

thermal plasma [203]. For non-thermal plasma, the energy is mainly used for 

accelerating electrons, which can ionize and dissociate the background gas to 

produce radicals that destroy contaminants, without dissipating much energy on 

gas heating [203]. This research focused on the investigation of non-thermal 

plasma and water interface reaction mechanisms, especially the effect of the 

kinetic energy and potential energy of positive ions on the interface reactions. 

Two discharge types, including corona discharge and glow discharge, were 

employed, both in contact with water. A novel reactor with nine-needle 

electrode has been developed to generate d.c. corona discharges in two gases: 

nitrogen and oxygen; a single-needle electrode has been developed to generate 

d.c. glow discharges in three gases: nitrogen, oxygen and helium.   

For corona discharges, experimental tests with water cathode and mesh cathode 

have been conducted to investigate the effects of low energy drift positive ions 

and reactive neutral species on the production of H2O2 in water. The interface 

reactions with accumulated positive ions on water surface as ion anode have 

been diagrammed. For glow discharges, a series of tests have been conducted 

to investigate the effects of energetic positive ions on the production of H2O2 in 

water. By comparing the results of corona discharges and glow discharges, the 

difference of interface reactions caused by low energy and energetic ions has 

been determined.  
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The contribution of this study is the investigation of the interface reactions 

caused by energetic and low energy positive ions, thereby determining the 

effects of kinetic energy and potential energy of positive ions in the production 

of OH and H2O2. This work also analysed the limiting factors of energy yield 

of OH and H2O2 in water by positive ions. These findings are important for 

determining the plasma-water interface reaction mechanism and improving the 

energy efficiency of water treatment by plasma. 

1.3 Thesis outline  

The thesis is comprised of seven chapters. Chapter 1 introduces the background 

and the objectives of the research.  

The current status of AOPs technology is introduced in chapter 2. The 

fundamentals of plasma-based water treatment techniques are reviewed. The 

characteristics and types of plasma in contact with water are discussed, 

including corona discharge, streamer discharge, glow discharge, gliding arc 

discharge and dielectric barrier discharge. The chemical and physical reactions 

in gas phase and aqueous phase, as well as the generation mechanisms of 

reactive species like O3, H2O2, OH and HO2 are reviewed. 

Chapter 3 introduces the methodologies and experimental setup of the research. 

There are two types of gas discharges used, one is a corona discharge generated 

between a nine-needle electrode and water; the other is a glow discharge 

generated between a single needle electrode and water. The gas flow and control 

systems are introduced. The electrical systems, including the circuit design and 

components are detailed. The preparation of solutions, including deionized 

water, TB, DMSO, sulphuric acid and potassium titanium (IV) oxalate was 

introduced. The analysis methods for H2O2, pH and conductivity of the treated 

solution are provided.  
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Chapter 4 shows the experimental results of the interface reactions between 

water and the ionic wind generated by positive d.c. corona discharge in nitrogen. 

The effects of plasma treatment time, gas flow rate and OH scavengers (TB and 

DMSO) on H2O2 production are presented. The influences of the mesh cathode 

on the ionic wind are analysed. The Faraday efficiency and energy yield of H2O2 

production are discussed. By comparing the results of mesh cathode group and 

liquid cathode group, the effects of drift positive ions and active neutral species 

on H2O2 production, liquid pH and liquid conductivity are discussed separately. 

It was found that 1 mol of positive drift ions produced 0.13 mol of hydrogen 

peroxide in water under atmospheric pressure, equalling the contribution of the 

active neutral species. A reduced gas pressure tends to increase the contribution 

from the positive drift ions, with 1 mol of ions producing 0.29 mol of hydrogen 

peroxide at 100 Torr. The addition of OH scavengers (TB and DMSO) did not 

reduce H2O2 production. The reactions of positive drift ions and water produce 

adsorbed (⋅OH) and (⋅O) at the interface between ionic wind and water; the 

transfer of reactive neutral species HO2 and H2O2 in gas phase to water lead to 

the production of aqueous H2O2 in nitrogen corona discharge. 

Chapter 5 presents the experimental results of the reactions between water and 

the ionic wind generated by positive d.c. corona discharge in oxygen. It was 

found that 1 mol of positive drift ions produced 0.2 mol of hydrogen peroxide 

at atmospheric pressure, while 0.69 mol of hydrogen peroxide was produced by 

reactive neutral species. When the gas pressure was decreased to 200 Torr, the 

corresponding hydrogen peroxide production by positive drift ions increased to 

0.45 mol. A maximum energy efficiency of 0.307 g/kWh for hydrogen peroxide 

production was achieved at 200 Torr. The amount of ozone generated did not 

have much influence on the production of hydrogen peroxide in water.  

Chapter 6 introduces the results of the interface reactions between d.c. glow 

discharge and water. The d.c. glow discharge was generated between single-
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needle electrode and the water cathode in nitrogen, oxygen and helium. At 

atmospheric pressure, the highest Faraday efficiency of H2O2 production in 

deionized water was 1.28 in nitrogen, 0.98 in helium and 1.13 in oxygen. The 

highest energy yield of H2O2 production was 2.33 g/kWh, achieved in nitrogen 

at 100 Torr. Nitrogen glow discharge reduced the pH of deionized water to 3.6 

and increased its conductivity to 250 μS/cm. A reduced gas pressure 

significantly increased the Faraday efficiency of H2O2 production by nitrogen 

glow discharge, reaching 1.39 at 100 Torr. The addition of OH scavengers (TB 

and DMSO) significantly reduced H2O2 production in water under nitrogen and 

helium glow discharge but not in oxygen.  

Chapter 7 compares and concludes the plasma and water interface reactions 

using corona and glow discharge in contact with water. In corona discharges in 

nitrogen and oxygen, both positive drift ions and reactive neutral species 

produce hydrogen peroxide, not hydroxyl radicals, in water. The hydrogen 

peroxide produced by glow discharge in nitrogen and helium is mainly from the 

dimerization of OH species generated in water, but not in oxygen glow 

discharge.  

Future work should focus on the chemical compositions in both gas phase and 

aqueous phase, which can provide more detail for analysing the plasma and 

water interface reaction mechanisms. A method to increase the energy 

efficiency of plasma-induced reactive species production in water is proposed. 
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2. Literature Review 

2.1 Introduction 

The application of advanced oxidation processes (AOPs) in water treatment has 

been extensively researched in the past three decades [5]. The ability of AOPs 

to degrade organic pollutants is mainly based on the on-site generation of highly 

reactive hydroxyl radicals, which can non-selectively react with organic 

compounds in water with a rate constant order of 108 – 1010 Lmol-1s-1 [6]. The 

large reaction rate constant indicates that the effective degradation rate and wide 

applicability of hydroxyl radicals to various organic contaminants in water. As 

discussed below, typical conventional AOPs constitute [7-12]: 

 UV-based processes (OH produced by UV light irradiation in the 

presence of H2O2 /O3 /Cl2) 

 Ozone-based processes (OH produced by ozone in the presence of 

oxidants (H2O2)/catalysts (Fe2+, Mn2+ etc.)/alkaline environment 

(Ph>8.5)) 

 Catalysts-based processes (OH produced by Fenton reaction, 

photocatalytic process) 

 

The conventional AOPs can achieve oxidation of organic pollutants by 

producing large amount of OH using ozone, hydrogen peroxide, UV light or 

photolysis. Nevertheless,  the high cost of conventional AOPs caused by 

consumption of chemicals (e.g. H2O2) and energy of producing ozone or UV 

light limits the large-scale application of AOPs.  

In addition to the conventional AOPs, plasma-induced AOPs have drawn 

attention due to their advantage of no chemical consumption and simultaneously 

producing various reactive species, i.e. UV light, OH, H, HO2, H2O2, O, O3, NO, 
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peroxynitrite (ONOO-), NO2-, and NO3-. Various types of gas discharges have 

been proposed, including corona discharge, glow discharge, arc discharge and 

dielectric barrier discharge (DBD). There are numerous electrode 

configurations for plasma-water reactions, as shown in Figure 2.1. The 

configuration determines the parameters of plasma and the way it is in contact 

with water.  

Figure 2.1(A) represents a direct liquid phase discharge, which relies on a strong 

electrical field (on the order of 1 MV/cm [204]) built in microseconds, normally 

by a pulsed power. Such discharges in liquid can have an electron density up to 

1026/m3 and a gas temperature of 5000 K [13]. The current of liquid phase 

discharge is mainly conducted by the motion of ions in the liquid, rather than 

electron movement [4]. There is no acknowledged principle for the breakdown 

mechanism in liquid discharge. Some researchers have suggested that the 

discharges are ignited in the pre-existing bubbles or bubbles produced by the 

voltage [14]. As discharge in liquid is generated in water or water vapour 

directly, the reactive species produced can be different from that of discharges 

in typical gases. By electron collision or thermal dissociation, the water 

molecules are decomposed to radicals (H, OH and O), which can recombine to 

form reactive species (HO2, H2O2, H2 and O2). These reactive species are 

produced directly in liquid and can react with organic pollutants rapidly.  

Figure 2.1(B) represents a gas phase discharge contacting liquid indirectly, such 

as gas phase reactive species produced in a plasma jet being carried to a liquid 

surface. Plasma jets are often generated by DBDs with fast gas flow, which 

enhances the reactive species production and transport from the gas phase to 

liquid. Helium and argon are commonly used in plasma jet generation. In 

plasma jet, the gas discharge is not electrically coupling with the liquid and, as 

ions and electrons rarely reaching the liquid in this type of discharge, neutral 

species (metastables, atoms and radicals etc.) are the dominant components in 
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the interface reactions. A typical pulsed plasma jet has a gas temperature of 300-

400 K, an ionization degree of 10-5-10-6 and a radical density (e.g. OH, O) of 

1019-1021 m-3 [15]. 
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Figure 2.1 Typical electrode configurations for plasma-water reactions. (A) direct 

discharge in water; (B) plasma jet without direct contact with water; (C) gas 

phase discharges with water electrode; (D) gas phase discharge along water 

surface; (E) gas phase discharge with water spray and (F) discharges in bubbles. 

Blue = liquid, pink = plasma, green = dielectric, black = metal electrodes [4]. 

 

    

  

  

  

  



Chapter 2 Literature Review 

11 

 

Figure 2.1(C) shows a gas phase discharge with the liquid as one electrode. In 

such cases there is an electrical coupling between the discharge and liquid. In 

this kind of configuration, one or both electrodes can be liquid. One typical 

application of this configuration is glow discharge electrolysis. At the plasma-

water interface, gases produced by electrolysis and water vapour from the 

evaporation constitute the vapour layer. When a liquid cathode is used, the 

evaporation is much more efficient [16]. Xiong et al. investigated the OH 

density distribution in an atmospheric glow discharge with liquid electrode. 

They found that the OH density can reach 1023 m-3 in both water-cathode and 

water-anode discharges [17]. In water-cathode discharges, the maximum OH 

density is found in the region close to water surface; while in water-anode 

discharges, the maximum OH density is found in the region close to the metal 

electrode [17]. 

Figure 2.1(D) shows a gas phase discharge along a liquid surface. This 

configuration provides direct contact between plasma and liquid without 

electrical coupling relations. A typical configuration is a flashover which is 

caused by streamer discharge propagating at the gas-liquid interface. The 

propagation velocity can be up to 10 km/s [18]. As the discharge is along the 

liquid surface, the reactive species can easily enter the liquid phase. 

Figure 2.1(E) and Figure 2.1(F) show multiphase plasmas, which can be 

generated in gas phase with water spray or in liquid phase with gas bubbling. 

This configuration can increase the contact area between plasma and water, 

which can increase the reactive species production. Locke et al. found that the 

yield of H2 and H2O2 were up to 13 and 81 g/kWh with argon carrier in a pulsed 

gliding arc discharge with water spray [18]. They speculated that the high 

energy yield is attributed to the condensed water droplets, which can capture the 

radicals and significantly prevent the radicals’ quenching in gas phase [18]. 

However, the large contact area between plasma and liquid in this configuration 
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also contributed to the high energy yield. Discharges in bubbles are normally 

generated with gas feeding along the high-voltage electrode. The plasma is 

formed inside the bubble before the bubble leaves the electrode and propagates 

along the gas-liquid interface [19]. It has been reported that the discharges in 

bubbles can produce plasmas with electron density up to 1022 m-3 and electron 

temperature of 8-10 eV [20]. Reactive species H, O, and OH were detected in 

the gas discharge in helium, argon, and oxygen bubbles [20, 21]. When with 

oxygen bubbling, ozone was also detected in water [21].  

Although plasma-water reactions have been extensively researched, many 

critical physical and chemical processes remain unknown. These unknown 

mechanisms include [4]: 

i) The transport of positive and negative ions at the plasma–liquid 

interface.  

ii) The transport of low energy electrons (<1 eV) at the plasma-liquid 

interface. 

iii) The lifetime and the state of hydrated electrons. 

iv) The relationship between reactive neutral species related reactions 

and temperature/pressure.  

v) Energy transfer mechanisms at the plasma-liquid interface. 

vi) The integrated effects of pH, temperature and electrical field on liquid 

phase reactions. 

vii) Reaction rate between heavy particle and fast atoms/vibrationally 

excited H2O and OH. 

viii) Comprehensive interpretation of the ignition and ionization processes 

of liquid discharge. 

As explored in this chapter, the complexity of plasma compositions and highly 

dynamic process at plasma-liquid interface result in numerous challenges in 

understanding the interface reactions. Investigations of these challenging 
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questions will benefit the wide applications of plasma in environmental 

engineering, plasma medicine and material synthesis. This chapter discusses the 

status of the research on plasma-water reactions, involving various types of gas 

discharges and typical reactions in gas phase, liquid phase and interface. The 

production of reactive species is investigated, especially the formation 

mechanisms. These analyses provide the fundamental knowledge and guidance 

for the experimental research undertaken in the later chapters.  

2.2 Gas Discharge types for plasma-water reactions 

2.2.1 Corona discharge for plasma-water reactions 

2.2.1.1 Corona discharge in gas phase 

In corona discharge, the electric field is not uniform due to the specific geometry 

[143]. The local electric field around a sharp electrode is much stronger than 

that in remote locations. In gas phase, as the discharge voltage increases, 

initially the local electric field near the electrode becomes intense enough to 

ionize the surrounding gas but not high enough to cause an electrical breakdown 

between electrodes. According to the geometry, the corona discharge can be 

defined as positive corona, negative corona, bipolar corona, ac corona and HF 

corona. The typical electrode configurations of corona discharge applied in 

water treatment are pin-to-plate, wire-to-cylinder and wire-to-plate.  

Compared with other discharges, corona discharge has a drift region with weak 

electric field connecting the ionization region and the passive electrode. In the 

drift region, the low density of ions can only acquire small kinetic energy under 

the weak electric field. The movement of drift ions can generate an ionic wind, 

which also carries the reactive neutral species. The ions and reactive neutral 

species can react with water to produce reactive agents, such as O, OH, and HO2 

[22].  
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Magureanu et al. investigated the production of H2O2 and degradation of 

methylene blue (MB) under pulsed negative corona discharge in oxygen 

generated using a multi-wire-plate configuration above water [23]. The voltage 

and current waveforms are shown in Figure 2.2. It was observed that the MB 

solution was decolourized rapidly after the plasma treatment. The concentration 

of H2O2 increased with plasma treatment time, and reached 200 mg/L in distilled 

water and 137 mg/L in MB solution after 30-minute treatment [23]. They also 

found that the concentration of H2O2 and MB continued to decrease after the 

treatment, which demonstrates that the reactive species still react with MB in 

the post-discharge period.  

 

Figure 2.2 Voltage and current waveforms for corona discharge generated by 

multi-wire-plate geometry above water [23]. 

Corona discharges can take place in the gas close to water, or directly in water, 

to produce reactive species. The energy efficiency of ozone generation by 

pulsed positive corona discharge in air above water is up to 40 g/kWh [24]. In 

addition to ozone, OH was also detected in the corona discharge above water 

[25].  
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2.2.1.2 Corona discharge in liquid phase 

Pulsed corona discharge in liquid phase can produce O, H, OH and H2O2 [25, 

26]. The density of these reactive species can be increased by using positive 

polarity rather than negative polarity of d.c. voltage, bubbling gases or 

increasing the discharge voltage [25]. Akiyama stated that streamer discharges 

in water can produce fast electrons, ozone, reactive species, UV lights and shock 

waves [27]. Sun applied optical emission spectra to detect the reactive species 

produced by a pulsed corona discharge generated with a needle-plane electrode 

in water: hydroxyl radicals, atomic hydrogen and atomic oxygen were detected 

during discharge [28]. Figure 2.3 illustrates an optical emission spectrum of the 

pulsed streamer corona discharge in distilled water. They found that the increase 

of pulse voltage and gas (oxygen and argon) injection leaded to an increase in 

hydroxyl radical density. When the conductivity of liquid was increased by the 

addition of either potassium hydroxide (KOH) and potassium chloride (KCl), 

the hydroxyl radical emission intensity increased initially but then declined [28].  
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Figure 2.3 Emission intensity of reactive species produced by streamer discharge 

in distilled water with needle-plate system [28]. 

Michael et al. investigated the reactive species produced by underwater pulsed 

positive corona discharge. Their reactor configuration is shown in Figure 2.4, 

with a typical voltage-current waveform shown in Figure 2.5. In the experiments, 

13 mol of H2O2, 26 mol of H2 and 5 mol of O2 was produced in water with 1 

mol of passing electrons [26]. This ratio is much larger than Faraday’s law 

values, demonstrating that the reactive species were produced in the plasma 

instead of an electrochemical process on the electrode surface. The overall 

reaction they proposed for the pulsed discharge under water is [26]:  

  6H2O → 4H2 + 2H2O2 + O2                                    (R 2.1) 

However, the energy efficiency of hydrogen production by the underwater 

pulsed discharge did not show results comparable with electrolysis, because the 

discharge voltage in electrical discharge is much higher than that in electrolysis 

[26]. The high ratio only indicates that the formation mechanism of H2O2, H2 

and O2 by electrical discharges is different from that by the electrolysis.  
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Figure 2.4 Reactor configuration for underwater corona discharge. Note: the 

purge gas act as a carrier and did not contact with plasma [26]. 

 

 

Figure 2.5 Voltage and current waveforms of the pulsed corona discharge under 

water in 150 mS/cm KCl solution [29]. 
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2.2.2 Glow discharge for plasma-water reactions 

The glow discharge is a type of luminous plasma. The luminosity is due to the 

visible light emission in the excited collisions caused by numerous energetic 

electrons. The glow discharge in or in contact with water was found effective 

for water treatment. Many studies have proved that glow discharge in or in 

contact with water can produce reactive species such as hydroxyl radical, atomic 

hydrogen and hydrogen peroxide [30-34], which are effective for water 

decontamination and sterilization.    

There are different types of electrode configurations in glow discharge in or in 

contact with water. Glow discharge electrolysis (GDE) was first reported in 

electrochemistry in 1887, with a glow-discharge plasma as the anode and a 

grounded liquid as the cathode [34]. As Figure 2.6 shows, a typical glow 

discharge has five regions: from anode to cathode, the five regions are anode 

glow, positive column, negative glow, cathode dark region and cathode spot 

[34]. Lu et al. observed the AC glow discharge generated with metal-water 

electrodes and found the structure (negative glow, anode dark space, positive 

column, negative glow and cathode fall region) was consistent with that of 

regular glow discharge between metal electrodes [35].   
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Figure 2.6 CCD camera picture of glow discharge with electrolyte cathode [34]. 

The plasma-water interaction in glow discharge electrolysis involves charge 

transport, energy conversion and chemical reactions. Since the water acts as the 

cathode, the mechanism of secondary electron emission in GDE is different 

from that with a metallic cathode. The positive ions can be accelerated 

significantly in the cathode dark space region. When the energised positive ions 

impact the water cathode, numerous water molecules are ionized by the 

collision to H2O+ and solvated electrons in the surface water [34]. Some of the 

produced H2O+ can recombine with solvated electrons eaq to form water 

molecules. Simultaneously, some H2O+ will dissociate to H+ and OH. In 

deionized water, the self-quenching reaction to form H2O2 will dominate the 

OH consumption. O2 can be produced via hydrogen peroxide decomposition 

[36]. The secondary electron emission from the water cathode is based on the 

chemical tunnel effect. In this process the energy required for one electron 
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emission is 1.56 eV, which is much smaller than 6.1 eV for direct electron 

emission from water [37].   

Verreycken et al. investigated the positive column of atmospheric d.c. glow 

discharge with pin-water electrode, in which the estimated order of electron 

temperature and density are 1 eV and 1019 m-3 [38]. Malik compared 27 types 

of plasma reactors for treating pollutants in water, found that the energy 

efficiency of contact glow discharge is at the bottom of the reviewed discharges 

[39]. This is possibly due to the large percentage of input energy is dissipated 

in heating the liquid [39].  

It has been proved that the reaction between water and glow discharge can 

produce hydroxyl radicals [38, 40]. Sugama et al. generated low-pressure (20 

Torr) glow discharge in saturated water vapor between a disc anode and water 

cathode using three power sources: i.e., d.c. low-frequency (LF) (100 kHz) and 

radio-frequency (RF) (13.56 MHz) power sources [40]. They found that the  

OH(A2Σ+ − X2Π) emission intensity was the strongest near the water surface, 

and increases as the discharge power increases, demonstrating efficient OH 

production near the water surface [40]. However, as Figure 2.7 illustrates, the 

OH(A2Σ+ − X2Π)  intensity is also high when getting close to the metal 

electrode in RF discharge. When adding N, N-dimethyl-p-nitrosoaniline (RNO) 

or methylene blue in water, it was found that the target compound was degraded 

by OH near the plasma-contact solution surface and the reaction rate was limited 

by slow diffusion of the compound in the liquid [40].      
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Figure 2.7 Spatial distribution of 𝐎𝐇(𝐀𝟐𝚺+ − 𝐗𝟐𝚷)  produced by RF glow 

discharge between water and stainless-steel disc electrode [40]. 

In addition to the glow discharge over the water surface, a glow discharge can 

also be generated under water. A typical electrode configuration is illustrated in 

Figure 2.8. The underwater glow discharge commonly develops from normal 

electrolysis by a thin wire or needle electrode. The development process of 

underwater glow discharge can be divided into four stages, with the typical V-I 

characteristics for a positive electrode as Figure 2.9 shows. The first stage is 

conventional electrolysis: the currents rises linearly as the discharge voltage on 

the pin increases from zero to several hundred volts. The electrolysis current 

can be up to several hundred milli-Amperes (mA). A lot of gas bubbles are 

produced around the wire or needle tip, which can separate the water from the 

electrode. In the second stage, as the voltage continues to increase, sporadic 

discharges are generated in the gas bubbles between the electrode and water.  

As the discharge voltage increases, the current begins to decrease. Both the 

voltage and current are fluctuating due to the unstable gas gap in this stage. In 

the third stage, the current stays constant as voltage continues to increase. A 

stabilized gas sheath is formed around the electrode. If the voltage continues to 

increase, the process enters the fourth stage, and a brightly visible glow 
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discharge appears. In this stage the current increases linearly as the voltage rises 

[41].  

 

Figure 2.8 Schematic electrode configuration of glow discharge under water. 

 

 

Figure 2.9 Typical V-I characteristics of glow discharge electrolysis [41]. 
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Contact glow discharge electrolysis is a non-equilibrated discharge which has 

been proved by optical emission spectra to produce radicals such as O, OH and 

H [33, 42]. These radicals can combine to form H2, O2 and H2O2 [33, 43], whose 

yield is reported to be higher than Faraday’s law values [43]. Sengupta et al. 

reported 3.92 mol of H2 and 1.70 mol of H2O2 can be produced by an anodic 

contact glow discharge electrolysis with 1 mol of electrons passing [43]. Both 

plasma zone and interface reactions are thought contribute to the yield [43].  

2.2.3 Gliding arc discharge for plasma-water reactions 

Either a.c. or d.c. power supply can be used to generate gliding arc discharge. 

The breakdown occurs firstly at the shortest gap between the blade electrodes. 

Plasma will be formed within 1 microsecond (µs) of breakdown and the voltage 

drops [44]. In the first stage, the plasma channel is stable and in thermodynamic 

equilibrium; as the channel keeps gliding to a wider gap region, the plasma state 

enters non-equilibrium stage and cools down rapidly to a gas temperature of 

1000 K, however, the conductivity is maintained due to the high electron 

temperature (1 eV) [44]. The gliding arc will keep moving to a wider gap until 

it exceeds the critical length, the heat losses of plasma would be higher than that 

provided by the power supply, resulting in plasma decay [44]. After the decay, 

a new breakdown occurs at the shortest gap and the cycle process continues to 

repeat [44].  

The electrode configurations for the reaction between gliding arc discharge and 

water can be divided into two types: gliding arc discharge over water surface, 

see Figure 2.10, and gliding arc discharge with water-gas mixture spray, see 

Figure 2.11.  In the gliding arc discharge over water surface, the plasma region 

was blown toward the water surface by high-speed gas, so that reactive species 

produced in the gas phase can enter the water. The water can also be an electrode 

in this case. In the gliding arc discharge with water-gas mixture spray, the 

sliding arc discharge has larger contact area with water.  
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The interaction between water and gliding arc discharges has been shown to 

produce reactive species, such as OH, O3 and H2O2 [45, 46]. Other products, e.g. 

nitrides, can also be produced in water with nitrogen and air injection [45]. 

Compared to gliding arc discharge over water surface, the gliding arc discharge 

with gas-water mixture spray can produce more hydrogen peroxide [45].  

The degradation of organic compounds by gliding arc discharge was also 

investigated. Du et al. applied gliding arc discharge in the gas-liquid mixture 

spray and achieved the degradation of acid orange 7 [46]. The degradation 

efficiency varied with feeding gas: oxygen > air > argon > nitrogen [46]. 

Highest production of hydrogen peroxide and ozone was achieved with oxygen 

feeding, which may explain the highest degradation rate by feeding oxygen [46].  

 

Figure 2.10 Typical electrode configurations of gliding arc discharge over water 

surface [47]. 
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Figure 2.11 Typical electrode configurations of gliding arc discharge with water-

gas mixture spray [(a), (b)] and water spray (c) [47]. 

Burlica et al. found that pulsed sliding arc discharges can increase the yield of 

hydrogen peroxide and the degradation of organic dyes by hundreds of times 

compared to AC sliding arc discharges. [48]. In AC gliding arc discharge, the 

energy yield of hydrogen peroxide was 0.13 g/kWh with argon as the feed gas 

and 0.21 g/kWh with oxygen as the feed gas; while in pulsed gliding arc 

discharge, the yield of hydrogen peroxide was 35.7 g/kWh with argon as the 

feed gas and 54.5 g/kWh with oxygen as the feed gas [48]. Such a huge 

difference indicated that a large amount of energy was wasted in Joule heating 

or in destroying produced reactive species in AC gliding arc discharges [48]. 

The gas composition was found to be critical for hydrogen peroxide production, 

but has little effect on organic dye removal, indicating that the decolorization 

was probably caused by electron collisions or thermal processes [48].  

2.2.4 Dielectric barrier discharge for plasma-water reactions 

Dielectric barrier discharge (DBD) is a type of high-pressure non-thermal gas 

discharge generated with insulating material between electrodes. Normally, 

DBD is generated using an AC power supply. Numerous random micro 
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discharges are produced in the inter-electrode space in DBD. Table 2.1 

introduces the characteristics of the micro discharges generated in a 1-mm air 

gap at 1 bar [49]. The advantage of DBD is that the energetic electrons in the 

discharges can break the molecular bonds in the gaseous species to produce 

excited atoms and radicals. DBD are widely applied in industry, including ozone 

generator, surface and material processing, excimer ultraviolet radiation and 

treatment of gas pollutants.  

Table 2.1 Typical parameters of micro discharges in 1 mm air gap at 1 bar [49]. 

Parameters Value 

Duration 1-10 ns 

Filament radius 100 µm 

Peak current 0.1 A 

Current density 100-1000 A/cm2 

Ionization degree 10-4 

Total charge 0.1-1nC 

Electron density 1014-1015/cm3 

Electron average energy 1-10 eV 

Gas temperature 300 K 

Energy density 1-10 mJ/cm3 

Dissipated energy 1 µJ 

 

The interaction between water and DBD has been proved to produce multiple 

types of reactive species which are capable of water decontamination and 

sterilization. Laurita et al. analysed the reactive species produced by 

nanosecond pulsed DBD in air. A decrease of pH and an increase of 
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conductivity were observed in the treated deionized water. Reactive species, 

including H2O2, NO2
− and NO3

−
 were formed in water [50]. After discharge, 

H2O2 and NO2
−  continued to react in the treated water to form NO3

−
  and  

peroxynitrous acid (ONOOH), of which the latter demonstrated sterilization 

effect. Part of the formed ONOOH can decompose to OH and NO2 and then 

degrade organic compounds, such as phenol [50]. Huang et al. investigated the 

gas-phase reactive species produced in the reaction between water and DBD 

with optical emission spectral analysis [51]. The emission intensity of reactive 

species is shown in Figure 2.12. The main reactive species in the gas phase are 

O3, OH
+, N2O

+, NO and H2O
+ [51]. 

 

Figure 2.12 Emission spectrum of gas-phase reactive species produced by DBD in 

atmospheric air [52]. 

In DBDs, the micro discharges are distributed evenly over the liquid surface, 

increasing the contact area between plasma and water. The dispersed energetic 

electrons can increase the production of reactive species, especially UV light, 

O, and O3. However, OH and H2O2 production by DBD does not show 
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competitive results compared with other gas discharge types. Locke reviewed 

DBDs over liquid and found that the energy yield of H2O2 production of the 

reviewed research is in the range of 0.26-2.7 g/kWh [53].   

2.3 Plasma-water reactions  

As discussed above, gas discharges interacting with water can produce a range 

of reactive species with a variety of efficiency. Comprehension of the reactions 

occurring in plasma-water interaction processes is critical for controlling the 

reaction paths and to improve the yield of reactive species. This section focused 

on the plasma-water reactions involving different gases.  

2.3.1 Plasma-water reactions at interface 

Plasm-water reactions at the interface can be classified into three types:  

 Reactions caused by positive ions 

 Reactions caused by electrons  

 Reactions caused by neutral species 

For the positive discharges above water cathode, the energized ions bombard 

the water surface and ionize water molecules [54]: 

P+ + 𝓍H2O → (𝓍 − 1)H2O
∗ + H2O

+ + P                       (R 2.2) 

Where P+  is the positive ion, H2O
∗  is an excited water molecule, H2O

+  is a 

positively ionized water molecule and 𝓍  is the number of impacted water 

molecules. The excited water molecules are unstable and will decompose to 

H2O+ and electrons: 

𝓍H2O
∗ → 𝓍H2O

+ + 𝓍e𝑎𝑞                                    (R 2.3) 

Some of the produced 𝓍 H2O+ recombine with hydrated electrons to form H2O; 

and some will decompose (assume the number is 𝓃, and given that there is one 
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H2O+ directly produced by P+ as reaction R 2.2 shows, the total number of H2O+ 

is n+1) [54], hence: 

(𝓃 + 1)H2O
+ → (𝓃 + 1)OH + (𝓃 + 1)H+                       (R 2.4) 

The produced hydrogen ion, H+, can easily solvate in water. The produced 

hydrated electrons can be scavenged by H+  to form H, some of which can 

transfer to gas phase and provide the secondary electron emission [54]: 

H → eaq + H
+                                                 (R 2.5) 

A schematic description of the interface processes caused by positive ions is 

shown in Figure 2.13. 

 

Figure 2.13 Plasma-water interface processes caused by a positive ion. γ is the 

secondary electron emission coefficient [36].  
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There are two types of reactions caused by the electrons at plasma-water 

interface: reactions caused by highly energetic electrons and reactions caused 

by low energy electrons. The highly energetic electrons impacting interface can 

cause excitation, dissociation and ionization of water molecules [4, 43]: 

e + H2O → H2O
∗ + e                                            (R 2.6) 

e + H2O → H + OH + e                                         (R 2.7) 

e + H2O → H2O
+ + 2e                                          (R 2.8) 

e + H2O → H + OH
−                                           (R 2.9) 

For the reactions caused by low energy electrons, the electrons enter the aqueous 

water and form solvated electron eeq, which can recombine with positive ions 

Pg
+ at the interface to form neutral species Pg (or react with water molecules to 

produce OH- and H2) [4, 55]: 

egas → eaq                                                 (R 2.10)   

eaq + Pg
+ → Pg                                             (R 2.11)                           

2eaq + H2O → 2OH
− + H2                                 (R 2.12)                                

In most cases, the electrons produced by plasma have energies of 1-10 eV. The 

overall interface reactions caused by positive plasma and negative plasma are 

shown in Figure 2.14. 
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Figure 2.14 Interface reactions caused by positive ions (a) and electrons (b), where 

M+ is the positive ion [56]. 

The neutral species, including excited molecules, excited atoms and radicals, 

can react with water molecules at the interface. These reaction processes are 

similar to those occurring in the gas phase. In addition to the chemical reactions, 

there are some physical processes occurring at the interface, such as evaporation 

of water and organic molecules transferring form liquid to gas. All these 

processes occur simultaneously at the interface and may affect each other. As a 

result, the interface processes are poorly understood and need more analysis.  

2.3.2 Plasma-water reactions involving nitrogen 

In the gas phase, the energetic electrons from the discharges ionize nitrogen 

molecules to nitrogen ions: 

N2+e → N2
+ + 2e                                           (R 2.13) 

In the presence of water vapor, all the nitrogen ions react with water molecules 

rapidly to form water ions, which continue to react with water molecules to 

produce hydroxyl radicals and hydrogen ion [56]: 
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  N2
+ + H2O → H2O

+ + N2                                      (R 2.14)   

H2O
+ + H2O → H

+ + OH + H2O                               (R 2.15)   

In addition to ionization process, the molecules can be dissociated or excited by 

the electrons [52]: 

N2 + e → N + N + e                                          (R 2.16) 

N2 + e → N2
∗                                                (R 2.17)                                         

The excited nitrogen molecule N2(A)  or excited nitrogen atom N( D 
2 )  can 

decompose water molecules [57]: 

N2(A) + H2O → OH + H + N2(X)                              (R 2.18) 

N( D 
2 ) + H2O → OH + NH                                   (R 2.19) 

In reaction R 2.18, N2(X) is the ground state nitrogen molecule. 

The nitrogen atom can react with a hydroxyl radical to produce NO, which can 

be further oxidized to nitrous acid (HNO2) [52]: 

N + OH → NO + H                                         (R 2.20) 

NO + OH → HNO2                                        (R 2.21) 

The formed HNO2 can be oxidized to nitric acid (HNO3) [52]:  

HNO2 + OH → NO2 + H2O                                   (R 2.22) 

NO2 + OH → HNO3                                      (R 2.23) 

Reactions R 2.21 - R 2.23 demonstrate that NO, NO2 and HNO2 consume OH 

in the gas phase. 
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In aqueous phase, the dissolved NOx react mutually or react with O2 to generate 

nitrates and nitrites, which leads to the pH of the solution decreasing. This 

process normally occurs in the post-discharge stage [58].  

NO2 + NO2 + H2O → NO2
− + NO3

− + 2H+                    (R 2.24) 

NO + NO2 + H2O → 2NO2
− + 2H+                           (R 2.25) 

The formed NO2
− can recombine with hydrogen ion [58]: 

NO2
− + H+ ↔ HNO2                                        (R 2.26) 

In acidic solutions, the nitrous acid (HNO2) formed is unstable and will 

decompose to  nitrogen dioxide radical (NO2·) and nitric oxide radical (NO·) 

[58], which can respectively react with dissolved O2 to form NO3
− and NO2

− 

in the solution [59, 60]: 

2HNO2 → NO +  NO2 + H2O                                 (R 2.27) 

4NO ∙ + O2 + 2H2O → 4NO2
− + 4H+                        (R 2.28) 

4NO2∙ + O2 + 2H2O → 4NO3
− + 4H+                       (R 2.29) 

In the presence of H+ , nitrite can react with hydrogen peroxide to produce 

peroxynitrite [58, 61]. Peroxynitrite (ONOO) and its conjugated acid (ONOOH) 

are highly oxidizing and cytotoxic because they react with proteins, lipids, and 

DNA [58, 62]. Peroxynitrite is also thought to be the key factor for sterilization 

of plasma activated water.    

H2O2 + NO2
− + H+ → ONOOH + H2O                     (R 2.30) 

Additionally, ONOOH is formed in water via reaction:  

O2∙
− + NO2∙ → ONOOH                                   (R 2.31) 
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The cytotoxicity of peroxynitrite can be decomposed to either hydroxyl radical 

and nitrogen dioxide radical or nitrate ion and hydrogen ion in acidic 

environments [58, 63]. Reaction R 2.32 is a reversible reaction and is considered 

the formation pathway of ONOOH. The ratio of the ONOOH decomposition 

through reaction R 2.32 and R 2.33 is 30% and 70% respectively.  

ONOOH ↔ OH + NO2                                     (R 2.32) 

ONOOH → NO3
− + H+                                    (R 2.33) 

2.3.3 Plasma-water reactions involving oxygen 

In the gas phase, the energetic electrons ionize and dissociate O2 [52, 57]: 

O2 + e → O2
+ + 2e                                         (R 2.34) 

O2 + e → O + O + e                                       (R 2.35) 

With massive oxygen presence, O2
+ can combine with O2 to form O4

+ [65]: 

O2
+ + 2O2 → O4

+ + O2                                     (R 2.36) 

The potential energy of both O2
+ (12.06 eV) and O4

+ (11.66 eV) is lower than the 

ionization energy of H2O (12.62 eV) [64], so that their charge does not transfer 

to H2O directly. However, Good et al. found that with trace water vapour 

(concentration of 0.34%) in oxygen, almost all O2
+  transferred the positive 

charge to water molecule to form H+(H2O)n within 400 µsec. The proposed 

charge-transfer mechanism is shown below [65]: 

O2
+ + H2O + O2 → O2

+(H2O) + O2                        (R 2.37) 

O4
+ + H2O → O2

+(H2O) + O2                              (R 2.38) 

O2
+(H2O) + H2O ↔ O2

+(H2O)2
∗ → H+(H2O) + OH + O2         (R 2.39) 

Then H+(H2O) combines with H2O molecules to produce cluster H+(H2O)n. 
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In addition, as shown below, oxygen atoms can react with oxygen, water and 

hydrogen in the gas phase [57]: 

O + O2 → O3                                          (R 2.40) 

O( D 
1 ) + H2O → OH + OH                              (R 2.41) 

O + H2 → OH + H                                    (R 2.42) 

H + O2 → OH + O                                    (R 2.43) 

Gas-phase ozone dissolves in aqueous phase 

O3(g) → O3(aq)                                      (R 2.44) 

In aqueous phase (alkaline solution, with the presence of OH-), ozone 

decomposes to radical species OH and HO2 [66]: 

2O3(aq) + H2O + OH
− → OH. + HO2∙ + 2O2 + OH

−          (R 2.45) 

In the presence of hydrogen peroxide, the decomposition speed of ozone can be 

promoted [67]: 

O3(aq) + H2O2 + OH
− → OH + HO2 + O2 + OH

−           (R 2.46) 

Ozone can also be reduced to oxygen by nitrite [67]: 

O3(aq)+NO2
− → NO3

− + O2                           (R 2.47) 

In oxygen discharge, O2
+

 and O4
+ are initially produced. Even though the 

potential energy of O2
+

 and O4
+ is lower than the ionization energy of H2O, these 

species can transfer their charge to H2O rapidly via reactions R 2.37 - R 2.39 to 

produce OH, and H+(H2O) which is therefore considered as the main positive 

ions reaching water surface. Reactive neutral species O3 and O(1D) are produced, 

of which the latter can react with water to produce OH.  
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2.3.4 Plasma-water reactions involving inert gas  

The reactions between water and plasma generated in inert gases, such as argon 

and helium, rather than diatomic nitrogen and oxygen, there are fewer types of 

neutral species produced in a discharge. The ionization energy of water (12.62 

eV) is lower than that of argon (15.76 eV) and helium (24.59 eV) [64]. In the 

gas phase, energetic electrons can ionize or excite the gas atom, as shown in the 

following reactions [68, 69]: 

e + Ar → Ar+ + 2e                                    (R 2.48) 

e + Ar → Ar∗ + e                                     (R 2.49) 

e + He → He+ + 2e                                   (R 2.50) 

e + He → He∗ + e                                     (R 2.51) 

Ions and excited atoms react with water molecules [68,70-73]:  

Ar+ + H2O → H2O
+ + Ar                               (R 2.52) 

Ar+ + H2O → OH + ArH
+                             (R 2.53) 

  ArH+ + H2O → H3O
+ + Ar                             (R 2.54) 

Ar∗ + H2O → OH + H + Ar                            (R 2.55) 

He∗ + H2O → He + H2O
+ + e                          (R 2.56) 

He+ + H2O → H2O
+ + He                             (R 2.57)                 

HeH+ + H2O → H3O
+ + He                            (R 2.58) 

In helium and argon discharge, the monatomic gas molecules are ionized or 

excited by the electrons. Thereafter, the ions and excited atoms react with water 

molecules to produce OH and, H2O+, of which the latter is thought to be the 

main positive ions reaching the water cathode. 
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2.3.5 Plasma-water reactions involving water vapour 

In gas phase, fast electrons ionize, excite or decompose water molecules [52, 

74]: 

H2O + e → H2O
+ + 2e                              (R 2.59) 

H2O + e → H2O
∗ + e                               (R 2.60) 

H2O + e → OH + H
−                              (R 2.61) 

H2O + e → OH + H + e                             (R 2.62) 

The water ions generated react with water molecules to produce hydronium or 

recombine with electrons to give the dissociation reactions below [56, 75, 76]: 

H2O
+ + H2O → H3O

+ + OH                          (R 2.63) 

H3Ogas
+ + e → H2 + OH                              (R 2.64) 

H2O
+ + e → H + OH                                (R 2.65) 

Excited water molecules can decompose by collisions, e.g.: 

H2O
∗ + H2O → OH + H + H2O                       (R 2.66) 

The H3O
+ generated in R 2.63 and R 2.64  can combine with an electron or react 

with H2O to form cluster H+(H2O)n.  

At the gas-liquid interface, as indicated in the following two equations, 

energetic electrons or ions impact on the water surface and dissociate water 

molecule to H and OH [74, 75]. 

e + H2O → H + OH                                 (R 2.67) 

H2Ogas
+ + H2O → H + OH                            (R 2.68) 
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Some of the produced H and OH radicals produced recombine to H2O: 

H + OH → H2O                                     (R 2.69) 

As indicated in the following equations, H and OH and other radicals react 

mutually to form H2, O2, HO2 and H2O2 [75, 76]. 

H + H → H2                                       (R 2.70) 

OH + OH → H2O2                                  (R 2.71) 

OH + HO2 → H2O + O2                              (R 2.72) 

HO2 + HO2 → H2O2 + O2                            (R 2.73) 

OH + H2O2 → HO2 + H2O                           (R 2.74) 

As discussed previously, water molecules can be ionized, excited or dissociated 

to produce OH in both gas phase and aqueous phase. In addition to the reactions 

mentioned above, the reactions of water molecules with other species in gas 

phase can affect the plasma-water interacting process and products. For example, 

as outlined in [77], introduction of water vapour can substantially reduce ozone 

production: gas ions such as N2
+, He+ and O2

+ can be rapidly quenched by water 

vapour to produce H2O+. Although water vapour is inevitable in any type of 

plasma-water interaction, a variation in concentration of water vapour may lead 

to very different results. Therefore, the analysis in the effects of water vapour is 

critical for understanding the reaction process. 

2.4 Reactive species production  

As has been outlined, a variety of reactive species are produced by plasma and 

plasma-water reactions, including hydroxyl radicals, hydroperoxyl radicals, 

hydrogen peroxide, ozone, excited molecules and excited atoms via various 

pathways. The energy efficiency of these reactive species production is one of 
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the significant factors which determines the industrial application of non-

thermal plasma in water treatment. Understanding the reactive species 

production mechanism in different reactors is indispensable for promoting the 

energy efficiency of core reactive species production. This section investigates 

the production of OH, H2O2 and O3. 

2.4.1 Hydroxyl radical  

Hydroxyl radical are strongly oxidative agents produced in the reactions 

between plasma and water, having the second highest oxidation potential of 2.8 

V [78]. Hydroxyl radicals are the core components in AOPs due to their 

instantaneous and non-selective reaction with pollutants. Hence, OH production 

is critical for water treatment efficiency by plasma. However, due to their high 

reactivity, OH has a short lifetime and is difficult to be diagnosed, which limits 

the investigation of OH production and formation mechanisms. To date, it was 

known that OH can be produced in water-involved reactions, caused by electron 

collision, ion bombardment and ion-molecule charge transfer etc. These 

processes can occur in both gas phase and aqueous phase at the plasma-water 

interface. In addition, some reactive neutral species, such as oxygen atom, can 

also be involved in the reactions producing OH. As shown below, Bruggeman 

listed the dominant influencing factors for OH production [79]: 

a) gas temperature (Tg) 

b) electron temperature (Te) and density (ne) 

c) ionization degree 

d) composition of positive and negative ions and their density 

e) vibrational temperature (molecule excited states) 

f) gas composition when admixtures of water with other gases are used 

 

These factors can influence which formation paths are dominant in OH 

production in one specific plasma-water interaction process. Different discharge 
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types lead to different plasma parameters, including Tg, Te and ne. The types of 

gas discharge listed by Bruggeman have ionization degree order of 10−2 to 10−8, 

Tg of 300 K to 6000 K and Te of around 1-2 eV [79]. It has been shown that the 

pulsed discharge can produce plasma with much higher electron temperature, 

around 10 eV [79]. Table 2.2 lists the Te and ne in several typical atmospheric 

discharges [79-86]. 

Table 2.2 Electron temperature (Te) and density (ne) in typical atmospheric 

discharges. 

Discharge type Te (eV) ne (m-3) 

Pulsed corona discharge (nsec) ~10 1019-1021 

Non-completely thermal arc 0.2-2 1020-1021 

Microwave plasma jets 1-2 1020-1021 

Filamentary DBD 1-2 1020-1022 

Glow DBD 1-2 1017-1018 

 

Under different discharges conditions, the main pathway of OH production is 

different. In plasma with a Te = 1 eV, the OH production rate by electron-ion 

recombination and ion-ion recombination start to be dominant when the 

ionization degree is higher than 10-5 [79]. In situation where the ionization 

degree is below 10-5, OH production is mainly from electron dissociation of 

H2O [79]. O(1D) also contributes to the OH production in gas discharges [79]. 

In non-thermal discharge in inert gas, metastable atoms, such as Ar* and He*, 

can be important actors in pathways for OH production [71, 88]. OH production 

is balanced by OH reduction reactions, e.g. OH can self-quench or react with 

other radicals/molecules quickly in gas or aqueous phase and a local high 

density of OH also increases the reduction rates.  
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To quantitatively investigate the production of OH, several OH diagnostic 

methods have previously been applied in gas phase and aqueous phase, 

including optical emission spectroscopy (OES), absorption spectroscopy (ABS), 

laser-induced fluorescence (LIF), cavity ring-down spectroscopy and indirect 

chemical diagnostics with OH trappers or scavengers [17, 77, 79, 89-96]. As 

discussed previously, due to the short lifetime of OH, it is difficult to measure 

OH production: however, numerous researchers have measured OH density 

during gas discharge. Table 2.3, from [79], summarises the gas phase OH 

density measured by various diagnostic methods in a range of atmospheric 

discharges, with the original data sources provided in the table. 

Table 2.3 OH densities and plasma parameters in a range of atmospheric 

discharges [79]. 

Discharge mode Gas Power (W) 
OH density 

(m-3) 

Diagnostic 

method 

Gliding arc [97] Air ≈ 100-500 1020 OES 

Pulsed arc [98] Air 
≈ 0.6×10-

3/pulse 
1021 LIF 

AC arc [99] Air ̶ 1021 ABS 

AC DBD [93] 
6700 ppm H2O 

in He 
≈ 10-50 1019 ABS 

Pulsed DBD [101] 
27000 ppm 

H2O in Ar 

0.36 (50ns, 

10 Hz) 
1021 ABS 

Pulsed Streamers [102] Air 
≈ 0.2×10-

3/pulse 
1021 LIF 

Atmospheric pressure glow 

discharge [103-104] 
Air 10-70 1019-1020 OES 

Microwave jet [105] Ar 12 1022 ABS 

Microwave jet [106] Ar 120 1020 ABS 
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In addition to the OH produced in plasma, some researchers explored OH 

production in the aqueous phase. Kanazawa et al. measured OH production in 

aqueous solution treated using a helium atmospheric low-frequency plasma jet. 

The OH measurement was achieved by TA (terephthalic acid) based chemical 

dosimetry method. TA can react with OH in aqueous phase to produce HTA (2-

hydroxyterephthalic acid) which emits 425 nm light when irradiated with 310 

nm light, allowing the analysis of OH concentration through the measurement 

of HTA absorption. The reaction between TA and OH is presented in Figure 

2.15.  

 

Figure 2.15 TA reacts with OH to produce HTA. 

The OH production was estimated as 1.0×10-8 M/s to 4.7×10-8 M/s depending 

on the distance from plasma jet to the solution surface. The calculated energy 

yield for OH is 0.122 - 0.575 g/kWh [107]. Kanazawa et al. used the TA based 

method to investigate the OH production by positive pulsed discharge generated 

at an air-water interface; the estimated OH production was 10-9 M/s with an 

energy yield of 0.022 g/kWh [108]. Sahni and Locke applied the pulsed 

discharge under water and measured the OH production using two different 

chemical probes of DMSO (dimethyl sulfoxide) and NaTA (disodium salt of 

terephthalic acid). The maximum energy yield was 0.064 g/kWh achieved at an 
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discharge voltage of 45 kV [109]. They found that OH production increased 

linearly as input power rose and believed that hydrogen peroxide was mainly 

produced by OH dimerization [109].     

Hsieh et al. reviewed OH production and energy yield measured by optical 

methods and chemical probes in different gas discharges [110]. The energy 

yields of OH measured with optical diagnostic methods ranged from 2.16×10-4 

g/kWh to 4.70 g/kWh [110]. The maximum OH energy yield, of 4.70 g/kWh, 

measured with optical diagnostic method, was achieved by a pulsed DBD in a 

mixture of argon and water vapour [101]. The energy yields of OH measured 

with chemical probe methods ranged from 2.35×10-2 g/kWh to 31.77 g/kWh 

[110]. The maximum OH energy yield of 31.77 g/kWh was measured with 

chemical diagnostic methods and achieved by a pulsed discharge with argon as 

the carrier gas and a flowing liquid film [110].  

The optical diagnostic methods have the advantage of non-invasive detection 

without affecting the chemical reactions. However, in some experiments the 

application of optical diagnostic methods is limited due to the complex reactor 

geometry. Chemical probe diagnostic methods have better adaption to the 

reactor geometry. However, the addition of chemical probes to the reaction 

vessel affects the chemical reaction pathways and leads to more complex 

chemistry. The amount of added chemical probe present in the reaction vessel 

also influences the measured OH production. Therefore, the chemical 

diagnostic methods require careful design of the applied probes and the 

measured products.  

2.4.2 Hydrogen peroxide 

Hydrogen peroxide has been applied to water treatment process for disinfection 

and sterilization, as it has higher oxidative potential than chlorine (H2O2 has a 

value of 1.78 V [111], Cl2 has a value of 1.4 V [112]), and does not produce 
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toxic by-products in oxidation reactions. Plasma in and in contact with water 

has been proved to produce hydrogen peroxide in gas and liquid. Specifically, 

dimerization of generated hydroxyl radicals in deionized water contributes to 

hydrogen peroxide production. Since the measurement of H2O2 is easier than 

that of OH, there has been more research work undertaken for hydrogen 

peroxide production at plasma-water interface.  

As section 2.3 introduced, hydrogen peroxide can be produced by OH 

dimerization and HO2 recombination as Section 2.3 introduced. It can also be 

efficiently produced in plasma electrolysis by the following reactions [53]: 

H+ + e → H                                             (R 2.75) 

Reaction R 2.75 occurs at a cathode, where hydrogen ions can acquire electrons. 

In the presence of oxygen, as shown below, the hydrogen atom can combine 

with an oxygen molecule to form HO2. 

H + O2 → HO2                                          (R 2.76)     

Through recombination of HO2
 molecules, H2O2 is produced. 

HO2 + HO2 → H2O2 + O2                                (R 2.77) 

The hydrogen peroxide thus formed can be reduced by reaction [113]: 

 H2O2 + 2H
+ + 2e+ → 2H2O                             (R 2.78) 

The overall formation reaction of H2O2 by water dissociation can be 

summarized as:  

H2O + H2O → H2O2 + H2                              (R 2.79) 

The total enthalpy required for reaction R 2.64 is 3.2 eV/molecule [83]. The 

total energy (EH2O2) required to produce one mol of hydrogen peroxide by water 

dissociation can be estimated by the reaction enthalpy:  
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EH2O2 = 3.2 eV × NA = 3.2 eV × 6.02 × 10
23 = 1.9264 × 1024 eV  (Eq. 2.1) 

The energy value 1.9264×1024 eV is equivalent to 0.086 kWh. Hence, according 

to the thermodynamic limit, the maximum energy yield of hydrogen peroxide 

would be 395 g/kWh. Locke and Shih summarized the energy yield of hydrogen 

peroxide by various plasmas [53]. Table 2.4 introduced the representative 

results in each type of gas discharge from the summary. 
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Table 2.4 Energy yield of hydrogen peroxide produced by plasma-water reactions 

[53]. 

Phase Discharge type Power (W) 
H2O2 Yield 

(g/kWh) 
Reference 

Liquid Radio frequency 1.60E-01 0.64 [114] 

Liquid Pulsed corona (60 Hz) 7.00E-02 1.00 [115]  

Liquid Pulsed corona (60 Hz) 2.28E-02 3.64 [29] 

Liquid 
Contact glow 

discharge electrolysis 
4.00E-01  1.60 [117] 

Bubbles 
Multi-electrode (Ar 

bubble) 
2.00E-01  8.40 [117] 

Bubbles Pulsed corona (60 Hz) 3.00E-03  0.75 [115] 

Bubbles Pulsed (oxygen 

bubble)  
9.20E+00  2.10 [118] 

Bubbles d.c. glow discharge 2.20E-2  1.90 [119-120] 

Gas over 

liquid 

Pulsed corona (60 Hz) 

in Ar 
5.00E-03  0.70 [115] 

Gas over 

liquid 

Pulsed corona 

(positive) in air 
3.80E-05  5.00 [121] 

Gas over 

liquid 

Pulsed corona 

(negative) in air 
3.80E-05  1.50 [121] 

Gas over 

liquid 
DBD falling film 4.50E-02  2.70 [122] 

Gas over 

liquid 

Glow discharge 

electrolysis 
- 1.76 [123] 

Droplets Pulsed gliding arc 2.50E-04  80.00 [18] 
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In Table 2.4, the majority of the yield ranged from 0-5 g/kWh. The highest 

energy yield, reported as 80 g/kWh, was achieved by pulsed gliding arc 

discharge in argon with water spray [18]. A possible reason for the high energy 

yield is that highly soluble hydrogen peroxide molecules were protected by 

being absorbed into water droplets: radicals have short lifetime in aqueous water 

and are therefore less likely to contact and react with the dissolved hydrogen 

peroxide [53]. The energy yields of hydrogen peroxide achieved in experiments 

are still quite low compared with the thermodynamic limit of 395 g/kWh.  

To determine the key factors affecting hydrogen peroxide production, Lukes et 

al. investigated three different reactors as illustrated in Figure 2.16. The three 

reactors were designed to distinguish the effects of gas phase reactions, aqueous 

phase reactions and gas-liquid interface reactions.  

 

Figure 2.16 Three reactors used in experiments of Lukes et al. 1 and 2: gas inlet 

and outlet; 3: Teflon cap; 4: gas; 5: glass reactor; 6 and 9: cooling water inlet and 

outlet; 7: cooling water jacket; 8: ground RVC (reticulated vitreous carbon) 

electrode; 10: liquid phase; 11 and 12: solution inlet and outlet; 13: liquid phase 

high-voltage point electrode; 14: liquid phase discharge; 15: gas phase discharge; 

16: gas phase high-voltage RVC electrode; HV: pulse power supply [126]. 
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In the reference reactor, only the pulsed discharge in liquid contributed to 

hydrogen peroxide production.  

In the hybrid-series reactor, in addition to the pulsed discharge in liquid, the 

pulsed discharge between the water anode and RVC cathode above water, which 

allowed negative ions and electrons to enter liquid and react with water, also 

contributed to hydrogen peroxide production. 

In the hybrid-parallel reactor, in addition to the pulsed discharge in liquid, the 

gas phase pulsed discharge between two RVC electrodes contributed to 

hydrogen peroxide production. The positive ions generated by gas discharge 

lose charge at the RVC electrode without reaching the water. In the hybrid-

parallel reactor, the neutral species generated by gas phase discharge can be 

diffused into liquid.  

When using 130 µS/cm potassium chloride (KCl) solution, the hydrogen 

peroxide production was similar for all three reactors, which demonstrated that 

the contribution of gas phase discharge and the interface reaction was negligible 

in this case [126]. Discharges in air or in Ar/O2 mixture demonstrated similar 

values of hydrogen peroxide production. Their results indicated that: only the 

discharge in liquid contributed to the hydrogen peroxide production; electrons 

and negative ions did not contribute to hydrogen peroxide production; neutral 

species produced in gas phase discharges did not contribute to hydrogen 

peroxide production. 

To enhance the effect of hydrogen peroxide in the degradation of organic 

compounds, iron ions (Fe2+/Fe3+) are added to induce Fenton’s reactions. 

Koprivanac et al. found that the addition of Fe2+ in a solution significantly 

increased an organic dyes’ degradation rate when subjected to pulsed corona 

discharge under water [127]. Markovic et al. evaluated three methods for 

ibuprofen removal from water, namely Fenton’s reactions, DBD without Fe2+, 
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and DBD with Fe2+. After 15 minutes, the ibuprofen degradation efficiency 

were 85% and 99% respectively with DBD method and DBD/ Fe2+ method, both 

were higher than that by Fenton’s reactions [128].  

2.4.3 Ozone  

As a strong oxidant (oxidation potential 2.07 V [129]), ozone has been applied 

for organic pollutants degradation in water treatment. There are two paths for 

organic compound oxidation by ozone: direct reaction or indirect reaction. In 

the direct path, ozone selectively attacks unsaturated bonds and partly degrades 

the organic compounds; in the indirect path, hydroxyl radicals are produced in 

radical chain reactions to oxidize organics [130]. At normal temperature, ozone 

(O3) is unstable and easily decays to ordinary oxygen (O2) [131].  

Ozone energy yields of up to 450-544 g/kWh have been achieved using non-

thermal plasma in pure oxygen in lab conditions [53].  In the presence of water 

vapour, low levels of ozone are produced since the production of OH suppresses 

ozone generation in a catalytic cycle which eliminates oxygen atoms, as shown 

below [132-134]:  

O + OH → H + O2                                    (R 2.80) 

H + O → OH + O2                                    (R 2.81) 

Ozone is a significant reactive species produced by plasma-wate reactions. In 

AOPs, ozone may produce hydroxyl radicals in water, as shown below [135]: 

3O3 + OH
− + H+ → 2OH + 4O2                       (R 2.82) 

In the presence of H2O2, the generation of OH by O3 is enhanced [135]: 

2O3 + H2O2 → 2OH + 3O2                           (R 2.83) 

UV light can also enhance the generation of OH by O3 [135]: 
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O3 + H2O + hυ → O2 + H2O2 (hυ:  λ < 300nm)           (R 2.84) 

2O3 + H2O2 → 2OH + 3O2                           (R 2.85) 

In under-water discharge, a plasma generated in bubbling oxygen produces 

ozone [28, 137, 138]. Anpilov et al. studied ozone production by multi-spark 

discharge under water with gas bubbles using four different bubbling gases: 

oxygen, air, argon and nitrogen. Ozone production with air was lower than that 

with oxygen, and an ozone concentration of (1-2)×1015 cm-3 was achieved in 

oxygen [139].  

In addition to under-water discharge, discharge over water surface can also 

produce ozone. Lukes et al. studied ozone production by a positive pulsed 

corona discharge over water in oxygen, O2/Ar mixture and O2/N2 mixture. The 

level of ozone production for different concentrations of oxygen in Ar/O2 and 

O2/N2 mixtures is shown in Figure 2.17 [140]. In N2/O2 mixture, the ozone 

production was depressed. This is due to the nitrogen atoms and nitrogen oxides 

consuming ozone and oxygen atoms via the reactions below [141-144]:  

O + NO2 → NO + O2                                    (R 2.86) 

O + NO + N2 → NO2 + N2                               (R 2.87) 

N + O3 → NO + O2                                     (R 2.88) 

NO + O3 → NO2 + O2                                  (R 2.89) 
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Figure 2.17 The concentration and energy efficiency of ozone production by 

pulsed corona discharge over water in Ar/O2 and N2/O2 mixtures as a function of 

oxygen concentration. Total gas flow rate 2.5 L/min, discharge voltage 30 kV, 

charging capacity 2 nF, electrical power 4.5 W, discharge gap 5 mm, discharge 

gap 5 mm [140]. 

In Ar/O2 mixture, there are no reactions similar to reactions R 2.86 - R 2.89 to 

depress ozone generation. However, as shown in Figure 2.18 [140], the ozone 

production with 10–70% argon content was significantly increased, reaching 

the maximum O3 energy yield 23 g/kWh with 40% argon. The beneficial effect 

of argon on ozone production was also reported in other research [145, 146].     
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Figure 2.18 The concentration and energy efficiency of ozone produced by pulsed 

corona discharge over water in Ar/O2 and N2/O2 mixtures as a function of oxygen 

concentration. Total gas flow rate 2.5 L/min, discharge voltage 30 kV, charging 

capacity 0.2 nF, electrical power 4.5 W, discharge gap 5 mm [140]. 

The ozone production is depressed in the presence of water vapour. On one hand, 

as mentioned in R 2.80, produced OH can react with oxygen atoms to reduce 

ozone production. On the other hand, water vapour can be decomposed by the 

electrons and excited molecules (e.g. N2(A)) to H and OH, both of which can 

destroy ozone rapidly [140]: 

H + O3 → OH + O2                                      (R 2.90) 

OH + O3 → HO2 + O2                                   (R 2.91) 

HO2 + O3 → OH + 2O2                                 (R 2.92) 

In addition to water molecule decomposition, the reaction of water and oxygen 

atom O(1D) can also produce OH, which is also involved in ozone dissociations.  
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2.5 Conclusions  

This chapter reviewed several types of gas discharges in or in contact with water, 

as well as the reactive species produced in the reaction processes. Compared 

with the traditional AOPs, one advantage of plasma-water interactions is that 

they produce various reactive components, including UV light, shock wave, OH, 

O3, H2O2, HO2, excited molecules and atoms, which have synergistic effects for 

water purification and sterilization. Among these reactive species, the core 

factor is OH, the yield of which was lower than 10 g/kWh in most of the reported 

research. Although numerous reactions producing OH and other reactive 

species have been demonstrated, there are some processes affecting the plasma-

water interface reactions which remain unclear.  

Analysis of the research work to date indicates that the main energy loss occurs 

as a result of maintaining gas discharge, heating water and self-quenching of 

radicals. A comparison of ozone generation and plasma-water reactions 

explains the limitation: in ozone generation, one oxygen molecule can be broken 

into two oxygen atoms by consuming about 6 eV [83], the oxygen atoms 

subsequently react with oxygen to form ozone. While in plasma-water reactions, 

production of a single OH radical always consumes thousands of eV [183]. 

Although an OH yield of 31.77 g/kWh was reported under laboratory conditions 

[110], the system is not suitable for large-scale industrial application due to the 

high cost of carrier gas (argon) and the flowing liquid film in the experiment. 

However, the hydrogen peroxide produced in water by plasma has been reported 

up to 80 g/kWh [18], which is thought mainly contributed from OH dimerization.   

OH production in water can be from the reactions of positive ions, electrons and 

reactive neutral species. As reported in Section 2.2, positive gas ions produced 

in discharges rapidly transfer their charge to gas phase water molecules, with 

the main positive ions reaching water being clusters of H+(H2O)n. On one hand, 

positive ions reaching the water surface can react with water to produce water 
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ions, which subsequently decompose to hydrogen ions and hydroxyl radicals. 

On the other hand, the positive ions with high kinetic energy can decompose or 

ionize water molecules by bombarding water surface. However, the 

contribution of ions’ kinetic energy and potential energy has not been identified.  

The reviews in this chapter provide a fundamental interpretation of present 

understanding of plasma and water interactions. This knowledge helps in 

analysing the results in this research, which investigated the plasma-water 

reactions in positive corona discharges and positive glow discharges. Corona 

discharges produce positive ions which drift towards the liquid surface and, as 

such, have low kinetic energy, while glow discharges produce positive ions with 

high values of kinetic energy impacting on the liquid surface. The results can 

help analyse the effects of potential energy and kinetic energy on the interface 

reactions between positive ions and water. In addition to the effect of ions, the 

effects of reactive neutral species produced by positive corona discharges were 

also investigated.  
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3. Experimental System Design and Methodology  

3.1 Introduction 

For investigating the effects of kinetic energy and potential energy of positive 

ions on plasma-water reactions, two types of gas discharges were employed in 

this research: positive corona discharge and positive glow discharge. For a 

corona discharge, the mean kinetic energy of drift ions reaching water is only 

0.01-0.1 eV [147]; While for a water cathode glow discharge, the average 

kinetic energy of positive ions entering the water was suggested to be greater 

than 100 eV [148]. Therefore, comparing the effects of positive ions at the 

plasma water interface in corona discharge and glow discharge can help identify 

the role of the ions’ kinetic energy in the interface reactions.   

This chapter presents the experimental system and the methodology for 

analysing the plasma-water interface reactions. As Figure 3.1 shows, the setup 

of the experiments can be divided into five sections. The core is the plasma-

water reactor designed for corona and glow discharge in contact with water, as 

discussed in sections 3.2.1 and 3.2.2 respectively, including the reactor chamber, 

electrode configurations and the sample containers. The gas supply system is 

introduced in section 3.3, including the gas circuit, and the control of flow rates 

and gas pressures. The electrical system, introduced in section 3.4, describes the 

electrical circuit design and the electrical components, and the diagnostics of 

voltages and discharge currents. Section 3.5 introduces the chemicals and their 

preparations. Section 3.6 introduced the analysis methods for the treated sample, 

including the measurements of pH, conductivity and hydrogen peroxide in the 

treated solutions, and how the reactive species in the off gas (gas flow out from 

the gas outlet of reactor during discharge) were analysed. 
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Figure 3.1 Schematic diagram for experimental procedures. 

 

3.2 Plasma-water interaction 

3.2.1 Reactor design for corona discharge  

The plasma-water reactor for corona discharge is shown in Figure 3.2(a). 

Positive corona discharge was generated by a nine-needle high-voltage (HV) 

electrode to produce ionic wind drifting to the sample solution. The current was 

kept at 30 µA during corona discharge. Single-needle electrode was tested but 

the maximum d.c. current could only reach 15 µA. The nine-needle electrode 

can produce twice the amount of ions in comparison to a single-needle electrode, 

therefore halving the corona discharge time required. The chamber of the gas-

tight reactor encompassed an acrylic tube, with an inner diameter of 100 mm 

and a height of 100 mm. The gas inlet and outlet were situated on the polyvinyl 
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chloride (PVC) lid. The tip radius of the stainless-steel needles was 0.2 mm. 

Figure 3.2(b) shows the bottom view of the nine-needle anode. 

Inside the reactor, the two sample containers shown in Figure 3.3 were used in 

the experiments: one with a water cathode and the other with a stainless-steel 

mesh cathode with the water container underneath. In all the tests of corona 

discharges, the volume of sample solution is 5 mL. 

For experiments with the water cathode, positive corona discharge was 

generated between the nine-needle anode and the sample solution. The gap 

between the needle tips and the solution surface was fixed at 10 mm. The 

solution was grounded through a stainless-steel plate at the bottom of the 

container. The sample container was fixed and grounded by a brass screw. 

For experiments with the mesh cathode, positive corona discharge was 

generated between the nine-needle anode and the grounded mesh. The mesh 

was placed 5.3 mm above the solution surface, covering the entire solution. The 

solution was not grounded. To maintain a consistent corona discharge, the gap 

between the needle tips and the mesh was set to 10 mm. The positive ions are 

filtered by the grounded mesh, allowing only neutral species to reach the 

solution. The mesh cathode is made of stainless-steel grade 316, which has a 

pore size of 1 mm and a wire diameter of 0.3 mm, a square with side length of 

50 mm. 
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Figure 3.2 (a) The reactor configuration for corona discharge and (b) the bottom 

view of the nine-needles electrode.  
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Figure 3.3 Sample containers with (a) water cathode and (b) with mesh cathode. 
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3.2.2 Reactor design for glow discharge  

The plasma-water reactor for glow discharge is shown in Figure 3.4(a). To 

minimise differences in plasma-water reaction caused by reactor design, the 

reactor used for glow discharge is similar to the one used for corona discharge, 

only the electrode and sample container are different. Positive glow discharge 

was generated between a single-needle electrode and a water cathode.  

The single-needle electrode is configured by one needle embedded at the centre 

of a brass plate base, as shown in Figure 3.4(b). Each experiment uses a fresh 

needle, which protrudes 7.4 mm from the brass plate and has a tip radius of 0.2 

mm. The single-needle HV electrode was placed directly above the centre of the 

sample container. The distance from the needle tip to the water surface can be 

adjusted as required in different gas discharges, the reason for the variation is 

discussed below. 

Figure 3.4(c) shows the configuration of the sample container. The inner 

diameter is 45 mm and the outer diameter is 50 mm.  The depth of the sample 

container is 20 mm. A stainless-steel plate with thickness of 10 mm is placed at 

the bottom of the sample container to ground the water. In all the tests of glow 

discharges, the volume of sample solution is 10 mL. 

To acquire a stable glow discharge in each type of gas, the distance from needle 

tip to water surface, current and discharge time was adjusted in nitrogen, oxygen 

and helium. Table 3.1 shows the values used for each experimental set-up: 
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Table 3.1 The parameters of glow discharges in nitrogen, oxygen and helium. 

Gas 
Distance from 

needle tip to water 
Discharge Current Discharge Time 

Nitrogen 2 mm 3 mA 4 minutes 

Oxygen 8 mm 2 mA 5 minutes 

Helium 2 mm 3 mA 4 minutes 
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Figure 3.4 (a) The reactor configuration for glow discharge; (b) the sample 

container; and (c) the single-needle electrode.  
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3.3 Gas system  

3.3.1 Gas control design 

Figure 3.5 illustrates the gas control system used for both corona discharge and 

glow discharge. Polyurethane tubes (6 mm outer diameter and 4 mm inner 

diameter) were used to connect the gas circuit. The gas preparation before gas 

discharge is made into three steps:  

1st step: keep the valve of mass flow controller closed and evacuate the reactor 

to below 4 Torr using an Edwards E2M80 rotary-vane pump via the ball valve.  

2nd step: set the pressure controller to 760 Torr and close the ball valve to allow 

the working gas fill the reactor to the atmospheric pressure. The 1st and 2nd steps 

were repeated three times in each test to reduce the residual air in the plasma 

reactor.  

3rd step: keep the vacuum pump working with the ball valve closed, and the 

pressure controller and mass flow controller will work at pre-set values. When 

the gas pressure and flow rate are stable, the gas discharge experiment can be 

started. During the gas discharge, the pressure controller and mass flow 

controller automatically adjust to ensure the pre-set gas pressure and flow rate 

in the plasma reactor.  
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Figure 3.5 The design of the gas control system. 

For the corona discharge, nitrogen and oxygen were employed. Helium was not 

used for the corona discharge, as the d.c. corona discharge current cannot be 

maintained at 30 µA without a breakdown. For the glow discharge, nitrogen, 

oxygen and helium were used. The parameters of these gases are listed in Table 

3.2.  

Table 3.2 Specification of gas supply used in experiment. 

 

Three models of Alicat mass flow controllers with different flow range were 

used in the experiments to control the gas flow rate. The specifications of mass 

flow controllers are listed in Table 9.1 in Appendix. In corona discharges, gas 

flow rates of 0.002, 0.02, 0.2, 0.5 and 1.0 slpm were investigated. In glow 

discharge, gas flow rates of 0.2, 0.5, 1, 2 and 5 slpm were investigated. 

Gas type Supplier Purity CAS-No. 

Nitrogen (compressed, oxygen free) BOC ≥99.998% 7727-37-9 

Oxygen (compressed) BOC 99.5% 7782-44-7 

Helium (compressed) BOC 99.996% 7440-59-7 
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The gas pressure of the plasma reactor was measured and controlled by an Alicat 

pressure controller. The specifications of the pressure controller used in the 

experiments are listed in Table 9.2 in Appendix. Gas pressures of 760, 500, 300, 

200 and 100 Torr were tested in nitrogen corona discharge and glow discharge 

(N2, O2, He). For the oxygen corona discharge, gas pressures of 760, 500, 300 

and 200 Torr were tested. The pressure of 100 Torr was not tested in oxygen 

corona discharge as the 30 µA d.c. corona discharge current cannot be 

maintained under this pressure.  

3.3.2 Off gas diagnostics 

As Figure 3.6 shows, an ozone analyser was applied to measure the ozone 

concentration in the atmospheric oxygen discharge. Different from the system 

described in Figure 3.5, in this system, the mass flow controller was put at the 

gas-in side and the pressure controller was put at the gas-out side, which is for 

avoiding the corrosive off gas (which contains ozone) flowing through the mass 

flow controller. In this system, the pressure controller was working as a pressure 

meter, without gas flowing through it. The experiments were conducted at 

atmospheric pressure.  

The gas preparation procedure is slightly different from that in Figure 3.5. In 

the gas filling stage, keep the ball valve closed and the pressure controller’s 

valve open; evacuate the reactor with the vacuum pump to below 4 Torr; set the 

mass flow controller and let the gas fill the reactor. As before, the gas filling 

process is repeated for three times before closing the pressure controller’s valve 

and setting the mass flow controller to the pre-set value. When the gas pressure 

of plasma reactor reaches 760 Torr, open the ball valve. When the gas flow is 

stable, start the gas discharge. The ozone concentration was tested with a gas 

flow rate of 0.2, 0.5 and 1.0 slpm. As the recommended flow rate of the ozone 

analyser is between 0.1 to 1 slpm, ozone concentration was not tested for the 

gas flow rate of 0.002 and 0.02 slpm. 
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Figure 3.6 The design of the gas control system for atmospheric oxygen discharge. 

Ozone-resistant PTFE tubes were used to connect the plasma reactor with the 

ozone destructor. The pressure controller was positioned between the vacuum 

pump and the plasma reactor to control its pressure. The specifications of the 

ozone analyser are listed in Table 9.3. 

To investigate the composition and lifetime of the active neutral species, the off 

gas was analysed with a gas-washing bottle, as shown in Figure 3.7. The gas 

washing bottle is filled with 20 mL deionized water. In the experiments, the off 

gas was collected during the whole discharge time range. And the gas flow was 

maintained for another three minutes after the gas discharge extinguished for 

collecting the residual gas in the reactor. Then the pH value, conductivity and 

hydrogen peroxide of the water in gas-washing bottle were tested. 
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Figure 3.7 The design of gas control system with gas-washing bottle for 

atmospheric discharge.  

 

3.4 Electrical system 

3.4.1 Electrical circuit design  

The novel design of electric circuit for corona discharge is shown in Figure 3.8, 

which can achieve a stable 30-µA d.c. cathode current. The corona discharge 

was generated using a nine-needle electrode, supplied by a Glassman, 

PS/EJ20R30 d.c. power supply with a voltage range of 0-20 kV and a current 

range of 0-30 mA as introduced in Table 9.4. Electrodes with fewer needles 

(single-needle and seven-needle electrodes) were also tested, and the discharge 

current using them could not reach 30 µA without causing pulses. A lower 

discharge current would require longer discharge time to ensure sufficient H2O2 

concentration in the treated solutions to ensure the accuracy of measurement. 

The current limiting resistors are R1 and R2; the current-viewing resistor (CVR) 

is R3. R2 is connected between the reactor and the CVR to prevent the CVR 

from taking excessive partial voltage, which may damage the probe and 

oscilloscope. The voltage applied to the needle electrode was measured by a 
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Tektronix P6015A high voltage probe. The voltage on the CVR was measured 

by a Teledyne LeCroy PP008 probe. Voltages were recorded using a Teledyne 

LeCroy Waverunner 610Zi oscilloscope.  

 

Figure 3.8 Electrical circuit design for corona discharge.  

The electric circuit designed for glow discharge is shown in Figure 3.9. The 

glow discharge was generated using the same power supply as that in the corona 

discharge but with a single-needle electrode. In this case, the current limiting 

resistor R2 is 2 MΩ and the current-viewing resistor R3 is 1 kΩ, both are lower 

than those used for corona discharge, which is due to the glow discharge 

currents are higher and in the order of mA. The other components are the same 

as those in the corona discharge. 
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Figure 3.9 Electrical circuit design for glow discharge. 

 

3.4.2 Electrical equipment 

As stated above, a Glassman d.c. power supply was employed in the 

experiments. The power supply specifications are listed in Table 9.4. 

A high voltage probe “Tektronix P6015A” was employed to monitor the applied 

voltage in the HV electrode. The voltage probe specifications are listed in Table 

9.5. 

The corona discharge is designed to run at a constant 30 μA without any pulsed 

current. As the pulses in the corona current will lead to inaccuracy in the 

calculation of ions quantity. The pulsed current was monitored using a 50-Ω 

coaxial cable (RG405) connected to the oscilloscope 50-Ω terminal. Table 9.6 

lists the cable specification. Figure 3.10 shows the electrical circuit with the 50-

Ω coaxial cable. No pulsed current was observed in the corona current under 

the corona discharge configuration. 
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Figure 3.10 Electrical circuit design 50-Ω coaxial cable. 

 

During the gas discharge, the voltage across the CVR was measured by a 

Teledyne LeCroy PP008 probe, the voltage was then converted to a current 

value according to the resistance. The specifications of the Teledyne probe are 

listed in Table 9.7. 

The voltage signals were input into Teledyne LeCroy Waverunner 610Zi 

oscilloscope. The specifications are listed in Table 9.8. 

3.5 Chemical analysis 

3.5.1 H2O2 measurement 

The concentration of hydrogen peroxide in liquid was determined by a 

spectrophotometric method using potassium titanium (IV) oxalate solution. 

This is a fast and sensitive approach which is able to measure the hydrogen 
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peroxide concentration as low as 10 µM [5]. Hydrogen peroxide can react with 

Ti4+ to form complex TiO2
2+ giving a yellow-orange colour in the solution and 

has a strong absorption at the wavelength of 390 nm.  According to the Beer-

Lambert law, the absorbance of solution is proportional to the solution 

concentration. The relationship is defined as: 

Abs = log10
I0

I
= ε × l × c                              (Eq. 3.1) 

Where: 

Abs             Absorbance of the solution for light 

I0                 Intensity of input light 

I                  Intensity of output light 

ε                  Molar absorption coefficient (M-1cm-1) 

𝑙                   Light path length in the solution (cm) 

𝑐                  concentration of absorbing sample (M) 

In the analysis, quartz cuvette which has cross section of 1 cm × 1 cm, capacity 

of 4 mL and path length of 1 cm, as shown in Figure 3.11, are placed in the 

ultraviolet-visible (UV-vis) spectrophotometer (Evolution 201, made by 

Thermo Scientific). The specifications of the instrument are listed in Table 9.11. 

The preparation of the sample for analysis is as follows: after each gas discharge 

experiment, remove 3 mL of the treated sample solution from the container and 

mix it with 0.3 mL of 0.1 M Ti4+ solution and 0.3 mL of 1 M H2SO4 solution in 

the cuvette. After 1 minute, measure the absorption of the mixed solution at 390 

nm using Thermo scientific evolution UV-Visible 201.  
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Figure 3.11 Determination of H2O2 concentration in the treated sample solution  

A standard curve, representing the relationship between H2O2 concentration and 

absorbance, was made using standard solutions: the resulting data is presented 

in Figure 3.12. Each specific concentration of hydrogen peroxide solution was 

made by diluting a solution of known H2O2 concentration (30 wt%, CAS 7722-

84-1, Sigma-Aldrich) in deionized water. As can be seen in the data in Figure 

3.12, five concentrations of H2O2 were prepared: 0.01 mM, 0.05 mM, 0.1 mM, 

0.5 mM and 1.0 mM. The H2O2 concentration was verified by potassium 

permanganate titration method. According to the standard curve, the 

concentration of H2O2 can be calculated from the measured absorbance: 

c[H2O2] = 1.21 × Abs                                   (Eq. 3.2) 

 

𝑙=1 cm 

I0 I 



Chapter 3 Experimental System Design and Methodology 

73 

 

 

Figure 3.12 Standard curve for hydrogen peroxide concentration measurement. 

 

3.5.2 pH and conductivity measurement 

After the gas discharge, 3 mL treated sample solution was diluted with 12 mL 

deionized water to provide sufficient volume to measure pH and conductivity. 

The measured value was converted to the pH and conductivity for the treated 

sample solution. The measurement was conducted within 5 minutes after each 

gas discharge experiment.  

For the water in gas-washing bottle, 15 mL water was removed from the bottle 

after each gas discharge for the pH and conductivity measurement. 

The pH of the treated solution was measured using a Thermo Scientific Orion 

Star A211 pH meter. The instrument specifications are listed in Table 9.12.  

 

 

Slope= 1.21 
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3.5.3 Nitrate and nitrite measurement 

The concentration of nitrite and nitrate in the solution was measured by a 

colorimetric test kit (Sigma-Aldrich, Cat. No. 11746081001). The nitrite reacts 

with sulfanilamide and N-(1-naphthyl)-ethylene-diamine dihydrochloride to 

form a diazo dye, exhibiting red colour with a peak absorbance at 540 nm that 

can be measured by a spectrophotometer. The treated samples were divided into 

two groups, in one group the nitrite is measured; in the other group, the nitrate 

was reduced to nitrite by nicotinamide adenine dinucleotide phosphate 

(NADPH) in the presence of the enzyme nitrate reductase (NR), and the total 

nitrite was measured. By comparing the difference of nitrite concentration, the 

nitrate concentration can be determined. 

The conductivity of the treated solution was measured using a Thermo Scientific 

Orion Star A325 conductivity meter. The instrument specifications are listed in 

Table 9.13. 

3.6 Chemical preparation 

In each test, a volume of sample solution was filled into the sample container 

using a pipette. Three models of pipettes, manufactured by Gilson, were 

employed to dispense the measured volume of liquid. The specifications of the 

pipettes are listed in Table 9.9. 

3.6.1 Deionized water preparation 

The deionized water was obtained from a Milli-Q Integral 15 Water Purification 

System. The conductivity of the deionized water was measured to be lower than 

1µS/cm, which indicates there are few ions in the water. The characteristics of 

water from the Milli-Q Integral 15 Water Purification System are listed in Table 

9.10. 
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3.6.2 Tert-butanol solution preparation 

0.01 M, 0.05M and 0.1 M tert-butanol (TB) solutions were used in the 

experiments to scavenge OH, thereby determines if H2O2 was produced by 

dimerization of OH. The tert-butanol solution was made by mixing tert-butanol 

(ACS reagent, ≥99.7%, CAS 75-65-0, Sigma-Aldrich) in the deionized water, 

obtained from the water purification system described above. The volumes of 

tert-butanol and deionized water in TB solutions are given in Table 3.3. 

Table 3.3 The volume of TB and deionized water in TB solutions. 

 

3.6.3 Dimethyl sulfoxide solution preparation 

0.01 M, 0.05M and 0.1 M dimethyl sulfoxide (DMSO) solutions were used in 

the experiments to verify if the H2O2 was produced from OH dimerization. The 

DMSO solution was made by mixing dimethyl sulfoxide (ACS reagent, ≥

99.9%, CAS 67-68-5, Sigma-Aldrich) in deionized water. The volumes of 

DMSO and deionized water in the solutions are given in Table 3.4. 

 

 

Solution TB volume Deionized water volume 

0.1 M TB 1.9 mL 198.1 mL 

0.05 M TB 0.95 mL 199.05 mL 

0.01 M TB 0.19 mL 199.81 mL 
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Table 3.4 The volume of DMSO and deionized water in DMSO solutions. 

 

3.6.4 Sulphuric acid solution preparation 

The measurement of H2O2 by titanium ions requires an acidic environment. The 

sulphuric acid was prepared for acidize the treated solution to measure H2O2.  

The 1 M H2SO4 was made by diluting 5.64 mL of concentrated sulphuric acid 

(AR reagent, > 95.0%, CAS 7664-93-9, Fisher Scientific) with 94.36 mL of 

deionized water.  

3.6.5 Potassium titanium (IV) oxalate solution preparation 

The 0.1 M potassium titanium (IV) oxalate solution was used for measuring 

hydrogen peroxide concentration, prepared by dissolving 3.93 g of 

K2TiO(C2O4)2·2H2O (Technical, ≥90%, Ti basis. Sigma-Aldrich) in 100 mL 

of deionized water. 

3.7 Procedures 

The procedures of the tests can be divided into the following stages: 

i) Set up the gas and electrical systems according to the design. 

ii) Open the reactor lid, and inject the sample solution into the sample 

container with pipette, close the reactor lid. 

Solution DMSO volume Deionized water volume 

0.1 M DMSO 0.71 mL 99.29 mL 

0.05 M DMSO 0.355 mL 99.645 mL 

0.01 M DMSO 0.071 mL 99.929 mL 
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iii) Evacuate the reactor to a gas pressure below 4 Torr, and then inject 

the working gas to 760 Torr; repeat this process for three times to 

reduce the residual air. 

iv) Conduct the gas discharge experiment and record the parameters. 

v) After the gas discharge, remove the treated sample and prepare for 

analysis.  

Each test was repeated for more than three times to ensure the consistency of 

the results, and the average value is reported. In corona discharge, it was 

observed that the discharge occurred on all the nine needles. 

3.8 Conclusions 

This chapter introduced the experimental systems and the preparation of the 

chemicals employed in this work. The experimental systems are divided into 

two sections: gas systems and electrical systems. The gas systems include the 

design of gas control system and the diagnostics of gas parameters, such as gas 

pressure, gas flow rate and ozone concentration. The design of gas control varies 

in order to meet the requirements of a specific test. The electrical systems 

include the design of electrical circuit and electrode topology. The current 

limiting resistors were employed for acquisition of stable d.c. cathode current 

and protecting the probe on current-viewing resistor. In corona discharges, nine-

needle electrode and was employed for acquiring sufficient d.c. cathode current. 

In glow discharges, single-needle electrode was employed for acquiring ~ mA 

d.c. cathode current. The discharge voltage, current and time were measured; 

the input power and passing electric charge were calculated. The employed 

chemicals include deionized water, sulphuric acid solution, potassium titanium 

(IV) oxalate solution, TB solution and DMSO solution. The production of H2O2, 

nitrate and nitrite, pH and conductivity of treated solution were measured. The 
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parameters of the equipment employed in this work are listed. The procedures 

for general tests have been introduced.  
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4. Interface Reactions between Water and Positive 

Corona Discharge in N2 

4.1 Introduction 

4.1.1 Motivation 

Interface reactions between water and corona discharge have been proved able 

to effectively deactivate microorganisms and remove organic compounds in 

water [149-151]. Corona discharge over water produces a variety of reactive 

species, including ions, O3, OH, excited molecules and atoms that enter the 

water and oxidize the pollutants directly or indirectly [24, 140]. Hoeben et al. 

achieved phenol decomposition in water by applying pulsed corona discharge 

above water surface [24].  

The production of reactive species by corona discharge is affected by the gas 

compositions. It has been reported that the presence of nitrogen in the air 

reduces the efficiency of decontamination and sterilization in water [24, 154]. 

However, few reports have investigated the interface reactions between water 

and plasma generated by nitrogen corona discharge. The role of low energy 

positive ions in the interface reactions have not been well described. Different 

from glow discharges, the positive ions produced by corona discharge have little 

kinetic energy to ionize or dissociate multiple water molecules at the interface. 

Therefore, the charge transport process is completely driven by the potential 

energy of the positive ions.  
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4.1.2 Objectives 

This chapter presents investigations into the reactions between water and the 

ionic wind generated by a positive corona discharge in nitrogen. The tests with 

water cathode and mesh cathode were conducted. The effects of low energy 

positive ions and reactive neutral species on the interface reactions were 

evaluated. Hydrogen peroxide production by positive ions and reactive neutral 

species was investigated under the following conditions: 

i) Plasma treatment time from 30 to 150 minutes in 30-minute 

increments. 

ii) Gas flow rates of 0.002, 0.02, 0.2, 0.5, 1 slpm. 

iii) Gas pressures of 100, 200, 300, 500, 760 Torr. 

iv) Deionized water, TB solution and DMSO solution. 

The Faraday efficiency of the hydrogen peroxide production was investigated, 

which indicates the amount of H2O2 molecules produced with one ion reaching 

cathode. The change of pH and conductivity of the treated water was studied to 

help analyse the interface reaction mechanisms. The reactions caused by 

positive ions and reactive neutral species at the interface are discussed. 

4.2 Voltage and current characteristics 

The corona current was kept constant at 30 µA in all nitrogen corona discharges. 

No impulse current was observed when measuring with a 50-Ω coaxial cable. 

The applied voltage needs to be controlled to guarantee a constant 30 µA current, 

if the applied voltage is increased by several hundred volts, the impulse current 

will appear in the current waveforms.  

As shown in Figure 3.8, the Tektronix P6015A high voltage probe detects the 

applied voltage on the needle electrode. Based on a discharge current of 30 µA, 

the discharge voltage (voltage from needle to cathode) was calculated by 
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subtracting the partial voltage VR2 on R2 (24.9 MΩ) and partial voltage VR3 on 

R3 (10 kΩ) from the detected voltage by Tektronix P6015A high voltage probe. 

Since the average d.c. current was kept constant at 30 µA (with a current 

fluctuation less than 1 µA), the total partial voltage (Vtot) was:  

Vtot = VR2 + VR3 = 30 µA ∗ (24.9 MΩ + 10 kΩ) = 0.75 kV     (Eq. 4.1) 

For each test, the mean value of voltage read from the oscilloscope during the 

discharge is recorded as the discharge voltage. The relationship between the 

discharge voltage and the treatment time, gas flow rate, gas pressure and 

addition of TB or DMSO was investigated. This information is significant for 

analysing the discharge status and the change of solution characteristics after 

treatment. 

Figure 4.1 shows the variation in discharge voltage for treatment times of 30, 

60, 90, 120 and 150 minutes. There is no obvious variation in the discharge 

voltage as the treatment time increases, though the conductivity of deionized 

water increased with time.  
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Figure 4.1 Nitrogen corona discharge voltage at 760 Torr with treatment time of 

30, 60, 90, 120 and 150 minutes. The sample is deionized water. The gas flow rate 

is 0.5 slpm. 
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Figure 4.2 shows the discharge voltage measured at the gas flow rate of 0.002, 

0.02, 0.2, 0.5 and 1.0 slpm. As the gas flow rate increased from 0.002 to 1.0 

slpm, the discharge voltage shows a slight decrease in both the water cathode 

and mesh cathode tests.   

 

Figure 4.2 Nitrogen corona discharge voltage at 760 Torr with gas flow rate of 

0.002, 0.02, 0.2, 0.5 and 1slpm. The sample is deionized water. The treatment time 

is 30 minutes.  

Figure 4.3 shows the discharge voltage for gas pressures of 100, 200, 300, 500 

and 760 Torr. As the gas pressure decreased, to maintain an average corona 

current of 30 µA the voltage applied to the needles need to be reduced. In water 

cathode tests, the voltage decreased from 6.87 kV to 3.11 kV as the gas pressure 

decreased from 760 to 100 Torr. In mesh cathode tests, the discharge voltage 

refers to the voltage from needle tips to the mesh. The discharge voltage in mesh 

cathode test was higher than that of water cathode tests under the same gas 

pressure. Since the mesh thickness is 0.6 mm, the real discharge gap could be 

larger than 10 mm for the mesh cathode. The water resistance is approximately 
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20 kΩ at a conductivity of 1 µS/cm. Since the current is 30 µA, the partial 

voltage across the water is around 600 mV at the beginning of gas discharge, 

which is negligible compared to the gap voltage. As the gas discharge proceeded, 

the water conductivity increased and the partial voltage dropped. At 100 Torr, 

the gap voltage for the water cathode and mesh cathode was very close. As the 

gas pressure was raised, the voltage difference between the two cathode types 

also increased, reaching a maximum of 1.11 kV at 760 Torr. As presented in 

Figure 4.3, the voltage in the mesh cathode test decreased from 7.98 to 3.23 kV 

when the gas pressure decreased from 760 to 100 Torr. The decrease of voltage 

was due to  the lower pressure causing a reduction in the corona discharge 

voltage [206]. 

 

Figure 4.3 Nitrogen corona discharge voltage with gas pressure of 100, 200, 300, 

500 and 760 Torr. The sample is deionized water. The treatment time is 30 

minutes and the gas flow rate is 0.002 slpm.  

Figure 4.4 shows the discharge voltage in water cathode tests at 300 Torr when 

different solution samples are used.  Although the addition of DMSO to 
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deionized water did not change the discharge voltage, the presence of TB 

increased the discharge voltage. This is possibly due to the traces of TB 

vaporized into the gas phase and affecting the discharge gas composition, which 

resulted in an increase of the discharge voltage.  

At an ambient temperature of 20 ℃, the vapour pressure of TB is 4.1 kPa [155], 

while the vapour pressure of DMSO is only 0.0594 kPa [156]. The extreme low 

vapour pressure may explain why the DMSO did not change the discharge 

voltage. 

 

 

 

 

 

Figure 4.4 Nitrogen corona discharge voltage for water cathode tests at 300 Torr 

with deionized water, 0.01 M TB solution and 0.01 M DMSO solution. The 

treatment time is 30 minutes and the gas flow rate is 0.5 slpm.  
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4.3 Interface reactions between water and positive ionic 

winds  

The production of H2O2 in water with treatment time was investigated at 30, 60, 

90, 120 and 150 minutes. H2O2 production almost increased linearly with 

treatment time from 30 to 150 minutes in both water and mesh cathode tests. 

The hydrogen peroxide production in water cathode test was higher than that in 

mesh cathode tests. The difference in H2O2 production between the water 

cathode and mesh cathode test was thought to be caused by the action of positive 

ions.  In the mesh cathode test, positive ions could not reach the water surface 

to initiate any ions-induced interface reactions. Hence, with a mesh cathode, 

only reactive neutral species in the ionic wind contributed to the H2O2 

production in water. 

4.3.1 H2O2 production with different gas flow rates 

H2O2 production with gas flow rates of 0.002 slpm, 0.02 slpm, 0.2 slpm, 0.5 

slpm and 1.0 slpm at atmospheric pressure was investigated. The treatment time 

was 30 minutes.  

As Figure 4.5 shows, H2O2 production did not display a clear trend with the 

change of gas flow rate. There was a minimum H2O2 production of 0.112 µmol 

at the flow rate of 0.5 slpm with water cathode. In contrast, with a mesh cathode, 

the H2O2 production reached a maximum value of 0.088 µmol at 0.5 slpm but 

when the gas flow rate rose from 0.5 slpm to 1.0 slpm, H2O2 production 

experienced a significant reduction. This can be explained by considering that 

at higher gas flow rate the concentration of reactive neutral species and water 

vapor would decrease.  
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Figure 4.5 H2O2 production by nitrogen corona discharge at 760 Torr with a gas 

flow rate of 0.002, 0.02, 0.2, 0.5 and 1.0 slpm. The treatment time is 30 minutes.  

 

4.3.2 H2O2 production with different gas pressures 

Figure 4.6 presents the results for hydrogen peroxide production in deionized 

water at gas pressures of 100, 200, 300, 500, and 760 Torr. The gas flow rate 

was set at 0.002 slpm and the treatment time was 30 minutes. In water cathode 

tests, the H2O2 production decreased from 0.250 µmol to 0.148 µmol as the 

pressure increased from 100 to 500 Torr. H2O2 production was 0.148 μmol at 

500 and 760 Torr. Given that the cathode is water, the measured H2O2 in the 

water were produced by two pathways: positive drift ions and reactive neutral 

species.  

As shown in Figure 4.6, H2O2 production in mesh cathode tests was much lower 

than that in the tests with a water cathode. As discussed previously, in mesh 

cathode tests, only reactive neutral species could reach and react with water to 

produce H2O2. A slight decrease in H2O2 production was found as the pressure 
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increased from 100 to 500 Torr, with a maximum of 0.085 μmol obtained at 100 

Torr. However, at 760 Torr, the production of H2O2 is greater than that at 500 

Torr. There was no clear relationship between the gas pressure and H2O2 

production in mesh cathode tests. 

The difference in H2O2 production between the tests with water and mesh 

cathode was thought to be caused by positive drift ions. The increase of H2O2 

production with a water cathode was mainly contributed by positive drift ions 

as the gas pressure decreased, i.e. as the gas pressure decreased from 760 to 100 

Torr, the average reduced electric field increased by 3 times approximately, and 

this would result in the positive drift ions attaining higher kinetic energy. 

 

 

Figure 4.6 H2O2 production by nitrogen corona discharge at gas pressure of 100, 

200, 300, 500 and 760 Torr. The treatment time is 30 minutes and the gas flow 

rate is 0.002 slpm. 

 

Figure 4.3 and Figure 4.6 indicate that a decrease of gas pressure led to two 

results: higher hydrogen peroxide production in water cathode tests and lower 
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discharge voltages for both water and mesh cathode tests. Figure 4.7 shows the 

relationship between H2O2 yield and gas pressure. 

 

 

Figure 4.7 Energy yield of H2O2 for nitrogen corona discharge at gas pressure of 

100, 200, 300, 500 and 760 Torr. The treatment time is 30 minutes and the gas 

flow rate is 0.002 slpm. 

 

As Figure 4.7 shows, the H2O2 production increased as the gas pressure 

decreased from 760 to 100 Torr. In water cathode tests, the maximum H2O2 was 

obtained at 100 Torr, corresponding to a yield of 0.178 g/kWh, approximately 

3 times of that at 760 Torr. In mesh cathode tests, the maximum H2O2 yield was 

0.048 g/kWh, obtained at 100 Torr, approximately 2.5 times of that at 760 Torr. 

4.3.3 H2O2 production with OH scavengers in water 

To investigate whether hydrogen dioxide generation was from the dimerization 

of hydroxyl radicals, two types of OH scavengers were employed in the 
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following experiment: tert-butanol (tert − C4H9OH) and dimethyl sulfoxide 

((CH3)2SO). The reactions between OH and these two scavengers are: 

OH + tert − C4H9OH → CH2C(CH3)2OH + H2O                    (R 4.1) 

OH + (CH3)2SO → (CH3)2SO(OH)                               (R 4.2) 

Three sample solutions were tested: deionized water, 0.01 M TB solution, and 

0.01 M DMSO solution. Each sample was treated for 30 minutes at a gas 

pressure of 300 Torr and a gas flow rate of 0.5 slpm. The test was not conducted 

at 760 Torr because the d.c. current could not reach 30 µA with TB solution.  

In the water cathode tests, as Figure 4.8 shows, H2O2 production increased by 

64.7% and 40.1% respectively with the addition of TB and DMSO. In the mesh 

cathode tests, as previously discussed, only reactive neutral species reached the 

solution and, hydrogen peroxide production increased by 43.5% with the 

addition of TB, while the addition of DMSO had minimal effects on H2O2 

production.  

The addition of OH scavengers did not reduce the H2O2 production for either 

the water cathode or mesh cathode test, implying that neither positive drift ions 

nor reactive neutral species reacted to produce OH in the solution as a major 

pathway. Higher concentrations of TB and DMSO solution (0.05 M and 0.1 M) 

were tested but the identical results were obtained.  
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Figure 4.8 H2O2 production by nitrogen corona discharge at 300 Torr in 

deionized water, 0.01 M TB solution and 0.01 M DMSO solution. The treatment 

time is 30 minutes and the gas flow rate is 0.5 slpm. 

 

4.3.4 pH and conductivity of treated deionized water 

Using the same discharge regime, 5mL deionized water was treated for 60 

minutes with a nitrogen flow rate of 0.2 slpm at 760 Torr.  

As shown in Table 4.1, the original conductivity of the deionized water was 

lower than 1 µS/cm. After the treatment of 30 minutes, the conductivity of the 

water increased to 38.0 µS/cm and 41.3 µS/cm for the water cathode and the 

mesh cathode, respectively. The original pH of the deionized water was about 

6.40. After treatment, the pH decreased to 4.38 for the water cathode, and 4.60 

for the mesh cathode.  

The conductivity and pH of the treated deionized water for the two types of 

cathode are very close, indicating that the reactive neutral species are the 

dominant factors leading to the change of water conductivity and pH. With the 
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water cathode, the concentration of NO2
- and NO3

- was measured to be 0.035 

mM and 0.123 mM; with the mesh cathode, the concentration of NO2
- and NO3

- 

was 0.043 mM and 0.137 mM. The pH calculated based upon the concentration 

of NO2
- and NO3

- is 3.80 for the water cathode tests and 3.74 for the mesh 

cathode tests, which proves that the decrease of pH was mainly caused by the 

production of nitrite and nitrate in the solution. Cadorin et al. also found that 

water pH dropped to 3 following the treatment of corona discharge in nitrogen 

[157]. Takahashi et al. also reported that NO2
- and NO3

- were produced in water 

after plasma treatment in a N2/O2 gas mixture [158].  

Table 4.1 pH and conductivity change of deionized water after 60-minute by 

nitrogen corona discharge at 760 Torr. The gas flow rate is 0.2 slpm. 

Cathode type 

pH and Conductivity (µS/cm) 

pHoriginal pHafter treatment Condoriginal Condafter treatment 

Water cathode  6.40 4.38 0.847 38.0 

Mesh cathode 6.40 4.60 0.895 41.3 

 

4.3.5 Off gas analysis  

To investigate the formation of gas phase reactive species in the reactor, the off 

gas was passed through a gas-washing bottle containing deionized water. The 

experimental set-up was presented in Figure 3.7. The experiment parameters are 

listed in Table 4.2. A volume of 20 mL deionized water was filled in the gas-

washing bottle.  
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Table 4.2 Experimental parameter for off gas analysis.  

Pressure (Torr) Flow rate (slpm) Sample Water volume (mL) 

760 0.5 Deionized H2O 20 

 

Three mesh configurations were used to analyse the off gas as Figure 4.9 shows. 

The barrier in Figure 4.9 (c) is a 1-mm thick Polytetrafluoroethylene (PTFE) 

square plate, with a side length of 60 mm.  
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Figure 4.9 Mesh configurations employed for off gas analysis in nitrogen corona 

discharge: (a) mesh-water distance 5.3 mm without the PTFE barrier; (b) mesh-

water distance 33.3 mm without the PTFE barrier; (c) mesh-water distance 33.3 

mm with the PTFE barrier.  

As Table 4.3 shows, H2O2 production in the gas-washing bottle water is much 

lower than that found in the sample solution in the plasma water reactor. In the 

test with a mesh to water distance of 5.3 mm, the H2O2 production in gas-

washing bottle did not change with the treatment time from 30 to 60 minutes. 
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Since the H2O2 concentration in the gas-washing bottle is too low to  be 

measured accurately. The results suggested that the reactive neutral species 

rarely exist in the off gas. The length of the tube connecting reactor and gas-

washing bottle was about 1 m. The cross section of tube inner area is 0.12 cm2. 

With gas flow rate of 0.5 slpm, the travel time trg for gas from reactor to gas-

washing bottle cab be calculated as: 

trg = 60 sec ÷ (
0.5×103 cm3

0.12 cm2×100 cm
) ≈ 1.4 sec                        (Eq. 4.2) 

There was few H2O2 produced in gas-washing bottle, which indicates the 

lifetime of  reactive neutral species should be less than 1.4 seconds. 

Table 4.3 H2O2 production in reactor and in gas-washing bottle in different 

configurations with a mesh cathode. 

Mesh 

configuration 

Mesh-water 

distance (mm) 

Treatment 

time (min) 

H2O2 production 

in reactor (µmol) 

H2O2 production in 

gas-washing bottle 

(µmol) 

Fig. 4.10 (a) 5.3 30 0.088 0.020 

Fig. 4.10 (a) 5.3 60 0.180 0.010 

Fig. 4.10 (b) 33.3 60 0.103 0.012 

Fig. 4.10 (c) 33.3 60 0.016 0.006 

 

The pH and conductivity of the water in the gas-washing bottle were also 

measured, as recorded in Table 4.4. The deionized water in the gas-washing 

bottle has a pH value of 6.00 and conductivity of <1 µS/cm initially. After the 

treatment, there was a slight decrease in pH in both no-barrier tests and with-

barrier tests, indicating that acids were formed in the gas washing bottle. The 

presence of the PTFE barrier increased further the water conductivity and pH 

drop in the gas-washing bottle. The PTFE barrier might reduce the ionic wind 
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reaching the water surface directly, which resulted in more nitrogen oxides in 

the off gas flowing into gas-washing bottle.  

Table 4.4 pH and conductivity of the water in gas-washing bottle. 

Mesh 

configuration 

Mesh-water 

distance (mm) 

Treatment 

time (mins) 

pH after 

treatment 

Conductivity after 

treatment (µS/cm) 

Fig 4.10 (b) 33.3 60 5.70 1.658 

Fig 4.10 (c) 33.3 60 5.43 3.260 

 

4.4 The influence of mesh on the ionic wind 

As discussed previously, it is assumed that the grounded mesh cathode filtered 

the positive ions from the ionic wind and only the reactive neutral species can 

reach water surface when using a mesh cathode. To validate the concept, the 

influence of the mesh cathode was investigated. On one hand, the mesh cathode 

could have attenuated the ionic wind, thereby reducing the number of reactive 

neutral species reaching water surface. On the other hand, a mesh cathode may 

react with reactive neutral species and thereby reducing the number of reactive 

neutral species reaching water surface. The influences of the mesh cathode on 

the ion wind were investigated below. 

4.4.1 The influence of mesh openings 

The open area of the mesh determines the attenuation effect on the ionic wind. 

To explore the effect of mesh open area, two types of stainless-steel square 

weaved mesh were put in comparison. Table 4.5 lists the parameters of the two 

meshes and the corresponding hydrogen peroxide production. The meshes were 

investigated at a gas pressure of 760 Torr and a gas flow rate of 0.2 slpm. In 
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each case, the mesh cathode was located 5.3 mm above the water surface, as 

shown in Figure 4.9 (a). The discharge time was 30 minutes. 

Table 4.5 The hydrogen peroxide production with two types of meshes.  

Mesh type Opening Wire width Thickness 
Open area 

percent 

H2O2 production 

(µmol) 

A 2 mm 0.3 mm 1 mm 59.2% 0.068 

B 10 mm 2 mm 3 mm 69.4% 0.083 

 

Results indicate that a higher percentage of open area causes the hydrogen 

peroxide production to increase slightly. However, the larger open area also 

resulted in a lower discharge voltage, 8.51 kV with mesh A and 8.18 kV with 

mesh B. 

4.4.2 The influence of mesh-water distance 

The impact of mesh-water distance on hydrogen peroxide production was 

investigated. The gas pressure was set to 760 Torr, and the mesh-water distance 

of 5.3 mm and 33.3 mm were investigated. To maintain the same electrical field 

in these experiments, the distance from needle tip to the mesh was set to 10 mm 

in both tests. As Table 4.6 shows, when the mesh-water distance was increased 

from 5 mm to 33.3 mm, H2O2 production was reduced by 42.8%. A possible 

reason for this is that as the distance increased, the travel time of reactive neutral 

species reaching water surface also increased. As a result of the increased travel 

time, some short-lived reactive neutral species would degrade to form stable 

species, which resulted in the decrease of hydrogen peroxide production. With 

increased mesh-water distance, more reactive neutral species would diffuse 

rather than reaching water surface directly, which resulted in less hydrogen 

peroxide production.  
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Table 4.6 Comparison of H2O2 production with mesh-water distances of 5.3 mm 

and 33.3 mm. 

Mesh-water 

distance (mm) 

Mesh 

configuration 

Flow rate 

(slpm) 

Treatment 

time (mins) 

H2O2 production 

(µmol) 

5.3 single-layer mesh 0.5 60 0.180 

33.3 single-layer mesh 0.5 60 0.103 

 

4.4.3 Comparison of single-layer and double-layer mesh cathode 

A single-layer mesh cathode and a double-layer mesh cathode, as shown in 

Figure 4.10 (a) and Figure 4.10 (b) respectively, were compared to investigate 

the mesh influences. The meshes used in this section were of the type defined 

as mesh A as described in Table 4.5. The dimensions of the single mesh 

arrangement are the same as those given in Figure 4.9 (a), ensuring the 

comparability with previous data. As Figure 4.10 (b) shows, the double-layer 

mesh cathode was configured as the two meshes separated by 1 mm: both 

meshes were grounded; the distance from needle tip to the surface of upper mesh 

was 10 mm and distance from the bottom of lower mesh to water surface was 

5.3 mm.   

 



Chapter 4 Interface Reactions between Water and Positive Corona Discharge in N2 

99 

 

 

 

 

The H2O2 production results for both cathode arrangements are listed in Table 

4.7. The hydrogen peroxide production for both single and double-layer mesh 

cathode was comparable, which indicated that the addition of the second mesh 

had little effect on the transfer of reactive neutral species. This supports the 

previous concept that the grounded mesh removed the charged particles and 

only reactive neutral species could reach water surface, giving rise to the 

reactions producing H2O2. This result suggests that the addition of a second 

mesh does not significantly influence the production of hydrogen peroxide, 

allowing simpler design of plasma water reactor to be considered. 

 

Table 4.7 H2O2 production with a single-layer and a double-layer mesh cathode. 

Mesh-water 

distance (mm) 

Mesh 

configuration 

Flow rate 

(slpm) 

Treatment 

time (mins) 

H2O2 production 

(µmol) 

5.3 

single-layer  0.5 60 0.180 

 double-layer  0.5 60 0.190 

Solution 

PVC  

5.3 mm 

HV 

10 mm 

  
Solution 

PVC  

1 mm thick 

PTFE Spacer 

HV 

10 mm 

5.3 mm 

Figure 4.10 Electrode configurations with (a) single-layer mesh cathode and (b) 

double-layer mesh cathode for nitrogen corona discharge 
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4.4.4 The influence of a PTFE barrier underneath the mesh cathode 

To investigate the contribution of direct wind impact and diffused reactive 

neutral species, a further electrode configuration was developed, i.e. a PTFE 

barrier was placed underneath the mesh. The PTFE barrier is a square with side 

length of 55 mm and thickness of 1 mm, covering the whole mesh. Figure 4.11 

illustrates the configuration with and without a PTFE barrier. The distance from 

the PTFE barrier to water surface is 33.3 mm, as shown in Figure 4.11 (b). In 

the tests without the PTFE barrier, as shown in Figure 4.11 (a), the distance 

from mesh to water surface is 33.3 mm. The other parameters for the tests are 

listed in Table 4.8.  

Table 4.8 Experimental parameters of configurations with and without the PTFE 

barrier.   

Configuration 
Gas pressure 

(Torr) 

Flow rate 

(slpm) 

Treatment 

time (mins) 

H2O2 production 

(µmol) 

Without PTFE 

barrier 
760 0.5 60 0.180 

With PTFE 

barrier 
760 0.5 60 0.016 

 

The reactive neutral species were generated in nitrogen corona discharge. Given 

the test arrangements, in Figure 4.11 (a) and 4.11 (b), there are two possible 

paths for reactive neutral species to reach water surface. In Figure 4.11 (a), as 

discussed, it is probable that reactive neutral species were carried by the ionic 

wind to the water surface directly. In Figure 4.11 (b) the reactive neutral species 

diffuse through the atmosphere in the reactor before they reach the water surface.  
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Figure 4.11 Electrode configurations without the PTFE barrier (a) and with the 

PTFE barrier (b) for nitrogen corona discharge. 

 

Table 4.8 shows that with the PTFE barrier underneath the mesh, H2O2 

production was reduced by 91.1%, which indicated that most of the hydrogen 

peroxide was produced by ionic wind carried reactive neutral species. The PTFE 

barrier blocks ionic wind, thereby increasing the travel time of reactive neutrals 

before reaching the surface which, as discussed above, allows the species to lose 

their excited state and become less likely to induce reactions at the water surface. 

However, in both of tests, there were also diffused reactive neutral species flow 

out of the reactor. When the off gas was injected into gas-washing bottle, there 

was few H2O2 in the water in gas-washing bottle. These results indicated that 

the lifetime of reactive neutral species is less than 1.4 seconds. 

Other research has indicated that the velocity of ionic wind generated by d.c. 

corona discharge is between tenths of meters per second and several meters per 

second [159, 162, 163]. When there is no PTFE barrier, it takes about 10-3–10-1 

33.3 mm 33.3 mm 

HV 

10 mm 

HV 

10 mm 
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seconds for the reactive neutral species to reach water surface. With the PTFE 

barrier, there is no direct path for the reactive species to reach water and H2O2 

production decreased significantly, which indicated that most of reactive neutral 

species have decayed before reaching the water surface.  

4.5 Faraday efficiency of H2O2 production 

In this section the Faraday efficiency of H2O2 production is analysed to 

investigate the interface reactions between drift positive ions and water. In the 

plasma water reactor without mesh cathode, corona discharge in nitrogen 

generated positive ions and reactive neutral species, both of which reached 

water surface and initiated the interface reactions. The quantity ratio of the 

hydrogen peroxide molecules produced in water to the positive ions reaching 

water surface is used to indicate the Faraday efficiency in this analysis. The 

number of positive ions Numion is calculated as: 

                            Numion =
Q

e
=
I×t

e
                                     (Eq. 4.3) 

Q is the total charge injected in period t and e is the unit charge, which is 1.6 ×

10−19C . As previously discussed, with water vapour in the reactor, all the 

positive ions reaching water surface would be H+(H2O)n , therefore, one 

positive ion has one unit charge. Since the corona current was kept at 30 µA, 

for 30-minute gas discharge, the number of positive ions reaching water is:  

Numion =
(30×10−6A)×(30×60secs)

1.6×10−19C
= 3.375 × 1017         (Eq. 4.4)After treatment, 

the number of hydrogen peroxide molecules produced is:  

                       NumH2O2 = MH2O2 × NA                              (Eq. 4.5) 

MH2O2 is the molar amount of hydrogen peroxide produced, NA is the Avogadro 

constant. The Faraday efficiency RH2O2/Q is  
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                                   RH2O2/Q =
NumH2O2

Numion
                             (Eq. 4.6) 

4.5.1 Faraday efficiency with different gas pressures 

As section 4.3.6 stated, the decrease of gas pressure significantly increased the 

hydrogen peroxide production in water cathode tests. In mesh cathode tests, 

positive ions cannot reach the water surface. As the gas pressure decreased, the 

hydrogen peroxide production did not increase. These results indicate that each 

positive ion produces more hydrogen peroxide at lower gas pressure. The 

Faraday efficiency at different pressures is shown in Table 4.9. The ion 

contribution is calculated by subtracting the Faraday efficiency obtained using 

mesh cathode from that of a water cathode. The gas flow rate was set to 0.002 

slpm and the treatment time was 30 minutes.  

Table 4.9 Faraday efficiency of H2O2 production with different gas pressures (The 

treatment time is 30 minutes and the gas flow rate is 0.002 slpm). 

Cathode type 
Faraday efficiency (H2O2/Q) 

100 Torr 200 Torr 300 Torr 500 Torr 760 Torr 

Water cathode 0.44 0.38 0.29 0.26 0.26 

Mesh cathode 0.15 0.14 0.12 0.11 0.13 

Ions’ contribution 0.29 0.24 0.17 0.15 0.13 

 

As Table 4.9 shows, the Faraday efficiency of hydrogen peroxide production 

did not present obvious change in mesh cathode tests as the gas pressure 

decreased.  

In water cathode tests, the Faraday efficiency increased from 0.26 to 0.44 as the 

gas pressure decreased from 500 to 100 Torr. The increase in Faraday efficiency 
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was caused by the contribution of positive ions reaching water surface. As Table 

4.9 shows, the ions’ contribution increased from 0.13 to 0.29 as the gas pressure 

decreased from 760 to 100 Torr. The significant increase of Faraday efficiency 

in water cathode tests occurred when the gas pressure dropped from 300 to 200 

Torr, with an increase of 31.0%. 

As the gas pressure decreased from 760 to 100 Torr, the density of gas 

molecules dropped by 7.6 times, which means the mean free path of ions 

increased by 7.6 times. As Figure 4.3 illustrated, the discharge voltage dropped 

by 2.2 times in water cathode tests as the gas pressure dropped from 760 to 100 

Torr. Therefore, the reduced electric field increased by 3.5 times, which resulted 

in higher kinetic energy of positive ions, which might increase the reaction rate 

of hydrogen peroxide production at the interface. The competitive reactions, for 

instance, oxygen evolution, might be suppressed. These hypotheses need to be 

further investigated.   

4.5.2 Faraday efficiency in H2O, TB and DMSO solutions  

Both TB and DMSO are OH scavengers. If the H2O2 was produced from 

dimerization of OH in water in previous experiments, the addition of TB or 

DMSO in the solution will quench OH, therefore reducing or extinguishing the 

production of H2O2. It was found, on the contrary, when adding TB in the 

deionized water, the Faraday efficiency of H2O2 production increased by 0.21 

in water cathode tests and 0.10 in mesh cathode tests. The ions’ contribution 

was doubled with the addition of TB. The contribution of reactive neutral 

species also increased significantly with the addition of TB.  

Similarly, the addition of DMSO increased the Faraday efficiency of H2O2 

production by 0.13 in water cathode tests. But in mesh cathode tests, the 

addition of DMSO had little influence on the Faraday efficiency. This suggested 

that the intermediate products of the reaction between reactive neutral species 
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and water cannot react with DMSO. The H2O2 production by ions was doubled 

with DMSO in the solution, similar to the effect of adding TB. Hence it was 

suggested that the intermediate products of the reaction between positive ions 

and water can react with both TB and DMSO to produce twice as much H2O2 

as that of the deionized water.  

Table 4.10 Faraday efficiency of H2O2 production in deionized water, 0.01 M TB 

and 0.01 M DMSO at 300 Torr with gas flow rate of 0.5 slpm.  

Cathode type 

Faraday efficiency (H2O2/Q) 

Deionized 

water 

0.01 M65 TB 

solution 

0.01 M DMSO 

solution 

Water cathode 0.34 0.55 0.47 

Mesh cathode 0.23 0.33 0.24 

Ions’ contribution 0.11 0.22 0.23 

 

4.6 Analysis of interface reactions 

4.6.1 Reactions between water and positive ions 

It has been demonstrated above that the positive ions and reactive neutral 

species generated in nitrogen corona discharge are carried by ionic wind to the 

water surface and participate in the interface reactions. In the process, both 

positive ions and reactive neutral species contributed to the hydrogen peroxide 

production in water. In this section, the reaction mechanisms at the interface 

were analysed.4.6.1 Reactions between water and drift positive ions  

With water in the reactor, when the humidity is saturated at room temperature 

of 20 ℃, water vapor accounts for about 2.3% of the gas volume [160]. The 
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nitrogen ions, initially produced by corona discharge, quickly transfer the 

positive charge to water molecules. Good demonstrated that almost all of the 

positive ions are transformed to H+(H2O)n after 1 ms of discharge in nitrogen 

containing traces of water (water vapour ratio is 7.5 ‰) [57]. The corona 

discharge generated N2
+ would react with nitrogen molecules to form N4

+ within 

100 µs [57]: 

                           N2
+ + N2 → N4

+                                           (R 4.3) 

N2
+

 and the newly formed N4
+ react with water molecules [57]: 

                N2
+ + H2O → H2O

+ + N2                                  (R 4.4) 

                N4
+ + H2O → H2O

+ + 2N2                                 (R 4.5) 

The H2O
+ rapidly reacts with H2O to produce OH and H3O

+, of which the latter 

continues clustering reactions to form  H+(H2O)n: 

                H2O
+ + H2O → H3O

+ + OH                                (R 4.6) 

H3O
+ + H2O → H

+(H2O)2                                (R 4.7) 

                                                          ……    

             H+(H2O)n−1 + H2O → H
+(H2O)n                         (R 4.8) 

Figure 4.12, from [57], illustrates the density of different ions in nitrogen after 

the discharge. All the positive ions were transferred to H+(H2O)n within 100 

microseconds. The velocity of ionic wind generated by corona discharge was 

reported between tenths of meters per second and several meter per second [162, 

163]. Since the distance between the needle tip and water cathode was 10 mm, 

the travel time for the reactive neutral species in ionic wind to reach the water 

surface was in the range of 1-100 milliseconds. Therefore, all the positive ions 

would transform to  H+(H2O)n before reaching the water surface.  



Chapter 4 Interface Reactions between Water and Positive Corona Discharge in N2 

107 

 

 

Figure 4.12 Normalized ion-intensity curves for ions in nitrogen containing traces 

of water vapour after 10 µs electron pulse. [N2] = 6.4×106, [H2O] = 4.8× 10 

molecule/cc, 300oK. Successive intensity maxima indicate the sequence [57]. 

 

According to the analysis above, the positive ions that eventually reach the 

water surface are H+(H2O)n clusters. The interface reactions between the 

positive ions and water also involve electrochemical processes, with bulk of 

positive drift ions mH+(H2O)n acting as the ion anode on the water surface.  

The ion anode here is like a non-reactive anode material employed in traditional 

electrolysis. It has been reported that, in traditional electrolysis with specific 

electrode materials like Boron-doped diamond and Ti/SnO2, hydroxyl radicals 

(OH) and reactive oxygen (O) can be adsorbed on the anode surface, which is 

probably similar to the effect of the ion anode in this case, as these electrode 

materials are non-reactive and have weak adsorption to OH, leading to low O2 

evolution but high OH production [164]. The adsorbed hydroxyl radicals 



Chapter 4 Interface Reactions between Water and Positive Corona Discharge in N2 

108 

 

M(·OH) and the adsorbed reactive oxygen M(·O) can oxidize organic pollutants 

in the water [166].  

Figure 4.13 illustrates the interface reactions between positive ions and water. 

A water molecule loses an electron to the ion anode and forms H+ and (m-

1)H+(H2O)n(·OH). The adsorbed (·OH) may lose one electron to the ion anode 

and form H+ and the adsorbed (·O), while the adsorbed oxygen (·O) can 

recombine to produce O2. Alternatively, the adsorbed (·OH) may recombine to 

produce H2O2. In this research, 1 mol of positive ions produce only 0.13 mol of 

hydrogen peroxide in water at atmospheric pressure (760 Torr). This ratio 

increased to 0.29 when gas pressure decreased to 100 Torr, which is lower than 

that predicted by Faraday’s law, suggesting that the production of H2O2 was 

concomitant with O2 evolution.  
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Figure 4.13 Interface reactions of positive drift ions mH+(H2O)n as the ion anode 

for nitrogen corona discharge. m is the number of H+(H2O)n. 

 

The hydrogen peroxide production by positive drift ions was doubled when TB 

or DMSO was added as shown in Table 4.10. No free radicals produced by the 

plasma-water reactions were found to react with both TB and DMSO to produce 

H2O2. One hypothesis is that the adsorbed hydroxyl radicals H+(H2O)n(·OH) 

and active oxygen H+(H2O)n(·O) can synergistically react with TB or DMSO in 

water to produce twice as much hydrogen peroxide as in the deionized water 

without the addition of scavengers. 

Zhao et al. investigated the production of hydrogen peroxide production in 

water by pulsed positive discharges in nitrogen above the water cathode, with a 

pin-plate electrode configuration. They found that the amount of hydrogen 
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peroxide generated decreased significantly with the addition of TB to deionized 

water [167]. They suggest that a decrease of hydrogen peroxide demonstrates 

that OH is the precursor of hydrogen peroxide. However, in the present study, 

the addition of TB and DMSO did not reduce the production of hydrogen 

peroxide for either water cathode tests or mesh cathode tests. This implies that 

hydroxyl radicals were not the major reactive products in the reactions between 

water and positive drift ions of low kinetic energy.   

4.6.2 Reactions between water and reactive neutral species  

It has been reported that hydroxyl radicals, excited nitrogen molecules, nitrogen 

atoms, etc. can be generated by corona discharge in N2/H2O mixture [168, 169]. 

One of the excited states of nitrogen molecule is N2(A
3∑u

+)  state. As the 

lifetime of N2(A
3∑u

+) is reported to be longer than 10 ms [170], which may be 

longer than the travel time of ionic wind. Hence this excited state of nitrogen 

molecule can be carried to the water surface and participate in the interface 

reactions. Fresnet et al. explained the process [17]: 

        e∗ + N2(X) → e + N2(A
3∑u

+)                               (R 4.9) 

   N2(A
3∑u

+)  + H2O → N2(X) + H + OH                     (R 4.10) 

N2(X) is the ground state nitrogen molecule and e* is the energetic electron. 

In this research, with the addition of TB, the production of H2O2 by reactive 

neutral species was increased. With the addition of DMSO, the production of 

H2O2 by reactive neutral species was almost the same as that in the deionized 

water. Based on this result, HO2 was probably the major reactive neutral species, 

since it can react with TB to produce H2O2, but not DMSO.  

HO2 + tert − C4H9OH → (CH3)2C(OH)CH2 + H2O2           (R 4.11) 

The self-reaction of HO2 can also generate H2O2: 
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HO2 + HO2 + H2O → H2O2 + O2 + H2O                    (R 4.12) 

With the same amount of HO2 transported to the water, Reaction R 4.11 can 

produce twice the amount of H2O2, in comparison to Reaction R 4.12. However, 

the addition of TB did not double the H2O2 production. Hence, the H2O2 must 

not all come from the dimerization of HO2 in the deionized water. This implies 

that part of the H2O2 produced in the deionized water might come from the gas 

phase H2O2 that was produced in the corona discharge and transported to the 

water. Although HO2 can react with H2O2 to form O2 in the aqueous phase, the 

dimerization of HO2 has a much higher reaction rate. 

4.7 Conclusions 

The interface reactions between water and positive ionic wind generated by 

nitrogen corona discharge were investigated. The effects of treatment time, gas 

pressure, gas flow rate and OH scavengers (TB and DMSO) on H2O2 production 

have been explored. The effects of low energy ions and reactive neutral species 

at interface have been determined: both of them reacted with water to produce 

H2O2. Experiments show that the production of H2O2 in water increased linearly 

with treatment time, drift positive ions accounted for 50% of the total H2O2 

production at atmospheric pressure, and the figure increased at lower gas 

pressure. The best energy yield of H2O2 production by drift ions in deionized 

water was achieved at 100 Torr, with 1 mol ions producing 0.29 mol H2O2. 

Since the energy transferred to the interface is mainly the potential energy of 

ions, this is equivalent to 47 eV to produce one H2O2 molecule, or an energy 

yield of 29 g/kWh, However, taking into consideration that the energy input was 

mostly dissipated in the corona discharge, the overall energy efficiency was still 

low.  

A novel reaction mechanism between positive drift ions and water has been 

developed. At the interface, accumulated positive ions may act as an ion anode, 
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on which the adsorbed hydroxyl radicals and the adsorbed oxygen are formed, 

accompanying the evolution of oxygen and hydrogen. As outlined above, the 

adsorbed oxidative agents can form H2O2 in deionized water, or react with TB 

or DMSO to produce H2O2. In addition, the reactive neutral species led to the 

production of H2O2 in water, as the result of recombination of HO2 and the 

transportation of gas phase H2O2 into water.   

The water pH and conductivity changes observed were proven to be mainly 

caused by the formation of nitrate and nitrite in water, which were produced by 

the reactions between water and reactive neutral species. In mesh cathode tests, 

the ionic species are removed from the ionic wind prior to impact with the liquid 

surface, after 60-minute corona discharge at 760 Torr, the water pH dropped to 

4.60 and the water conductivity increased to 41.3 µS/cm. In water cathode tests, 

the concentration of NO2
- and NO3

- was measured to be 0.035 mM and 0.123 

mM; with mesh cathode, the concentration of NO2
- and NO3

- was 0.043 mM 

and 0.137 mM.  

The interaction of the off gas and water produced little hydrogen peroxide, or 

change of water pH and conductivity. 

The influence of the mesh structure on the experimental results was also 

analysed. It was found that a mesh with larger open area (59.2% to 69.4%) 

resulted in a slight increase of the hydrogen peroxide production (from 0.068 to 

0.083 µmol). A double-layer mesh did not cause a decrease of hydrogen 

peroxide production. These results indicated that the changes in mesh 

dimension did not significantly affect the reactive neutral species reaching water 

surface. However, a longer distance between mesh and water or the presence of 

the PTFE barrier underneath the mesh can significantly decrease the hydrogen 

peroxide production, suggesting that the amount of reactive neutral species 

reaching water and the lifetime of reactive neutral species are vital for the 

production of hydrogen peroxide in water. 
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5. Interface Reactions between Water and Positive 

Corona Discharge in O2 

5.1 Introduction 

5.1.1 Motivation 

The ionic wind generated by positive corona discharge in nitrogen has been 

proved able to produce hydrogen peroxide in water, with a maximum yield of 

0.178 g/kWh. Both positive ions and reactive neutral species contributed to 

hydrogen peroxide production.  

Compared with corona discharge in nitrogen, corona discharge in oxygen can 

produce more types of reactive neutral species, such as O, 1O2, and O3, which 

react with water to form OH and HO2 [22]. Hence, oxygen corona discharge has 

potential to achieve higher energy yield of OH and H2O2. However, different 

from nitrogen ions, the potential energy of both O2
+ (12.06 eV) and O4

+ (11.66 

eV) is lower than the ionization energy of H2O (12.62 eV) [64], which may lead 

to different reaction mechanism at the interface. Hence, investigating the 

reactions between water and oxygen corona discharge can provide a contrast to 

the results obtained in nitrogen corona discharge.  

5.1.2 Objectives 

This chapter explored the reaction mechanisms between water and the ionic 

wind generated by oxygen corona discharge. The hydrogen peroxide production 

by positive ions and reactive neutral species were investigated. The effect of 

treatment time, gas flow rate, gas pressure, and OH scavengers on H2O2 

production has been explored. The pH and conductivity change in water after 

treatment has been analysed.  
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The interface reactions caused by positive ions and reactive neutral species 

generated by oxygen corona discharges has been  discussed. The composition 

of reactive neutral species (such as O, HO2, H2O2, O3) generated by oxygen 

corona discharges were analysed. The difference of influence of mesh on ionic 

wind between nitrogen and oxygen corona discharges has been demonstrated. 

5.2 Voltage and current characteristics 

The corona d.c. current was kept constant at 30 µA in all tests. At the beginning 

of oxygen corona discharge, there were irregular current pulses with an 

amplitude of tens of µA. After several minutes of discharge, the current and 

voltage waveforms became constant, which should be due to the increase of 

water conductivity as the corona discharge progressed. In nitrogen corona 

discharge, there was no voltage settling period observed, this is possibly due to 

the fact that the water conductivity increased much faster. Compared to the 

treatment time applied in the test, the settling period was short and the effect to 

the experiments was assumed negligible.  

As the discharge progressed, the needle voltage decreased slightly and settled 

at a constant value after several minutes. After this period, no pulse current was 

observed when measuring with a 50-Ω coaxial cable as shown in Figure 3.10. 

The discharge voltage characteristics with treatment time, gas flow rate, gas 

pressure and sample solution were investigated. 

From experiments using water and mesh electrode, Figure 5.1 shows the 

discharge voltage with different treatment time, measured at 760 Torr and a gas 

flow rate of 0.2 slpm. There is no significant change of discharge voltage as the 

treatment time increased from 30 to 150 minutes.  
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Figure 5.1 Oxygen corona discharge voltage at 760 Torr with treatment time of 

30, 60, 90, 120 and 150 minutes. The sample is deionized water. The gas flow rate 

is 0.2 slpm. 

 

Figure 5.2 shows the discharge voltage measured at different gas flow rates at 

760 Torr. The discharge voltage in water cathode and mesh cathode tests were 

almost the same at gas flow rate of 0.002 and 0.02 slpm, however, when the gas 

flow rate was increased above 0.2 slpm, the discharge voltage with mesh 

cathode became higher than that with water cathode and the difference grew as 

the gas flow rate increased.  
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Figure 5.2 Oxygen corona discharge voltage at 760 Torr with gas flow rate of 

0.002, 0.02, 0.2, 0.5 and 1slpm. The sample is deionized water. The treatment time 

is 30 minutes. 

 

Figure 5.3 shows the discharge voltage measured at different gas pressures. As 

the gas pressure increased from 200 to 760 Torr, the discharge voltage increased 

from 4.14 to 7.54 kV in water cathode tests and from 3.69 to 8.01 kV in mesh 

cathode tests. For mesh cathode tests, the discharge voltage was close for corona 

discharge in nitrogen and oxygen at the same gas pressure; however, for water 

cathode tests, the discharge voltage in oxygen was higher than that in nitrogen. 

For example, at 760 Torr, the discharge voltage was 7.54 kV for oxygen and 

6.87 kV for nitrogen in water cathode tests. In nitrogen corona discharge, the 

conductivity of treated water was higher than that in oxygen corona discharge. 

However, the water conductivity difference cannot cause a difference of several 

hundred volts in the discharge voltage since the current was only 30 µA. The 

water resistance can be calculated as: 
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𝑅𝐷𝐼 =
𝑙

𝜎𝑆
 

In the equation, 𝜎  is the water conductivity, assumed to be 0.5 μS/cm for 

deionized water. l is the thickness of water, 0.314 cm. S is the cross-section area 

of water, 15.90 cm2. Hence, 

𝑅𝐷𝐼 =
0.314 𝑐𝑚

0.5 μS/cm × 15.90 𝑐𝑚2
≈ 40 𝑘𝛺 

The corona current was assumed to be uniformly distributed on the water 

surface. 

Since the corona current was 30 μA, the voltage drop at the deionized water was 

calculated to be 1.2 V, which is negligible compared to discharge voltage. 

Hence the voltage difference was considered caused by the difference discharge 

characteristics in nitrogen and oxygen. 

 

Figure 5.3 Oxygen corona discharge voltage with gas pressure of 200, 300, 500 

and 760 Torr. The sample is deionized water. The treatment time is 30 minutes 

and the gas flow rate is 0.2 slpm.  
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Figure 5.4 shows the discharge voltage at 760 Torr measured with different 

sample solutions. There was no significant difference in discharge voltage for 

water and mesh cathode. Since the mesh thickness is 0.6 mm, the practical 

discharge gap could be larger than 10 mm for mesh cathode, which resulted in 

higher discharge voltage.  

The addition of TB or DMSO did not cause significant change of discharge 

voltage. Although the conductivity of treated TB solution was much higher than 

that of treated deionized water, which did not cause difference in discharge 

voltage. These results also demonstrated that the partial voltage on liquid 

resistance was negligible compared with discharge voltage. 

 

Figure 5.4 Oxygen corona discharge voltage at 760 Torr with sample of deionized 

water, 0.01 M TB solution and 0.01 M DMSO solution. The treatment time is 30 

minutes and the gas flow rate is 0.5 slpm.  
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5.3 Interface reactions between water and positive ionic 

winds  

The production of H2O2 in water by oxygen corona discharge with treatment 

time of 30, 60, 90, 120 and 150 minutes was investigated. In the tested time 

range, the production of H2O2 increased linearly as treatment time increased.  

In oxygen corona discharge, the initial positive ions are O2
+ [65]. Then O2

+ reacts 

with water vapour to produce positive ion clusters H+(H2O)n . It has been 

reported that all the oxygen ions would be transformed to H+(H2O)4 clusters 

after 300 microseconds when with 0.34% water vapour in oxygen as Figure 5.5 

shows [65]. With aqueous water in the reactor, the water vapor concentration at 

saturation is estimated to be 2.3% [160]. The travel time of positive ions in the 

reactor was estimated to be in the range of 1-100 ms, therefore all the positive 

ions would be transformed to H+(H2O)n  before reaching water surface in 

oxygen corona discharge, which is the same as that in nitrogen corona 

discharges. In summary, with trace of water, all the positive ions reaching water 

surface would be H+(H2O)n in both nitrogen and oxygen corona discharge.  
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Figure 5.5 Time-dependent relative intensity of ions in oxygen with trace water 

vapour [65]  

 

Due to the similarity of experimental conditions between nitrogen and oxygen 

corona discharges, the reactions caused by the ion anode H+(H2O)n  are 

considered the same. Therefore, the hydrogen peroxide produced by the positive 

ions H+(H2O)n at the interface in oxygen corona discharge should be equal to 

the amount in nitrogen corona discharge.  

5.3.1 H2O2 production with different gas flow rates 

The gas flow rate can influence the concentration of oxygen and water vapour 

in the reactor, which may influence the production of reactive species. Hence, 

the effect of gas flow rate on H2O2 production was investigated. In this section, 

the gas flow rate was set as 0.002, 0.02, 0.2, 0.5 and 1.0 slpm at 760 Torr. The 

treatment time was 30 minutes.  

As shown in Figure 5.6, the minimum H2O2 production was obtained at the 

largest gas flow rate of 1.0 slpm for both water cathode tests and mesh cathode 
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tests. The H2O2 production shows a slight decrease as the gas flow rate increased. 

However, compared to the velocity of ionic wind (several meters per second), 

the gas flowing velocity caused by the gas flow rate was negligible. Therefore, 

the gas flow rate was not supposed to influence the ionic wind generated by the 

corona discharges. 

 

 

 

Since the gas flow rates of 0.002 slpm and 0.02 slpm were out of range for the 

ozone analyser, the ozone concentration in the off gas was only measured at gas 

flow rate of 0.2, 0.5 and 1.0 slpm. In both water cathode tests and mesh cathode 

tests, the ozone concentration decreased as the gas flow rate increased, reaching 

approximately 30 ppm at 1.0 slpm. The ozone concentration in both water and 

mesh cathode tests was similar at the gas flow rates of 0.5 slpm and 1.0 slpm 

Figure 5.6 H2O2 production by oxygen corona discharge in deionized water at 

760 Torr with gas flow rate of 0.002, 0.02, 0.2, 0.5 and 1.0 slpm. The treatment 

time is 30 minutes. 
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but has a clear difference at the flow rate of 0.2 slpm, with a higher ozone 

concentration in mesh cathode test. This phenomenon can be explained by the 

difference of the relative humidity in water cathode tests and mesh cathode tests. 

At the same gas flow rate, water cathode resulted in higher relative humidity 

than mesh cathode due to that the joule heating can increase the water 

vaporization rate. However, when the gas flow rate is high, the relative humidity 

was dominated by the gas flow rate, instead of the difference of cathode types. 

When the gas flow rate was low, the difference of relative humidity between 

water and mesh cathode tests became significant. In mesh cathode tests, lower 

relative humidity resulted in higher O3 production [200], as well as the O3 

concentration.  

As shown in Figure 5.7, the O3 concentration was in the order of 101-102 ppm, 

which indicates that the concentration of ozone in water was low, in the order 

of 0.1-1 µmol at the experimental conditions. In gas phase, ozone can react with 

OH or H to produce HO2, which can contribute to the H2O2 production in water. 

However, in this case, ozone concentration has little effect on hydrogen 

peroxide production in water by comparing Figure 5.6 and Figure 5.7. 
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Figure 5.7 Ozone concentration in off gas for oxygen corona discharge at 760 Torr. 

The treatment time is 30 minutes and the gas flow rate is 0.2, 0.5 and 1.0 slpm. 

 

5.3.2 H2O2 production with different gas pressures 

Figure 5.8 illustrates the H2O2 production at gas pressures of 760, 500, 300 and 

200 Torr. The gas flow rate was 0.2 slpm and the treatment time was 30 minutes. 

In water cathode tests, the H2O2 production slightly increased from 0.50 to 0.56 

µmol as the gas pressure dropped from 760 to 200 Torr.  In mesh cathode tests, 

the H2O2 production varied between 0.30 and 0.39 µmol and the H2O2 

production was always lower than that in water cathode tests for the same gas 

pressure.  
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Figure 5.8 H2O2 production in deionized water by oxygen corona discharge with 

gas pressures of 200, 300, 500, and 760 Torr. The treatment time is 30 minutes 

and the gas flow rate is 0.2 slpm.  

 

As aforementioned, the hydrogen peroxide production by positive ions in 

oxygen corona discharge is equal to that in nitrogen corona discharges. Hence, 

the hydrogen peroxide produced by reactive neutral species in oxygen corona 

discharges can be calculated by subtracting the amount produced by positive 

ions from the total hydrogen peroxide production in water cathode tests. The 

figures are listed in Table 5.1. 
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Table 5.1 H2O2 production by positive ions and reactive neutral species in oxygen 

corona discharge at different gas pressures. The treatment time is 30 minutes and 

the gas flow rate is 0.2 slpm. 

H2O2 (µmol) 200 Torr 300 Torr 500 Torr 760 Torr 

Ions 0.135 0.100 0.086 0.075 

Reactive neutral 

species 
0.425 0.437 0.422 0.423 

 

As can be seen from Table 5.1, reactive neutral species contributed over 76% 

of H2O2 production in oxygen corona discharges. The gas pressure change did 

not show an influence on the H2O2 production by the reactive neutral species in 

oxygen corona discharges, which is similar to that in nitrogen corona discharges. 

In oxygen corona discharges, the difference between water cathode tests and 

mesh cathode tests is larger than the contribution of ions, which indicates that 

the attenuation effect of mesh on reactive neutral species is significant. 

The oxygen atom is considered the main deactivated neutral species at the mesh. 

It has been reported that the oxygen atom can recombine at the surface of 

stainless-steel mesh [184, 185], as: 

2Og
wall
→  O2(g)                                       (R 5.1) 

Although the nitrogen atom can recombine at the stainless-steel surface, the 

recombination rate is lower than that of oxygen atom. The surface 

recombination coefficient of N and O radicals in pure N2 and O2 plasma was 

estimated to be 0.07 and 0.17 respectively, on a stainless-steel wall of a 

inductively coupled plasma reactor at a gas pressure of 10-30 mTorr and 

temperature of 330 K [186].   
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To keep the d.c. current constant at 30 µA, the applied voltage was adjusted at 

different gas pressures. As Figure 5.8 shows, as the gas pressure decreased, the 

hydrogen peroxide production increased, while the discharge voltage decreased. 

Therefore, the energy yield of H2O2 increased as gas pressure decreased as 

shown in Figure 5.9.  

Similar to the nitrogen corona discharge, when the pressure increased from 200 

to 760 Torr in oxygen corona discharge, the input power increased by 

approximately 2 times. however, H2O2 production by reactive neutral species 

did not increase significantly. 

 

 

Figure 5.9 Energy yield of H2O2 production for oxygen corona discharge in 

deionized water at gas pressure of 200, 300, 400, 500 and 760 Torr. The treatment 

time is 30 minutes and the gas flow rate is 0.2 slpm.  
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5.3.3 H2O2 production with OH scavengers in water 

To investigate how the hydrogen peroxide was produced in water under oxygen 

corona discharge and whether it is was from OH dimerization, the OH 

scavengers tert-butanol (TB) and dimethyl sulfoxide (DMSO) were applied in 

the experiment. The tested samples were divided into three groups: deionized 

water, 0.01 M TB solution and 0.01 M DMSO solution. The sample solutions 

were treated for 30 minutes at a pressure of 760 Torr and a gas flow rate of 0.2 

slpm.  

As Figure 5.10 shows, in water cathode tests, 0.89 µmol of H2O2 was produced 

in deionized water. With addition of TB, the H2O2 production increased by 

48.31%. With addition of DMSO, the H2O2 production increased by 13.48%.  

In mesh cathode tests, 0.69 µmol of H2O2 production was produced in deionized 

water. With addition of TB, the H2O2 production increased by 46.38 %. With 

addition of DMSO, H2O2 production has a slight increase, around 8.70%.  

As can be seen in Figure 5.10, the addition of TB significantly increased H2O2 

production by both ions and reactive neutral species. In mesh cathode tests, the 

increase of H2O2 production by the addition of DMSO was negligible. Neither 

TB or DMSO reduced H2O2 production in water for the water and mesh cathode 

tests, implying that the H2O2 production was not mainly from OH dimerization.  
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Figure 5.10 H2O2 production by oxygen corona discharge at 760 Torr in deionized 

water, 0.01 M TB solution and 0.01 M DMSO solution. The treatment time is 30 

minutes and the gas flow rate is 0.2 slpm.  

 

5.3.4 pH and conductivity of treated deionized water  

The conductivity and pH of the treated deionized water were measured for 

providing more information on interface reactions. 5mL deionized water was 

treated for 60 minutes with a gas flow rate of 0.2 slpm at 760 Torr. After 

treatment, the conductivity of deionized water increased in both water and mesh 

cathode tests, but not as much as those observed in the nitrogen corona 

discharge. Table 5.2 shows the change of conductivity and pH in water cathode 

tests is larger than that in mesh cathode tests, implying that positive ions played 

an important role on the change of pH and conductivity in water. Porter et al. 

also reported that the discharge in oxygen over water can cause the decrease of 

pH and increase of conductivity in water [201]. In their experiments, small 
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amount of nitrate was found in the water after discharge in oxygen. Hence, the 

pH and conductivity change can be caused by the traces of residual air in the 

reactor.  

Table 5.2 pH and conductivity change of deionized water after 60-minute 

treatment by nitrogen and oxygen corona discharge at 760 Torr. The gas flow 

rate is 0.2 slpm. 

Cathode type 

pH and Conductivity (µS/cm) 

pHnitrogen pHoxygen Condnitrogen Condoxygen 

Water cathode  4.38 5.14 38.0 26.2 

Mesh cathode 4.60 5.40 41.3 16.9 

 

5.3.5 Off gas analysis  

As in the nitrogen corona discharge investigation, a gas-washing bottle was 

employed to explore if there was reactive neutral species present in off gas, as 

Figure 3.7 shows. Three configurations using mesh cathode were tested, with 

the mesh-water distance setting to 5.3 mm, 33.3 mm, and the PTFE barrier to 

water distance of 33.3 mm, as shown in Figure 4.9. A volume of 20 mL 

deionized water was filled in the gas-washing bottle. The gas flow rate was 0.5 

slpm and the gas pressure was 760 Torr.  

H2O2 production after 60 minutes of treatment is shown in Table 5.3. The H2O2 

production in the gas-washing bottle was lower than 0.1 µmol for all three 

configurations. In the tests without the PTFE barrier, the H2O2 production in the 

gas-washing bottle was much lower than that produced in the reactor. In the test 

with the PTFE barrier, the H2O2 production in the reactor decreased 

significantly, even lower than that produced in the gas-washing bottle. These 

results suggested that reactive neutral species producing H2O2 have lifetime 
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shorter than 1.4 seconds, as calculated in Section 4.3.6. These results also 

proved that ozone did not produce H2O2 in water. In the tests with the PTFE 

barrier, the reactive neutral species could not reach water surface directly. Most 

of the reactive species were carried by off gas to the gas-washing bottle. 

Therefore, the H2O2 production in the gas-washing bottle was higher than that 

in the reactor when applying the PTFE barrier. 

Table 5.3 H2O2 production in reactor and in gas-washing bottle by oxygen corona 

discharge at 760 Torr with mesh cathode in three different configurations (cf. 

Figure 4.9). The treatment time is 60 minutes and the gas flow rate is 0.5 slpm. 

Mesh 

configuration 

Mesh-water 

distance (mm) 

H2O2 production in 

reactor (µmol) 

H2O2 production in gas-

washing bottle (µmol) 

No PTFE 

barrier 

5.3 0.662 0.073 

33.3 0.354 0.047 

With PTFE 

barrier 
33.3 0.032 0.060 

 

The water pH and conductivity in the gas-washing bottle were also measured 

after 60 minutes of treatment using a gas flow rate of 0.2 slpm and gas pressure 

of 760 Torr. The change in conductivity and pH are listed in Table 5.4. Under 

the same condition (the same gas pressure, gas flow rate and discharge time), 

the water pH and conductivity change in oxygen corona discharge was smaller 

than that in nitrogen corona discharge. For the corona discharge in nitrogen, 

nitrate and nitrite production in water dominated the change of pH and 

conductivity. 

 

 



Chapter 5 Interface Reactions between Water and Positive Corona Discharge in O2 

131 

 

Table 5.4 pH and conductivity change of water in reactor and in gas-washing 

bottle by oxygen corona discharge at 760 Torr. The treatment time is 60 minutes 

and the gas flow rate is 0.2 slpm (needle to water/mesh cathode distance is 10 mm; 

mesh-water distance is 5.3 mm). 

Cathode type 

Water in reactor Water in gas-washing bottle 

pH 
Conductivity 

(µS/cm) 
pH 

Conductivity 

(µS/cm) 

Mesh 5.40 16.87 5.80 2.06 

Water 5.14 26.16 5.76 1.01 

 

5.4 The influence of mesh on the ionic wind 

Compared to corona discharge in nitrogen, the reactive neutral species in 

oxygen corona discharge contributed more H2O2 production, around 88.5%, as 

shown in Table 5.5. The mesh can influence the ionic wind via two pathways. 

Firstly, the mesh can filter the positive ions, only allow reactive neutral species 

reach water. Secondly, as discussed in Section 5.3.2, oxygen atoms can be 

deactivated at the mesh by recombining to oxygen molecules. Thirdly, the mesh 

can attenuate the ionic wind, result in fewer reactive neutral species reaching 

the water surface. Analysis of the influences of mesh can help in verifying the 

discussion in Section 5.3.2.  

 

 

 

 



Chapter 5 Interface Reactions between Water and Positive Corona Discharge in O2 

132 

 

Table 5.5 H2O2 production in deionized water by drift ions and reactive neutral 

species following 30-minute treatment by nitrogen and oxygen corona discharge 

at 760 torr. The gas flow rate is 0.2 slpm. 

 

5.4.1 The influence of mesh openings  

Similar to the investigation in nitrogen corona discharge, a comparative study 

using the mesh with a 2 mm opening (mesh A) and the mesh with a 10 mm 

opening (mesh B) was undertaken at a gas pressure of 760 Torr and a gas flow 

rate of 0.2 slpm. The H2O2 production after 30 minutes of treatment using the 

two mesh types is shown in Table 5.6.   

Table 5.6 The hydrogen peroxide production by oxygen corona discharge at 760 

Torr with two types of mesh cathodes. The treatment time is 30 minutes and the 

gas flow rate is 0.2 slpm. 

Mesh type Opening Wire width Thickness 
Open area 

percent 

H2O2 production 

(µmol) 

A 2 mm 0.3 mm 0.6 mm 59.2% 0.391 

B 10 mm 2 mm 3 mm 69.4% 0.281 

 

The H2O2 production using mesh B (10 mm opening) was lower than that using 

mesh A (2 mm opening). Larger opening had a lower hydrogen peroxide 

production. However, the discharge voltage with 10 mm opening mesh was 8.32 

H2O2 (µmol) Nitrogen Oxygen 

Ions 0.057 0.057 

Neutral species 0.068 0.441 

Total 0.125 0.498 



Chapter 5 Interface Reactions between Water and Positive Corona Discharge in O2 

133 

 

kV, higher than the 8.01 kV when using 2 mm opening mesh. It is still not clear 

what caused the difference. The difference in discharge voltage and electrical 

field distribution may account for the difference in hydrogen peroxide 

production.  

5.4.2 The influence of the mesh-water distance  

After passing through the mesh cathode, the ionic wind will lose the driving 

force from the electric field. The distance from mesh to water surface influences 

both the travel time and the proportion of the reactive neutral species that could 

reach the water surface. The H2O2 production with a mesh-water distance of 5.3 

mm and 33.3 mm was investigated at 760 Torr. The mesh with 2 mm openings 

was applied in this section. The other parameters are listed in Table 5.7.  

Table 5.7 H2O2 production by oxygen corona discharge at 760 Torr with different 

mesh-water distances. 

Mesh-water 

distance (mm) 

Mesh 

configuration 

Flow rate 

(slpm) 

Treatment 

time (mins) 

H2O2 production 

(µmol) 

5.3 Single layer 0.2 30 0.391 

33.3 Single layer 0.2 30 0.263 

 

In Table 5.7, when the mesh-water distance increased from 5.3 mm to 33.3 mm, 

the H2O2 production decreased by 32.7%. On one hand, the larger mesh-water 

distance would decrease the amount of reactive neutral species reaching water 

surface, as there is higher chance for reactive neutral species to diffuse away 

from the water surface. On the other hand, the larger mesh-water distance would 

also result in a longer travel time for reactive neutral species to reach water 

surface, and hence, to react with each other and de-excite to less non-reactive 

species.  
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5.4.3 Comparison of single-layer and double-layer mesh cathode   

Experiments with both a single and a double-layer mesh cathode were tested to 

explore the effect of mesh on deactivation of reactive neutral species, and 

further, the effect on the production of H2O2 in water. Figure 5.11 (a) and Figure 

5.11 (b) show the configurations with a 5.3 mm mesh-water distance. Figure 

5.11 (c) and Figure 5.11 (d) show the configurations with a 33.3 mm mesh-

water distance. The double layer was configured by two segments of the same 

mesh (mesh A, 2mm opening) with PTFE spacers to keep 1 mm gap between 

the two meshes, and both layers were grounded. The H2O2 production with 

single-layer mesh and double-layer mesh is listed in Table 5.8. The H2O2 

production was significantly reduced as the mesh-water distance was increased 

from 5.3 mm to 33.3 mm. To ensure there is sufficient H2O2 concentration in 

the treated water, the treatment time was increased to 60 minutes with mesh-

water distance of 33.3 mm. 
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Figure 5.11 Mesh configurations for oxygen corona discharge: (a) single-layer 

mesh with mesh-water distance of 5.3 mm  and (c) 33.3 mm; for (b) double-layer 

mesh with mesh-water distance of 5.3 mm  and (d) 33.3 mm.  

(a) (b) 

(d) (c) 

Solution 

PVC  

5.3 mm 

HV 

10 mm 

  

Solution 

PVC  

1 mm thick 

PTFE Spacer 

HV 

5.3 mm 

Solution 

PVC  

33.3 mm 

HV 

10 mm 

  
Solution 

PVC  

1 mm thick 

PTFE Spacer 

HV 

10 mm 

33.3 mm 

10 mm 
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Table 5.8 H2O2 production by oxygen corona discharge at 760 Torr with single-

layer and double-layer mesh cathode.  

Mesh-water 

distance 

(mm) 

Mesh 

configuration 

Flow rate 

(slpm) 

Treatment 

time (mins) 

H2O2 production 

(µmol) 

5.3 

Single layer  0.2 30 0.391 

     Double layer 0.2 30 0.245 

33.3 

Single layer  0.5 60 0.365 

     Double layer  0.5 60 0.206 

 

According to Table 5.8, when the single-layer mesh was replaced by a double-

layer mesh, the H2O2 production decreased by about 40% for 5.3 and 33.3 mm 

cases. However, in nitrogen corona discharge, the second layer mesh did not 

cause any decrease in H2O2 production as shown in Table 4.6. The difference in 

oxygen corona discharge was due to that the oxygen atoms were deactivated at 

the mesh. 

5.4.4 The influence of a PTFE barrier underneath the mesh cathode  

In order to see what would happen if the ionic wind was blocked , a PTFE barrier 

was placed underneath the mesh to prevent the ionic wind from directly passing 

through the mesh cathode to the water surface. As mentioned previously, the 

PTFE barrier is a 1-mm thick Polytetrafluoroethylene (PTFE) square plate, with 

a side length of 60 mm. Figure 5.12 shows the test configuration (a) without the 

PTFE barrier and (b) with the PTFE barrier.  
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Figure 5.12 Mesh configurations employed for oxygen corona discharge: (a) 

without the PTFE barrier; (b) with the PTFE barrier. 

With the PTFE barrier underneath the mesh, as shown in Figure 5.12 (b), H2O2 

production dropped from 0.261 µmol to 0.038 µmol, approximately 85.4% of 

that in the tests without the PTFE barrier. A gas-washing bottle with 20 mL of 

deionized H2O was employed to trap species in the off gas but little H2O2 was 

detected in the bottle. These results imply that the reactive neutral species 

producing H2O2 in the water were consumed rapidly. Therefore, when with the 

PTFE barrier underneath the mesh, most of reactive neutral species were 

deactivated before reaching the gas washing bottle. Although the lifetime of 

O( D 
1 ) has been reported to be 147.1 seconds [172], the real lifetime in this 

complicated gaseous environment can be much shorter due to the consuming 

reactions as [187-189]:  

O + O2 + O2 → O3 + O2                                  (R 5.2) 

O + O3 → O2 + O2                                     (R 5.3) 

O2
∗ + O2 → O3 + O                                     (R 5.4) 

33.3 mm 33.3 mm 

HV 

10 mm 

HV 

10 mm 

PVC  PVC  

sample sample 

(a) (b) 
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O + H2O → OH + OH                                  (R 5.5) 

O + OH → O2 + H                                    (R 5.6) 

 

5.5 Faraday efficiency of H2O2 production 

5.5.1 Faraday efficiency at different gas pressures 

The Faraday efficiency of hydrogen peroxide production by oxygen corona 

discharge at different gas pressures are listed in Table 5.9. In the mesh cathode 

test, the Faraday efficiency fluctuate between 0.56 and 0.69 in the gas pressure 

range of 200-760 Torr. The gas pressure seems to have little influence on the 

Faraday efficiency of hydrogen peroxide production by oxygen corona 

discharge. 

Table 5.9 Faraday efficiency of H2O2 production (H2O2/Q) by oxygen corona 

discharge at different gas pressures. The treatment time is 30 minutes and the gas 

flow rate is 0.2 slpm. 

Cathode type 
H2O2/Q 

200 Torr 300 Torr 500 Torr 760 Torr 

Water cathode 1.00 0.96 0.91 0.89 

Mesh cathode 0.55 0.66 0.56 0.69 

 

However, the results in Table 5.9 only demonstrate the H2O2 production in 

water cathode tests and mesh cathode tests of oxygen corona discharges. Due to 

the deactivation of oxygen atoms at the mesh, the difference of H2O2 production 

between water cathode tests and mesh cathode tests contains the contribution of 

filtered ions and deactivated neutral species. As discussed in Section 5.3.2 and 
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5.3.3, the production of H2O2 by ions should be the same in nitrogen and oxygen 

corona discharges. With known contribution of ions, the H2O2 production by 

ions and reactive neutral species is shown in Table 5.10.  

Table 5.10 Faraday efficiency of H2O2 production by ions and reactive neutral 

species in oxygen corona discharge at different gas pressures. The treatment time 

is 30 minutes and the gas flow rate is 0.2 slpm. 

Ionic wind 
H2O2/Q 

200 Torr 300 Torr 500 Torr 760 Torr 

Ions 0.24 0.17 0.15 0.13 

Reactive neutral 

species 
0.76 0.79 0.76 0.76 

 

The production of H2O2 by deactivated neutral species (H2O2de ) can be 

calculated as: 

H2O2de = H2O2wc − H2O2mc − H2O2ion                (Eq. 5.1) 

Where H2O2wc is the production of H2O2 in water cathode tests; H2O2mc is the 

production of H2O2 in mesh cathode tests; H2O2ion is the production of H2O2 by 

positive ions. Table 5.11 listed the H2O2 produced by the deactivated neutral 

species in mesh cathode tests of oxygen corona discharges. 
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Table 5.11 Reduction of H2O2 production due to the filtered positive ions and 

deactivated neutral species in mesh cathode tests of oxygen corona discharge at 

different gas pressures. The treatment time is 30 minutes and the gas flow rate is 

0.2 slpm. 

Item 
H2O2/Q 

200 Torr 300 Torr 500 Torr 760 Torr 

Filtered positive 

ions 
0.24 0.17 0.15 0.13 

Deactivated neutral 

species 
0.21 0.13 0.20 0.07 

 

It is worthwhile to compare the H2O2 production by reactive neutral species in 

nitrogen and oxygen corona discharge, as listed in Table 5.12.  

Table 5.12 Faraday efficiency of H2O2 production by reactive neutral species in 

nitrogen and oxygen corona discharge at different gas pressures.  

Gas 
H2O2/Q 

100 Torr 200 Torr 300 Torr 500 Torr 760 Torr 

Nitrogen 0.15 0.14 0.12 0.11 0.13 

Oxygen - 0.76 0.79 0.76 0.76 

 

These results demonstrate that the Faraday efficiency of hydrogen peroxide 

production by reactive neutral species are independent of gas pressure in both 

nitrogen and oxygen corona discharges, and the production in oxygen is 

approximately 6 times of that in nitrogen. This proves that the reactive neutral 

species produced in oxygen corona discharge are much more effective to 

produce hydrogen peroxide at the plasma-water interface. To understand the 
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neutral reactive species produced in nitrogen corona discharge, the main 

reactive species in atmospheric-pressure nitrogen plasma jet with 1% water 

vapour is listed in Table 5.13 [190]: 

Table 5.13 Estimated density of main reactive radicals in nitrogen plasma with 

1% water. (with an electron temperature of 1 eV and a plasma density of 

2×1012/cm3) [190]. 

Radical Reaction 
Reaction 

coefficient (cm3/s) 

Steady-state 

density(molecules/cm3) 

N2(A3∑  +𝑢 ) N2 + e → N2(A3∑  +u ) + e  6.4×10-12 2.56×1016 

N N2 + e → N + N + e 2.3×10-13 1.9×1014 

H N2(A3∑  +u ) + H2O → N2 + H + OH  5×10-14 1.2×1014 

OH N2(A3∑  +u ) + H2O → N2 + H + OH  5×10-14 2.5×1015 

H2O2 OH + OH → H2O2 1.78×10-11 2.6×1016 

HO2 OH + H2O2 → HO2 + H2O 1.7×10-12 4.3×1014 

 

In nitrogen plasma, excited nitrogen molecules are the dominated radicals, 

which react with water to produce OH. Then OH can recombine to produce 

H2O2 or react with H2O2 to produce HO2. Hence, in nitrogen corona discharges, 

as discussed in Section 4.6.2, the main reactive neutral species reaching water 

are HO2 and H2O2. However, due to the presence of N, NO, NO2, HNO2 in 

nitrogen plasma, the OH can be easily consumed by reacting with these radicals.  

In oxygen plasma, the types of OH consumption reactions are less than that in 

nitrogen plasma. Additionally, oxygen plasma can produce much more singlet 

oxygen than nitrogen plasma [191]. Figure 5.13 shows the singlet oxygen 

production after 30-second treatment of water by a plasma jet generated in 

various gases [191].  
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Figure 5.13 Singlet oxygen production by plasma with various gases after 30-

second treatment [191]. 

From Figure 5.13, it can be seen that the singlet oxygen produced in oxygen is 

around twenty times that produced in nitrogen. Hence, this could explain why 

H2O2 produced by reactive neutral species in oxygen is much more than that in 

nitrogen. 

 

5.5.2 Faraday efficiency in H2O, TB and DMSO solutions  

The Faraday efficiency of H2O2 production increased in both water and mesh 

cathode tests with addition of TB and DMSO to the deionized water. The results 

are listed in Table 5.14. 
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Table 5.14 Faraday efficiency of H2O2 production by oxygen corona discharge at 

760 Torr in deionized water, 0.01 M TB and 0.01 M DMSO. The treatment time 

is 30 minutes and the gas flow rate is 0.2 slpm. 

Cathode type 

H2O2/Q 

Deionized 

water 

0.01 M TB 

solution 

0.01 M DMSO 

solution 

Water cathode 0.89 1.32 1.01 

Mesh cathode 0.69 1.01 0.75 

 

By comparing the results listed in Table 5.14 and Table 4.10, it can be found 

that in mesh cathode tests, the addition of TB resulted in a close increase of 

H2O2 production in oxygen and nitrogen corona discharges, by 46.4% and 

43.5% , respectively; while the addition of DMSO resulted a negligible increase 

of H2O2 production in mesh cathode tests for both nitrogen and oxygen corona 

discharges. 

The positive ions reaching water in oxygen corona discharge are the same as 

those in nitrogen corona discharges. Hence, the formation mechanisms H2O2 by 

positive ions should be the same in nitrogen and oxygen corona discharges. 

According to Section 4.5.2, with addition of TB or DMSO in water, H2O2 

production by positive ions was doubled, which should also occur in oxygen 

corona discharge. Therefore, H2O2 production in water cathode tests in Table 

5.14 can be specified to the amount produced by positive ions and the amount 

produced by reactive neutral species. can be specified discharges was listed in 

Table 5.15.  

 

 



Chapter 5 Interface Reactions between Water and Positive Corona Discharge in O2 

144 

 

Table 5.15 Faraday efficiency of H2O2 production by positive ions and reactive 

neutral species for oxygen corona discharge at 760 Torr in water cathode tests in 

deionized water, 0.01 M TB and 0.01 M DMSO. The gas pressure is 760 Torr and 

gas flow rate is 0.2 slpm. 

Ionic wind 

H2O2/Q 

Deionized water 0.01 M TB solution 0.01 M DMSO solution 

Ions 0.13 0.26 0.26 

Reactive 

neutral species 
0.76 1.06 0.75 

Total 0.89 1.32 1.01 

 

In As listed in Table 5.15, with addition of TB in water, the H2O2 production by 

reactive neutral species increased by 39.5%, which is close to the increase of 

43.5% in nitrogen corona discharges as listed in Table 4.10. The addition of 

DMSO did not change the H2O2 production by reactive neutral species, which 

is consistent with the results of nitrogen corona discharge.  

5.6 Analysis of interface reactions  

5.6.1 Reactions between water and positive ions  

The main gas components in the reactor were oxygen and water vapour before 

the corona discharge. At the room temperature of 20o C, the saturated 

concentration of water vapour is around 2%. As discussed above, the corona 

discharge produced O2
+, then O2

+ could react with oxygen to produce O4
+ [65]： 

O2
+ + 2O2 → O4

+ + O2                                    (R 5.7) 

O4
+ can react with water vapour to produce OH [65]: 

O4
+ + H2O → O2

+(H2O) + O2                            (R 5.8) 
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O2
+(H2O) + H2O ⇄ O2

+(H2O)2
∗ → H3O

+ ⋅ OH + O2            (R 5.9) 

H3O
+ ⋅ OH → H3O

+ + OH                               (R 5.10)                          

H3O
+ can react with water molecules in gas phase to produce clusters: 

H3O
+ + H2O → H

+(H2O)2                             (R 5.11)                          

H+(H2O)2 + H2O → H
+(H2O)3                        (R 5.12)                          

… 

H+(H2O)𝑛−1 + H2O → H
+(H2O)𝑛                     (R 5.13) 

As discussed in Section 5.5, most of the positive ions reaching water surface 

were thought to be H+(H2O)n clusters. The reactions between H+(H2O)n and 

water is discussed in Section 4.6.1. The interface reactions caused by the 

positive ions are presented in Figure 4.13. 

5.6.2 Reactions between water and reactive neutral species  

The reactive neutral species reaching water surface contributed more than 76% 

of the H2O2 production in oxygen corona discharge at a gas pressure between 

200 to 760 Torr. At 760 Torr, this proportion reached 85%. The contribution of 

reactive neutral species in oxygen corona discharge is much more significant 

than that in the nitrogen corona discharge. In comparison to water cathode test, 

the decrease in hydrogen peroxide production in mesh cathode test, could be 

attributed to two factors. One is the drift positive ions filtered by the mesh; the 

other is the loss of reactive neutral species at the mesh surface. While in nitrogen 

corona discharge, the loss of reactive neutral species at the mesh surface was 

negligible; but in oxygen corona discharge, as shown previously, the loss of 

reactive neutral species at the mesh surface has a notable influence. However, 

the positive ions reaching water in nitrogen and oxygen corona discharge were 

the same. It is believed that the positive drift ions in both nitrogen and oxygen 
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should have the same contribution to hydrogen peroxide production under the 

similar conditions.  

Up to 110 ppm of ozone was detected in the off gas during discharge at gas flow 

rate of 0.2 slpm as shown in Figure 5.7. According to the Henry’s law, the 

dissolved ozone is proportional to the partial pressure of ozone in gas phase. 

With this low concentration (ppm), the dissolved ozone was in the order of µg/L, 

which is negligible in water. However, the results have shown that the ozone 

concentration almost has no influence on the hydrogen peroxide production. 

Similar to nitrogen corona discharge, in oxygen corona discharge, the addition 

of TB significantly increased the H2O2 production by reactive neutral species. 

The addition of DMSO had limited influence on H2O2 production by reactive 

neutral species.  

According to these analyses, HO2 was produced in corona discharges by the 

reactions:. When in the deionized water, the self-reaction of HO2 can produce 

H2O2 as stated in reaction R 5.14 [173, 174]. 

HO2 + HO2 → H2O2 + O2                                   (R 5.14) 

From reaction R 5.14, 1 mol of HO2 can produce 0.5 mol of H2O2. With addition 

of TB in water, 1 mol of HO2 can produce 1 mol of H2O2 by reacting with TB 

[175]: 

tert − C4H9OH + HO2 → (CH3)2C(OH)CH2 + H2O2          (R 5.15) 

Atomic oxygen can be also generated in oxygen corona discharge. Reactions R 

5.16 and R 5.17 describe the mechanism of atomic oxygen generation by 

electron collision [154]. 

e ∗ +O2 → O( P 
3 ) + O( P 

3 ) + e                             (R 5.16) 

e ∗ +O2 → O( D 
1 ) + O( P 

3 ) + e                             (R 5.17) 

O( P 
3 ) can react with O2 and form O3 [154, 177]: 
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O( P 
3 ) + O2 → O3                                          (R 5.18) 

O( D 
1 ) can react with water vapour and form OH [154, 179-182]: 

O( D 
1 ) + H2O → OH + OH                                  (R 5.19) 

And then the produced OH can recombine to form H2O2 at the interface and 

transported into liquid water: 

OH + OH → H2O2                                       (R 5.20) 

the produced OH could react with ozone or hydrogen peroxide to produce HO2 

and transported into liquid water [77, 190]: 

 OH + O3 → HO2 + O2                                   (R 5.21) 

OH + H2O2 → HO2 + H2O                               (R 5.22) 

The reaction pathways of oxygen atoms in phenol solutions have been reported, 

as shown in Figure 5.14. Oxygen atoms can form oxygen molecules, ozone or 

react with phenol [203]. Hence, in this case, the oxygen atoms entering the 

liquid water were believed to conduct the similar reactions, forming oxygen 

molecules, ozone or oxidize TB or DMSO. The dissolved oxygen atoms do not 

produce H2O2 in liquid water directly.  
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According to the above discussion, the interface reactions caused by reactive 

neutral species generated by oxygen corona discharge are demonstrated in 

Figure 5.15. 

 

Figure 5.14 The gas-phase and aqueous reaction pathways of oxygen atoms 

produced by plasma in He/0.6%O2 gas mixture. The broad arrows in the 

background indicate the gas and liquid movement [203].  
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As Figure 5.15 shows, three types of reactive neutral species are produced in 

gas phase: H2O2, HO2 and O. H2O2 can be transported into aqueous phase 

directly. HO2 react mutually in gas phase or aqueous phase to produce H2O2. 

Some of oxygen atoms (O) react with oxygen molecules (O2) to form ozone (O3); 

and some of oxygen atoms (O) can react with water vapour to produce OH, 

which would produce H2O2 by dimerization or HO2 by reacting with O3 and 

H2O2.  

The results in this chapter have shown that the discharge power has little effect 

on H2O2 production by reactive neutral species. A good example is that the 

discharge power was doubled as gas pressure increased from 200 to 760 Torr, 

while the H2O2 production by reactive neutral species did not increase. This is 

due to that most of the increased discharge power was dissipated in drift region 

in the plasma. The increase of gas pressure resulted in an increase of gas density 
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Figure 5.15 Interface reactions caused by reactive neutral species for oxygen 

corona discharge. 
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in drift region, thereby increasing the resistance to ion motion. However, the 

power applied in discharge region which produced reactive neutral species was 

not increased in this process. Hence the production of reactive neutral species 

was not increased.  

5.7 Conclusions 

This chapter discussed the interface reactions between water and the ionic wind 

in oxygen corona discharge. It has been found that both positive ions and 

reactive neutral species produced H2O2 in water, and the contribution of reactive 

neutral species is over 76% in the gas pressure range of 200 to 760 Torr. 

Compared to the nitrogen corona discharge, the oxygen corona discharge has 

higher Faraday efficiency of hydrogen peroxide production, with a maximum 

value of 1.0 obtained with a water cathode at 200 Torr. The energy efficiency 

of hydrogen peroxide production increased as the gas pressure decreased, with 

the maximum energy efficiency of 0.260 g/kWh, obtained at the lowest gas 

pressure tested (200 Torr) in water cathode tests.  

The positive ions reaching water surface, H+(H2O)n, in oxygen corona discharge, 

are the same as those in nitrogen corona discharge, thereby the reaction 

mechanisms between positive ions and water are also the same. The reactive 

neutral species including O, O3, HO2 and H2O2 were produced by oxygen corona 

discharge. However, due to the presence of multiple reactive species, the 

lifetime of the reactive neutral species, including oxygen atom, is estimated less 

than 1.4 seconds.  

The production of H2O2 by reactive neutral species in water was from three 

pathways: 1) The H2O2 produced in the gas was transported into water; 2) The 

HO2 produced in the gas was transported into water and self-react to produce 

H2O2 in water; 3) Oxygen atoms produce H2O2 and HO2 at interface by reacting 

with water vapour, and then they were transported into water.  
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The mesh can significantly reduce the amount of oxygen atom reaching water 

due to their recombination on the metal surface, thereby reducing the production 

of hydrogen peroxide in water.  

The findings in this work provide three suggestions for improving the water 

treatment technology. Firstly, energy consumption in the discharge gap is key 

to the overall efficiency of water treatment. Secondly, metal surfaces can cause 

significant consumption of reactive neutral species, which thereby should be 

avoided as much as possible. Thirdly, the presence of oxygen can increase the 

production of reactive neutral species, which in turn could improve the water 

treatment capability of plasma. 
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6. Interface Reactions between Water and Positive 

Glow Discharge in N2, O2 and He 

6.1 Introduction 

6.1.1 Motivation 

Chapter 4 and Chapter 5 have discussed the interface reactions between water 

and the ionic wind generated by positive corona discharge. The positive ions 

generated by corona discharge have low kinetic energy of 0.01-0.1 eV [147],  

and only potential energy works in the interface reactions. The positive ions at 

the interface act as an ion anode in nitrogen corona discharge, on which the 

adsorbed form of hydroxyl radicals and oxygen atoms are formed. These 

adsorbed agents can form H2O2 in deionized water, or react with TB or DMSO 

in the solution.  

This Chapter introduces d.c. glow discharges generated in nitrogen, oxygen and 

helium, to investigate the reaction mechanism between water and positive ions 

with kinetic energy. The higher kinetic energy of positive ions (greater than 100 

eV [148]) in glow discharges has two potential effects on the interface reactions: 

One is that the kinetic energy can directly dissociate or ionize water molecules 

[74, 75]; the other is the kinetic energy may affect the reaction mechanisms 

between the ion anode and water cathode [42]. It has been suggested in the 

literature that, different from corona discharges, the hydrogen peroxide 

produced in water by d.c. glow discharge was mainly from the dimerization of 

OH [171]. In d.c. glow discharge generated in contact with water, in addition to 

positive ions, reactive neutral species are also produced in two main regions: 

one is the plasma region where H, OH and O derived from water vapor via the 

plasma chemical mechanism; and the other is the plasma-liquid interfacial 

region where H and OH derived from liquid water via radiolytic mechanism 
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[42].  

6.1.2 Objectives 

In this Chapter, d.c. glow discharge was generated between single-needle anode 

and water cathode in nitrogen (N2), oxygen (O2) and helium (He). By comparing 

the results of corona discharges and d.c. glow discharges, the effect of kinetic 

energy in interface reactions, especially in the charge-transfer process, is 

investigated. The investigation of  the reactions between water and d.c. glow 

discharge includes: 

i) The voltage and current characteristics of d.c. glow discharge in N2, 

O2 and He with water cathode.  

ii) The formation mechanisms of H2O2 in the interface reactions 

between d.c. glow discharge and water cathode. 

iii) The effect of gas flow rate, gas pressure and OH scavenger (TB and 

DMSO) on H2O2 production. 

iv) The change of pH and conductivity of water caused by d.c. glow 

discharge. 

v) The effect of kinetic energy on the interface reactions of ion anode 

and water cathode. 

The results of these investigation will contribute to the understanding of OH 

and H2O2 production mechanisms at interface of plasma and water. Analysis of 

the results in corona discharge and glow discharge will determine the roles of 

energetic ions and low energy ions in interface process. These findings will be 

beneficial to improve the efficiency of water treatment by plasma. 
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6.2 Discharge characteristics  

The experimental setup has been introduced in Chapter 3. To acquire a stable 

and uniform glow discharge in each type of gas, it was necessary to adjust the 

needle tip to water distance. In nitrogen and helium, the distance from needle 

tip to water surface was set to 2 mm. In oxygen discharge, the needle-water 

distance was set 8 mm, due to the observation that the glow discharge in oxygen 

in contact with water became unstable at a shorter needle-water distance. The 

discharge current and the sample treatment time is as shown in Table 6.1. The 

treatment time was selected to ensure that the concentration of H2O2 produced 

was high enough for accurate measurement. 

Table 6.1 d.c. glow discharge current and treatment time in nitrogen, oxygen 

and helium. 

Gas Needle-water Distance Discharge Current Treatment Time 

Nitrogen 2 mm 3 mA 4 minutes 

Oxygen 8 mm 2 mA 5 minutes 

Helium 2 mm 3 mA 4 minutes 

 

6.2.1 Observation of discharge  

Figure 6.1 shows the images of d.c. glow discharge in nitrogen, oxygen and 

helium. In nitrogen discharge, the discharge was stable and quiet.  

In nitrogen, the major wavelengths are 600-900 nm, caused by the first positive 

band system; and 300-420 nm, caused by the second positive band system: these 

wavelengths present as red and violet respectively so that the mixture gives the 

pink colour [87].   
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Figure 6.1 Images of positive DC glow discharge in (a) N2 (3 mA, 2 mm gap), (b) 

O2 (2 mA, 8 mm gap) and (c) He (3 mA, 2 mm) at 760 Torr with gas flow rate of 

0.2 slpm. 

The oxygen d.c. glow discharge in contact with deionized water was unstable at 

the first tens of seconds. The discharge channel appeared to be branched. The 

water surface was disturbed, and small drops of water was sputtered to the 

reactor wall. The voltage and current waveforms exhibited small fluctuations. 

As the discharge continued after tens of seconds, the discharge became stable, 

which was due to the conductivity increase of the water.  

The d.c. glow discharge in helium was stable and quiet. The discharge channel 

broadens at the water surface. This phenomenon indicates a lower current 

density in cathode glow region. The positive column in helium discharge was 

uniform and bright.  

 

 

 

 

The water vaporization was observed in the reactor in all three gases. The glow 

discharge in contact with water and the joule heating by water resistance 

accelerated the water vaporization. The saturated concentration of water vapour 

at room temperature of 20 ℃ is about 2.3% [160]. Hence the discharges were 

actually generated in the mixture with water vapour. 

(a) (c) (b) 
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6.2.2 Voltage and current characteristics 

For nitrogen and helium discharges, the current and voltage waveforms were 

smooth and flat. For oxygen discharge, the current and voltage are erratic with 

slight ripples, which might be caused by the water surface disturbance. The 

discharge current was also measured using a 50 Ω coaxial cable, and the 

oscilloscope with 50 Ω input impedance, but no impulse current was detected. 

At atmospheric pressure and gas flow rate of 0.5 slpm, the discharge voltages 

are as recorded in Table 6.2.  The power (P) and injected energy (Ein) was 

calculated as: 

P = V × I                                         (Eq. 6.1) 

Ein = V × I × t                                    (Eq. 6.2) 

V is the discharge voltage; I is the discharge current; t is the treatment time. 

Table 6.2 Electric characteristics of glow discharges in nitrogen, oxygen and 

helium. 

 

As Table 6.2 shows, the discharge voltage, power and the injected energy of 

helium and nitrogen discharge are close, but much lower than that of the oxygen 

discharge due to an 8 mm needle-water distance in oxygen. The electrical charge 

injected into the water cathode during the treatment process was 0.72 C in 

nitrogen and helium, and 0.6 C in oxygen.  

Gas type 
Discharge voltage 

(kV) 
Power (W) Injected energy (kWh) 

N2 1.45 4.35 2.90×10-4 

O2 5.62 11.24 9.37×10-4 

He 1.37 4.11 2.74×10-4 
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6.3 Interface reactions between plasma and water cathode 

6.3.1 The effect of gas flow rate 

The gas flow rate can influence the concentration of water vapour in the reactor, 

which might influence the discharge. The effect of gas flow rate on discharge 

voltage, H2O2 production, pH and conductivity change was investigated. The 

gas (N2, O2 or He) was injected into the sealed reactor at a gas flow rate of 0.2, 

0.5, 1, 2 and 5 slpm respectively. The pressure in the reactor was kept at 760 

Torr.   

6.3.1.1 The effect of gas flow rate on discharge voltage 

Figure 6.2 shows the discharge voltage at different gas flow rates for all three 

gases. The discharge voltage consists of the voltage between the needle tip and 

water and the partial voltage across the water.  

In nitrogen discharge, the voltage remained at 1.45 kV when the gas flow rate 

increased from 0.2 to 0.5 slpm. For flow rates from 0.5 to 5.0 slpm, the discharge 

voltage presented a slight increase, from 1.45 kV to 1.65 kV.  

In helium discharge, the discharge voltage increased from 1.28 kV to 1.51 kV 

when the gas flow rate rose from 0.2 to 1.0 slpm. After 1.0 slpm, the discharge 

voltage only slightly increased from 1.51 kV to 1.66 kV. 

In oxygen discharge, the discharge voltage had a slight decrease as gas flow rate 

increased from 0.2 to 2.0 slpm. When the gas flow rate increased from 2.0 to 

5.0 slpm, the discharge voltage jumped from 5.34 kV to 6.52 kV.  
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Figure 6.2 Glow discharge voltage from needle to water cathode in N2, O2 and He 

at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm.   

As shown in Figure 6.2, the discharge voltages in nitrogen and helium are 

subequal, which are much lower than the discharge voltage in oxygen. The main 

cause for this difference is the needle-water distance, which is much larger in 

oxygen discharge. Additionally, since the oxygen is electronegative gas, the 

affinity of electrons to oxygen molecules reduces the electron density, and 

further, reduced the plasma conductivity, which resulted in higher discharge 

voltage [199]. 

However, there is no obvious trend between the discharge voltage and gas flow 

rate. Although the discharge voltage in oxygen rose suddenly when gas flow 

rate increased from 2.0 to 5.2 slpm. The reason for this rise is still unclear. In 

nitrogen and helium discharge, the discharge voltages of the three repeated 

experiments were consistent and the standard deviation is negligible. The 

standard deviation of the discharge voltage in oxygen is much bigger in 

comparison.  
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6.3.1.2 The effect of gas flow rate on H2O2 production 

Figure 6.3 shows the Faraday efficiency of H2O2 production with gas flow rates 

of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm at gas pressure of 760 Torr. The Faraday 

efficiency was calculated using the method introduced in Section 4.6. It 

represents the ratio of the number of hydrogen peroxide molecules produced in 

water to the number of positive ions injected into the water cathode.  

In nitrogen discharge, as the gas flow rate increased, the Faraday efficiency of 

H2O2 production increased and always remain larger than 1 at the whole range 

of tested gas flow rate. The highest Faraday efficiency of H2O2 production of 

the three gases was 1.28, obtained in nitrogen discharge at gas flow rate of 5.0 

slpm.   

In helium discharge the highest Faraday efficiency of H2O2 production shows a 

slightly decreasing trend as the gas flow rate increased. In the whole range of 

tested gas flow rates, the Faraday efficiency of H2O2 production by helium 

discharge is greater than 1.0, which is similar to that in nitrogen discharge.  

The Faraday efficiency in oxygen discharge was significantly lower than those 

in nitrogen and helium discharge, remaining lower than 1.0 for tje tested gas 

flow rates. The lowest Faraday efficiency of H2O2 production of the three gases 

is 0.87, obtained in oxygen discharge at 2.0 slpm.  

Refer to the results in Figure 6.2 and Figure 6.3, when the gas flow rate 

increased from 2.0 to 5.0 slpm in oxygen, there was a significant increase in 

both the discharge voltage (increased by 22%) and the Faraday efficiency of 

H2O2 production (increased by 13%). The synchronous ascent also 

demonstrated there is a strong correlation between discharge voltage and  
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Faraday efficiency of H2O2 production. 

Figure 6.4 shows the H2O2 production  in nitrogen, oxygen and helium 

discharge with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm. The energy yield 

of H2O2 in nitrogen presented an increase from 0.960 to 0.994 g/kWh as gas 

flow rate increased from 0.2 to 0.5 slpm. Then the energy yield shows a slight 

increasing trend as gas flow rate continues to rise. The maximum energy yield 

of 1.119 g/kWh of three gases was acquired in nitrogen at gas flow rate of 5.0 

slpm.  

Figure 6.3 Faraday efficiency of H2O2 production by glow discharge in N2, O2 

and He at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm. 
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Figure 6.4 Energy yield of H2O2 production by glow discharge in N2, O2 and He 

at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm. 

In oxygen, the energy yield of H2O2 production was approximately equal to one-

fifth of that in nitrogen and helium. This large difference was mainly caused by 

the discharge voltage, which in oxygen was around 5 times of that in nitrogen 

and helium. However, the Faraday efficiency was not increased by the high 

discharge voltage. Most of the energy was dissipated in the discharge gap in 

oxygen. 

6.3.1.3 The effect of gas flow rate on pH and conductivity of treated 

deionized water 

The gas flow rate influences the concentration of water vapour in the reactor, 

which can affect the discharge characteristics and the chemical reactions in gas 

phase and at the plasma-water interface change. By investigating the effect of 

gas flow rate on water pH and conductivity, it would provide more information 

on the plasma-water interface reactions. 
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Figure 6.5 shows the pH value of the treated deionized water at gas flow rate of 

0.2, 0.5, 1.0, 2.0 and 5.0 slpm. In nitrogen discharge, the deionized water 

presented a significant decrease in pH value after treatment, around 3.6 at all 

gas flow rates. There is a significant decrease of pH in nitrogen, which is due to 

the HNOx produced in water by the discharge [157, 158].  

 

Figure 6.5 pH of deionized water after treatment by glow discharge in N2, O2 and 

He at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm. 

In oxygen discharge, as gas flow rate increased from 0.2 to 5.0 slpm, the pH 

value of treated deionized water varies from 5.31 to 5.53. There is no obvious 

trend between water pH and the gas flow rate in oxygen.  

In helium discharge, the lowest pH value of treated deionized water was 4.95, 

obtained at a gas flow rate of 0.2 slpm. As gas flow rate increased from 0.2 to 

1.0 slpm, the pH value of treated water slightly increased from 4.95 to 5.55.  

Overall, the interaction between glow discharge and water caused decrease of 

pH in water from the initial value around 6.4. In nitrogen, the decrease of pH 



Chapter 6 Interface Reactions between Water and Positive Glow Discharge in N2, O2 and He 

163 

 

was mainly caused by the production of HNOx in water. In oxygen and helium, 

the slight decrease of water pH was still unclear. 

Figure 6.6 shows the conductivity of the treated deionized water at gas flow rate 

of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm.  

 

Figure 6.6 Conductivity of deionized water after treatment by glow discharge in 

N2, O2 and He at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm.  

The water conductivity in nitrogen glow discharge, presenting a downward 

trend as gas flow rate increased, is much higher than that for oxygen and helium 

glow discharge. The conductivity decreased from 250.0 to 181.2 µS/cm as the 

gas flow rate increased from 0.2 to 5.0 slpm. This suggested that with higher 

gas flow rate, less NOx was produced. This result corresponds to the result in 

Figure 6.5, in which the pH increased as the gas flow rate increased. 

The increase of water conductivity in oxygen and helium glow discharge was 

much smaller than that in nitrogen glow discharge. The conductivity is averaged 

around 5 µS/cm in oxygen. The water conductivity in helium glow discharge 
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slightly decreased from 15.8 to 5.3 µS/cm as gas flow rate increased from 0.2 

to 5.0 slpm. This result corresponds to the results of pH in Figure 6.5 and 

Faraday efficiency of H2O2 production in Figure 6.3.  

6.3.1.4 Off gas analysis 

The off gas was put into the gas-washing bottle with 20 mL of deionized water. 

No H2O2 was detected in the gas-washing bottle after glow discharges in all 

three gases. In the oxygen and helium glow discharges, the pH and conductivity 

of the water in the gas-washing bottle showed no significant change. In nitrogen 

glow discharges, the pH of the water in gas-washing bottle decreased: Figure 

6.7 shows the pH change of the water in gas-washing bottle with gas flow rate 

of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm. As the gas flow rate increased from 0.2 to 5.0 

slpm, the pH of the treated water in gas-washing bottle decreased from 5.31 to 

4.64.  

 

Figure 6.7 pH of the water in gas-washing bottle after glow discharge in N2 at 760 

Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm. 
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In nitrogen discharge, the conductivity of the water in the gas-washing bottle 

increased from 3.84 to 18.09 µS/cm as gas flow rate increased from 0.2 to 5.0 

slpm, as shown in Figure 6.8. The increase of water conductivity was a result of 

the increasing amount of NOx injected into the gas washing bottle at higher gas 

flow rate. 

 

Figure 6.8 Conductivity of the water in gas-washing bottle after glow discharge 

in N2 at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm. 

 

6.3.2 The effect of gas pressure 

The gas pressure can influence the gas density and the rate of water evaporation 

in the reactor. When the gas pressure decreased, the water vaporization was 

promoted and the proportion of water vapor in the reactor increased, which can 

influence the discharge characteristics. As gas pressure decreased, the mean free 

path would increase, which resulted in an increase in their kinetic energy. In the 

discussion of nitrogen corona discharge in Chapter 4, it has been proved that at 

lower gas pressure, the H2O2 production by positive ions increased. This 
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suggested that the change of kinetic energy could influence the interface 

reactions. This section investigated the discharge characteristics, hydrogen 

peroxide production and water pH and conductivity as gas pressure decreased 

from 760 to 100 Torr. The experimental setup for this section is the same as that 

in Section 6.2. The discharge current was kept the same as introduced in Section 

6.3.1, which is: 3 mA for nitrogen and helium glow discharge and 2 mA for 

oxygen glow discharge. The gas flow rate was 0.5 slpm for all experiments in 

this section.  

6.3.2.1 The effect of gas pressure on discharge voltage 

As Figure 6.9 shows, the discharge voltages in three gases show an upward trend 

as gas pressure increased. The increase of discharge voltage in oxygen is more 

distinct than that in nitrogen and helium. Oxygen is an electronegative gas, the 

affinity of electrons to oxygen molecules significantly reduces electron density 

in oxygen plasma and require higher discharge voltage to produce sufficient 

electrons [192]. As gas pressure decreased, the density of oxygen molecules 

decreased, which reduced the effect of electron attachment, therefore, easier to 

sustain the plasma discharge. There are studies reporting that the addition of 

oxygen in argon could significantly increase the discharge voltage to maintain 

the equal discharge current [192, 193]. 
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Figure 6.9 Glow discharge voltage from needle to water cathode in N2, O2 and He 

at gas pressure of 100, 200, 300, 500 and 760 Torr. The gas flow rate is 0.5 slpm. 

6.3.2.2 The effect of gas pressure on H2O2 production 

Figure 6.10 shows the Faraday efficiency of H2O2 production for all  three gases 

at gas pressure of 100, 200, 300, 500, and 760 Torr and gas flow rate of 0.5 slpm.  
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Figure 6.10 Faraday efficiency of H2O2 production by glow discharge in N2, O2 

and He at gas pressure of 100, 200, 300, 500 and 760 Torr. The gas flow rate is 0.5 

slpm. 

The highest Faraday efficiency of H2O2 production was obtained in nitrogen 

glow discharge at 100 Torr, with 1 mol of positive ions producing 1.39 mol of 

hydrogen peroxide molecules. This ratio is much higher than the value predicted 

by Faraday’s law. The plasma induced electrochemical process of hydrogen 

peroxide production has also been reported previously able to exceed 100% 

current efficiency by Faraday’s law. Hickling investigated contact glow 

discharge electrolysis, and found that the hydrogen peroxide produced in the 

electrolyte can reach 1.8 times of the predicted by Faraday’s law at 760 torr; the 

hydrogen peroxide formation was thought due to the positive ions accelerated 

through the cathode fall entering the liquid and dissociating water molecules 

[194].   

The kinetic energy of positive ions bombarding the water surface contributed to 

hydrogen peroxide production. Water molecules can be sputtered to the gas 
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phase after impinged by the energised ions [195]. Additionally, kinetic ions 

bombard the water surface to excite, ionize or dissociate the water molecules, 

and produce protons and hydroxyl radicals [36, 196].  

As the gas pressure increased, the width of discharge channel and the reduced 

electrical field decreased. As the gas pressure increased from 100 to 760 Torr, 

the discharge voltage increased by 97% in nitrogen, 210% in oxygen and 26% 

in helium. With the discharge gap unchanged, the average reduced electrical 

field decreased as the gas pressure increased. As gas pressure increased, the 

Faraday efficiency in N2 glow discharge decreased gradually. The minimum 

Faraday efficiency of 1.17 in nitrogen glow discharge was recorded at 760 Torr.  

The Faraday efficiency of H2O2 production in oxygen glow discharge was the 

lowest of the three gases in all gas pressure range. Contrary to the results in 

nitrogen, the Faraday efficiency increased in oxygen as the gas pressure 

increased. However, the reason for this result is still unclear.  

The Faraday efficiency in helium was averaged around 1.14. At gas pressure 

range from 200 to 760 Torr, the Faraday efficiency fluctuates around 1.14.  

On one hand, the gas pressure affects the reduced electrical field, which resulted 

in a change of kinetic energy of positive ions reaching water surface when gas 

pressure changes. On the other hand, the lower gas pressure would expand the 

discharge channel and increase the gas-liquid contacting area. These factors 

could all play roles in the plasma-water interface reactions.  

Figure 6.11 shows the energy yield of hydrogen peroxide production in the three 

gases. The highest energy yield was obtained in nitrogen, recorded as 2.33 

g/kWh at 100 Torr, and, the energy yield decreased rapidly as gas pressure 

increased.  

The energy yield in oxygen is the lowest among three gases. As the gas pressure 
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increased from 100 to 760 Torr, the energy yield decreased slowly from 0.39 to 

0.21 g/kWh.  

In helium, the gas pressure did not significantly affect energy yield of H2O2 

production: energy yield of H2O2 production was between 1.0 and 1.24 g/kWh. 

 

Figure 6.11 Energy yield of H2O2 production by glow discharge in N2, O2 and He 

at gas pressure of 100, 200, 300, 500 and 760 Torr. The gas flow rate is 0.5 slpm. 

The energy yield of H2O2 production can be expressed as: 

EYH2O2 =
FEH2O2×Numion×MH2O2

VD×ID×t
                             (Eq. 6.3) 

where  

EYH2O2 is the energy yield of H2O2 production;  

FEH2O2 is the Faraday efficiency of H2O2 production; 

Numion is the total number of positive ions injected into water cathode; 
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MH2O2 is the molar mass of hydrogen peroxide; 

VD is the discharge voltage; 

ID is the discharge current; 

t is the treatment time. 

Numion can be expressed by the discharge current and treatment time, as: 

Numion = (ID × t)/qe                                    (Eq. 6.4) 

Where qe is the elementary charge, equals to 1.6×10-19 C 

Put Eq. 6.4 into Eq. 6.3: 

 EYH2O2 =
FEH2O2×[(ID×t)/qe]×MH2O2

VD×ID×t
=
FEH2O2×MH2O2

VD×qe
          (Eq. 6.5) 

Since MH2O2  and qe  are constants, the EYH2O2  is determined by Faraday 

efficiency (FEH2O2) and discharge voltage (VD). 

Comparing Figure 6.9 and Figure 6.10, nitrogen glow discharge has the lowest 

discharge voltage and the highest Faraday efficiency, which resulted in the 

highest energy yield of H2O2 production; oxygen glow discharge has the highest 

discharge voltage but the lowest Faraday efficiency, which resulted in the 

lowest energy yield.  

6.3.2.3 The effect of gas pressure on pH and conductivity of treated 

deionized water 

For further investigation of the effect of the gas pressure on interface reactions, 

the pH and conductivity of treated water was analysed. 
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Figure 6.12 shows the pH value of treated water at gas pressure of 100, 200, 

300, 400, 500 and 760 Torr. Glow discharge in nitrogen can produce nitrite and 

nitrate in water as introduced in Section 2.3.2, which significantly decreased pH 

value of water. The glow discharges in oxygen and helium only reduced the pH 

value of water slightly. The gas pressure had no significant influence on the pH 

value of treated water. 

 

Figure 6.12 pH value of deionized water after treatment by glow discharge in N2, 

O2 and He at gas pressure of 100, 200, 300, 500 and 760 Torr. The gas flow rate is 

0.5 slpm. 
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Figure 6.13 shows the conductivity of treated water after treatment with all 

gases at gas pressure of 100, 200, 300, 500 and 760 Torr. The water conductivity 

increased to 10-25 µS/cm after treatment by glow discharge in helium and 

oxygen. Glow discharge in nitrogen increased water conductivity significantly 

as gas pressure increased from 100 to 760 Torr, i.e. from 128 to 247 µS/cm.  

 

Figure 6.13 Conductivity of deionized water after treatment by glow discharge in 

N2, O2 and He at gas pressure of 100, 200, 300, 500 and 760 Torr. The gas flow 

rate is 0.5 slpm. 

According to the results, the gas pressure has rare effects on the pH and 

conductivity of water in oxygen and helium. In nitrogen, as gas pressure 

increased from 100 to 760 Torr, the conductivity of water increased by around 

2 times; meanwhile, the pH value decreased from 3.90 to 3.57, which implies 

the concentration of H+ increased by around 2 times as well. These two data 

demonstrated that the change of pH and conductivity in nitrogen was caused by 

the same elements, which are nitrite and nitrate [158]. This mechanism was 

similar to that in corona discharge as introduced in Section 4.3.5. Compared the 
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results shown in Figure 6.9, Figure 6.12 and Figure 6.13, it suggested the higher 

gas pressure would promote the HNOx production but suppress the H2O2 

production. 

6.3.3 The effect of Tert-butanol  

To investigate the formation pathway of H2O2 in water, tert-butanol, an OH 

scavenger, was added to deionized water. The discharge time and discharge 

current were kept the same as given in Table 6.1. Two concentrations of TB 

solutions were applied: 0.01 M and 0.1 M. The treated TB solution volume was 

10 mL. In this section, all the experiments were conducted at 760 Torr and gas 

flow rate of 1.0 slpm.  

6.3.3.1 The effect of TB on discharge voltage 

Figure 6.14 shows the discharge voltages for three gases with the three sample 

solutions. In oxygen, the addition of TB significantly reduced the discharge 

voltage. In nitrogen, the discharge voltage with 0.1 M TB solution was increased 

dramatically. In helium, the addition of TB caused a slight decrease of the 

discharge voltage.  

In oxygen, the addition of TB significantly decreased the discharge voltage. 

However, the discharge voltage with 0.1 M TB is moderately lower than that 

with 0.01 M TB. This change does not completely coincide with the change in 

conductivity shown in Figure 6.16.  
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Figure 6.14 Glow discharge voltage from needle to liquid cathode in deionized 

water, 0.01 M and 0.1 M TB solution. The gas flow rate is 1.0 slpm. 

 

6.3.3.2 The pathway of H2O2 production in TB solutions 

As Figure 6.15 shows, in nitrogen and helium glow discharge, the addition of 

TB reduced the Faraday efficiency of H2O2 production. TB can rapidly react 

with OH and prevent OH from dimerising into H2O2. This is particularly evident 

with 0.1 M TB solution, where the Faraday efficiency decreased to 0.12 in 

nitrogen and 0.16 in helium.   

In contrast to the results obtained in nitrogen and helium, in oxygen, the Faraday 

efficiency of H2O2 production increased with addition of TB. In 0.1 M TB 

solution, the Faraday efficiency of H2O2 production was 1.61. These results 

indicate that the TB participated in either the gas phase or aqueous reactions to 

produce more H2O2.  
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There is rare research reporting the increase of hydrogen peroxide production 

by plasma with the addition of TB in water. However, the promotion of 

electrochemical production of H2O2 by organic electron donors (e.g. bisphenol) 

has been reported [197]. In this case, due to the speciality of ion anode at the 

interface in oxygen discharge, TB as the organic electron donors, can be 

adsorbed on the ion anode and preventing the decomposition of H2O2 in oxygen; 

meanwhile, TB can scavenge OH and reduce its oxidation of H2O2. By these 

two pathways, the TB promoting the accumulation of H2O2 in oxygen discharge. 

 

 

Figure 6.15 Faraday efficiency of H2O2 production at 760 Torr in deionized water, 

0.01 M and 0.1 M TB solution. The gas flow rate is 1.0 slpm. 

 

6.3.3.3 The effect of TB on pH and conductivity of treated solution 

The original pH of the deionized water, 0.01 M and 0.1 M TB solution are 6.40, 

5.87 and 5.84 respectively. Figure 6.16 shows the pH change of three treated 



Chapter 6 Interface Reactions between Water and Positive Glow Discharge in N2, O2 and He 

177 

 

solutions. 

In oxygen and helium discharge, the pH of TB solution is lower than that of 

deionized water after treatment. Differently, in nitrogen discharge, the pH of 0.1 

M TB solution became much higher than that of the deionized water and 0.01 

M TB.  

 

Figure 6.16 pH of deionized water, 0.01 M and 0.1 M TB solution after treatment 

at 760 Torr. The gas flow rate is 1.0 slpm. 

The original conductivity of the deionized water, 0.01 M and 0.1 M TB solution 

are 0.7, 1.0 and 1.0 µS/cm respectively. Figure 6.17 shows the conductivity of 

the deionized water, 0.01 M TB solution and 0.1 M TB solution after the 

treatment. In oxygen and helium glow discharges, TB solutions had a higher 

conductivity than deionized water. But in nitrogen glow discharge, 0.1 M TB 

solution has a much lower conductivity compared with the deionized water and 

0.01 M TB solution. The significant reduction of conductivity corresponds to 

the pH and the discharge voltage in 0.1 M TB solution after nitrogen glow 

discharge. 
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Comparing Figure 6.14, Figure 6.16 and Figure 6.17, after treatment by glow 

discharge in nitrogen, 0.1 M TB solution has lower conductivity, higher pH and 

higher discharge voltage. This suggested that the presence of TB reduced the 

production of nitrites and nitrates in the solution.  

 

Figure 6.17 Conductivity of deionized water and TB solutions after treatment by 

glow discharge in N2, O2 and He at 760 Torr. The gas flow rate is 1.0 slpm. 

 

6.3.4 The effect of DMSO  

In nitrogen and oxygen corona discharge introduced in Chapter 4 and 5, the 

addition of TB in the sample solution increased the H2O2 production in the 

solution but the addition of DMSO didn’t.  

6.3.4.1 The effect of DMSO on discharge voltage 

Figure 6.18 shows the discharge voltage using deionized water, 0.01 M DMSO 

solution and 0.1 M DMSO solution. The addition of DMSO in the sample 
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solution led to the reduction of discharge voltage in all three gases, especially 

in oxygen and helium. However, different to the addition of TB in the solution, 

the voltage reduction for 0.01 M and 0.1 M DMSO solutions are very similar.  

 

Figure 6.18 Glow discharge voltage from needle to liquid cathode in N2, O2 and 

He with deionized water, 0.01 M and 0.1 M DMSO solution at 760 Torr. The gas 

flow rate is 1.0 slpm. 

 

6.3.4.2 The effect of DMSO on H2O2 production 

After treatment by nitrogen glow discharge, as Figure 6.18 shows, the Faraday 

efficiency of H2O2 production was reduced with addition of DMSO. The 

Faraday efficiency was much lower than that in deionized water, especially in 

0.1 M DMSO solution. Concentration of DMSO has a dramatic effect on 

Faraday efficiency in nitrogen discharge.  

The situation regarding Faraday efficiency of H2O2 production by oxygen glow 

discharge is less clearly defined. In deionized water the value was lower than 
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that in 0.01 M DMSO solution but higher than that in 0.1 M DMSO solution. 

This is different from the data presented for TB solutions. In TB solutions, the 

Faraday efficiency of H2O2 production increased with higher TB concentration. 

These results further prove that, in oxygen glow discharge, the interface 

reactions did not produce OH leading to the production of H2O2.  

In helium glow discharge, the Faraday efficiency of H2O2 production was 

reduced by around 70% with the addition of DMSO in the water. Variation in 

the concentration of DMSO did not cause significant change in Faraday 

efficiency of H2O2 production.  

 

Figure 6.19 Faraday efficiency of H2O2 production by glow discharge in N2, O2 

and He in deionized water, 0.01 M DMSO solution and 0.1 M DMSO solution at 

760 Torr. The gas flow rate is 1.0 slpm. 
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6.3.4.3 The effect of DMSO on solution pH and conductivity  

The original pH of 0.01 M DMSO solution and 0.1 M DMSO solution was 6.06 

and 6.09; the original conductivity of 0.01 M DMSO solution and 0.1 M DMSO 

solution was 1.1 and 0.9 µS/cm.  

As Figure 6.20 shows, in nitrogen glow discharge, the addition of DMSO only 

slightly decreased the solution pH after treatment. In oxygen and helium glow 

discharge, the pH in DMSO solutions was much lower than that of the deionized 

water after treatment. These results prove that there were acidic substances 

produced, especially with the addition of DMSO.  

 

Figure 6.20 pH of deionized water, 0.01 M and 0.1 M DMSO solution after 

treatment by glow discharge in N2, O2 and He at 760 Torr. The gas flow rate is 

1.0 slpm. 

 

Figure 6.21 shows the solution conductivity after treatment. The addition of 

DMSO increased solution conductivity significantly in all three gases. The 
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highest conductivity reached 1083 µS/cm, acquired in 0.1 M DMSO solution in 

oxygen discharge. These results suggested that the DMSO took part in the 

reactions in the solution and produced conductive electrolyte. 

 

Figure 6.21 Conductivity of deionized water, 0.01 M and 0.1 M DMSO solution 

after treatment by glow discharge in N2, O2 and He at 760 Torr. The gas flow rate 

is 1.0 slpm. 

 

6.4 Discussions 

The glow discharge generated in nitrogen, oxygen and helium with a water 

cathode has been proved to produce H2O2 in water. In corona discharges, the 

kinetic energy of positive ions reaching water is only 0.01-0.1 eV [147]; while 

in glow discharges, the average kinetic energy of positive ions entering the 

water can be greater than 100 eV [117]. The large kinetic energy resulted in 

higher Faraday efficiency of H2O2 production. It has been proved that the 

positive ions accelerated by cathode fall can dissociate water molecules to 

produce hydrogen peroxide, even exceeding the 100% current efficiency 
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predicted by Faraday’s law [194].  

It has been suggested that in glow discharge with liquid cathode, the water 

molecules can be transported to the plasma by three pathways: 1) sputtered by 

the fast positive ions; 2) carried by hydrated negative ions which pulled out by 

electrical field and 3) evaporated by plasma and Joule heating. After entering 

the plasma, water molecules can react with plasma species to produce OH [198]. 

However, according to the analysis in Chapter 4 and Chapter 5, the positive ions 

accumulated on water surface may act as ion anode, on which the water 

molecules lose electron and produce H2O2 through the electrochemical process. 

Similarly, this kind of interface process also occurs in glow discharges. 

Differently, the positive ions reaching water may not be H+(H2O)n. One 

significant evidence is that the addition of TB or DMSO has different effects on 

hydrogen peroxide production in different gases: in nitrogen and helium glow 

discharge, the H2O2 production was decreased but in oxygen, the H2O2 

production was increased. If the positive ions are all the same, such as H+(H2O)n, 

this difference cannot be explained. In oxygen, the ion anode is different from 

that in nitrogen or helium, the organic substance TB and DMSO can participate 

in the ion-anode process and promoted the production of H2O2. 

The energy yield of H2O2 can be calculated as: 

EYH2O2 =
H2O2 Production

EYplasma+EYinterface+EYliquid
                        (Eq. 6.6) 

where Energ yplasma  is the energy dissipated in plasma in gas phase; 

Energ yinterface  is the energy dissipated at plasma-water interface and 

Energ yliquid is the energy dissipated in liquid. Similar to corona discharges, 

most of the energy is dissipated in plasma for sustaining the discharges.  

In summary, the Faraday efficiency of H2O2 production by glow discharges are 
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higher than those in corona discharges, up to 1.39, obtained in nitrogen. The 

high Faraday efficiency was attributed to the contribution of kinetic energy. The 

electrochemical process at the interface may also produce H2O2. The energy 

yield of H2O2 in glow discharges is higher than that in corona discharge, due to 

the higher Faraday efficiency and lower discharge voltage. However, most of 

the energy is consumed in the plasma channel as well as small amount of energy 

is consumed by the joule heating of water resistance. Producing one positive ion 

still needs to consume hundreds of electron volts; and approximately, one 

positive ion can only produce one H2O2 molecule. This is the main limitation 

for increasing the energy yield of H2O2. 

6.5 Conclusions 

The order of Faraday efficiency of H2O2 production by glow discharge in three 

gases was: nitrogen > helium > oxygen. The highest Faraday efficiency of H2O2 

production in deionized water were: 1.39 in nitrogen glow discharge, 0.92 in 

oxygen glow discharge and 1.17 in helium glow discharge.  

The highest energy yield of H2O2 production were 2.33 g/kWh in nitrogen glow 

discharge, 0.41 g/kWh in oxygen glow discharge and 1.24 g/kWh in helium 

glow discharge. At lower gas pressure, the Faraday efficiency of H2O2 

production by nitrogen glow discharge was higher: the highest value of 1.39 for 

nitrogen glow discharge was obtained at 100 Torr. The Faraday efficiency of 

H2O2 production by oxygen and helium glow discharge reached their lowest 

value at 100 Torr, which is 0.56 and 0.87 respectively.  

Only nitrogen glow discharge significantly decreased the pH of deionized water. 

The lowest pH was 3.54, obtained at 760 Torr. The nitrogen glow discharge can 

increase the solution conductivity significantly, reaching the highest 

conductivity, 250.0 µS/cm, at 760 Torr. The increase of solution conductivity 

was due to the transportation of NOx into the solution and forming nitrate and 
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nitrate. 

As gas pressure decreased from 760 to 100 Torr, the discharge voltage in 

oxygen glow discharge decreased significantly, from 5.62 to 1.81 kV. In 

nitrogen and helium glow discharge, the discharge voltage showed only a slight 

decrease as gas pressure decreased.  

The addition of TB and DMSO significantly reduced the H2O2 production in 

nitrogen and helium glow discharge, but not in oxygen glow discharge, 

indicating that OH was the precursor of the H2O2 in nitrogen and helium glow 

discharge. While in oxygen glow discharge, the production of H2O2 was not 

from the dimerization of OH. 
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7. Conclusions and Future Work 

7.1 Conclusions 

This research aimed to investigate the interface reactions between positive 

plasma and water, and explore the formation mechanisms of OH and H2O2 in 

water. The three main achievements were: 

1. The effects of low energy positive ions and reactive neutral species 

produced by corona discharge in N2 and O2 on interface reactions have 

been determined. 

2. The difference of interface reactions caused by low energy and energetic 

positive ions has been identified.   

3. The mechanism about why the energy yield of OH and H2O2 by plasma-

water reactions is limited have been analysed. 

The three achievements provide further information about the reaction 

mechanism between water cathodes and positive plasma based upon the current 

knowledge of interface process. This information identifies why it is difficult to 

achieve significant improvements in the energy yield of OH and H2O2 by 

plasma-water reactions. The core reason is: no matter how the reactor geometry 

is designed, it needs to consume at least hundreds of eV to transport one positive 

ion to water cathode which then produces around one OH molecule in the water. 

Most of the energy is dissipated in the gas discharge, not in the production of 

OH at the water-plasma interface. Due to the short lifetime of OH, the OH 

produced in gas phase would be consumed by self-quenching or other species. 

Hence, only the OH produced at the interface can be transported into water. 

Based on these findings in this research, two proposed research directions for 

improving the energy yield of OH are to:  
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1. Reduce the energy consumption of producing and transporting positive 

ions  

2. Multiply the OH production proportion by positive ions at the interface.  

The arc discharge can deliver the positive ions from anode to cathode while only 

consuming tens of eV, which may significantly increase the energy efficiency 

of OH production in water by positive ions.   

Another novelty of this research is the design of the reactor for corona 

discharges. A nine-needle electrode was biased at high voltage to generate 

corona discharge, which produced positive ions drifting to the water. With this 

reactor configuration, a d.c. cathode current was obtained, which allowed a 

uniform ionic wind blowing to the water surface. The mesh cathode can filter 

the positive ions, allowing only reactive neutral species to reach the water 

surface. This design allowed the separation of  the effects of positive ions and 

reactive neutral species on the mechanisms of OH and H2O2  formation. 

By analysing the results from corona discharges and glow discharges, the 

interface reaction mechanisms between plasma and water are explored. The 

important findings in the research can be summarized as: 

1. The drift positive ions generated by corona discharge in nitrogen and 

oxygen react with water to produce hydrogen peroxide, not hydroxyl 

radicals.  

2. The reaction mechanisms between positive ions and water cathode are 

the same in nitrogen and oxygen corona discharge. The positive ions 

reaching water cathode are H+(H2O)n, which can produce H2O2 in 

deionized water or react with organics in the solution. 
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3. The Faraday efficiency of hydrogen peroxide production by positive ions 

in corona discharge increased as gas pressure decreased. At 100 Torr, 1 

mol of positive ions can produce 0.29 mol of hydrogen peroxide. 

4. In corona discharges, the reactive neutral species consisting of H2O2 and 

HO2, were transported from gas phase to water, contributed to hydrogen 

peroxide production in water. 

5. In oxygen corona discharge, oxygen atoms (O) react with water vapour 

at interface, producing more H2O2 and HO2. The reactive neutral species 

contributed more than 76% hydrogen peroxide production in oxygen 

corona discharge.  

6. The reactive neutral species in corona discharges would deactivate 

within several seconds. 

7. Hydrogen peroxide produced by positive glow discharge in nitrogen and 

helium is mainly from dimerization of OH, but not in oxygen glow 

discharge. 

8. The Faraday efficiency of hydrogen peroxide production in glow 

discharge is much higher than that in corona discharge. The maximum 

Faraday efficiency was 1.39 in nitrogen, 0.92 in oxygen and 1.17 in helium.  

9. Both corona discharge and glow discharge in nitrogen can significantly 

decrease pH and increase the conductivity of water. The change in pH and 

conductivity is mainly caused by nitrate and nitrite, which were due to the 

NOx transported from gas phase to water.  

In nitrogen corona discharge, both positive ions and reactive neutral species 

contributed to hydrogen peroxide production. In nitrogen corona discharge at 

760 Torr, 1 mol of positive ions can produce 0.13 mol of hydrogen peroxide, 
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which is equal to the contribution of reactive neutral species.  As gas pressure 

decreased, hydrogen peroxide production increased significantly, at 100 Torr, 1 

mol of positive ions can produce 0.29 mol of hydrogen peroxide, over twice the 

production. The increase was found to be due to the increased amount of 

hydrogen peroxide produced by positive ions. Hydrogen peroxide production 

by reactive neutral species did not show a significant change as gas pressure 

decreased. The highest energy yield of hydrogen peroxide production by 

nitrogen corona discharge was 0.178 g/kWh, obtained at 100 Torr. The addition 

of OH scavengers TB and DMSO in water did not reduce hydrogen peroxide 

production by nitrogen corona discharge, which proves that the production of 

H2O2 was not from OH dimerization, for both the positive ions and the reactive 

neutral species. The production of H2O2 by reactive neutral species in nitrogen 

corona discharge was from two pathways: 1) the H2O2 produced in gas phase 

was transported into water; 2) the HO2 produced in gas phase was transported 

into water and self-react to produce H2O2 in water. 

, In nitrogen corona discharge, the pH of water decreased and the conductivity 

of water increased, mainly caused by the formation of nitrate and nitrite, proved 

that the NOx was carried to the water by the ionic wind.  

The analysis suggested the positive ions reaching water surface were H+(H2O)n, 

which deposited at the interface, acting as an ion anode. Adsorbed hydroxyl 

radicals H+(H2O)n(·OH) and active oxygen H+(H2O)n(·O), formed on the ion 

anode, which can synergistically act when either TB or DMSO was added to 

water, producing twice as much hydrogen peroxide as that in deionized water. 

In oxygen corona discharge, the positive ions reaching water surface are the 

same as those in nitrogen corona discharge, which are H+(H2O)n, thereby the 

reaction mechanisms between positive ions and water, as well as the amount of 

H2O2 produced by the positive ions, are thought the same. The reactive neutral 

species generated by oxygen corona discharge also produced H2O2 in water, and 
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they contribute more than 76% of the total H2O2 production within the tested 

gas pressure range of 200 to 760 Torr. The production of H2O2 in water by 

reactive neutral species generated by oxygen corona discharge was mainly from 

three pathways: 1) the H2O2 produced in gas phase was transported into water; 

2) the HO2 produced in gas phase was transported into water and self-react to 

produce H2O2 in water; 3) H2O2 and HO2 produced by oxygen atoms (O) 

reacting with water vapour at interface, and then they were transported into 

water. The oxygen atoms (O) can recombine on the mesh surface, thereby the 

production of hydrogen peroxide by oxygen atoms was reduced by the mesh. 

However, due to the presence of multiple reactive species, the lifetime of the 

reactive neutral species, including oxygen atom, is estimated less than 1.4 

seconds.  

Compared to the nitrogen corona discharge, the oxygen corona discharge has 

higher Faraday efficiency and energy yield of hydrogen peroxide production. 

The highest value was obtained at 200 Torr, with a Faraday efficiency of 1.0 

and an energy yield of 0.260 g/kWh. In oxygen corona discharge, the OH 

scavenger, TB and DMSO, did not reduce the hydrogen peroxide production, 

proved that H2O2 was not from the dimerization of OH.  

Corona discharge in oxygen resulted in a slight decrease in pH and a slight 

increase in conductivity of water. Both positive ions and reactive neutral species 

contributed to the change of water pH and conductivity.  

The glow discharge produced positive ions with high kinetic energy, resulted in 

higher Faraday efficiency of H2O2 production, compared to the corona 

discharges. In glow discharge, the order of Faraday efficiency of H2O2 

production in the three gases was: nitrogen > helium > oxygen. The highest 

Faraday efficiency of H2O2 production in deionized water were: 1.39 in nitrogen 

glow discharge, 0.92 in oxygen glow discharge and 1.17 in helium glow 

discharge. Compared to corona discharges, glow discharge led to higher energy 
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yield of H2O2 production due to the higher Faraday efficiency and lower 

discharge voltage. The highest energy yield of H2O2 production were 2.33 

g/kWh in nitrogen glow discharge, 0.41 g/kWh in oxygen glow discharge and 

1.24 g/kWh in helium glow discharge. The kinetic energy of the positive ions 

reaching water contributed to the production of H2O2.  

Among the three gases, only nitrogen glow discharge significantly decreased 

the pH and increased the conductivity of water. The obtained lowest pH was 

3.54, and the obtained highest conductivity was 250.0 µS/cm, obtained at 760 

Torr. The change of water pH and conductivity was due to the transportation of 

NOx into the solution, which formed nitrate and nitrate. 

The addition of TB and DMSO significantly reduced the H2O2 production in 

nitrogen and helium glow discharge, but not in oxygen glow discharge, 

indicating that OH was the precursor of the H2O2 in nitrogen and helium glow 

discharge. While in oxygen glow discharge, the production of H2O2 did not 

come from the dimerization of OH. 

7.2 Future work 

For further investigation of the interface reactions between plasma and water, 

there are several suggestions. 

Firstly, the presence of  more chemical components in aqueous phase should be 

tested for. In this research, only H2O2 production and HNOx were measured in 

aqueous phase. Although the discharges in helium and oxygen do not introduce 

other chemical elements in water, the production of HO2 should be measured as 

well in future to understand the aqueous reaction process. The chemical 

components in the treated TB and DMSO solutions should be clarified and 

measured. The technique of high-performance liquid chromatography and 

isotopic labelling can be employed to analyse the treated TB and DMSO 
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solutions. This information will identify and quantify the products produced by 

reactive neutral species and drift positive ions in the solution, and further 

determine the interface reaction mechanisms.  

Secondly, the gas composition in the reactor should be analysed by optical 

emission spectroscopy. The components such as ions, atoms, molecules and 

radicals in the gas can be identified and quantified. This can help determine the 

ions and reactive neutral species in the gas phase, which will help in analysing 

the gas phase reactions and interface reactions. In addition to H2O2, the positive 

ions can produce H2 and O2 in the interface reactions. Quantifying the 

production of H2 and O2 would help in determining the electrochemical process 

at ion anode and water cathode.  

Thirdly, the glow discharges can be analysed by optical emission spectroscopy. 

The production of H2 and O2 should be quantified, which can help determine 

the interface reactions caused by kinetic positive ions.  

Finally the effect of arc discharge with water cathode should be investigated. 

According to this research, 1 mol of positive ions generated by glow discharge 

can produced up to 1.39 mol of hydrogen peroxide molecules. If the discharge 

voltage can be reduced to tens of volts, the energy yield of OH would be 

promoted significantly. Therefore, an arc discharge with low discharge voltage 

can possibly increase the OH production.  
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9. Appendix 

Table 9.1 Specifications of Alicat mass flow controllers. 

 

Table 9.2 Alicat pressure controller specifications. 

 

Table 9.3 Ozone analyser specifications.  

 

Table 9.4 Glassman d.c. power supply specifications. 

Model Range Resolution Accuracy 

ALICAT (MCS Series) 0-10 slpm 0.01slpm 
±0.8% of reading 

or ±0.2% of Full 

scale 

ALICAT (MC Series) 0-5 slpm 0.001 slpm 

ALICAT (MC Series) 0-500 sccm 0.1 sccm 

Model Range Resolution Accuracy 

ALICAT (PC Series) 
0-760 Torr 

absolute  
1 Torr ±0.25%  

Model Range Resolution Accuracy 

BMT 964 0-10000 ppm  1 ppm 
0.4% of measurement 

+ 0.1% of scale 

Model Polarity 
Output 

voltage 

Output 

current 

Max stored 

energy 

Voltage 

accuracy 

EJ20R30 Positive 0-20 kV 0-30 mA 19 Joule 

0.5% of setting 

+ 

0.2% of rated 
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Table 9.5 “Tektronix P6015A” HV probe specifications. 

 

Table 9.6 Specifications of coaxial cable RG405. 

 

Table 9.7 Specifications of Teledyne LeCroy PP008 probe. 

 

 

 

 

 

 

 

 

Maximum 

input voltage 

d.c. 

Attenuation 

Input 

resistance  

Input 

capacitance 

Rise 

time 
Bandwidth 

20 kV d.c. & 

40 kV pulse 
1000:1 100 MΩ 3 pF 4 ns 75 MHz 

Probe model 
Input 

resistance 

Input 

capacitance 

Maximum 

operating 

voltage 

Maximum 

operating 

frequency 

Coaxial cable 

RG405 
50 ±1.5Ω 95.1 pF/m 1500Vrms 20 GHz 

Probe model 
d.c. 

Attenuation 

Input 

resistance 

Input 

capacitance 

Maximum operating 

voltage 

Teledyne 

LeCroy PP008 
10:1 10 MΩ 9.5pF 400Vpp or 300Vrms 
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Table 9.8 Teledyne LeCroy Waverunner 610Zi Specifications. 

 

Table 9.9 Specifications of employed Gilson pipettes. 

 

 

 

 

 

Analog Bandwidth @ 1 MΩ (-3 dB) 500 MHz 

Analog Bandwidth @ 50 Ω (-3 dB) 1 GHz (≥ 2 mV/div) 

Rise Time (10–90%, 50 Ω) 375 ps (typical) 

Input Impedance 
50 Ω ±2% or 1 MΩ || 17pF, 10 MΩ || 9.5 pF 

with supplied Probe 

Input Coupling 1 MΩ: AC, DC, GND; 50 Ω: DC, GND 

Maximum Input Voltage 
50 Ω: 5 Vrms ±10 V peak 

1 MΩ: 400 V max. (DC + peak AC < 10 kHz) 

Single-Shot Sample Rate/Ch 
10 GS/s on 4 Ch 

20 GS/s on 2 Ch 

Time/Division Range 
20 ps/div - 1.6 ks/div with 

standard memory 

Model Part Number Volume Systematic error Random error 

P200 F123601 200 µL ± 1.60  µL ≤ 0.30 µL 

P1000 F123602 1000 µL ± 8.0  µL ≤ 1.5 µL 

P5000 F123603 5000 µL ± 30  µL ≤ 8 µL 
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Table 9.10 Characteristics of water from Milli-Q Integral 15 Water Purification 

System. 

 

Table 9.11 Specifications of Thermo scientific evolution UV-Visible 201. 

 

Resistivity 18.2 MΩ.cm@25°C 

TOC < 5 ppb 

Particulates (> 0.22 Pm) < 1 Particulates/mL 

Bacteria < 1 cfu/mL 

Pyrogens < 0.001 Eu/mL 

RNases < 0.01 ng/mL 

DNases < 4 pg/µL 

Flow Rate 0.05 - 2 L/min 

Accuracy (Photometric) 0.5: ±0.0004; 1: ±0.006; 2: ±0.010; 

Beam Geometry Double beam 

Detector Type Dual Silicon Photodiodes 

Lamp Xenon Flash Lamp 

Noise 

0A: <0.00015A  

1A: <0.00025A  

2A: <0.00080A 

Repeatability ±0.0002A 

Wavelength Range 190 to 1100 nm 

Wavelength Accuracy ±0.8nm (full range) 

Min. Data Interval 1 nm 
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Table 9.12 pH meter specifications. 

 

Table 9.13 Conductivity meter specifications. 

 

 

 

 

 

 

 

Operating temperature 

(ambient) 
Range Accuracy Resolution 

5-45 ℃ -2 to 16 ±0.002 pH 0.01 

Operating temperature 

(ambient) 
Range Accuracy Resolution 

5-45 ℃ 

0.001 µS/cm 

to 3000 

mS/cm 

0.5% of reading ±1 

digit > 3 µS; 0.5% of 

reading ±0.01 µS ≤ 3 µS 

0.001 μS minimum, 

auto ranging up to 4 

significant digits 
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