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ABSTRACT 

Plasma generated in contact with water has been extensively investigated in various 

electrode geometries and various discharge types for water treatment, of which the 

applications have been employed industrially on different scales. The reactive species such 

as OH radicals, O3, H2O2 and HO2 can be generated from the reactions that occur at the 

plasma-water interface. For discharges above water, the effect of positive gas ions, which 

lead to the formation of positive water ions, is considered the main pathway for OH radical 

formation; while for the discharge under water, the water dissociation by electron collisions 

is considered as the main pathway. However, the reaction zone for the production of reactive 

species (gas or liquid phase) is still controversial. This thesis presents a study of the plasma 

generated in the gas phase in contact with water by various discharge types for water 

treatment. The discharge characteristics, OH radical and H2O2 production, and solution 

conductivity and pH variation were investigated and compared under different experimental 

conditions. The degradation of methylene blue dye was investigated under DBD.  

The transition of impulsive current discharges into impulsive-diffuse discharges was 

recorded by increasing the solution conductivity; a further transition of the discharge type 

into a spark was recorded when the solution conductivity was increased to >2.4 mS/cm. The 

H2O2 energy efficiency of 1.1 g/kWh was recorded under positive impulsive current 

discharges in N2 and helium. The highest charge/H2O2 ratio of 1:1.26 was recorded under 

positive impulsive current discharges in O2 and N2. Under positive DC glow discharges, the 

H2O2 energy efficiency of 1.9 g/kWh was recorded in air discharges, and was slightly 

increased to 1.95 g/kWh when using a flow liquid electrode. Increased solution acidity and 

basicity from neutral solution have negative effects on H2O2 production. A significant 

amount of water vapour was observed under DC glow discharges, resulting in a negative 

effect on H2O2 production. Under negative discharges, no H2O2 production was detected in 

water after O2, N2, air and helium discharge treatments. In DBD, a threshold voltage is 

required to initiate electrical discharges between the glass plate and the water, through the 

micro-pores. The H2O2 production yield of 1.1 g/kWh was recorded in O2 discharge 

treatment. The degradation yield of methylene blue dye of 310 g/kWh was achieved within 

the first minute of O2 discharge treatment.  
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1 INTRODUCTION 

1.1 Overview  

This research focused on the investigation of electrical discharge characteristics and the 

production of OH radical and H2O2 under the effect of a water electrode. Understanding the 

behaviour of these chemical species under these conditions will help in the development of 

technologies using plasmas and discharges to treat water contaminated with microbiological 

organisms or organic chemicals. The electrical discharge behaviour and the reactions 

occurring at the plasma-water interface was investigated under different conditions, 

including different solution conductivity, solution pH, feed gas, discharge polarity, applied 

voltage, discharge type, gas flow rate, liquid flow rate and reactor structure. Locke [1] 

reviewed a series of studies and concluded that the reaction pathways, leading to the 

formation of H2O2 are: (i) radiation; (ii) electron attachment; (iii) excitation; and (iv) 

ionization of water molecules, taking place at the plasma-water interface. On the other hand, 

Fridman [2] introduced the ionization of gas molecules, leading to the formation of H2O2 by 

the reactions between positive gas ions and water. Locke [1] also found that the H2O2 

production yields in electrical discharges in contact with water are mostly lower than 1 

g/kWh.  

1.2 Research motivation  

Advanced oxidation processes (AOPs) have been widely investigated in term of water 

treatment, the aim of AOPs is to generate reactive species, especially OH radicals, in 

solutions; one of the most typical AOPs is Fenton method (R 1.1, R 1.2). However, the 

AOPs require large amount of chemical materials. The plasma-induced AOPs (electrical 

discharges) avoid the using of chemical material and lead to the direct generation of reactive 

species (OH
.
, HO2

.
) in situ.  

Fe
2+

 + H2O2 → Fe
3+

 + OH
.
 + OH

-
                                     (R 1.1) 

Fe
3+

 + H2O2 → Fe
2+

 + HO2
.
 + H

+
                                      (R 1.2) 

Extensive research has been undertaken to generate electrical discharges in contact with 

water using various reactor geometries to investigate the reactive species productions. The 

required power consumption for the discharges in the liquid phase is at least one order of 
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magnitude higher than that for the discharges in the gas phase [1]. This can be due to the 

large amount of energy consumed to heat up the surrounding liquid; to generate gas-vapour 

bubbles and enable the electrical breakdown to occur in contact with water. However, the 

H2O2 production yields recorded in liquid phase discharges are mostly under 1 g/kWh, which 

is similar to the values recorded in gas phase discharge [1]. Therefore, in this study, the 

electrical discharges in gas phase with one water electrode were investigated for OH radical 

and H2O2 production. Jamro’z [3] investigated the flowing water cathode effect and found 

the H2O2 production decreased with increasing liquid flow rate. Jamro’z concluded that this 

result was due to the reduction of contacting time of plasma with water, when a flowing 

water electrode was employed. Therefore, a reactor with a flowing liquid electrode was 

designed in this study to investigate the effect of flowing water electrode on H2O2 production. 

Also, the solution pH has been proven to play a critical role on H2O2 production [1-4], which 

indicates that different reaction mechanisms occur in various pH value solutions. In order to 

investigate the mechanisms, the effect of the initial pH solution on H2O2 production was 

investigated in this study.  

On the other hand, a body of research has been undertaken to clarify the discharge 

characteristics in the electrical breakdown generated in contact with water [4-7]. The 

variation of discharge current with solution conductivity was recorded [7], in which case, 

diffuse discharges were developed following the impulsive discharge currents; however, no 

clear explanation of the different current waveforms was given. In this research, the effects 

of solution conductivity on the variation of discharge characteristics were investigated by 

using a pin-to-water electrode structure. 

The aim of this research can be divided into two parts: (i) to investigate the characteristics of 

the discharges with one water electrode; (ii) to investigate the reactions occurring at the 

water-plasma interface for OH radical and H2O2 formation. To achieve these aims, the 

objectives of this research are listed below. 

 Analyse the variation of discharge characteristics in the pin-to-water electrode 

discharges with different solution conductivities.  

 Investigate the discharge characteristics under different types of electrical discharge.  

 Determine the OH radical and H2O2 production under different types of electrical 

discharge.  

 Investigate the effect of solution pH on OH radical and H2O2 production. 
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 Investigate the effect of flowing liquid cathode on H2O2 production. 

 Investigate the H2O2 production and methylene blue dye degradation (application of 

plasma-induced AOPs) under dielectric barrier discharge. 

The significant role that OH radical and H2O2 play in water decontamination means that the 

results obtained will help in the design of practical water treatment systems.  

1.3 Thesis outline  

A review of the mechanisms of plasma generation is introduced in Chapter 2. The 

characteristics of liquid phase and gas phase discharges are compared. The mechanisms for 

reactive species production are considered differently by several research groups, and are 

presented and discussed in this chapter. The majority of the reactive species produced in gas 

phase discharges are generally considered to come from the reactions between ions (with 

energy) and H2O; for liquid phase discharges, the reactive species are generated by the 

vibrational excitations and direct dissociation of H2O. The generation, reaction, 

decomposition and termination pathways of OH radicals, H2O2 and O3 are introduced. The 

effects of different polarity, solution pH and conductivity on reactive species production are 

also introduced.  

Chapter 3 introduces the experimental equipment, the preparation of solutions with various 

solution pH and conductivity, the calculation of the charges that arrive at the water surface 

during electrical discharges, the calculation of the discharge energy and the OH radical and 

H2O2 production measurements that were used in this study. The preparation of a scavenger 

of OH radicals, tert-butanol, to investigate the H2O2 production pathways, is also introduced 

in this chapter.  

Chapter 4 presents the results of an investigation into the effect of solution conductivity on 

discharge transition under pin-to-water electrode discharges. The effect of different applied 

voltage was also investigated. The discharge above ultrapure water (0.5 µS/cm) was very 

weak due to the accumulation of charges on the water surface; small voltage drops (several 

tens of volts) were recorded. Increasing the solution conductivity not only led to higher 

current amplitude and larger voltage drops, but also led to the development of diffuse 

discharges, with the presence of a tail current after the short duration (<20 ns) impulsive 

current; the amplitude of the tail current increased with higher solution conductivity.  



CHAPTER 1 INTRODUCTION 

 

4 

 

Chapter 5 presents the investigation of positive impulsive current discharges above water 

with a DC power supply; the H2O2 production in 5-mM NaOH solution was much lower than 

that in ultrapure water, indicating the scavenging of OH radicals by OH
-
 ions.  

Chapter 6 presents the investigation of positive and negative impulsive current discharges 

above water. In order to calculate the charges that arrive at the water surface during 

discharges in Chapter 6, a 1-nF high voltage capacitor was connected in parallel with the 

reactor. 

The pin-to-water structure was also investigated in DC glow discharges under both positive 

and negative polarities in chapter 7; the reactive species production and the variation of 

solution properties were investigated. Also, the effect of solution pH was recorded. A large 

amount of water vapour was observed due to the high-power input, in which case the effect 

of water vapour was investigated by introducing gas flow with various flow rates during 

treatment. The effect of a flowing liquid cathode on the solution properties was investigated 

in chapter 8. 

After the research on pin-to-water electrode discharges, a DBD structure, with one water 

electrode, achieved by using a porous PTFE plate, was employed in chapter 9. The 

discharge characteristics and reactive species production in various gas treatments was 

investigated. Also, the O2 plasma treatment for methylene blue degradation under various 

solution pH values was investigated. 

Chapter 10 presents the conclusion of the investigations of discharge characteristics and 

reactive species production in this research and its relevance to the treatment of 

contaminated water. 
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2 LITERATURE REVIEW 

2.1 Introduction  

Advanced oxidation processes (AOPs) have been proven to be effective for OH radical 

formation through a series of chemical reactions [8]. Table 2.1 lists the general oxidative 

species used during water treatment and the redox potential value. OH radicals with 

powerful oxidation strength (E
0
=2.80 V) have the potential to improve the efficiency of 

water treatment. The reaction rate constants of OH radicals with micro-pollutants can reach 

10
9
 Lmol

-1
s

-1
 [8] and result in the mineralization of organic compounds into CO2, H2O and 

inorganic ions. Ozone (O3), hydrogen peroxide (H2O2), oxygen (O2) and ultraviolet (UV) 

radiation can be generated based on different fundamental AOPs. The most typical AOPs 

include the Fenton method, ozonation, catalytic peroxide oxidation, photo-catalysis, and 

electrochemical oxidation [8-11]. 

Table 2.1 Oxidative species redox potential [8-10] 

 

Plasma-induced AOPs for OH radical and H2O2 production have been investigated in this 

project; this method has been widely developed and investigated for water treatment [12], 

and has been proven to be effective for micro-pollutant treatment in water [13].  

Electrical discharges in the gas phase lead to the production of high energy electrons, and the 

majority of the energy is then transferred to ambient gas molecules by inelastic collisions of 

(i) excitation, (ii) dissociation, (iii) ionization and (iv) electron capture, leading to the 

formation of various radicals [14]. Table 2.2 lists the reactions between high energy 

electrons (e
-*

) and various gas molecules.  

Oxidative species Redox potential (V) 

OH
.
 2.8 

O
.
 2.42 

O3 2.07 

H2O2 1.78 

HO2
.
 1.7 
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When electrical discharges form in contact with water they also allow the reaction between 

electrons and H2O to form highly oxidative species such as O
. 
and OH

.
 in both the gas and 

liquid phase, which can play important roles in the destruction of micro-pollutants. The 

dimerization of OH radicals leads to the formation of H2O2, a reactive species with lower 

oxidation strength (E
0
=1.78 V). In addition, a large range of reactive species such as O

.
, O

-
, 

O2
-
, O

+
, O2

+
 (Table 2.2) can be generated in O2 discharges, and N

.
, N

*
, N2

*
, N

+
, N2

+
 can be 

generated in N2 discharges, which all can help to degrade micro-pollutants in liquids [14].  

 Table 2.2 Gas and water molecules reactions with electrons 

 

Electrical gas discharges developed above the water surface have been investigated under 

different discharge types such as corona, glow, gliding arc and DBD discharge [15-19]; these 

methods are considered as non-thermal plasma generation [1]. Discharges in the liquid phase 

can produce reactive species in situ, which is generally considered as thermal-plasma [1]. In 

situ electrical discharges can purify water by generating a wide range of reactive species. 

Also, the generation of ultraviolet radiation and shockwaves improves the destruction rate of 

micro-pollutants in water. Hybrid gas-liquid electrical discharges have been investigated due 

to their capability to combine the useful characteristics of both the gas and liquid phase 

discharge. Reactive species can be produced in both phases, thus, enhancing the degradation 

rate of target pollutants compared to single phase electrical discharges. The discussion of the 

mechanisms for different phase discharges and their efficiency for the production of oxidants 

are presented in the following sections.  

Excitation Ionization 

e
-*

 + O2 → O2
*
 + e

-
 (R 2.1) e

-*
 + O2 → O2

+
 + 2e

-
 (R 2.8) 

e
-*

 + N2 → N2
*
 + e

-
 (R 2.2) e

-*
 + N2 → N2

+
 + 2e

-
 (R 2.9) 

e
-*

 + He → He
*
 + e

-
 (R 2.3) e

-*
 + He → He

+
 + 2e

-
 (R 2.10) 

e
-*

 + H2O → H2O
*
 + e

-
 (R 2.4) e

-*
 + H2O → H2O

+
 + e

-
 (R 2.11) 

Dissociation Electron capture 

e
-*

 + O2 → O
.
 + O

.
 + e

-
 (R 2.5) e

-*
 + O2 → O2

-
 (R 2.12) 

e
-*

 + N2 → N
.
 + N

.
 + e

-
 (R 2.6) e

-*
 + H2O → H

. 
+ OH

-
 (R 2.13) 

e
-*

 + H2O → OH
.
 + H

.
 + e

-
 (R 2.7)   
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2.2 Discharges in gas phase with water 

The pin-to-water electrode structure (Figure 2.1) has been widely investigated to generate 

non-thermal plasma through atmospheric pressure glow discharge (APGD), plasma jets, 

corona discharge and streamer discharges [15, 20-22]. Under positive APGD, an anode glow, 

followed by the positive column, Faraday dark zone, negative glow and cathode fall on the 

water surface can be recorded. The formation of Taylor cones on the water surface has been 

observed [23] in the gas phase discharge, which are caused by a region of increased charge 

density that enhances the Coulombic force. The dielectric barrier discharge (DBD) has been 

proven to be effective for the degradation of organic pollutants in water [24], due to a 

homogeneous distribution of discharge filaments in the water.  

OH radicals are the primary reactive species generated at the plasma-water interface; they 

can then diffuse into the liquid phase to directly react with organic contaminants and lead to 

the production of H2O2 through a dimerization reaction. A small amount of O3 can be 

generated in electrical plasma developed above water [25], which can enhance the OH 

radical formation by a decomposition reaction in solution. A variety of chemically reactive 

species such as O
.
, H

.
, N

.
 radicals and NO, O=NOOH; highly oxidative reagents such as OH, 

HO2, O2
-
 ions and H2O2 are also produced during gas phase discharges [26]. In addition, 

energetic electrons are also produced under negative discharges and can dissociate water 

molecules into H
.
 and OH

.
 [1].  

2.2.1 Corona discharge  

The initiation of corona discharge occurs when a high electric field is applied to a sharp edge. 

However, complete electrical breakdown or arcing is not caused. Under positive DC corona 

discharge, burst corona can be observed from the beginning of the discharge [14] and the 

discharge frequency increases with increasing current magnitude. The burst corona starts to 

transit into glow discharge, streamer discharge and spark discharge with increasing applied 

voltage [27]. Increasing the discharge currents leads to the generation of noisy positive 

streamer discharges. Further increase of the discharge currents leads to the bridging of the 

discharge gap and the occurrence of spark discharges [28]. For positive discharges, the free 

electrons move towards the positive electrode and the positive charges move towards the 

water surface. The acceleration of positive ions at the streamer head enhances the electric 

field; this process is repeated and the streamer propagates towards the water surface.  
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In terms of negative polarity, the illuminating of corona can only be observed at the sharp 

edge while the remaining discharge gap is dark. Eliasson [29] investigated the energy of free 

electrons in negative corona discharge and found that the average electron energy is around 5 

eV with an electron density of 10
13

 cm
-3

 in the plasma column. Trichel pulse corona [30] 

currents with amplitude of up to 140 µA and repetition rate of ranges from 1 to 100 kHz can 

be recorded in negative corona discharges. 

Dielectric Liquid

Needle 

Electrode 

Air 

Plate Electrode 

A.C.

Dielectric Liquid

Needle 

Electrode 

Air 

Plate Electrode 

A.C.

 

Figure 2.1 Electrohydrodynamic (EHD) flow phenomenon [31]. 

Ohyama [31] investigated the liquid-phase electrohydrodynamic (EHD) flow phenomena 

induced by AC corona discharge above the dielectric (Figure 2.1). The liquid phase EHD 

flow is initiated by charge injection, which enhances the heat and mass transfers in the liquid. 

The high electric field applied to the pin tip induces the acceleration of free electrons in the 

gas gap, which ionizes the ambient gas and produces more free electrons. This process is 

repeated until sufficient free electrons are present to initiate an electron avalanche, which 

results in the generation of plasma filaments.  
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2.2.2 Atmospheric pressure glow discharge 

The APGD developed in contact with a liquid cathode is a method that has low operation 

cost [32, 33]. Figure 2.2 shows the discharge zone existing in an APGD when the plasma is 

developed on a water surface. Jamro’z [34] found that the APGD can be generated stably 

with a pin-to-water electrode structure with an inter-electrode gap of 0.5 to 4 mm. When the 

inter-electrode distance is in the range of 0.5 to 1 mm, only negative glow can be observed; 

increasing the inter-electrode distance to >1.5 mm results in the appearance of a positive 

column.  

Positive Column

Anode glow 

Anode

Faraday dark zone

Liquid cathode 

Negative glow cathode fall

Negative glow

Positive Column

Anode glow 

Anode

Faraday dark zone

Liquid cathode 

Negative glow cathode fall

Negative glow

 

Figure 2.2 Discharge zone existing in APGD developed in contact with water. [20] 

Bruggeman [35] investigated the emission characteristics under positive and negative APGD 

and found that under negative polarity, a bright cathode spot at the pin tip and an intense 

anode spot on the water surface could be observed. The light emission of the plasma column 

between the positive and negative spot is much less intense; however, the light intensity can 

be significantly increased under positive polarity. On the other hand, a ring-like structure of 

the anode spot can be observed under relatively low discharge current (<20 mA). Miao [36] 

investigated the negative DC glow discharge and found that the plasma region was a cone-

like shape with a hollow anode spot on the water surface, under the discharge current of 1.5 

mA and solution conductivity of >17.31 µS/cm.  
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2.2.3 Streamer discharge 

One of the characteristics of streamer discharge is that it emits strong radio noise [37]. The 

generation of streamer discharges above water from corona discharges by increasing the 

applied voltage are more effective under positive polarity [37]. In addition, the threshold 

current, which indicates the discharge type transition from corona or glow to streamer, 

decreases with increasing radius of curvature of the pin electrode. Shimizu [38] investigated 

discharges above water, and recorded the plasma propagation velocity in air and the 

circulation of thermal liquid flow caused by the electrical breakdown. The discharge towards 

the water surface induced an air flow of 15 m/s and the thermal flow was initiated at the 

plasma-liquid contact point, and built up along the water surface; the movement of thermal 

flow spread throughout the liquid and resulted in the solution being well mixed.  

Andre developed the discharge between metal and water films and found that the DC diffuse 

discharge can be generated steadily [39]. Sun [40] compared the streamer-corona and the 

spark discharge generated between pin-metal electrodes in water vapour for phenol 

degradation and found that the spark discharge resulted in higher removal efficiency. 

（+）

Electron

Ion

Molecule

Water surface

（+）

Electron

Ion

Molecule

Water surface

 

Figure 2.3 Water surface deformation by ionic wind under positive pin-to-water discharge [41].  
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This was explained as being due to the generation of ultraviolet radiation in the higher 

temperature plasma channel in the spark discharge, which can react with water vapour and 

form OH radicals. In addition, the ultraviolet radiation (UV) was absorbed by the 

surrounding plasma channel during the discharge, leading to the expansion of the plasma 

channel [2]. Figure 2.3 shows how the ionic flow occurs in streamer discharges [41]. 

2.2.4 Discharges in gas bubble  

The injection of gas bubbles into a solution under a high electric field leads to the generation 

of plasma in the gas bubbles. This method is generally considered as a discharge in liquid [1]; 

however, due to the breakdown mechanism, the requirement for Joule heating of the liquid to 

generate water vapour bubbles is removed, significantly lowering the required input power 

and applied voltage compared to that in direct liquid discharge [42]. This method also 

benefits from the characteristics of reducing the electrode erosion rate and increasing the 

contact area of plasma-water, compared to that in liquid phase discharge [1].  

Xiong [43] investigated discharges in gas bubbles and found that the H2O2 production 

increased linearly with time in pulsed discharges; however, it reached a saturation condition 

in DC discharges. Xiong explained this result was due to the thermal destruction of H2O2 in 

DC discharges. Shih [44] compared discharges in gas bubbles with discharges above a water 

surface, and found that, in both cases, the breakdown was initially in the gas phase. In 

addition, Shih also concluded that the mechanisms for discharge in gas bubbles and 

discharges above water surface are very similar, while the liquid was acting as grounded 

electrode.  

2.2.5 Gliding arc discharge  

Gliding arc electrical discharges have been extensively investigated for pollution control in 

liquid [17, 45]. These discharges combine the characteristics of thermal and non-thermal 

plasma, and are considered as an innovative technology [46]. Electrical breakdown can occur 

between two or more knife-shape electrodes; a high velocity gas flow of over 1 m/s was 

introduced during the discharge to prevent the transition to a spark [17]. The gliding 

discharges developed above the water surface or with water spray have been found to be 

effective for the production of reactive species at the plasma-water interface [47]. The 

gliding arc has been proved to be effective for H2O2 production, Burlica [45] investigated a 

water-spray gliding arc discharge and achieved an average energy yield of ~70 g/kWh. 
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2.2.6 Dielectric barrier discharge (DBD) 

In dielectric barrier discharges, at least one dielectric barrier is placed between the high 

voltage electrode and the grounded electrode. Figure 2.4 shows the most commonly used 

DBD structures with water. The insulator layer allows no current to pass through the 

discharge gap, in which case, the voltage needs to be high enough to initiate the breakdown 

of gas molecules [48]. Both AC and pulsed power supplies can be used to operate the 

discharge; however, the DC power is not applicable for DBD due to the dielectric capacitive 

coupling effect of the barrier, in this case, the displacement current can only be driven by an 

alternating voltage [48].  The DBD with one water electrode leads to the accumulation of 

water vapour on the glass plate, resulting in the distortion of electric field and the variation 

of discharges. 

HVHV HV

Dielectric barrier Metal electrode

HV

Liquid

HVHV HV

Dielectric barrier Metal electrode

HV

Liquid  

Figure 2.4 Planar and cylindrical DBD structures with water.  

Under AC conditions, a large amount of discharge filaments with short current duration 

occur on the rising edge of the applied voltage in both positive and negative conditions, and 

distribute homogeneously on the barrier while photons are being emitted and filling the 

discharge gap. Each micro discharge acts as a source of non-thermal plasma, in which case a 

significant amount of reactive species can be generated in the plasma region [48]. Mark [49] 

proved that DBD is a self-extinguishing electrical discharge, regardless of the applied 

voltage. The current can be influenced by different applied frequency also.  

Baroch [50] investigated discharges between a ceramic plate, which was dipped in water, 

and an aluminium oxide plate in the gas phase. The author recorded a transition of the 

discharge from a filamentary mode to a homogenous mode on the water surface. H2O2 

production was also measured with various applied voltages and it was found that the 

production rate increased with increasing power input.   
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The Lissajous figure is frequently employed to investigate the discharge properties of DBDs 

[51]. If the applied voltage was lower than the threshold voltage for discharges, only a 

slanted straight line can be observed, indicating no discharge has occurred. The Lissajous 

figure opens up when the applied voltage is increased to over the threshold voltage. The 

parallelogram shapes that represent the voltage charge diagrams are recorded in most cases 

when the applied voltage is high enough to initiate the discharges in the gap.  

Emile [24] introduced the application of DBD with single and double barriers, all of which 

have been used in environmental, industrial and human health applications. Konelschatz [51] 

claimed that DBDs are utilized from laboratory to industrial scales.  

2.3 Discharges in liquid phase 

2.3.1 Breakdown theory 

Direct discharges in water can initiate a series of physical mechanisms, which require an 

electric field intensity of over 1 MV/cm. Since the density of liquids is much higher than that 

in gases (~10
6
 times) [52], the breakdown mechanism is more complicated. In addition, the 

dissolved gases in the liquid phase can generate micro-bubbles, thus, increasing the 

complexity of the breakdown mechanism [53, 54]. On the other hand, the liquid purity and 

the dissolved substances all play important roles in the liquid breakdown process.  

The discharges in liquid phase are considered as thermal plasma, in which the typical 

currents are over 10 A, and the temperature is over 5000 K [53-56]. Discharges in water can 

provide various oxidation paths and not only lead to production of reactive species such as H
.
, 

O
.
 and OH

.
 radicals and H2O2, but also generate ultraviolet radiation and overpressure shock 

waves [55-58], which all play important roles in the degradation of organic compounds and 

micro-pollutants in water. The pulse energy and solution characteristics, such as solution pH 

and conductivity, all can influence the magnitudes of the respective contributions of these 

paths [58-61]. Several kinds of microorganisms in solution can be destroyed by direct 

discharges in solution, with or without the additional action of O3 and H2O2 [62].  

Thermal breakdown theories and electronic breakdown theories have both been used to 

explain the generation of corona discharges under water; however, the detailed mechanisms 

involved are still not clear. In thermal breakdown theories, the currents flow through the high 

electric field region, heating up and vaporizing the surrounding liquid, and result in the 

production of large amounts of gas bubbles. Pulsed discharges then occur inside the bubbles 
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and heat up the liquid to produce more bubbles to repeat the process, after which the gap 

breakdown occurs, leading to the generation of H
.
, O

.
, OH

.
 and H2O2. The electrical 

breakdown theory is similar to the electron avalanche theories that take place in the gas 

phase discharges, the free electrons accelerate due to the electric field and then ionize 

ambient gas to produce more electrons, resulting in the electrical breakdown of water.  

2.3.2 Liquid phase discharge types  

Contact glow discharge electrolysis has been widely researched for water purification. A DC 

voltage supply is employed to energise a pin or wire anode, which is slightly dipped in water 

and isolated from the cathode [63]. Several vapour bobbles can be generated when the 

electric field and input energy is high enough to vaporize the local solution. In this case, the 

species generated in the discharge zone, which include anions, cations and neutrals, are all 

heated. Plasma filaments are then developed in the vapour bubbles, resulting in the 

production of reactive species at the vapour-water interface, aiding in the destruction of 

pollutants. Pulsed corona or streamer discharges can be generated by applying a pulsed 

voltage to the sharp-edged electrode, a method that has been proven to be effective for 

bacterial disinfection [62] and organic compound degradation. A large number of plasma 

filaments can be produced in the gaseous bubbles, which are generated around the electrode, 

and reactive species are mainly generated around the plasma channels. Pulsed corona or 

streamer discharges under water are very effective for the production of reactive species. The 

streamer filaments are in the shape of conical or hemispherical [64], reaching a diameter of 

several millimetres, and are able to propagate over 1 cm in water [65]. The length of 

streamer filaments decreases with increasing solution conductivity; on the other hand, the 

length increases with increasing pulse width. Increasing the duration of the applied voltage 

may lead to a full breakdown between the electrodes, as the streamer discharge becomes a 

spark discharge [66].  

Podliński investigated the bubble flowing mechanism after breakdown in pulsed streamer 

discharges and found that the bubble train from the pin tip to the ground electrode is the 

strongest stream; increasing the capacitance of the charging capacitor or the number of pins 

lead to an increase in the flow velocity [67]. Gas bubble injection in under water discharges 

has also been investigated [67-69]. Locke [69] found that introduction of gas bubbles into the 

discharge area decreases the discharge voltage; this may be due to the fact that the discharge 

can occur in the bubbles injected into water, in which case, the heating process for vapour 

bubble generation is not necessary. Kurahashi [68] found a concentration of 50 ppm H2O2 
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can be produced under the input power of 42 W. Wang [70] investigated the gas bubble 

flowing effect and found that increasing the gas flow rate from 0 to 4 L/min enhances the 

H2O2 production yield from 0.005 to 0.014 mmol/J.  

2.4 Hybrid Gas-Liquid Electrical Discharge 

The hybrid electrical discharge combines the spark discharge generated above a water 

surface and the direct liquid phase streamer-like discharges in one system. Two structures of 

hybrid-series and hybrid-parallel reactors have been extensively investigated [71, 72]. The 

main advantage of this method is that it can produce the same physical factors and reactive 

species as in the independent gas and liquid phase discharges; it can treat the target 

pollutants in both phases. Several reactive species can be generated in the gas, at the gas-

liquid interface, and in the liquid phase simultaneously [73]. However, an extremely high 

applied voltage of ~50 kV is needed to initiate both gas and liquid phase discharges for 

hybrid gas-liquid discharges [71-73].  

Hybrid reactors have been employed for nitrobenzene [72] and phenol degradation, and the 

destruction of organic dyes [74, 75]. Appleton [72] found that the hybrid-parallel reactor 

improves the nitrobenzene removal efficiency compared to the treatments by hybrid-series 

and single-liquid phase reactors. Kusic [75] investigated the hybrid reactor for phenol and 

organic dye destruction and found that the hybrid-series structure provided higher removal 

rates. The mechanism of plasma generation and reactive species production, and the 

quantification need to be fully investigated for the development of hybrid reactors. Lukes [73] 

measured the O3 production in different hybrid structures and found that the O3 production 

rate was ~20 mg/h in a hybrid-series reactor and ~120 mg/h in a hybrid-parallel reactor, each 

with power input of 66 W. The difference may be due to the (i) different polarity; (ii) 

different reactor structures; and (iii) different relative humidity effects, in the hybrid-series 

reactor, the gas phase discharge gap was 10 times shorter than that in hybrid-parallel reactor, 

thus a part of the electronic energy, which should be used for O3 generation, is absorbed by 

the water vapour.  

The O3 production was reduced by 50% in a basic solution compared to that in an acidic 

solution with the same solution conductivity (130 µS/cm), suggesting that the reactions 

occurring at the gas-basic liquid interface can lead to O3 decomposition. The H2O2 

production in different hybrid reactors has no obvious difference and increased linearly with 

input energy. Very similar production rates of H2O2 were obtained between hybrid reactor 
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and single liquid phase reactors [63, 64], which suggests that, in hybrid reactors, only a small 

part of the total energy is distributed in the gas phase discharge. 

2.5 Reactive species production  

The production of reactive species can be divided into two parts: radical products such as 

OH
.
 O2

.-
, NO

.
, and non-radical products such as H2O2, O3, O2

*
 and O=NOOH. The radical 

products contain at least one unpaired electron, which leads to the characteristic of high 

reactivity; these products can take part in the reactions during a gas discharge, by donating 

the unpaired electron, or obtaining another electron from reactants to achieve stability.  

2.5.1 Hydroxyl radicals  

OH radicals are the most reactive oxidation species, with oxidation potential of 2.8 V, and 

can react with pollutants in a non-selective manner [76]. OH radicals are considered to be the 

major reactant during the degradation of organics, and can react with a large range of organic 

compounds with the reaction rate constant of 10
8
-10

10
 M

-1
s

-1 
[77]. OH radicals can attack the 

chemical bonds in organic molecules directly by hydroxylation [1], and the initial reaction 

rate determines the degradation velocity.  

In electrical discharges, OH radicals can be formed from the reaction of high energy 

electrons, excited gas molecules or ions with water molecules (Table 2.3). It has been 

suggested by various research that the production of OH radicals increases with a higher 

applied electric field and energy input [1]. The main production mechanisms of OH radicals 

in liquid and gas phase discharges are different.  

Table 2.3 OH radical generation 

Reactions   

O2
+
 + H2O → O2 + H2O

+
 (R 2.14) 

N2
+
 + H2O → N2 + H2O

+
 (R 2.15) 

He
+
 + H2O → He + H2O

+
 (R 2.16) 

H2O
+
 + H2O → H3O

+
 + OH

.  (R 2.17) 

O
.
 + H2O → OH

.
 + OH

.
  (R 2.18) 

H
.
 + O

.
 → OH

. (R 2.19) 
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However, Polyakov [78] investigated the OH radical and H2O2 production at a plasma-water 

interface, and concluded that while the mechanism discussed above must take place, 

however, it only provides a partial contribution to OH radical generation (< 25%). The 

author found that the major role of reactive radical generation is from the energy that was 

carried by positive ions. Lukes [79] found that OH radials can also be generated in humid O2 

by the hydrogen abstraction reaction between O
.
 and water molecules (R 2.18). In addition to 

the electron and ion effects, reactive radicals such as H
.
 can also take part in OH radical 

formation (R 2.19) via the reaction with O
.
. Ikoma [80] investigated the OH production 

under pulsed discharges above a water surface, and concluded that the OH radicals were 

generated through the reactions between water vapour and high-energy electrons, and then 

diffuse into water.  

In liquid phase discharges, water can be locally heated and vaporized to form water vapour 

columns, where the dissociation of water by its reaction with high energy electrons to 

produce OH
.
 and H

.
 radicals can take place directly (R 2.20). When the plasma temperature 

is increased to 5000 K, all the chemical bonds in water molecules can be subject to cleavage 

(R 2.21) [52-56]. Other than that, relatively lower average electron energy of 1 eV was 

measured in liquid phase discharges, this being unlikely to cause the ionization of water. In 

this case, vibrational excitations of water molecules with electrons are more likely to occur 

and further react to form H
.
 and OH

.
 (R 2.22) 

H2O → H
.
 + OH

.
                                              (R 2.20) 

H2O → 2H
.
 + O

.
                                               (R 2.21) 

H2O
*
 + H2O → H

.
 + OH

.
 + H2O                                   (R 2.22) 

H2O2 can be produced by discharges in water [52]; in addition, the ultraviolet light generated 

in electrical discharges in water can dissociate H2O2 into OH radicals (R 2.23) [63, 64]. The 

photolysis of H2O2 mainly takes place in liquid phase discharges and leads to the formation 

of two OH radicals, which can react with organic compounds or undergo the H2O2 

regeneration reaction. Benitez [81] found that the H2O2 concentration during treatment was 

kept at a nearly constant value, proving the H2O2 decomposition-regeneration cycle in 

aqueous solutions.  

H2O2 + hv → OH
.
 + OH

.
                                          (R 2.23) 
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The formation of OH radicals can also be terminated by a series of reactions during an 

electrical discharge. Listed in Table 2.4 are the ways in which radicals and electrons 

produced in the discharge participate in subsequent reactions, which can terminate the 

production of OH radicals. 

 Table 2.4 OH radical termination pathways [80] 

 

2.5.2 Hydrogen peroxide  

Large quantities of H2O2 can be generated during electrical discharges, either in the gas or in 

the liquid phase; the measured H2O2 concentration can indicate the OH radical formation 

during electrical discharges. Ono [82] found the lifetime of OH radicals in a humid N2/O2 

mixture was in the range of 10-100 µs. The detected H2O2 production also reflects the 

oxidation strength in the system. H2O2 has a lower oxidation potential of 1.78 V, comparing 

to the ones for OH radical and O3. H2O2 is a very weak acid with a dissociation constant of 

pKa=11.75 and can hydrolyse in water to generate HO2
-
, which can further hydrolyse to O2

2-
 

[83].  

H2O2 ↔ H
+
 + HO2

-
                                               (R 2.29) 

HO2
-
 ↔ H

+
 + O2

2-
                                                 (R 2.30) 

Table 2.5 shows Henry’s constant for various species. It can be seen that H2O2 molecules 

and OH radicals have higher constants, which indicate that these species can be dissolved 

into solution efficiently.  

 

 

 

Reactions   

H
.
 + OH

.
 → H2O (R 2.24) 

OH
.
 + OH

.
 → H2O2 (R 2.25) 

H
.
 + H

.
 → H2 (R 2.26) 

HO2
.
 + OH

.
 → H2O + O2 (R 2.27) 

H3O
+
 + OH

-
 → 2 H2O (R 2.28) 
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Table 2.5 Henry's constant for oxidative species 

The production of H2O2 is affected by several factors such as applied power, gas-type, gas 

flow rate and solution conductivity; these factors have been investigated in this research. 

Several investigations have proven that the H2O2 yield increases with increasing electric field. 

One of the main pathways for H2O2 production is the dimerization of two OH radicals [84] 

(R 2.25). Moreover, a large amount of H2O2 can also be produced by the reaction between 

water molecules and the OH radicals generated by electrical discharges taking place near the 

surface of an aqueous solution (R 2.31). The HO2 radicals produced during discharges also 

has a strong oxidative strength of 1.7 V. 

Locke [1] found that the H2O2 production varied widely among various discharge types and 

different phases. Locke concluded that the energy yield was enhanced by above-water 

discharges compared to that in direct liquid phase discharges. However, the mechanisms and 

chemical products involved in gas phase discharges are more complicated to explain due to 

the additional chemical reactions of different gas components. The H2O2 production yields 

from liquid phase discharges ranged from 0.12 to 3.64 g/kWh, but most were lower than 1 

g/kWh. The H2O2 can be generated by the water molecules reactions under the energy (R 

2.32, Table 2.6) in liquid phase discharges. Also, the H2O2 can be generated by the OH 

radical reaction with water (R 2.31) and the radical reactions (R 2.33-R 2.35) in both liquid 

phase and gas phase discharges. A wider yield range of 0.04 to 5 g/kWh was observed in 

above-water discharges, while, in most cases, the yield values were lower than 1 g/kWh, 

which were similar to the cases in liquid phase discharges. The highest yield of 5 g/kWh was 

obtained by using positive, nanosecond, pulsed discharges with a large discharge gap of 55 

mm.  

 

 

 

Species  Henry’s Constant (mol/L * atm.) 

Oxygen  1.2 × 10−3 

Ozone  1.1 × 10−2 

Hydrogen Peroxide  8.4 × 104 
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Table 2.6 H2O2 generation pathways 

The main limitations of above-liquid discharges are the mass transfer and the plasma-water 

interfacial area. Lower relative yields were found in hybrid discharges, ranging from 0.37 to 

1 g/kWh. The highest yield of 80 g/kWh was obtained in a DBD with feed gas of H2 + O2.  

H2O2 in basic solution has weak stability, as it can be decomposed by OH
-
, and generates 

HO2 radical (Table 2.7).  

Table 2.7 H2O2 decomposition pathways 

To maximise the oxidative strength of H2O2 in solution, Fe
2+

 was widely added to lead to the 

Fenton reaction (R 1.1, R 1.2), and result in the production of OH
.
 and HO2

.
 radicals; the 

oxidation potentials of these species are higher than that for H2O2 (Table 2.1). Reddy [85] 

introduced 60 mg/L of Fe
2+

 in solution during a liquid phase DBD, and found that the 

organic dye degradation rate was enhanced. 

  

Reactions   

H2O + OH
.
 → H2O2 + H

.
 (R 2.31) 

H2O + H2O → H2O2 + H2 (R 2.32) 

HO2
.
 + HO2

.
 → H2O2 + O2 (R 2.33) 

H
.
 + HO2

.
 → H2O2 (R 2.34) 

2OH
.
 + HO2

. 
→ H2O2 + 2O2 (R 2.35) 

Reactions   

H2O2 + OH
-
 → HO2

-
 + H2O (R 2.36) 

H2O2 + OH
. 
→ H2O + HO2

.
 (R 2.37) 

HO2
.
 + H2O2 → O2 + H2O + OH

-
 (R 2.38) 

H
.
 + H2O2 → OH

.
 + H2O (R 2.39) 

e
-
 + H2O2 → OH

.
 + OH

-
 (R 2.40) 

H2O2 + 2 O3 → 2 OH
.
 + 3 O2 (R 2.41) 
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2.5.3 Ozone  

Corona and DBD in O2 have been employed for long-term O3 generation [48, 51]. Ozone has 

a high oxidation strength, with a redox energy of 2.07 V. The solubility of O3 in neutral 

water is 14-mmol/L at 20 ℃; a higher value can be recorded in solutions containing organic 

compounds. O3 preferentially reacts with the functional groups and intermediate products, 

rather than neutral matters, with reaction rate constants of 1×10
0
-10

4
 M

-1
s

-1 
[86, 87].  

O3 can be generated by electrical discharge through the dissociation of O2 molecules and 

single O reaction with O2 (R 2.42-2.44, Table 2.8). High-energy electrons can lead to the 

ionization or dissociation of O2 molecules. On the other hand, the O3 production yield can be 

significantly decreased when water vapour exists in the discharge gap [88]; therefore, O3 is 

not a major oxidative product when an electric discharge is developed in contact with water.  

 Table 2.8 O3 generation and decomposition in gas phase 

 

O3 production has been reported in multiple discharge types that are developed in contact 

with water, with much lower concentration being reported, compared to that recorded in dry 

gas discharges [22, 24, 73, 89, 90]. The O3 production detected at the plasma-water interface 

is lower than that in the commercial ozone generators, due to: (i) O3 dissolving in water and 

generating OH radicals; (ii) a large amount of O
.
, which is the precursor of O3, may be 

consumed in reaction with water molecules (R 2.47-2.49), (iii) O3 dissolved in water can 

react with radicals in solution (R 2.50-2.52) [51].  

H2O + O
.
 → OH

.
 + OH

.
                                              (R 2.47) 

H2O + O
.
 → HO2 + H

.     
                                             (R 2.48) 

H2O + O
.
 → H2 + O2                                                   (R 2.49) 

OH
.
 + O3 → HO2

.
 + O2                                               (R 2.50) 

Reactions  

e
-
 + O2 → O

.
 + O

.
 + e

-
 (R 2.42) 

O
.
 + O2 + M → O3 + M (R 2.43) 

O2 + O2
*
 → O3 + O (R 2.44) 

O + O3 → 2O2 (R 2.45) 

O + O → O2 (R 2.46) 
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H
.
 + O3 → OH

.
 + O2                                              (R 2.51) 

HO2
.
 + O3 → OH

.
 + 2O2                                            (R 2.52) 

Consequently, the O3 production in humid ambient gases is much lower than that in dry 

ambient gases. However, the plasma developed in contact with water improves the 

degradation of pollutants in liquid compared to the pure O3 treatment, due to the production 

of the reactive species, OH and HO2 radicals, and O atoms. 

2.5.4 Oxy-nitride species  

Oxy-nitride species can be generated during electrical discharges, when N2 exists in the 

ambient gas. Table 2.9 lists the oxidation processes of N2 to form nitride and nitrate acids 

during a discharge. Nitric oxide is the primary product, which can be further oxidized by 

various reactive oxygen species (ROS) such as O
.
, O2, OH

.
 and HO2

.
. The production of oxy-

nitride species increases the acidity of plasma-treated samples, and brings the possibility for 

synergistic effects with ROS to occur for water treatment [90].  

Table 2.9 Oxy-nitride species production in discharges  

 

 

Reactions  
 

N2 + O
.
 → NO + N

.
  (R 2.53) 

N
.
 + O

. 
→ NO

 
(R 2.54)  

NO + O
.
 → NO2 (R 2.55) 

O2 + 2 NO → 2 NO2 (R 2.56)  

O2+ NO → NO3  (R 2.57)  

2 NO2 → N2O4 (R 2.58) 

NO2 + NO3 → N2O5 (R 2.59)  

H2O + NO2 → OH + HNO2 (R 2.60)  

H2O + NO2 + NO → 2 HNO2 (R 2.61)  

HO2 + H2O + NO → HNO3 + H2O (R 2.62)  

H2O + N2O4 → HNO3 + HNO2 (R 2.63) 

H2O + N2O5 → 2 HNO3 (R 2.64)  

H2O2 + NO2
-
 → NO3

-
 + H2O (R 2.65) 

OH
.
 + NO2

-
 → NO3

-
 + H

.
 (R 2.66) 
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Increasing conductivity and reducing pH value can take place synchronously in both gas 

phase and liquid phase discharges; Ruma [91] found that the solution conductivity change in 

an air discharge above water was over five times higher than that in a liquid phase discharge, 

while the H
+
 production was two orders of magnitude higher. This may be due to the fact 

that the conductivity changes due to liquid phase discharges were mainly caused by ions and 

radicals generated in the water; while the gas phase discharge leads to the production of oxy-

nitride species that can dissolve in water and form nitrite and nitrate acids, thus significantly 

increase the solution conductivity.  

Ikoma [80] found that the N2:O2 ratios had a critical effect on dye degradation. The 

degradation rate was the highest when pure O2 was introduced during treatment, which 

produced no oxy-nitride species. The dye degradation rate started to decrease when 5-90% of 

N2 was mixed with O2. This proved the negative effect of oxy-nitride species for oxidative 

species production, which can be due to the reaction (R. 2.66).  

2.5.5 Effect of polarity  

For underwater discharges (direct discharges), the effect of polarity on discharge 

characteristics and H2O2 production has been investigated in a series of studies. Clements [65] 

investigated underwater discharge and found that positive discharges produced higher yields 

of active species, compared to that recorded under negative discharges. Clements also found 

that negative discharge generated under water produced much shorter streamer side branches. 

In addition, the negative underwater discharge generated much fewer gas bubbles in liquid. 

Lukes [79] investigated the pulsed discharges developed under water, and found that the 

degradation yield of phenol was approaching 1/3 less under negative polarity. Pei [104] 

investigated the OH production in a He-H2O plasma jet and found that the OH density was 

~30% higher under positive discharge. Lukes [105] found that the H2O2 production under 

negative polarity was less than half of that under positive polarity. Stara [106] investigated 

the H2O2 production in DC underwater discharges, and found that the H2O2 production under 

negative discharge was approaching four times lower. Summarizing these studies, the 

reactive species produced under liquid phase negative discharges are generally 30%-75% 

lower than that under liquid phase positive discharges. 

For discharges above water, Polyakov [78] found neither H2O2 nor reactive radicals were 

detected during discharges under negative polarity. Thagard [4] investigated discharges in 

argon above water, and found that the H2O2 production under negative discharges was at 
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least 50% reduced from that recorded under positive discharges. Thagard concluded that the 

results can be explained by a large voltage drop being located near the high voltage electrode, 

rather than near the reaction zone in contact with the water surface, leading to the generation 

of H2O
+
 near the high voltage electrode. On the contrary, Sano [103] investigated the direct 

contact of gas phase corona discharges in an O2/N2 (O2=20%), mixture and found that the 

organic compound degradation rates, which reflect the reactive species production, were 

much lower under positive discharges. Sano explained that the results could be due to the 

effect of negative oxygen ions. O
-
 and O2

-
 ions can be formed by the electron attachment 

process and can move towards the water surface, initiating the reactions to produce OH and 

HO2 radicals (R 2.67, 2.68). The effect of different polarity on H2O2 production has been 

investigated in this research.   

O
-
 + H2O → OH

-
 + OH

.
                                                 (R 2.67) 

O2
-
 + H2O → OH

-
 + HO2

. 
                                               (R 2.68) 

2.5.6 Effect of pH  

Sun [40, 57] investigated active species generation in underwater pulsed corona discharges, 

and found that the OH radical formation is pH dependent and is higher in natural and slightly 

basic solutions. The effect of pH has also been investigated in hybrid electrical discharges; 

Lukes [79] found that the energy yield for phenol degradation was around 3.5 times higher in 

basic solution than that in acid solution during O2 discharges.  

Thagard [4] found that the H2O2 production in above-water discharges is strongly dependent 

on the solution pH. In basic solutions of pH 10.5 to 13, the formation of H2O2 is almost all 

suppressed; this result agrees with the scavenging of OH radicals by OH
-
 ions in solution. 

Thagard also decreased the solution pH to 3-5.5 by using phosphoric acid, which cannot 

scavenge OH radicals, and found that the H2O2 production at the lower pH of 3 is almost 

doubled in comparison to that in the solution of pH 5.5. Thagard concluded that this result 

may be due to the O radical concentration being higher in lower pH solution, which can react 

with H2O to form two OH radicals. As wastewater may have a range of pH values, therefore, 

it is worthwhile to investigate the effect of solution pH on reactive species production and 

pollutants degradation. 

  



CHAPTER 2 LITERATURE REVIEW 

 

25 

 

2.5.7 Effect of solution conductivity  

The variation of solution conductivity has a significant effect on the reactive species 

production in the discharge with water. For underwater discharges, the electrical breakdown 

in deionized water is weak. Increasing the solution conductivity results in rapid increases of 

discharge current amplitudes, and significant reductions of streamer length [56]. As the ions 

in solution are the charge carrier, higher solution conductivity leads to faster movement of 

space charge. However, the ions may also consume or destroy the reactive species in 

solution and therefore, reduce the chemically active species production. Sato [55] found that 

increasing the solution conductivity results in a higher oxidation yield in underwater 

discharges. Sun [57] found that the reactive species production is affected by the solution 

conductivity due to the changing of discharge characteristics. Sunka [56] found that H
.
 and O

.
 

emission spectrum lines could only be identified at low solution conductivities; in addition, 

the highest OH radical formation was detected in the solution with the conductivity of <100 

µS/cm.  

In discharges above a water surface, Lin [100] found that adding KCl into the solution 

increased the solution conductivity and reduced the power loss significantly, and also 

enhanced the dye degradation initially; however, this effect disappeared after a few minutes 

and no explanation was given. Thagard [4] compared H2O2 production in solution with 200 

µS/cm and 2000 µS/cm
 
conductivity, and found that increasing the solution conductivity 

inhibited the H2O2 generation significantly in both acidic and basic conditions. Therefore 

conductivity of the water and its influence of H2O2 production will be investigated in this 

research. 

 

  



CHAPTER 2 LITERATURE REVIEW 

 

26 

 

2.6 Pollutants degradation mechanisms by reactive species 

2.6.1 OH radicals  

The attack of OH radicals is the initial step of organic compound degradation. OH radicals 

tend to react and destroy organic pollutants through four pathways: (i) radical addition; (ii) 

hydrogen abstraction; (iii) electron transfer and (iv) radical combination [92]. The 

degradation of aromatic compounds by OH radicals should be initiated by the hydroxylation 

(radical addition) of benzene rings in both gas [93] and liquid phase discharges. Tezuka [93] 

suggested that the hydroxyl group (-OH) on the aromatic ring results in the hydroxylation to 

a para or ortho position. 

Phenol is generally chosen as the model compound [94] to study the oxidation processes due 

to it being one of the main intermediate products during aromatic organic compound 

degradation, and its decomposition mechanism displays the degradation of an aromatic ring 

[64, 71, 90]. Joshi [64] used the HPLC method and concluded that the primary step products 

of phenol degradation are catechol resorcinol and hydroquinone, which agrees with the 

hydroxylation process suggested in Tezuka’s research [93]. The secondary step is the further 

hydroxylation reaction that leads to the production of pyrogallol, 1,2,4-trihydroxybenzene, p-

quinone and 2-hydroxy-1,4-benzoquinone. After that, the cleavage of the aromatic ring 

occurs and the further oxidation leads to the final products of CO2 and water.  

Grabowski [95] investigated phenol removal by positive pulsed corona, and found that the 

removal yields reached 46 g/kWh. Replacing the static liquid cathode with a flowing liquid 

cathode, with a rate of 0.3 L/min, leads to a higher phenol removal yield. This result may be 

due to the reactive species being transferred more easily into the water than in static 

conditions. The additions of iron lead to a Fenton-like reaction, which decomposes H2O2 into 

OH radicals, therefore, increase the ROS oxidative strength [96].  

Various organic dyes such as methylene blue, azo group, etc., have been proven to be 

degraded effectively in electrical discharges [97, 98]. The two-nitrogen double bond (-N=N-) 

in azo and carbon nitrogen double bond (-C=N-) in the methylene functional group has been 

proven to be very sensitive to OH radicals [99]. The major mechanism of dye degradation is 

the cleavage of old bonds with different bond dissociation energies and the formation of new 

bonds. The high-energy electron and reactive species generated in discharges lead to the 

cleavage of organic bonds, and the discolouration of dye. Lin [100] investigated dielectric 
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barrier discharges in water to investigate Alizarin red degradation and found that the dye 

degradation rate increased with a higher energy input but then declined with further increase 

of the energy; Lin considered this could be due to the higher energy consuming the O
.
 radical 

to form NOx products. Ikoma [80] investigated the degradation of methylene blue in pulsed 

discharges above water, and found that the degradation rate increased with increasing O2 

content in the feed gas. In this research, the degradation of methylene blue was investigated 

in O2 plasma treatments, which is discussed in Chapter 9.   

2.6.2 Ozone  

During the oxidation process, O3 produced above water can diffuse into the water to degrade 

target pollutants. In comparison to high degradation efficiency by OH radicals, the 

effectiveness of O3 is relatively weaker [101]. Ognier [102] found the reaction rate constant 

of O3 reaction with phenol is around four orders of magnitude lower than OH reactions 

at 𝑘2 = 106M−1s−1and the O3 reaction can only keep a high rate constant in unsaturated 

organic compound solutions.  Sano [103] found that organic compounds can be degraded in 

O3 treatment easily; however, the total organic compound (TOC) cannot be degraded 

effectively. He also found that increased O2 concentration enhanced O3 production; however, 

this decreased the OH production by the consumption of O radicals, leading to a decreasing 

of the degradation rate of organic pollutants. This phenomenon shows that O3 may not be the 

main contributor to organic compound degradation. Hoeben [90] found that the phenol 

degradation processes in argon and air discharges with or without additional O3 are quite 

different; this also indicates that the organic decomposition mechanisms of O3 differ from 

that of OH radical treatment. Hoeben concluded that O3 treatment leads to organic compound 

degradation by producing molozonides and ozonides as the primary step, leading to the 

cleavage of aromatic rings.  
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2.7 Conclusion  

Various models of electrical discharges involving water have been reported and proven to be 

effective for the production of reactive species. For the plasma generated with a pin-water 

electrode structure, the discharge types change with increasing applied voltage. The reactions 

between high energy electrons and gas molecules in different pathways have been introduced.  

The electrical discharges in the gas phase above water consume much less energy compared 

to those required in discharges in liquid [1]. The reactive species such as OH radicals, O3, 

and H2O2 were proven to be generated at the plasma-water interface; the generation and 

decomposition pathways of these species have been introduced. The reaction between 

energetic positive ions and water were considered as the main source for OH radical 

formation in gas phase discharges. The attack pathways of various reactive species to 

organic compounds were discussed.  

Discharges in the liquid phase have been proven to produce various reactive species in situ 

and the reactive species production increases with increasing input energy [107]. In addition, 

Sunka [56] found that the H2O2 and O3 produced in water increased with time, reaching a 

saturation level. In the liquid phase discharge, the degradation rate of organic compound 

increases with gas bubbling rate, which indicates the increasing production of reactive 

species. Discharges in O2 can produce much higher levels of ROS in liquid than in air, due to 

the absence of oxy-nitride. However, large amounts of energy were consumed to heat up 

water to generate water vapour bubbles. 

The main factors that impact the oxidative species production can be concluded as: (i) input 

power; (ii) contact area and time of plasma-water interface; (iii) plasma volumes and 

densities; the oxidants generally increase with increasing amounts of these three factors.  

Other factors such as: (iv) solution pH; (v) solution conductivity; and (vi) chemical 

productions such as oxy-nitride species and free radicals; all have a critical effect on oxidant 

production, thus a wide range of studies still need to be undertaken to optimize the processes 

for oxidant production. The factors were investigated in the course of the research reported 

in this thesis and will be discussed under several types of discharges include: impulsive 

current discharges, DC glow discharges and dielectric barrier discharges. Although a series 

of studies into reactive species production during electrical discharges have been reported, 

the reaction zone and the reaction mechanisms remain unresolved, and need further 

investigation.  
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3 METHODOLOGY 

3.1 Introduction  

A methodology was developed to investigate the reactions occurring at the plasma-water 

interface. Reactors were designed to initiate the electric discharges in contact with water. 

The pin-to-water electrode structure was employed for impulsive current discharges and DC 

glow discharges. A DBD reactor with a porous PTFE plate was designed to allow the 

discharge to develop through the micro-pores, with a diameter of 0.1-mm, into the grounded 

solution.  

Positive or negative DC voltage was applied to investigate the impulsive current discharges 

and the DC glow discharges developed above water surfaces. An AC linear high frequency 

power supply was used in DBD treatments. Various gases (O2, N2, air and helium) were 

employed to investigate their effect on OH radical and H2O2 production. The variation of 

solution properties, such as pH, conductivity and oxy-nitride generation, were also measured 

after each treatment. Fluorescence and UV spectrometry were employed to determine the 

concentration of OH radicals and H2O2. Table 3.1 lists the experimental setup for the 

experiments processed in each chapter. 

Table 3.1 Discharge types, investigation purpose and treatment times for each Chapter 

ICD             Impulsive current discharge  

Chapter 

No. 

Discharge types 

(water types) 
Investigation field  

Treatment times 

(min) 

4 ICD (U) EDC 
0.5, 1, 2, 5, 10, 

15, 20 

5 ICD (U) EDC/OH & H2O2 production 5, 10, 15, 20 

6 Controlled ICD (T) EDC/H2O2 production 15, 30, 45, 60 

7 DCGD (T) EDC/H2O2 production 5, 10, 15 

8 DCGD with flowing cathode (T) EDC/H2O2 production 5, 10, 15 

9 

DBD (U) EDC/H2O2 production 5, 10, 15, 20 

DBD (MB solution) MB degradation 1, 2, 3, 4, 5 
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EDC            Electric discharge characteristics 

H2O2            Hydrogen peroxide 

DCGD         DC glow discharge  

U                 Ultrapure water 

T                 Tap water  

MB             Methylene blue 

3.2 Experimental equipment  

A Tektronix P6015A high-voltage probe with a bandwidth of 75 MHz was employed to 

measure the voltage applied to the reactor. A 50-Ω coaxial cable was connected to the 

reactor ground for fast current measurement. A LeCroy digital oscilloscope (Waverunner 

610Zi), with a bandwidth of 1 GHz and sampling rate of 20 GS/s, was used to record and 

process the waveforms. 

For each treatment, the solution was introduced into the reactor via a 5-ml pipette (P5000G, 

Gilson). A conductivity meter and a pH meter (Thermo Orion Star) were employed to 

measure the conductivity of the solution before and after each treatment. A 

spectrophotometer (Thermo Scientific, Evolution 201) was used to measure the 

concentration of H2O2 and MB dye by measuring the absorption of the Titanium (IV)-

peroxide complex at the wavelength of 396 nm, and for the MB samples at the wavelength of 

665 nm. A Spectro-fluorometer (Edinburgh Instruments, FS5) was used to measure the 

concentration of 2-hydroxyterephthalic acid (HTA)-the product of OH radical reaction with 

terephthalic acid (TA), to determine the OH radical production. Nitrite and nitrate test strips 

(QUANTOFIX, Z166421, Z166413) were used for oxy-nitride detection after each treatment.  

A mass flow controller and a gas pressure controller were employed during each experiment. 

A pressure controller (Alicat Scientific, PC-30PSIA-D/5P) was employed when O2, N2 and 

helium was used during each experiment. It has a control valve beside the gas inlet port; the 

control setup can be made by pressing the control button, with the use of the line-up and 

line-down buttons to move the arrow and adjust to the value required. The flow controller 

(Alicat Scientific, MC-5SLPM-D/5M) allows gas flows of up to 5 L/min. It also contains a 

control valve beside the gas inlet port. To change the working gas, the ‘gas type’ option on 

the flow controller needs to be changed, due to the control being achieved by measuring the 

mass of passed gases. 

(a) 
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Table 3.2 List of equipment employed in this research 

 

3.3 Sample preparation 

Ultrapure water (Milli-Q, type 1 ultrapure water) with a conductivity of 0.5 µS/cm was 

collected from a Milli-Q purification system. Tap water with a conductivity of 65 µS/cm was 

collected from a tap in the REN Laboratory.  

Tert butanol solution  

Tert-butanol (TB) (ACS reagent ≥ 99.0%, Sigma-Aldrich) has been used as a scavenger to 

absorb hydroxyl radicals in solutions [7, 108] (R 3.1). this allowed the role of the 

Name Manufacturer Measurement range Resolution Accuracy 

AC power 

source 
Pacific 20-5,000 Hz - - 

DC power 

supply 
Glassman 0-20 kV   - - 

Ultrapure 

pure water 
Milli-Q - - - 

Spectro-

fluorometer 
Edinburgh Instruments 

Excitation 230-1000 nm 

Emission 230-870 nm 
0.3 nm ±0.5 nm 

UV-

spectrometer 
Thermo Fisher Scientific 200-800 nm 1 nm 0.5: ±0.0004 

Oscilloscope LeCroy 1 GHz 20 GS/s - 

High voltage 

probe 
Tektronix P6015A 0-20 kV DC - - 

Gas Flow 

controller 
ALICAT (MC Series) 0-5 L/min 0.1 L/min ±0.8% 

Pressure 

controller 
ALICAT (PC Series) 0-1 bar absolute 0.001 bar ±0.25% 

Needle valve HOKE - - - 

Weighing OHAUS Discovery 0.1-210 mg 0.1 mg ±0.2 

Pipette Gilson 0.1-5 ml 0.1 ml ±0.6% 

Conductivity 

meter 
Thermo Scientific Orion 0.001µS-3000mS 1 ppm ±0.5% 

pH meter Thermo Scientific Orion -2 to 16 0.01 ±0.01 pH 
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dimerization reaction (R 2.25) in the production of H2O2 to be determined. 20 ml tert-butanol 

was mixed in 1 L of ultrapure water or tap water depending on the water used in the set of 

experiments, to prepare a 0.2 M tert-butanol solution.  

(CH3)3COH + OH
.
 → (CH3)2C(OH)CH2

.
 + H2O                          (R 3.1) 

 Terephthalic acid solution  

Fluorescence spectrometry using terephthalic acid (TA) was employed to quantify OH 

radical formation. 200 mg of sodium hydroxide (NaOH) (ACS reagent, ≥97.0%, pellets, 

Sigma-Aldrich) was weighed and dissolved in 1 L of ultrapure water to make a 5-mM NaOH 

solution. Due to the insolubility of TA powder in acid and neutral solutions, 332-mg TA 

powder (98%, Aldrich) was weighed and dissolved in the 1000 ml of 5 mM NaOH solution. 

After that, the solution was left to stand for two hours for complete dissolution.  

Potassium titanium (IV) oxalate solution  

H2O2 production was measured by UV spectrometry. 35.4 g of potassium titanium (IV) 

oxalate (Technical, ≥90%, Ti basis), K2TiO(C2O4)2
.
2H2O, was dissolved in 300 ml of 

ultrapure water. 272 ml of concentrated sulphuric acid (ACS reagent, 95.0%, Aldrich) was 

mixed with potassium titanium oxalate solution (cooling and care are required) and made up 

to 1 L with ultrapure water [109]. A heat releasing process was noticed when the high 

concentrated sulphuric acid was slowly poured in, and mixed with titanium (IV) solution. 

After the treatments, 5 ml of titanium reagent and 5 ml of treated sample were pipetted into a 

25-ml volumetric flask, and made up to 25 ml with ultrapure water. The peak absorbance of 

H2O2-Ti complex appears at 396 nm, the concentration of it was measured by a VIS-UV 

spectrophotometer 

Methylene blue solution  

300 mg of high-purity methylene blue (MB) hydrate (95%, Acros organics) was weighed 

and dissolved in 500 ml of ultrapure water to prepare the MB dye solution with an initial 

concentration of 600 mg/L. The peak absorbance of methylene blue appears at 665 nm and 

the concentration was measured by a VIS-UV spectrophotometer.  

  

http://www.sigmaaldrich.com/catalog/product/aldrich/185361?lang=en&region=GB
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3.4 Gas vacuum and delivery system 

An Edwards E2M80 rotary-vane vacuum pump was employed to evacuate the reactor 

chamber before injecting the working gas (air, N2, O2, He). Figure 3.1 shows the schematic 

diagram for the vacuum system used in this research; the pressure controller was connected 

between the gas cylinder and gas inlet of the reactor to measure the pressure in the reactor. 

The gas outlet was connected to the vacuum pump through a needle valve. The needle valve 

was employed to control the vacuum level in the reactor to avoid excessive bubbles 

overflowing from the solution, especially in the cases when TB was added to the solution, 

which reduces the solution surface tension significantly and leads to the formation of a 

significant amount of tiny bubbles, this phenomenon does not affect the discharge activity. 

Pressure meter and 

Controller

G
as C

y
lin

der Vacuum     

pump

Needle valve

Ground

Solution

H.V.

Pressure meter and 

Controller

G
as C

y
lin

der Vacuum     

pump

Needle valve

Ground

Solution

H.V.

 

Figure 3.1 Schematic diagram for vacuum system.  

The first step was to set the pressure controller to 0 Torr before vacuuming, then switch on 

the pump and slowly switch on the control valve to limit the vacuum level. The pressure in 

the reactor was reduced from atmospheric to around 10 Torr after 10 seconds. After that, the 

pump was switched off and the pressure meter was set to atmospheric pressure, which led to 

the refill of working gas. This process was repeated twice to minimize the residual air in the 

reactor.   
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3.5 OH radical, H2O2 and methylene blue concentration measurement  

3.5.1 UV-VIS spectrophotometry  

Spectrophotometry is a major technique for solution analysis and has been widely used in 

various fields. It measures the intensity of a beam of light that passes through sample 

solutions and determines properties of the samples such as concentration. A 

spectrophotometer (Evolution 201, Thermo Fisher Scientific), was employed to measure the 

absorbance of treated and control samples. To determine solution concentrations during 

experiments, a calibration curve which shows the relationship between absorbance and 

solution concentration is needed. 

The Beer-Lambert law presents the attenuation of light that travels through a measured 

sample, in which the absorbance and measured material concentration has a linear 

relationship. 

L

P0P0 PP

L

P0 P

 

Figure 3.2 Light absorbed by sample in a cuvette. 

Beer-Lambert Law: 

𝐴𝐵𝑆 = 𝜀 × 𝑙 × 𝑐                                                  (Eq. 3.1) 

𝐴𝐵𝑆       Absorbance 

𝜀            Wavelength-dependent molar absorptivity coefficient with units of M
-1

 cm
-1

 

𝑙            Path length of the cuvette with units of centimetre 

𝑐            Analyte concentration with units of M 
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The solution transmittance formula: 

𝑇 = 𝑃/𝑃0                                                      (Eq. 3.2) 

𝑇            Sample transmittance  

𝑃            Radiant power output 

𝑃0           Radiant power input 

The solution transmittance can be calculated by the equation (Eq. 3.3).  

𝑇 = 10−𝐴𝐵𝑆                                                    (Eq. 3.3) 

H2O2 concentration measurement  

The molar absorptivity of the titanium (IV)-peroxide complex, prepared by adding titanium 

(IV) solutions into H2O2 solutions, was measured as ε396 = 905 M
-1

cm
-1

 at the peak 

absorbance of 396 nm. Figure 3.3 shows the calibration curve for H2O2 solution.  
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Figure 3.3 Calibration curve for H2O2 solution  
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Methylene-blue concentration measurement   

The methylene blue solution was prepared by diluting methylene blue (MB) hydrate (95%, 

Acros organics) in ultrapure water into certain concentrations. 
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Figure 3.4 Calibration curve for methylene blue solution  

The molar absorptivity coefficient (ε) of methylene-blue (molar weight of 319.5 g/mol) was 

calculated as 74 × 103 M-1
cm

-1
. The degradation rate of MB dye can be determined by 

Equation (Eq. 3.5): 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
𝐴𝐵𝑆0−𝐴𝐵𝑆1

𝐴𝐵𝑆0
× 100%                            (Eq. 3.5) 

𝐴𝐵𝑆𝑂              Absorbance of the sample before treatment 

𝐴𝐵𝑆1              Absorbance of the sample after treatment 
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3.5.2 Fluorescence photometry 

Fluorescence spectrometry is a fast and simple method to determine the concentration of an 

analyte in solutions depending on its fluorescent properties. A beam with a wavelength range 

from 180 nm to 800 nm is passed through a cuvette with a solution, and the light emitted 

from the sample is measured. The intensity of the emission increases in proportion with the 

concentration of the analyte and a calibration curve needs to be performed before the 

measurement.  

OH radical measurement 

A calibration curve was plotted by using 2-hydroxyterephthalic acid (97%, Aldrich) (HTA), 

the product of terphthalic acid reacts with OH radical, to determine the amount of OH 

radicals. The converted OH radicals into HTA are 35%. The HTA solution was made up 

with 5-mM NaOH solution. When HTA molecules are irradiated with UV light with a 

wavelength of 310 nm, visible light of wavelength 425 nm is emitted.  
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Figure 3.5 Calibration curve for HTA solution 
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4 DISCHARGE CHARACTERISTICS OF IMPULSIVE 

CURRENT DISCHARGES ABOVE WATER 

4.1 Introduction  

Discharges above water with a pin-to-water electrode structure have been extensively 

investigated. A series of studies using pulsed power with high applied voltage (several tens 

of kV) to initiate the inter-electrode gap breakdown have been used to investigate the 

breakdown mechanisms [110, 111]. The effect of solution conductivity and solution pH on 

reactive species production in the discharges in contact with water has also been widely 

investigated [3, 100]; however, their effects on the variation of discharge characteristics have 

rarely been discussed [27, 28]. A discharge type transition with increasing solution 

conductivity has been recorded in a previous study [7]; the impulsive currents were recorded 

at the beginning of the discharges with an inter-electrode gap of 1 mm, and tail currents 

occurring after the initial current impulse appeared with increasing solution conductivity; 

however, the mechanism of the tail currents is still not clear. Nikiforov [28] investigated 

discharge transition in discharges above water surfaces, and recorded similar results as those 

observed by Zhao [7]. Nikiforov concluded that the transition of discharge is independent of 

the polarity of the applied voltage, but dependent on the inter-electrode distance and the 

magnitude of applied voltage.  

The pin-to-water electrode discharges energised using a DC power supply allows the 

generation of impulsive current discharges without the complexity of using a pulsed power 

system, thus, significantly reduces the operation cost. In addition, the investigation of 

discharges characteristics clarifies the fundamental of reactive species production. It is 

worthwhile to investigate the effect of solution conductivity on the pin-to-water electrode 

discharge characteristics. 

In this chapter, the impulsive current discharges energized by positive or negative DC power 

have been investigated. The objectives of this experiment were to investigate the (i) effect of 

polarity on discharge characteristics; (ii) effect of solution conductivity on discharge 

transition and (iii) effect of applied voltage on discharge characteristics. 
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4.2 Reactor design and experimental set up  
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Figure 4.1 Reactor design. 

An open reactor with an outer diameter of 50 mm and inner diameter of 40 mm, and an 

entire depth of 20 mm and inner depth of 5.5 mm was made of PVC (Figure 4.1). A brass 

electrode with a diameter of 5 mm and length of 25 mm was used as a grounded electrode.  
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Figure 4.2 Schematic diagram for impulsive current discharge experiments in open air. 

A DC power supply was employed to supply positive or negative applied voltage during 

experiments; a current-limiting resistor of 6-MΩ was connected in series with the reactor 

(Figure 4.2). A 50-Ω coaxial cable was connected to the reactor ground to investigate the 

variation of discharge current. A Tektronix high voltage probe was employed to measure the 
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pin voltage during experiments. A solution volume of 7 ml was introduced into the test cell 

before each treatment; the solution depth was 5.5 mm. A stainless-steel pin electrode with a 

tip diameter of 0.3 mm was placed 1 mm above the centre of the water surface. The inter-

electrode distance (pin tip to water surface distance) was determined by a screw micro-meter. 

The needle electrode was not changed in this experiment.  

Ultrapure water with a conductivity of 0.5 µS/cm and tap water with a conductivity of 65 

µS/cm was employed in this experiment. The discharge waveforms were recorded at 0, 0.5, 1, 

2, 5, 10, 15 and 20 minutes of treatment. Higher solution conductivities, being adjusted by 

NaOH solutions as shown in Table 4.1, were employed to investigate the variation of 

discharge currents; the discharge waveforms were recorded at the beginning of discharges. 

The variation of solution conductivity was measured after each treatment and the treated 

samples were removed by a pipette; the reactor was cleaned using ultrapure water and dried 

by N2 jet.  

Table 4.1 Solution conductivity adjusted by NaOH  

Solution Conductivity 
µS/cm mS/cm 

100 250 500 1.2 2.4 5 12 22 
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4.3 Gas discharge characteristics under DC positive polarity 

4.3.1 Discharge above ultrapure water  

The power supply was set to support 3 kV, so that the voltage does not increase after the gas 

gap breakdown was initialled. Figure 4.3 shows the voltage and current waveforms recorded 

in discharge above ultrapure water after 0 and 0.5 minutes of treatment. At the beginning of 

treatment, only impulsive current with short full-width-at-half-maximum (FWHM, 

considered as pulse width in this study) of 15 ns and amplitude of up to 40 mA was recorded 

(Figure 4.3 (b)); the voltage drop was less than 100 V and the pulse repetition rate was 

~1 × 105 pps.  

After 0.5 minutes of treatment (Figure 4.3 (c)), a slightly waved voltage waveform was 

observed, and an increase of the current amplitude up to 65 mA was recorded. The voltage 

drop was increased to ~150 V (Figure 4.3 (d)) and the pulse repetition rate was no longer a 

(c) (d) 

Figure 4.3 Discharge waveforms recorded in ultrapure water at 0 minutes (a) and after 0.5 

minute of treatment (c); single impulse current recorded at 0 minute (b) and after 0.5 minute of 

treatment (d). 

(a) (b) 



CHAPTER 4 IMPULSIVE CURRENT DISCHARGES IN OPEN AIR ABOVE WATER 

 

42 

 

constant value and varied from 0.4 to 1.43 × 105 pps. The solution conductivity slightly 

increased to 3.5 µS/cm after 0.5 minutes of treatment (Table 4.2). 

After 1 minute of treatment (Figure 4.4 (a)), significant decreases in voltage of ~800 V were 

observed. A group of nanosecond current pulses with repetition rate of ~4 × 105 pps were 

observed corresponding with the voltage drop duration (Figure 4.4 (c)) each current pulse 

corresponded to a voltage drop of several tens of volts. The amplitude of pulses decreased as 

Figure 4.4 Discharge waveforms recorded in ultrapure water at 1 minute (a) and 2 minutes of 

treatment (b); voltage drop recorded at 1 minute (c) and 2 minutes of treatment (d); single 

impulse current recorded at 1 minute (e) and 2 minutes of treatment (f). 

(e) 

(c) 

(a) (b) 

(d) 

(f) 
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the voltage decrease during the voltage drop.  

Table 4.2 Variation of solution conductivity in discharge above ultrapure water 

Treatment times (min) 0 0.5 1 2 5 10 15 20 

Conductivity (µS/cm) 0.5 3.5 5.5 8.4 17.5 37 54 72 

After 2 minutes of treatment, voltage drops with a shorter duration (~30 µs) and a larger 

magnitude (~1 kV) was recorded. The repetition rate of pulses further increased to 6 × 105 

pps (Figure 4.4 (d)). An increase of current amplitudes was noticed, while no variation of the 

current pulse width was recorded.  

After 5 minutes of treatment (Figure 4.5), a further decrease of voltage drop duration (~17 µs) 

was recorded; the high-repetition-rate pulses were replaced by a tail current of amplitude of 

<3 mA and duration of ~10 µs; no corresponding voltage drop was observed associated with 

the tail current. High-amplitude current pulses of 200 to 300 mA and pulse width of 15 ns 

(Figure 4.5 (b)) only appeared at the start and end of the voltage drop. The appearance of tail 

currents between the impulsive currents that occurred at the beginning and the end of voltage 

drop indicates the start of discharge type transition. 

 

 

Figure 4.5 Discharge waveform recorded in ultrapure water at 5 minutes of treatment (a) and 

single impulse current recorded at 5 minutes of treatment (b). 

(a) (b) 
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Figure 4.7 Discharge waveform recorded in ultrapure water at 15 minutes of treatment (a) 

and single impulse current recorded at 15 minutes of treatment (b).   

  

(a) (b) 

The discharge voltage drop increased to ~1.4 kV after 10 minutes of treatment (Figure 4.6 

(a)); the high-amplitude current pulses no longer appeared at the end of the voltage drop. In 

addition, a current tail of amplitude of 5 mA and duration of ~7 µs was noticed following the 

multiple pulses with the amplitude of up to 220 mA and pulse width of 15 ns (Figure 4.6 (b)). 

After 15 minutes of treatment (Figure 4.7 (a)), the reduction of the impulsive current 

amplitude was observed, no change of pulse width was recorded (Figure 4.7 (b)).  

  

(a) (b) 

Figure 4.6 Discharge waveform recorded in ultrapure water at 10 minutes of treatment (a) and 

single impulse current recorded at 10 minutes of treatment (b).   
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After 20 minutes of treatment (Figure 4.8), the amplitude of multiple current pulses further 

reduced to ~180 mA. The amplitude of current tail was further increased to ~10 mA while 

the voltage drop increased to 1.7 kV.  

The discharge type transition from corona discharges to corona-diffuse discharges was 

observed with the increase of solution conductivity from 0.5 to 72 µS/cm.  

  

Figure 4.8 Discharge waveform recorded in ultrapure water at 20 minutes of treatment (a) and 

single impulse current recorded at 20 minutes of treatment (b).   

(b) (a) 
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4.3.2 Discharge above tap water  

Tap water contains positive ions such as Na
+
, Ca

2+
 and Mg

2+
 and inorganic negative ions 

such as Cl
-
, CO2

-
 and NO3

-
; therefore, it has a higher conductivity of 65 µS/cm compared to 

ultrapure water. Different applied voltage of 3 kV and 5 kV was employed to compare the 

discharge characteristics.  

Applied voltage of 3 kV 

Figure 4.9 shows the voltage and current waveforms recorded under positive discharge 

above tap water, with applied voltage of 3 kV. At the start of discharge, multiple current 

pulses with amplitude of up to 100 mA and pulse width of 15 ns (Figure 4.9 (a), (b)) were 

recorded, followed by a tail current with amplitude of 10 mA and duration of 15 µs. The 

voltage and current waveforms were almost the same as that recorded in ultrapure water 

when a similar solution conductivity was employed (72 µS/cm after 20 minutes of treatment 

(d) (c) 

(b) (a) 

Figure 4.9 Discharge waveforms recorded in tap water under 3 kV at 0 minutes (a) and 20 

minutes of treatment (c); single impulse current at 0 minutes (b) and 20 minutes of treatment 

(d).  
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with ultrapure water), indicating that the discharge characteristics are independent of the 

substances in solution; however, are dependent on the solution conductivity.  

After 20 minutes, the solution conductivity was measured as 108 µS/cm; the amplitude of 

the impulsive current increased to ~140 mA (Figure 4.9 (c)), and no pulse width variation 

was observed (Figure 4.9 (d)); a slight increase of current tail amplitude to 17 mA was 

recorded.  

Applied voltage of 5 kV 

Fig 4.10 shows the discharge waveforms when the applied voltage was increased to 5 kV. 

The amplitude of impulsive and tail currents both increased with increasing treatment time; 

an impulsive current width of 15 ns was recorded. Increasing the applied voltage 

significantly shortened the recovery time of the voltage across the discharge gap, and led to 

the earlier appearance of the tail current after the impulsive current (Figure 4.10 (d)).  

(d) (c) 

(b) (a) 

Figure 4.10 Discharge waveforms recorded in tap water under 5 kV at 0 minutes (a) and 20 

minutes of treatment (c); single impulse current at 0 minutes (b) and 20 minutes of treatment 

(d).  
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Increasing the applied voltage from 3 kV to 5 kV led to the extinction of impulsive currents 

and the appearance of a DC component (Figure 4.11 (b)), which is similar to the results 

obtained in Nikiforov’s research [28]. Figure 4.11 shows the variation of discharge voltage 

waveforms during experiments under positive applied voltage of 5 kV.  

After 1 minute of treatment, the discharge behaviour became irregular; with randomly 

occurring regions were the inter-electrode voltage did not recover. This phenomenon is 

likely to be due to the higher applied voltage, increasing the plasma conductivity in the 

discharge column, thus reducing the maintenance voltage of the plasma column. Therefore, 

the discharge is no longer limited by the 6-MΩ current-limiting resistor to form an impulsive 

current, and the transition of discharge type to a DC glow discharge randomly occurred.  

(a) 

Figure 4.11 Discharge frequency recorded in tap water under 5 kV at 0 minutes (a), 1 minute 

(b), 5 minutes (c) and 20 minutes of (b) treatment. 

(b) 

(c) (d) 
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Nikiforov [28] compared electrode geometries and found only spark discharge was observed 

with a hemispherical electrode; while with a pin electrode, a corona discharge was observed 

before it transited into spark discharge. Xiong [30] compared the pulsed discharges between 

pin-metal electrodes with an inter-electrode of 0.5 mm in various working gases and found 

that the voltage on the pin electrode (~4 kV) reduced to zero after each breakdown, which 

indicates the smaller voltage drop (~1.5 kV) in this experiment was due to the different 

electrode material (water in this experiment). Xiong [30] also varied the applied voltage 

from 4 to 9 kV and found that the breakdown voltage was not significantly changed while 

the repetition rate of secondary pulses was raised with increasing applied voltage.  
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4.3.3 Discharge above solutions with high conductivity  

To investigate the discharge characteristics with various solution properties, pH values 

ranging from 10.9 to 13 and solution conductivity ranging from 0.1 to 22 mS/cm (Table 4.1) 

were applied by using different concentrations of NaOH solution. Applied voltages of 3 kV 

and 5 kV were employed to investigate the discharge characteristics. 

Applied voltage of 3 kV 

Figure 4.12 and 4.13 show the discharge characteristics under positive polarity with a Vapp of 

3 kV above NaOH solutions, with conductivities from 100 µS/cm (a similar value as that 

recorded after 5 minutes of discharges with tap water under the applied voltage of 3 kV) to 

1.2 mS/cm.  

(b) 

(d) (c) 

(a) 

Figure 4.12 Discharge waveforms recorded under 3 kV with solution conductivity of 100 µS/cm 

(a) and 250 µS/cm (c); single impulse current with solution conductivity of 100 µS/cm (b) and 

250 µS/cm (d). 
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In solutions with conductivities of 100 to 500 µS/cm, the impulsive currents amplitude of 

~200 mA and pulse width of 12 ns were recorded. The tail currents were observed following 

the impulsive currents. The amplitude of tail currents increased from 30 to 60 mA, and the 

duration decreased from 4.5 to 2 µs, Figure 4.12 (a), (c) and Figure 4.13 (a), when increasing 

the solution conductivity from 100 to 500 µS/cm. 

Increasing the solution conductivity to 1.2 mS/cm resulted in the increasing of the amplitude 

of impulsive currents to ~350 mA and of tail currents to ~150 mA; also, resulting in the 

decreasing of the tail current duration to ~1.5 µs. In addition, it was found that increased 

solution conductivity led to an earlier appearance of current tails, which developed at the 

falling edge of the impulsive currents (Figure 4.12 (d); 4.13 (b), (d)). 

(a) (b) 

(c) (d) 

Figure 4.13 Discharge waveforms recorded under 3 kV with solution conductivity of 500 

µS/cm (a) and 1.2 mS/cm (c); single impulse current with solution conductivity of 500 µS/cm 

(b) and 1.2 mS/cm (d) 
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The breakdown voltage was ~2.7 kV for 100 and 250 µS/cm solutions (Figure 4.12), which 

then decreased to ~2.3 kV with higher conductivity (Figure 4.13). Nikiforov [28] 

investigated the corona-spark transition over water and found that the breakdown voltage 

was independent of solution conductivity ranging from 50 to 500 µS/cm, which is different 

from the results obtained in this experiment. 

Figure 4.14 shows the voltage and current waveforms under applied voltage of 3 kV with 

NaOH solutions, with conductivities from 2.4 to 22 mS/cm. As the tail current was 

developed closely to the impulsive current, the pulse widths cannot be determined. A 

significant voltage drop of ~2 kV was observed, when using the solution with a conductivity 

of 2.4 mS/cm (pH 12); the amplitude of impulsive currents was decreased to 140 mA, tail 

currents with amplitude of 250 mA and duration of 1 µs (Figure 4.14 (a)) were recorded 

following the impulsive currents.  

Figure 4.14 Discharge waveforms recorded under 3 kV with solution conductivity of 2.4 mS/cm 

(a), 5 mS/cm (b) 12 mS/cm (c) and 22 mS/cm (d). 

(c) (d) 

(a) (b) 
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A significant increase of the tail current amplitude and decrease of tail current duration was 

observed when the solution conductivity was increased to 5 and 12 mS/cm (Figure 4.14 (b), 

(c)); no increase of the impulsive current was observed. It was found that the increased 

solution conductivity led to the merging of the impulsive current and the tail current. The 

voltage on the anode pin reduced to almost zero, when using the solutions with 

conductivities of 5 to 22 mS/cm; this phenomenon indicated the solutions acted in a similar 

manner to a metal electrode during discharges. Therefore, spark discharges were considered 

to be occurring between the electrodes; the noise of each spark was noticed. The shortest tail 

current duration of 250 ns was observed when using the solution with the highest 

conductivity of 22 mS/cm.  

Similar results have been observed in Shih’s research [44]. Shih adjusted the solution 

conductivity from 150 µS/cm to 3 mS/cm and found that the current amplitude increased 

with increasing conductivity, however, the current duration decreased significantly.  

Applied voltage of 5 kV 

Figure 4.15 shows the discharge characteristics under positive applied voltage of 5 kV, with 

various solution conductivities from 100 to 500 µS/cm. The amplitude of the impulsive 

currents increased from 180 to 380 mA with increasing solution conductivity; however, no 

change of current pulse width (15 ns) was observed. The amplitude of impulsive currents 

was higher than those obtained under 3 kV. Increased applied voltage resulted in the joining 

of the tail current into the impulsive current, and a significant reduction of the tail current 

duration (Figure 4.15 (a), (c), (e)). 

With a solution conductivity of 1.2 mS/cm (Figure 4.16), higher impulsive current amplitude 

of ~550 mA and shorter tail current duration of 1 µs were observed compared to that 

obtained under 3 kV. Figure 4.17 shows the discharge characteristics under positive applied 

voltage of 5 kV, with solutions of conductivities from 2.4 to 22 mS/cm. The decreasing of 

impulsive current amplitude and the increasing of tail current amplitude was observed when 

the solution conductivity was raised from 1.2 to 2.4 mS/cm. It can be found that increased 

Vapp significantly shortened the period between impulsive and tail currents. No remarkable 

difference in discharge characteristics was observed between solution conductivity of 12 and 

22 mS/cm; the voltage dropped to around zero and a spark discharge was occurred (Figure 

4.17 (c), (d)).  
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Compared to the results obtained with a Vapp of 3 kV, increased applied voltage resulted in 

higher amplitude of discharge currents and the early occurrence of tail currents. 

 

 

Figure 4.15 Discharge waveforms recorded under 5 kV with solution conductivity of 100 

µS/cm (a), 250 µS/cm (c) and 500 µS/cm (e); single impulse current with solution 

conductivity of 100 µS/cm (b), 250 µS/cm (d) and 500 µS/cm (f). 

(f) (e) 

(d) 

(b) 

(c) 

(a) 
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Figure 4.16 Discharge waveforms recorded under 5 kV with solution conductivity of 1.2 

mS/cm (a); single impulse current (b) 

(c) (d) 

(b) (a) 

Figure 4.17 Discharge waveforms recorded under 5 kV with solution conductivity of 2.4 

mS/cm (a), 5 mS/cm (b) 12 mS/cm (c) and 22 mS/cm (d). 

(c) 
(d) 
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Figure 4.18 shows the discharge voltage waveforms recorded under positive 5 kV. The 

occurrence of regions where the voltage did not recover was recorded, when using the 

solution with a conductivity of 200 µS/cm. However, when a higher solution conductivity of 

2.4 mS/cm was used, this was not observed. This may be due to the discharge transition from 

corona-diffuse or DC glow discharges to spark discharges, when using the solution with a 

higher conductivity. 

 

  

Figure 4.18 Discharge frequencies recorded under 5 kV with solution conductivity of 200 µS/cm 

(a) and 2.4 mS/cm (b). 

(a) (b) 
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4.4 Gas discharge characteristics under DC negative polarity 

4.4.1 Discharge above ultrapure water  

The power supply was set to support -3 kV, a corona discharge (Figure 4.19) with a current 

of -0.25 mA and a pin voltage of -1.32 kV was recorded. The luminosity of a violet light spot 

was observed at the pin tip and the electron wind was noticed. After 20 minutes of treatment, 

a DC glow discharge was generated, obtaining a DC current of -0.34 mA and a pin voltage 

of -850 V. The solution conductivity measured after 20 minutes increased from 0.5 µS/cm to 

45 µS/cm.  

Figure 4.19 Discharge waveforms recorded under negative polarity discharges with ultrapure 

water at 0 minute of treatment (a) and 20 minutes of treatment (b). 

  

(a) (b) 
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4.4.2 Discharge above tap water 

A significant difference of discharge type was observed when tap water was employed, 

compared to that when ultrapure water was used; the impulsive current with amplitude of ~-

300 mA and width of 10 ns was recorded (Figure 4.20), followed by a tail current with an 

amplitude of 18 mA and duration of 15 µs.  

Compared to the discharges above tap water under positive polarity, the amplitude of 

impulsive current was three times higher and the pulse width was slightly shorter under 

negative polarity; a tail current with shorter duration of ~10 µs was observed.  

 

  

(a) (b) 

Figure 4.20 Discharge waveforms recorded under negative polarity discharges with tap water at 

0 minutes of treatment (a) and single impulse current recorded at 0 minutes of treatment (b).  
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4.4.3 Discharge above solutions with high conductivity 

Figure 4.21 and 4.22 show the discharge characteristics under negative polarity with a Vapp 

of -3 kV above NaOH solutions, with solution conductivities from 100 µS/cm to 1.2 mS/cm, 

a current pulse width of 10 ns was recorded. It was found that the amplitude of negative 

impulsive currents increased with increasing solution conductivity. In addition, the tail 

current joins the falling edge of the impulsive current, even when the solution with a 

conductivity of 100 µS/cm was in use (Figure 4.21 (a) (b)), which is different from the 

results obtained under positive polarity. The amplitude of the tail current increased with 

increasing treatment time (Figure 4.21). 

 

(c) (d) 

(a) (b) 

Figure 4.21 Discharge waveforms recorded under negative polarity with solution conductivity 

of 100 µS/cm (a) and 250 µS/cm (c); single impulse current with solution conductivity of 100 

µS/cm (b) and 250 µS/cm (d). 
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Increasing the solution conductivity led to the joining of the the tail current into the 

impulsive current, resulting in a shorter duration of the discharge current. When using the 

solution with a conductivity of 1.2 mS/cm (Figure 4.22 (c)), no clear interval between the 

impulsive and the tail current was observed; a discharge current duration of ~0.5 µs was 

recorded. The amplitude of impulsive current reached ~-700 mA with the solution 

conductivity of 500 µS/cm and 1.2 mS/cm; the pin voltage dropped to around -300 V.  

 

  

(c) (d) 

(a) (b) 

Figure 4.22 Discharge waveforms recorded under negative polarity with solution conductivity 

of 500 µS/cm (a) and 1.2 mS/cm (c); single impulse current with solution conductivity of 500 

µS/cm (b) and 1.2 mS/cm (d). 
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Figure 4.23 shows the discharge characteristics under negative polarity with solution 

conductivities ranging from 2.4 to 22 mS/cm. The current amplitude further increased with a 

higher conductivity, reaching ~800 mA in solutions with conductivity of 2.4 and 5 mS/cm, 

and ~1500 mA in solutions with conductivity of 12 and 22 mS/cm. The duration of the tail 

current decreased with increasing solution conductivity, and was less than 0.25 µs when 

using the solution with a conductivity of 22 mS/cm.  

The tail current completely joins into impulsive current when solution conductivity was 

increased to >5 mS/cm and the spark discharges occurred. Miao [35] investigated the 

negative glow discharge and found that the discharge was not stable at low solution 

conductivity until the value was increased to 37.15 µS/cm. On the other hand, Miao found 

that increasing the solution conductivity to 4.43 mS/cm led to the occurrence of spark 

discharge, which is in agreement with the results recorded in this experiment; Miao also 

found that further increase of conductivity resulted in unstable discharge [35].  

(c) (d) 

(a) (b) 

Figure 4.23 Discharge waveforms recorded under negative polarity with solution conductivity 

of 2.4 mS/cm (a), 5 mS/cm (b), 12 mS/cm (c) and 22 mS/cm. 
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4.5 Discussion  

Ultrapure water (0.5 µS/cm) acts as a dielectric barrier at the start of discharge. Under 

positive polarity, the discharges were initiated when the pin voltage reached 2.25 kV; the 

breakdown of the inter-electrode led to the reduction of the pin voltage to 2.15 kV (Figure 

4.3 (b)); the development of discharge was inhibited due to the accumulation of charges on 

the water surface. Therefore, only small impulsive currents with low amplitude (several tens 

of mA) and short pulse width (~15 ns) were recorded. It is reasonable to assume that the 

ultrapure water acted as dielectric barrier at the beginning of discharges, due to the very 

similar discharge current waveforms recorded at 0 minute compared to those seen in 

dielectric barrier discharges. It was found that the discharge was no longer stable when the 

solution conductivity was slightly increased to 3.5 µS/cm (Figure 4.3 (c)); the longer gas gap 

charging interval between pulses occasionally occurred and a wavy voltage waveform was 

recorded. Increased solution conductivity of 5.5 µS/cm led to the further increase of charging 

duration (~250 µs); the pin voltage was dropped to 1.7 kV before the recharging of the inter-

electrode.  

A further increase in solution conductivity to 8.4 µS/cm resulted in the further increase of the 

inter-electrode charging duration and decreasing of voltage drop duration; the discharge was 

not inhibited until the pin voltage was dropped to 1.65 kV. The transition of discharge type 

from corona to corona-diffuse was recorded after five minutes of treatment under positive 

polarity; the solution conductivity was increased to 17 µS/cm. A tail current with the 

amplitude of ~3 mA and duration of several tens of µs was observed following the impulsive 

current; increased solution conductivity leads to an increasing of the amplitude and a 

decreasing of the duration of the tail current. The increased voltage drop indicates weaker 

accumulation of charge on water surface with increasing solution conductivity. The higher 

impulsive current results in higher plasma conductivity in the discharge filaments, thus 

reducing the drop on the discharge filament. 

It was found that the amplitude and duration of the impulsive current obtained at 0 minute of 

treatment with tap water was similar to that obtained with ultrapure water after 20 minutes of 

treatment (Figure 4.8, 4.9). This result indicated that the discharge type is dependent on the 

solution conductivity. Further increase in the solution conductivity by using NaOH solutions 

led to an increase of discharge current amplitude and decrease of the tail current duration. 

The tail current joins the falling edge of the impulsive current for higher solution 

conductivity. A higher applied voltage of 5 kV did not change the discharge current profile 
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but increased the current amplitude in various conductivity solutions. Compared to the 

results obtained with an applied voltage of 3 kV, the tail current appeared closer to the 

impulsive current when a higher voltage was applied.  

Nikiforov [28] investigated the discharge above water with solution conductivity ranging 

from 50 to 500 µS/cm, and observed corona current with the amplitude of several mA at low 

applied voltage. Increased applied voltage resulted in the extinction of corona discharges and 

the generation of the impulsive currents, followed by long-duration tail currents, which are 

the same as obtained in this experiment. However, Nikiforov considered that the discharge 

type had changed to a spark discharge, while the similar phenomenon observed in this 

experiment is considered as a transition to corona-diffuse discharge. Nikiforov found that the 

‘spark discharge’ was generated at the start of treatment with a half-spherical electrode while 

corona discharges can be generated with a pin electrode under low applied voltage; 

Nikiforov concluded that the type of discharge is dependent on the electrode diameter and 

the applied voltage. The inter-electrode capacitance using pin electrode was much lower 

compared to that with a half-spherical electrode; therefore, only corona discharges were 

generated above water at a conductivity range from 0.5 to 17.5 µS/cm. Increases in solution 

conductivity to the range of 17.5-500 µS/cm led to the formation of corona-diffuse discharge.  

Sun [40] investigated the pin-to-metal grounded electrode discharge and observed a similar 

current curve as shown in Figure 4.14 (d), when extremely high solution conductivity was 

employed and the solution was regarded as a metal electrode. However, the streamer corona 

current observed in Sun’s research was in the order of several amperes, which was followed 

by a high tail current with the amplitude of ~280 A and duration of ~2 µs. The significant 

amplitude difference between Sun’s research and this experiment could be due to the much 

higher applied voltage and metal ground electrode that were used in Sun’s case. Sun 

considered that the high-amplitude tail current was formed when the discharge channel was 

approaching the grounded electrode, and a spark discharge was generated. Sun also found 

that a streamer corona current is always generated before the spark discharge with much 

lower amplitude, which is also recorded in Fig 4.14, 4.17 and 4.23.   

When negative polarity was applied with ultrapure water, negative corona discharges were 

initiated at the start of discharge, which then transited into DC glow discharge after 20 

minutes of treatment. An entirely different discharge current was observed when tap water 

was used; an impulsive current pulse followed by a tail current was recorded, similar to the 

results obtained under positive polarity. It was found that the current amplitudes under 
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negative polarity were higher than those obtained under positive polarity at the same solution 

conductivity. In addition, no clear separation of the impulsive and the tail current was 

observed when solution conductivity was increased to 500 µS/cm; while under positive 

polarity the currents were not merged until the conductivity was increased to 5 mS/cm.  

4.6 Conclusion  

The discharges above various conductivity solutions have been investigated under positive 

and negative polarity. When positive polarity was employed with ultrapure water, the 

inhibition of discharge occurred due to the accumulation of charges on water surface. 

Increasing solution conductivity led to a faster relaxation of the charge distribution; reducing 

the inhibition effect. A significant voltage drop was observed when solution conductivity 

was increased to 5.5 µS/cm. The transition of impulsive current discharges to corona-diffuse 

discharges was observed when the solution conductivity was increased to 17.5 µS/cm. 

Further increase of solution conductivity led to the rise of the amplitude of discharge current 

and the magnitude of the voltage drop; however, this reduced the duration of the discharge 

current. When high solution conductivities (>12 mS/cm) were used, the liquid cathode acted 

as a metal ground and resulted in the occurrence of spark discharge.  

Increasing the applied voltage to 5 kV resulted in the increase of current amplitude and 

discharge repetition rate. A DC current was occasionally observed, which indicated the 

inhibition of discharge sometimes did not occur. This also indicated the transition of corona-

diffuse discharges to DC glow discharges.  

When negative polarity was employed with ultrapure water, the transition of a DC corona 

discharge to a DC glow discharge was observed with increasing treatment time. The 

discharge waveforms obtained with tap water under negative polarity were similar to those 

obtained under positive polarity. Higher amplitude and shorter duration of discharge current 

under negative polarity was observed in solution conductivity ranging from 65 µS/cm to 22 

mS/cm.  
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4.7 Further work  

The variation of discharge type with solution conductivity was investigated in neutral and 

basic solutions; the effect of acid solution with various conductivities and the discharge 

characteristics needs to be further investigated, due to the industrial wastewater is generally 

acidic solution. In addition, the difference between positive and negative discharge above 

ultrapure water was noticed. Under positive polarity, an impulsive current discharge was 

developed; while under negative polarity, only DC discharge was recorded and the different 

phenomenon need to be further investigated. 
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5 OH RADICAL AND H2O2 PRODUCTION UNDER 

IMPULSIVE CURRENT DISCHARGES  

5.1 Introduction  

The discharge characteristics of open air discharges have been discussed in Chapter 4, and 

the discharge characteristics in air, N2 and helium with a sealed reactor, are investigated in 

this chapter. Moreover, this chapter also focuses on the investigation of OH radicals and 

H2O2 production. A reactor with a pin-to-water electrode structure was employed in this 

experiment. The atmospheric plasma developed above the water surface has been proven to 

induce a gas flow through the transferring of momentum energy from ions to neutral 

particles [38, 111, 112]. This phenomenon leads to a liquid flow during plasma treatments, 

which results in a well-mixed solution of reactive species.  

Kanazawa [113] measured OH production by using TA solution (fluorescence method), and 

found that OH radical production increased almost linearly with time, reaching a production 

of 21 nmol after 10 minutes of treatment. H2O2 production can be determined by using 

Titanium (IV) ions [109] (VIS-UV spectrophotometry), Thagard [4] used this method to 

investigate the H2O2 production in above water discharges. The TA powder needs to be 

dissolved in basic solution to prepare the TA solution; however, the negative effect of OH
- 

ions on H2O2 production has been proven [3, 79]. Also, the OH radical production 

determined by using fluorescence method is generally lower than that determined by VIS-

UV method. Therefore, these two detection methods were compared in this chapter. 

The main objectives of these experiments were to: (i) investigate the discharge 

characteristics in various gases (N2, air, helium) with different solution pH; (ii) quantify the 

OH radical and H2O2 formation at the plasma-water interface in various gas discharges; and 

(iii) determine the role of the dimerization of the OH radicals into H2O2 by using a scavenger 

of OH radicals. 
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5.2 Reactor design and experimental set up 

5.2.1 Rector design 

Figure 5.1 shows the design of the reactor, which has a typical pin-to-water electrode 

structure. A 70-mm-high transparent solution container was made of acrylic, with an inner 

diameter of 40 mm, outer diameter of 50 mm and depth of 45 mm. A brass electrode with a 

diameter of 8 mm was inserted through the bottom of the acrylic container and acts as 

ground electrode. The container was placed between two nylon flanges with a diameter of 

100 mm and depth of 10 mm. The gas inlet and outlet were fixed on the top nylon flange; a 

brass electrode of 8 mm in diameter was fixed through the centre of the top flange and a 

stainless-steel pin with a 0.3-mm-diameter tip was inserted in the brass electrode. A nylon 

handle is used to adjust the inter-electrode distance. 

PVC

Brass

Nylon

Acrylic 

PVC

Brass

Nylon

Acrylic 

Ground

Gas Inlet Gas Outlet

Solution

H.V.

Ground

Gas Inlet Gas Outlet

Solution

H.V.

50.00 mm

40.00 mm

7
0

.0
0

 m
m 1
.0

0
 m

m

PVC

Brass

Nylon

Acrylic 

Ground

Gas Inlet Gas Outlet

Solution

H.V.

50.00 mm

40.00 mm

7
0

.0
0

 m
m 1
.0

0
 m

m

 

Figure 5.1 The structure of the pin-to-water electrode reactor. 

An O-ring was placed between the top flange and the acyclic container to avoid gas leakage 

during the vacuuming process and discharge treatments. A sample volume of 10 ml was 
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introduced into the container before the top flange was covered and fastened. The depth of 

the solution was measured as 8 mm. The stainless-steel pin was adjusted in touch with the 

solution surface at first, and the screw electrode was turned one revolution to adjust the inter-

electrode distance to 1 mm. The vacuuming process described in Chapter 3 was applied 

before N2 and helium gas injection to atmosphere. 

5.2.2 Experimental set up 

Figure 5.2 shows the diagram for impulsive current discharge experiments; a 6-MΩ current-

limiting resistor was connected in series with the reactor. The high voltage electrode was 

energized by a positive applied voltage of 3 kV, and a high voltage probe was used to 

measure the pin voltage during experiments. A 50-Ω coaxial cable was connected to the 

reactor ground to investigate the variation of discharge currents. 
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Figure 5.2 Schematic diagram for impulsive current discharge experiments. 

A sample of volume 10 ml was introduced into the reactor before each treatment. Working 

gases of air, N2 and He were used in this experiment to investigate the plasma-water 

interface reactions. The vacuuming process, described in 3.4 was applied, and then the 

reactor was refilled with working gas of N2 or He to atmospheric pressure. The reactor was 

sealed and no gas flow was introduced during treatments. The OH radical and H2O2 
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production in air, N2 and helium were measured after 5, 10, 15 and 20 minutes of treatments, 

in 5-mM NaOH solution and ultrapure water; each treatment was repeated three times.  

Detection methods and radical scavenger 

Fluorescence photometry was used to determine the OH radical formation by measuring the 

concentration of HTA, which is the product of the interaction of terephthalic acid (TA) and 

OH radical. As the TA powder can only dissolve in basic solution, the TA solution was 

adjusted to pH 11.5 by using NaOH solution; the conductivity of the TA solution was 

measured as 1.25 mS/cm. UV-VIS spectrophotometry was used to determine the H2O2 

production, and the results were compared to those achieved by using the fluorescence 

photometry.  

Various reactions lead to the formation of H2O2 at the plasma-water interface. A major 

reaction path is through the dimerization of OH radicals, as shown in reaction (R 2.25). TB 

was employed to terminate the dimerization of OH radicals to determine the H2O2 

production pathway (R 3.1).  A control experiment was carried out before plasma treatments; 

it was found that the addition of OH scavenger, tert-butanol (TB), has no effect on the 

solution conductivity and pH.   

2 OH
.
 → H2O2                                                   (R 2.25) 

(CH3)3COH + OH
.
 → (CH3)2C(OH)CH2

.
 + H2O                    (R 3.1) 

Discharge characteristics recorded 

The discharges in various gases were investigated in a sealed reactor for the experiments 

being discussed in this Chapter, with no gas flow introduced during treatments; a small 

amount of water mist was generated at the plasma-water interface. As measured, the solution 

conductivity in sealed air treatments recorded in this Chapter increased faster than those 

recorded in Chapter 4 (operated in open air). In this case, the voltage and current waveforms 

in sealed air treatments with ultrapure water were recorded.  

When a 5-mM NaOH (1.25 mS/cm) solution was employed, the discharge characteristics in 

air have no difference compared to those obtained in Chapter 4 with a similar solution 

conductivity (1.2 mS/cm); the voltage and current waveforms in air with NaOH solution are 

not shown in this chapter.  
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5.3 Gas discharge characteristics with ultrapure water 

Figure 5.3 shows the voltage and current waveforms recorded during discharges in air with 

ultrapure water. An impulsive current with amplitude of 68 mA and pulse width of 15 ns was 

recorded at the start of treatment, the pulse repetition rate was 2 × 105 pps and the voltage 

drop was 150 V. After 20 minutes of treatment, a long-duration tail current with the 

amplitude of 5 mA, was recorded after the impulsive current. 

Figure 5.4 shows the voltage and current waveforms recorded during discharges in N2, which 

is similar to the results obtained in discharges in air. An impulsive current with pulse width 

(a) (b) 

Figure 5.3 Gas discharge above ultrapure water in air, voltage and current waveforms recorded 

at 0 minutes (a) and 20 minutes (b).  

(a) (b) 

Figure 5.4 Gas discharge above ultrapure water in N2, voltage and current waveforms 

recorded at 0 minutes (a) and 20 minutes (b). 
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of 22 ns, slightly larger than that in air, was recorded at the start of treatment; however, 

lower amplitude of ~45 mA and repetition rate of 1.8 × 105 pps was recorded. A micro-

second tail current with an amplitude of 13 mA, was recorded after 20 minutes of treatment; 

the amplitude of the impulsive current decreased to ~38 mA.  

Figure 5.5 shows the voltage and current waveforms recorded during discharges in He, 

which was significantly different from those obtained for discharges in air and N2. An 

impulsive current with pulse width of 55 ns and amplitude of ~20 mA was measured 

superimposed on a DC charging current of 0.33 mA, the pulse repetition rate of 5 × 105 pps 

was recorded. The voltage drop of 90 V was recorded, which was lower than that in air and 

N2. Increasing the treatment time to 20 minutes resulted in the rising of repetition rate to 

1.25 × 106  pps and reduction of pulse duration to 20 ns and amplitude to 10 mA. The 

voltage drop for each pulse reduced to several tens of volts; the pin voltage decreased from 

1200 V to 730 V.  

Xiong [30] found that the discharges in He have the characteristics of single current pulses, 

which is similar to the results recorded in this experiment. Xiong found that the single 

current pulse in He discharges has a lower amplitude and longer duration compared to those 

in air and N2 discharges, which is similar to the results recorded in this experiment. During 

the positive discharges in air and N2, the discharge filaments developed from the pin 

electrode to the water surface. The spread out of filaments on water surface was observed, 

which is in agreement with the phenomenon observed in Bruggeman’s research [115].  

(a) (b) 

Figure 5.5 Gas discharge above ultrapure water in helium, voltage and current waveforms 

recorded at 0 minutes (a) and 20 minutes (b). 
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At the beginning of discharge, the accumulation of charges on the water surface inhibits the 

further development of the discharge, resulting in the impulsive currents, which are similar 

to the dielectric barrier discharges. The ultrapure water acted as dielectric barrier at the 

beginning of discharges due to its low conductivity. With higher solution conductivity, the 

inhibition effect is weakened and the discharge can develop more fully. The charges that 

arrive at the water surface in each pulse can be measured by integrating the discharge current. 

However, the variation of discharge current waveforms and repetition rate makes the 

accurate measurements of charge transfer during discharges impossible in this experiment.  
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5.4 Plasma-water interface reactions with ultrapure water 

5.4.1 H2O2 production  

Figure 5.6 shows the H2O2 production during the discharges in various gases with ultrapure 

water. The H2O2 production in He increased linearly with time, reaching 10 µmol after 20 

minutes of treatment (Figure 5.6). A very slight reduction in the rate of production with time 

was observed in air and N2 treatment, which led to the final production of H2O2 of 2.2 µmol 

and 5.5 µmol, respectively, after 20 minutes of treatment. 
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Figure 5.6 H2O2 production in ultrapure water in various gas treatments. 

The lowest H2O2 production, obtained in air discharges, may be due to the lower ionization 

energy of O2 of 12.06 eV compared to that of N2 of 15.6 eV and of He of 24.6 eV. However, 

the discharge current and pulse repetition rate also varied among the various working gases, 

therefore, it is hard to establish the ionization energy effect. Another possibility is that the 

discharges in working gas that contains N2 can produce a significant amount of N atoms, 

which lead to the production of oxy-nitride species above water by a series of reactions 

(Table 2.9), leading to the reduction of OH radicals and H2O2 in the gas phase. In addition, 

the oxy-nitrides generated in the gas phase can dissolve into solution, leading to the 
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destruction of OH radicals and H2O2, to generate the species with a higher valence (R 2.65, 

R 2.66). 

Tert-butanol effect 

The H2O2 production in N2 and helium was significantly reduced when 0.2-M TB was added 

to the solution (Figure 5.7), which reached 1.2 µmol and 3 µmol in N2 and He, respectively, 

after 20 minutes of treatment. Almost no effect was observed in air treatments, the H2O2 

production reached 2 µmol after 20 minutes of treatment. It can be calculated that 7%, 78% 

and 70% of the H2O2 detected solution for discharges in air, N2 and He, respectively, was 

formed from the dimerization of OH radicals. Therefore, it can be calculated that the OH 

radical production, resulting from discharges in air, N2 and helium was 4 µmol, 2.4 µmol and 

6 µmol (R 2.25), respectively.  
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Figure 5.7 Effect of TB on H2O2 production in ultrapure water in various gas treatments. 

The effect of TB on H2O2 formation was very limited in air treatment, and this could be due 

to the effect of O2. One of the possibilities is the production of O3, which cannot be 

scavenged by TB, at the plasma-water interface, thus dissolving into water and leading to the 

production of H2O2. However, the O3 production in humid air is very limited; therefore, this 
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possibility may be less likely to occur. Another possibility is that the O2 can react with TB to 

produce H2O2 directly in solution, which cannot be scavenged by TB. In order to investigate 

the O2 effect, the discharges in O2 were investigated in experiment Section 6.4.1.  

5.4.2 Variation of solution conductivity  

The water conductivity increased linearly with time in various gas discharge experiments 

(Figure 5.8). The highest solution conductivity of 145 µS/cm was recorded in air, after 20 

minutes of treatment; in N2 treatment, a slightly lower value of 133 µS/cm was recorded. 

These results suggest the production of oxy-nitride species at the plasma-water interface and 

then dissolved in water to form nitrite and nitrate acid. Both nitrite and nitrate ions were 

detected in air treated samples, while only nitrite ions were detected in N2 treat samples. In 

helium-treated samples, neither nitrite nor nitrate ions were detected by using test strips; 

however, a solution conductivity increase of 88 µS/cm was recorded; this phenomenon needs 

further investigation. 
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Figure 5.8 Variation of solution conductivity in ultrapure water in various gas treatments. 
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5.5 Gas discharge characteristics with NaOH solution 

The TA solution was prepared with a 5-mM NaOH solution, with a pH of 11.5 and 

conductivity of 1.25 mS/cm. The discharge characteristics in air, N2 and helium with 5-mM 

NaOH solution were investigated (Figure 5.9).  

The discharge characteristics and repetition rate remained constant during treatments due to 

the very limited variation of solution conductivity (<100 µS/cm). A tail current with the 

amplitude of 60 mA was recorded in N2 treatments, following the nanosecond impulsive 

current pulse (Figure 5.9). A voltage drop of ~800 V and tail current duration of ~1.5 µs was 

recorded in N2. The discharge waveforms recorded in helium discharges have very different 

behaviour, in which no tail current was observed and this reduced the current duration to 0.5 

µs. The highest current amplitude of ~320 mA was recorded, which was different from the 

results that were recorded with ultrapure water.  

Sun [40] investigated the liquid phase pulsed discharges and recorded similar current 

waveforms. Sun found that the water conductivity plays an important role in discharge mode; 

the initial discharges in water are relatively weak, increased water conductivity leads to a 

diffuse discharge developed after the impulsive current. On the other hand, Sunka [60] found 

that the current amplitude increased significantly with increasing solution conductivity, 

which indicated denser plasma was generated in contact with water; in this experiment, a 

significant increase of impulsive current amplitude was recorded in helium. A significant 

effect of solution conductivity on helium discharge characteristics was observed (Figure 5.5 

and Figure 5.9 (b)), this phenomenon needs to be further investigated.  

(b) (c) 

Figure 5.9 Gas discharge above 5-mM NaOH, voltage and current waveforms recorded in air 

(a) N2 (b) and helium (c). 

(a) 
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5.6 Plasma-water interface reactions with NaOH solution 

5.6.1 OH radical formation   

Figure 5.10 shows that the OH radical production was significantly affected by the gas type. 

The OH radical formation increased in proportion with time and reached 0.03 µmol, 0.06 

µmol and 0.11 µmol in air, N2 and He, respectively, after 20 minutes of treatment. The 

highest production was obtained in He treatment, which was 3.7 times and 1.8 times higher 

than that of air and N2. Under positive impulsive current discharges, the reactions between 

the energetic positive ions with water are considered as the major pathway of OH radical 

formation (Table 2.3). 
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Figure 5.10 OH radical formation in TA-NaOH mixture solution in various gas treatments.  

Kanazawa [113] measured the OH radical formation by a helium plasma jet above water and 

concluded that the OH radicals were formed in both gas and liquid phases.  Kanazawa also 

found that although no stirring of water was performed, the HTA was diffused 

homogeneously from the plasma-water interface into water.   
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5.6.2 H2O2 production in 5-mM NaOH solution 

A 5-mM NaOH solution was used to investigate the effect of OH
-
 ions on H2O2 production. 

Figure 5.11 illustrates that H2O2 production in a basic solution was significantly affected by 

OH
-
 ions, reaching 0.78 µmol, 2.76 µmol and 3.31 µmol in air, N2 and He, respectively, after 

20 minutes of treatment. These results are reduced by 2.8, 1.9 and 3.0 times, compared to the 

results recorded in the discharges above ultrapure water (Figure 5.11). The difference may be 

caused by the change in discharge types that occurs due to the higher conductivity of the 

NaOH solution. In addition, the inhibiting effect of OH
-
 ions on OH radical formation could 

occur at the interfacial reactions. One of the main possibilities however is that OH
-
 ions can 

destroy H2O2, leading to the formation of HO2
-
, as shown in reaction (R 2.36).  

H2O2 + OH
-
 → HO2

-
 + H2O                                       (R 2.36) 
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Figure 5.11 Comparison of H2O2 production in ultrapure water and 5-mM NaOH solution  with 

or without TB in various gas treatments. 

When TB was added to the solution, the H2O2 production after 20 minutes of treatment 

reached 0.75 µmol, 0.71 µmol and 1.04 µmol in air, N2 and He, respectively. It can be 

calculated that 4%, 74% and 68% of the H2O2 production in air, N2 and He, respectively, was 
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obtained from the dimerization of OH radicals; the corresponding amounts of OH radicals 

being 0.06 µmol, 4.1 µmol and 4.54 µmol. 

In comparison to the OH radical detection results using the TA method (Fluorescence 

spectrophotometry), the results achieved by using Ti
4+

 method are 2 times, 68 times and 41 

times higher in air, N2 and He, respectively (Figure 5.12). In addition, it has been proven 

above that a significant inhibition of OH
-
 ions on H2O2 and OH radical production can occur 

in basic solutions. Therefore, the applicability of fluorescence spectrophotometry to measure 

H2O2 production using a TA solution that is prepared in a basic solution is problematic and 

needs to be further investigated. 
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Figure 5.12 Comparison of H2O2 measurement by using Ti
4+

 solution and OH radical 

measurement by using TA solution.  
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5.7 Conclusion 

Positive impulsive currents were recorded at the beginning of discharges above ultrapure 

water in air, N2 and helium. Increased solution conductivity lead to the development of 

diffuse discharges in air and N2. Compared to the results recorded in Chapter 4, the solution 

conductivity in air treatments increased more quickly, which could be due to the discharge 

being operated in a sealed reactor in this experiment. The amplitude of the tail current in N2 

was higher than that in air, which indicated that a stronger diffuse discharge was developed 

in the N2 treatment. The lowest current amplitude of ~20 mA and the widest current pulse 

width of 55 ns was observed in helium. Increase the treatment time result in an increase of 

the current pulse repetition rate, from 5× 105 pps to 12.5 × 105pps, and the reduction of 

pulse amplitude from 20 mA to 10 mA. A solution conductivity increase of 88 µS/cm was 

recorded in helium and the reason for this result is still unknown.  

In the discharge above ultrapure water, the highest H2O2 production was obtained in helium 

treatments, corresponding to an OH radical production of 20 µmol; the lowest H2O2 

production was obtained in air treatments, corresponding to an OH radical production of 4.4 

µmol. The addition of TB terminates the dimerization of OH radical dimerization, which 

contributed to 4%, 74% and 68% of the H2O2 production in air, N2 and helium, respectively.  

Diffuse discharges were observed in all gases treatments, when 5-mM NaOH solutions were 

used. Increasing solution conductivity led to the joining of the tail current into the impulsive 

current. The amplitude of the impulsive current in N2 was much lower than that of the tail 

current, which is different from the discharge currents recorded in air and helium. The H2O2 

productions in all the gases used were reduced by up to 3 times in 5-mM NAOH solution, 

compared to those in ultrapure water. Also, the H2O2 productions in 5-mM NAOH solution, 

determined by using UV spectrometry, were up to 183 times higher than the OH radical 

production that was determined by using fluorescence spectrophotometry, due to the 

scavenging effect of OH
-
 ions on OH radical and H2O2. Therefore, the applicability of 

determination of OH radical production by using TA solution, which need to be dissolved in 

basic solution, needs further investigation.  
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5.8 Further work 

A significant difference of discharge current in helium with ultrapure water and 5-mM 

NaOH solution was observed, the mechanism of this phenomenon needs to be further 

investigated.  

A significant solution conductivity increase was observed in helium-treated samples with 

ultrapure water (from 0.5 µS/cm to 87 µS/cm), further investigations are required to clarify 

this phenomenon and the mechanism by which additional charge carriers, assumed to be ions, 

are being introduced into the solution. 

A significant scavenging effect of OH
-
 ions on OH radical production was observed when a 

5-mM NaOH solution was used during tests. Therefore, the applicable of the fluorescence 

photo-spectroscopy method to OH radical detection using TA solution, which must be 

prepared with 5-mM NaOH solution, needs to be further investigated. 
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6 H2O2 PRODUCTION UNDER CONTROLLED 

IMPULSIVE CURRENT DISCHARGES  

6.1 Introduction 

Kanzaki [114] found that the pin-to-water electrode structure can lead to a high charge 

efficiency for reactive species production. Although the impulsive current discharges in 

various gases have been investigated in Chapter 5, the charge transferred to water surface 

and the power consumed in each discharge pulse cannot be determined accurately, due to the 

variation of discharge characteristics with solution conductivity. In this experiment, a 1-nF 

high-voltage capacitor was connected in parallel with the reactor, which reduced the impact 

of stray capacitances, and enabled the calculation of the charge that arrived at water surface 

and the power consumption of each breakdown. Therefore, the charge/H2O2 ratio and the 

H2O2 production yield can be determined. In addition, the parallel-connected capacitor 

enables the generation of impulsive current discharges in O2, N2, air and helium under both 

positive and negative polarities without the requirement of a pulsed power supply. 

The main objectives of this experiment were to investigate: (i) the charge transfer to water 

surface under controlled impulsive current discharges in various gases; (ii) the H2O2 

production yield and charge/H2O2 ratio for discharges in various gases positive and negative 

polarities; (iii) the variation of solution conductivity and pH as a result of these discharges 

and (iv) the significance of the dimerization pathway for H2O2 formation by using a 

scavenger of the OH radical.   
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6.2 Experimental set up 

Figure 6.1 shows the schematic diagram for controlled impulsive current discharge 

experiments. A reactor with a pin-to-water electrode structure, which has been introduced in 

Chapter 5, was also employed in this experiment. The samples were prepared with tap water 

(65 µS/cm).  

As before a 0.2-M TB solution was used to terminate the dimerization of OH radical 

pathway to investigate the mechanism of H2O2 production. The electrical discharges were 

energized by both positive- and negative-applied voltage of 3 kV, in O2, N2, air and He. A 

sample of 10 ml was introduced into the reactor before the vacuuming process described in 

Chapter 3 was applied to the rest chamber. 
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Figure 6.1 Schematic diagram for controlled impulsive current discharge experiments.  
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A 1-nF high-voltage capacitor was connected in parallel with the reactor to reduce the 

impact of stray capacitances in the circuit. The charges that arrived at the water surface in 

each inter-electrode breakdown can be calculated using the voltage drop and known 

capacitance (Eq. 6.1).  

𝑄 = 𝐶 ∙ ∆𝑉                                                   (Eq. 6.1) 

C               Capacitance of the high-voltage capacitor (1 nF) 

∆𝑉          Voltage drop in each discharge  

 

The energy consumption for each discharge pulse (Eq. 6.2) and the charge/H2O2 ratio were 

calculated in this experiment.  

𝑃 =
1

2
∙ 𝐶 ∙ (𝑉1

2 − 𝑉2
2) ∙ 𝑝𝑝𝑠                                (Eq. 6.2) 

𝑃             Power consumption  

𝑉1            The voltage before discharge  

𝑉2            The voltage after discharge 

𝑝𝑝𝑠          Pulse per second 

A LeCroy Oscilloscope was used to record the discharge voltage and current waveforms in 

various gases. UV spectrometry was employed to measure the H2O2 production in the treated 

samples after gas discharges for 15, 30, 45 and 60 minutes. The variations of solution 

conductivity and pH were measured after each treatment. Each treatment was repeated three 

times.  
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6.3 Gas discharge characteristics with tap water  

6.3.1 Positive polarity 

Figure 6.2 and 6.3 shows the positive discharge characteristics in O2, N2, air and He. Tail 

currents due to the development of diffuse discharges were observed following the nano-

second positive impulsive currents in all working gases. No significant variation of pulse 

repetition rate was observed in O2, N2 and He (~160 pps), however, in air, a lower rate of 

~133 pps was recorded. 

The highest current amplitude and voltage drop were achieved in helium; amplitudes of 730 

mA for impulsive currents and 90 mA for tail currents, and voltage drops of 1.7 kV were 

recorded (Figure 6.3 (c)). In addition, the tail current duration observed in helium (<100 µs) 

was the shortest.  

(c) (d) 

(a) (b) 

Figure 6.2 Discharge waveforms recorded under positive polarity in O2 (a) and N2 (c); pulse 

repetition rates recorded in O2 (b) and N2 (d).  
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The smallest voltage drop of 1.3 kV was obtained in N2, slightly higher values of ~1.5 kV 

were recorded in O2 and air. It was calculated by Eq. 6.1 that the charges arriving at water 

surface were 0.24 mCs
-1

, 0.21 mCs
-1

, 0.2 mCs
-1

, and 0.27 mCs
-1

 (Table 6.1), for O2, N2, air 

and He treatments, respectively; the corresponding discharge powers were 0.37 W, 0.3 W, 

0.3 W and 0.4 W. The energies for each pulse in all gas discharges were in the range of 1.9 

to 2.5 mJ. 

Hoeben [90] investigated the pulsed positive discharges above water and found the current 

amplitude in argon is higher than that in air, which is similar to the results recorded in 

helium and air in this experiment. Hoeben explained this phenomenon might be due to the 

electronegative character of O2, which inhibits the discharge filament development in air.  

  

(c) (d) 

(a) (b) 

Figure 6.3 Discharge waveforms recorded under positive polarity in air (a) and helium (c); 

pulse repetition rates recorded in air (b) and helium (d). 
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6.3.2 Negative polarity  

Under negative polarity, tail currents of several tens mA were recorded in all gas discharges 

(Figure 6.4, 6.5). In addition, higher voltage drops of ~2.1 kV was recorded in all gas 

discharges under negative polarity compared to those under positive polarity. The current 

amplitudes in He was significantly reduced from 730 mA to 210 mA for impulsive currents 

and from 90 mA to 60 mA for tail currents, when change the discharge polarity from positive 

to negative. The impulsive current amplitudes recorded in N2, O2 and air were higher under 

negative polarity, reaching ~150 mA.  

 

 

(a) (b) 

(c) (d) 

Figure 6.4 Discharge waveforms recorded under negative polarity in O2 (a) and N2 (c); pulse 

repetition rates recorded in O2 (b) and N2 (d). 
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The pulse repetition rate of 160 pps recorded in O2 under negative polarity was the same as 

under positive polarity; however, lower values of 130 pps and 84 pps were recorded in N2 

and air, respectively, compared to those of 160 pps and 133 pps recorded under negative 

conditions; a higher value of 200 pps was recorded in He.  

Bruggeman [115] investigated the development of filaments on water surface under negative 

pulsed discharges and found that there is always a pre-breakdown current (several mA) 

formed before the development of the intensive discharge current. Bruggeman considered 

that was due to the deformation of the water surface. However, in this experiment, no pre-

breakdown current was recorded. On the other hand, Ikoma [80] investigated the negative 

pulse current discharges in various gases and found that the current amplitude in O2 is much 

higher than that in an N2-O2 mixture gas, which is different to the results recorded in this 

experiment.  

(a) (b) 

(a) (b) 

Figure 6.5 Discharge waveforms recorded under negative polarity in air (a) and helium (c); 

pulse repetition rates recorded in air (b) and helium (d). 
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The calculation of charges that transferred to water surface during discharges helps to 

investigate the H2O2 production pathways. In Chapter 5, the charge transfer was not able to 

be calculated due to the dynamics of discharge current. In this experiment, the charge 

transfer could be calculated and the rate of charge transfer is shown in Table 6.1 for the 

discharges in the gases employed. 

Table 6.1 The quantity of charges that transferred to water surface per second in various gas 

treatments under positive and negative polarity.  

           Gases 

Polarity 

Charge transfer per second (mC) 

O2 N2 Air Helium 

Positive 0.22 0.21 0.2 0.27 

Negative 0.35 0.28 0.17 0.4 

  



CHAPTER 6 H2O2 PRODUCTION UNDER CONTROLLED IMPULSIVE CURRENT DISCHARGES 

 

90 

 

6.4 Plasma-water interface reactions under positive polarity discharges 

6.4.1 H2O2 production 

The H2O2 production increased almost linearly with time and reached 10.2 µmol, 9.9 µmol, 

5.5 µmol and 12.5 µmol after 60 minutes of treatment in O2, N2, air and He, respectively. 

H2O2 production was the lowest in air and highest in helium, which is the same as for the 

results recorded in Chapter 5.  

The charge/H2O2 ratios were calculated for the various experimental conditions. The lowest 

charge/H2O2 ratio of 1:0.74 was recorded in air, and the highest value of 1:1.26 was recorded 

in O2 and N2. A charge/H2O2 ratio of 1:1.2 was recorded in helium, slightly lower than those 

recorded in O2 and N2. If one charged particle produced within the gas is required to produce 

a single OH radical and the major H2O2 production pathway is through the dimerization of 

these radicals a charge/H2O2 ratio of 1:0.5 would be expected. It can be seen in these results 

that the calculated ratios are significantly higher than this suggesting that other pathways 

exist. Figure 6.6 shows the H2O2 energy efficiency in discharges with tap water.  
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Figure 6.6 H2O2 energy efficiency in various gas treatments under positive polarity discharges.  
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A H2O2 production yield of 1.1 g/kWh was achieved in N2 and helium, and a lower yield of 

0.95 g/kWh was recorded in O2. In N2 and helium treatments the production of metastable 

molecules, such as N2
*
 and He

*
, leads to the direct formation of OH radicals by their 

reactions with water. The lowest production yield of H2O2 of 0.6 g/kWh was recorded in air, 

which may be due to the large amount of oxy-nitride species production at the plasma-water 

interface, which was detected by using test strips.  

No slow-down in the trend of H2O2 production in air or N2 was observed, which is different 

to the results recorded in Chapter 5. This may be due to the lower repetition rate of up to 160 

pps under controlled positive discharges, due to the role of the capacitor, in this experiment, 

leading to less water vapour generation compared to that under uncontrolled positive 

discharges (Chapter 5), thus reducing the absorption of oxy-nitride species by water vapour.  

The H2O2 production recorded in O2 discharges increased in proportion with time and was 

almost twice the amount that was recorded in air. Similar results were achieved in Ikoma’s 

[80] research. Ikoma found that the O3 production in O2 reached the maximum, leading to 

the highest H2O2 production, which can be due to reaction R 6.1. Due to the low ionization 

energy of O2 gas molecules (12.06 eV for O2 and 12.6 eV for H2O), the production of H2O
+
 

ions are less likely to occur in O2 discharges above water. Therefore, OH radicals generated 

from O3 decomposition in solution are more likely to occur [80]. Sato [55, 110] recorded a 

higher organic compound degradation rate in O2 treatments than that in the air treatments, 

and concluded the results were due to the much higher concentration of O3 that is generated 

in O2 plasma. It should be noted that the metastable O
*
 generated in O2 discharges also leads 

to the production of OH radicals by reaction (R 6.2). 

H2O + O3 → H2O2 + O2                                          (R 6.1) 

H2O + O
*
 → 2 OH                                                  (R 6.2) 

Another possibility for higher H2O2 production and charge efficiency in O2 could be due to 

the electron attachment reactions that occur at the plasma-water interface, leading to the 

production of O2
-
, which can further react with species to produce H2O2 (R 6.3-6.6).  

O2 + e
-
 → O2

-
                                                      (R 6.3) 

O2
-
 + H

+
 → HO2                                                    (R 6.4) 

HO2 + e
-
 → HO2

-
                                                   (R 6.5) 

HO2
-
 + H

+
 → H2O2                                                   (R 6.6) 
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In addition, the neutralization of H
+
 ions by electrons (R 6.7), leads to the production of H

.
 

radical, which can react with O2 to form HO2 (R 6.8), leading to the production of H2O2 

through reaction (R 2.34).  

H
+
 + e

-
 → H

.
                                                       (R 6.7) 

H
.
 + O2 → HO2                                                    (R 6.8) 

HO2
.
 + HO2

.
 → H2O2 + O2                                       (R 2.34) 

The H2O2 production in N2 was 44% higher than that in air, which is similar to the results 

recorded in Ikoma’s research [80]. This can be due to the generation of metastable N2 

molecules by reaction (R 2.2), leading to the production of OH radicals by reaction (R 6.9). 

N2* + H2O → OH
.
 + N2 + H

. 
                                   (R 6.9) 

Porter [116] investigated the H2O2 production in gliding arc discharges with water spray and 

concluded that the H2O2 production is independent of working gas (O2, Ar, CO2) as long as 

no oxy-nitride was generated during discharge to suppress H2O2 production. However, Porter 

also found that the H2O2 production in helium treatments was only half of that in O2 

treatments, and Porter did not explain this phenomenon. Ikoma [80] investigated dye 

degradation by discharges in an Ar-O2 gas mixture and found that increase in the Ar content 

reduced the O3 production; however, this did not slow down the dye degradation rate. This is 

in agreement with Porter’s conclusion, where no significant difference of H2O2 production 

was obtained between Ar and O2 treatments. Due to the different behaviours between helium 

and Ar gases on reactive species production and water treatment, it is worthwhile to 

investigate the effect of Ar on H2O2 production under impulsive current discharges.  

Tert-butanol effect 

When TB was applied during treatments, the H2O2 production after 60 minutes of treatment 

in air, N2 and helium reached 5.4 µmol, 1.4 µmol, 5.3 µmol, respectively. Significant 

reductions of H2O2 production were observed in N2 and helium treatments compared to the 

results when no TB was used. Almost no effect of TB on H2O2 production was observed in 

air discharges, a residual H2O2 content of 98% was recorded, which is the same as that 

recorded in Section 5.6.2. 

The residual H2O2 content in N2 and helium treatments was 14% and 43%, respectively 

(Figure 6.7). The reduction of H2O2 production could be due to the evaporation of TB with 

water, leading to the scavenging of OH radicals in the gas phase. The direct H2O2 formation 
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pathway could occur at the plasma-water interface by reaction (R 6.10), which would not be 

affected by TB; however, high charge energy is required in this reaction [14]. Therefore, the 

discharges in helium, in which the gas has a higher ionization energy compares to that in N2, 

is more likely to process the reaction (R 6.10). This also explained the high residual content 

of H2O2 in helium than that in N2.  

H2O + H2O → H2O2 + O2                                                (R 6.10) 
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Figure 6.7 Effect of TB on H2O2 energy efficiency in various gas treatments under positive 

polarity discharges.  

An increase of H2O2 production was observed in O2 discharges; however, the standard 

deviation reached 30% among 3 samples; therefore, the results recorded in O2 treatments are 

not presented here. There are a number of possible explanations for the increased but 

variable H2O2 production (i) One of the possibilities is that the generation of O3 at the 

plasma-water interface, which cannot react with TB, increased the H2O2 production. 

However, if this is the case, the H2O2 production should remain the same as when no TB was 

applied. (ii) Another possibility is that the oxygen atoms and OH radicals that are generated 

in O2 discharges result in the degradation of TB molecules ((CH)3C-OH), leading to the 

cleavage of the bond between carbon atom and the hydroxyl, thus increasing the H2O2 
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production. (iii) A third possibility is that the reactions between reactive oxygen species 

(ROS) and TB result in a product, which can react with Titanium ions (Ti (IV)) to form an 

orange coloured complex; therefore, interfered with the determination of H2O2 production. 

However, the third possibility has not been extensively investigated and requires further 

investigation.  

The low impact of TB on H2O2 production in air-treated samples could also be due to the 

existing of O2 during treatments. The mechanisms of TB reactions with ROS need to be 

further investigated.  

6.4.2 Variation of solution conductivity and pH  

Figure 6.8 shows the solution conductivity changes during various gas treatments. The 

highest conductivity change was observed in air, which increased linearly with time, 

reaching 200 µS/cm after 60 minutes of treatment. A saturation trend was observed in N2, the 

solution conductivity increased to 153 µS/cm after 60 minutes of treatment. Only nitrite acid 

was detected in air-treated samples and both nitrite and nitrate acids were detected in 

nitrogen-treated samples.  
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Figure 6.8 Variation of solution conductivity in various gas treatments under positive polarity. 
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No conductivity change was observed in helium or O2 treatments, in which cases no N2 was 

present in working gases. This result was also recorded in Ikoma’s research [80]. It can be 

concluded that all the solution conductivity changes observed in air and N2 treatments were 

due to the production of oxy-nitride species at the plasma-water interface, leading to the 

production of nitrite and nitrate acids in solutions, which were detected by nitrite and nitrate 

test strips. Similar results were recorded in Porter’s research [116]. Porter investigated the 

electrical discharges in water spray and found that no nitrates were generated in O2 and 

helium treatments; in both cases, the solution conductivity and H
+
 ion production were at 

least one order lower than those observed in air treatments.   

Although no solution conductivity change was observed in helium and O2 treatments (Figure 

6.9), the solution pH reduced from 8.5 to 6.3 and 6.05, respectively, after 60 minutes of 

dishcarge; corresponding to H
+
 productions in the order of nmols. The solution pH reduced 

to 3.6 in air and 2.85 in N2 after 60 minutes of treatments; the H
+
 production in both cases 

was in the order of µmols (Table 6.2).  
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Figure 6.9 Variation of solution pH in various gas treatments under positive polarity. 
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Table 6.2 H
+
 ions production over 15-minute intervals, under positive controlled current 

discharges in various gases. 

Treatment period 

(min) 

H
+
 ions production (µmol) 

O2 Air N2 Helium 

0-15 1.9 × 10−3 0.6 0.4 1.4 × 10−3 

15-30 1.1 × 10−3 0.4 0.3 0.8 × 10−3 

30-45 1.5 × 10−3 0.9 0.1 1.3 × 10−3 

45-60 1.8 × 10−3 0.7 0.2 1.5 × 10−3 

Tert-butanol effect 

When TB was applied during various gas treatments, the solution conductivity change was 

reduced by 80% in N2, compared to no-TB treatments; a final value of 82 µS/cm was 

recorded after 60 minutes of treatment (Figure 6.10). This could be due to the TB that 

vaporised together with water molecules from the liquid phase, scavenging not only OH 

radicals but also free radicals such as N
.
 and NO

.
, terminating the production of oxy-nitride 

species at the plasma-water interface.  
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Figure 6.10 Effect of TB on solution conductivity variation in various gas treatments under 

positive polarity. 

In air treatments, the solution conductivity of 198 µS/cm recorded after 60 minutes of 

treatment is similar to the value when no TB was applied. This may be due to the effect of 

TB reactions with O2. However, no detailed study on the reaction between TB and O2 has 

been made; therefore, the mechanism of this reaction needs to be further investigated. O2 was 

not considered due to the difficulties of using with TB (has been discussed in Section 6.4.1). 

Almost no solution conductivity change was observed in helium treatments. 

0 15 30 45 60

2

3

4

5

6

7

8

9

10

 Helium + TB

 Nitrogen + TB

 Air + TB

p
H

Treatment time (min)

 

Figure 6.11 Effect of TB on solution pH variation in various gas treatments under positive 

polarity. 

The solution pH after 60 minutes of nitrogen discharges reduced from 8.5 to 6.2 (Figure 

6.11), which corresponded to the H
+
 production of several nano-mols. This value is around 3 

orders lower than the result recorded in N2 treatments when no TB was applied (Table 6.2, 

Table 6.3). This could be due to the scavenging of N
.
 radicals that are generated at the 

plasma-water interface by the TB, thus, significantly reduced the amount of oxy-nitride 

species production.  No significant effect of TB on air treated samples was recorded, which 

is the same as that recorded in H2O2 production and solution conductivity variation. 
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A slight pH change was observed in helium discharges when TB was applied, the solution 

pH reduced from 8.5 to 8 after 60 minutes of treatment; corresponding to the H
+
 production 

in the order of several pico-mols (Table 6.3). In air discharges, the solution pH variation is 

independent of TB.  

Table 6.3 Effect of tert-butanol on H
+
 production over 15-minute intervals, in various gases 

under positive controlled current discharges 

Treatment period 

(min) 

H
+
 ions production (µmol) 

Air N2 Helium 

0-15 0.2 0.2 × 10−3 25 × 10−6 

15-30 0.6 0.8 × 10−3 23 × 10−6 

30-45 0.8 1.3 × 10−3 10 × 10−6 

45-60 0.9 4 × 10−3 11 × 10−6 
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6.5 Plasma-water interface reactions under negative polarity 

6.5.1 H2O2 production  

No H2O2 production was detected in air and N2 treatments after 60 minutes of treatment 

(Figure 6.12). Visually, a very slight yellow colour was observed in helium- and O2-treated 

samples; however, no absorption was measured by using UV spectrophotometer due to the 

concentrations of H2O2 in these two cases being so low. The results recorded under negative 

discharges strongly agree with Polyakov’s research [78]. Thagard [4] compared positive and 

negative pulse discharges and found that the concentration of H2O2 detected under negative 

polarity in a slight basic solution of pH 9 was 95% lower than that under positive polarity. 
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Figure 6.12 H2O2 production in various gas treatments under negative discharges.  

Thagard [4] used silver nitrate to investigate the effect of electrons in liquid and found that 

significant amounts of silver ions were naturalized to elementary silver by electrons when 

the solution acted as an anode, indicating that a high number of electrons were generated and 

passed through the gas-water interface during electric discharges and react with other species 

in solution. Therefore, it is possible that the electrons that arrive at the water surface and then 

entre the water result in the attachment reactions with OH radicals (R 6.11) or H2O2 
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molecules (R 6.12), and resulting in the scavenging of OH radicals and the decomposition of 

H2O2 molecules, thus significantly reducing the H2O2 production. 

OH
.
 + e → OH

-
                                                      (R 6.11) 

H2O2 + OH
-
 → H2O + HO2

-
                                         (R 2.36) 

Another possibility that leads to the reduction of H2O2 under negative discharges is that the 

majority of the voltage drop was located in the vicinity of the high voltage electrode rather 

than at the plasma-water interface. Therefore, the H2O2 production at the plasma water 

interface is significantly reduced.  

Xiong [43] compared positive and negative pulsed discharges with a power of several tens 

Watts, and found that H2O2 production under negative polarity is only ~20% lower than that 

under positive polarity. Xiong also determined that the power, ranging from 40 to 115 W, 

having a limited effect on H2O2 production (~0.3 g/kWh). Therefore, the significant 

difference of H2O2 production under negative polarity between Xiong’s and this experiment 

(1.9 to 2.5 mJ) may be due to the significant difference of power input, leading to a different 

H2O2 production mechanism. Under negative pulsed discharges with an energy of around 0.5 

J/pulse, the direct dissociation of H2O can occur [1]; leading to large amounts of OH radical 

production in water vapour. The high energy pulses also allow the spread of filaments on the 

water surface, enlarging the electron-water interface and resulting in higher H2O2 

productions.  

The results recorded in this experiment show that negative discharges are poor generator of 

H2O2 and therefore, commercial application should concentrate on the positive polarity 

impulsive current discharges for H2O2 production.  
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6.5.2 Variation of solution conductivity  
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Figure 6.13 Variation of solution conductivity in various gas treatments under negative 

discharges.  

Although no H2O2 production was detected under negative discharges (Figure 6.13), a 

significant solution conductivity increase was observed in air treatments, reaching 162 

µS/cm, which was ~30% less than that under positive polarity. Both nitrite and nitrate acid 

were detected in air-treated solutions, by using test strips, while only nitric acid was detected 

under positive polarity.  

The highest solution conductivity of 189 µS/cm was observed in O2 treatments, which is 

significantly different from the results observed under positive polarity. This phenomenon 

could be caused by the electron attachment reactions, leading to the generation of negative 

ions in solution, significantly increase the solution conductivity (R 2.67, R 2.68).  

O
-
 + H2O → OH

-
 + OH

.
                                                 (R 2.67) 

O2
-
 + H2O → OH

-
 + HO2

. 
                                                (R 2.68) 

A slight increase of solution conductivity (from 65 µS/cm to 73 µS/cm) was observed in N2, 

which is significantly different from that recorded under positive polarity. This may be due 
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to the absence of OH radicals and H2O2 production under negative discharges, leading to no 

oxidation process of N atoms during N2 treatments. As recorded under positive discharges, 

no solution conductivity change was obtained in helium treatments.  

6.6 Conclusion  

The parallel-connected high voltage capacitor controlled the charge that transferred to water 

surface during each pulse; the charge quantities in various gas discharges were in the range 

of 0.17 to 0.4 mCs
-1

. The discharge currents recorded in various gases treatments with tap 

water all included micro-second tail currents, following nano-second impulsive currents.  

Under positive polarity, the highest charge/H2O2 ratio of 1:26 was recorded in N2 and O2 

treatments. The highest H2O2 production yield of 1.1 g/kWh was recorded in N2 and helium 

treatments. The addition of TB suggests that 86% and 57% of H2O2 production in N2 and 

helium treatments, respectively, is via OH dimerization. No difference of H2O2 production, 

solution conductivity and pH variation were observed in air treatment between the solutions 

without and with TB; the reason for this phenomenon needs further research. On the other 

hand, in N2 discharges with TB, oxy-nitride species production was significantly reduced by 

80%, thus reducing the solution conductivity variation. Although no solution conductivity 

variation was observed under positive discharges in O2 and helium, the reductions solution 

pH were observed.   

Under negative polarity, no H2O2 production was detected in various gas treatments, which 

is significantly different from the results recorded under positive polarity. On the other hand, 

a significant increase of solution conductivity was recorded in negative O2 treatment, which 

is due to the electron attachment reactions. The solution conductivity variation in air and N2 

treated samples were reduced by 70% and 99%, respectively. 

It was found that only positive polarity is effective for H2O2 production under impulsive 

current discharges, while no H2O2 production was detected under negative polarity. In 

addition, the controlled impulsive current discharges benefit from avoiding the expensive 

pulsed power system, which can reduce the operation cost. 
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6.7 Further work  

Discharges in O2 have been proven to increase H2O2 production when TB was presented 

during treatments. However, the mechanism of this phenomenon is still not clear; therefore, 

further investigations are required to clarify the reactions between TB and ROS that occurred 

at the plasma-water interface in O2 treatments.  

The investigations of impulse current discharges for H2O2 production (Chapter 5 and Chapter 

6) were all investigated with an applied voltage of 3 kV and an inter-electrode distance of 1 

mm, therefore, the effect of different applied voltages and inter-electrode distances can be 

investigated to compare the H2O2 production yield and charge/H2O2 ratio in different 

conditions. In addition, the effect of initial solution pH can be investigated in terms of both 

discharge characteristics and reactive species production. The number of pin electrodes 

could also be increased to observe whether the production of reactive species increased in 

proportion with increasing plasma columns.  
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7 H2O2 PRODUCTION UNDER DC GLOW 

DISCHARGES  

7.1 Introduction  

A series of studies have investigated DC glow discharges above water surface with a pin-to-

water electrode structure [4, 117, 118]. Locke [1] found that the H2O2 productions in above-

water discharges are mostly less than 1 g/kWh. Vasko [117] recorded a H2O2 production of 

~0.68 g/kWh under DC discharges in helium. This chapter focuses on the H2O2 production 

under positive or negative DC glow discharges that developed above water. The effects of 

solution conductivity and pH on H2O2 production were investigated. A reactor with a pin-to-

water electrode structure, which was introduced in Chapter 5, was employed in this 

experiment. Continuous positive or negative DC voltage of 3 kV was applied to the pin 

electrode to compare the polarity effect. The results obtained in this experiment were 

compared to those obtained in impulsive current discharges (Chapter 6) to investigate the 

effect of different discharge types. 

A large amount of water vapour can be generated in DC discharges that occur above water [4, 

38, 39]; however, the effect of water vapour on discharge characteristics and plasma-water 

interface reactions is not well understood. In this experiment, the effect of water vapour was 

investigated in various gas treatments, by introducing a gas flow during discharges. By 

increasing the gas flow water vapour will be driven away from the region of discharge 

therefore possibly reducing its effects. A scavenger of OH radicals was again employed to 

terminate the dimerization of OH radicals into H2O2, thus determining the H2O2 production 

pathway.  

The main objectives of the experiment were to: (i) investigate the effect of polarity on H2O2 

production yield and charge/H2O2 ratio in various gas treatments; (ii) investigate the effect of 

water vapour on H2O2 production; (iii) investigate the effect of gas flow rate on H2O2 

production and solution conductivity variation; (iv) investigate the effect of solution pH on 

H2O2 production and (v) investigate the H2O2 formation pathway by using a scavenger of 

OH radicals. 
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7.2 Experimental set up 

Figure 7.1 shows the schematic diagram for DC glow discharge experiments. A 200-kΩ 

current limiting resistor was connected in series with the reactor. The samples were prepared 

using tap water (65 µS/cm). The inter-electrode distance was fixed at 1 mm. Three gases: N2, 

air and He were used under positive and negative discharges. O2 was not used with DC glow 

discharges due to the rapid erosion of the high voltage electrode which was observed in 

preliminary tests. The vacuuming process described in Chapter 3 was applied before N2 and 

He treatments.  
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Figure 7.1 Schematic diagram for DC glow discharge experiments. 

The effect of initial solution pH was investigated in air treatments, H2SO4 solutions of pH 

3.2 and 4, and NaOH solutions of pH 11, 12 and 13 were used. The effect of water vapour on 

the reactions that occur at the plasma-water interface in various gas treatments (N2, air, 

helium) was investigated by introducing a gas flow of 0.3 L/min. In helium treatments, to 

investigate the effect of different gas flow rates on H2O2 production and solution 

conductivity and pH variation, various gas flow rates of 0.06, 0.1, 0.3, 0.5 and 0.7 L/min 

were applied. UV spectrometry was employed to measure the H2O2 production after 5, 10 

and 15 minutes of treatment. A 0.2-M TB was applied to terminate the dimerization of OH 
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radicals to investigate the H2O2 production pathway. The solution conductivity and pH value 

were measured after each treatment; every treatment was repeated three times.  

7.3 Gas discharge characteristics with tap water 

7.3.1 Water surface deformation before breakdown 

Kawamoto [41] investigated the water surface deformation under pin-to-water electrode 

discharges in open air and found that the formation of a Taylor-cone on water surface can 

occur when the applied voltage was lower than the corona threshold (2-3 kV); this 

phenomenon was also observed in this experiment when using ultrapure water (0.5 µS/cm) 

instead of tap water. The uplift of water surface led to the connection of water to the anode 

pin occurring when several hundred volts were applied. This phenomenon could be due to 

the Coulomb force between the positive ions that assembled at the pin tip and the negative 

ions that gather at the water surface. Increasing the solution conductivity by using tap water 

(65 µS/cm) reduced the uplift effect and avoided the connection of water to the pin, although 

a small uplift of water was still observed. Miao [35] investigated the negative glow 

discharges above a solution with a conductivity of ~300 μS/cm and also observed a water 

surface lifting before breakdown.  

Therefore in these experiments, tap water with conductivity of 65 µS/cm was used to avoid 

the connection of water surface to the pin. 

7.3.2 Water surface depression after breakdown 

Increasing the applied voltage led to the electrical breakdown of the inter-electrode gap. A 

depression of the water surface, leading to the appearance of a depression zone with a 

diameter of around 2-3 mm, was observed under positive discharges (Figure 7.2); 

illuminated plasma was observed to develop to the bottom of the depression region.  

The movement of filaments on the water surface was observed at the beginning of discharges 

and became stable after 5 minutes of treatment; over this time, the diameter of the depression 

region was reduced to around 1 mm. This could be due to the initial solution conductivity of 

65 µS/cm, being relatively low; therefore, the discharge developed more branches to transfer 

the charges to water surface, causing a relatively larger diameter of the depression region. 

Increased treatment time significantly increased solution conductivity, leading to the 
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gathering of the filaments into brighter colour and smaller diameter plasma filaments, which 

has also been recorded in Kawamoto’s study [41]. 
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Figure 7.2 Sectional view of the water surface depression after 0 minutes (a) and 5 minutes of 

treatment (b).  

Under negative discharges, the diameter of the depression region (~3-4 mm) on the water 

surface is slightly larger than that under positive discharges, which has also been recorded in 

Bruggeman’s study [115]. Under negative air discharges, a bright purple spot was observed 

at the pin tip and followed by a lighter purple cone that developed to the water surface. After 

1 minute of treatment the cone angle was decreased, leading to the development of a purple-

red streamer column. After 10 minutes of treatment, the diameter of the depression region 

was reduced to <2 mm, again this is probably due to the increasing of the solution 

conductivity.  

Lu [119] investigated the ignition phase of positive discharges above water and found that 

the plasma column has several contact points with the water surface; while under negative 

discharges, this phenomenon was not recorded. Lu explained that the multiple connecting 

points recorded under positive discharges were due to rippling of the water surface. The 

mechanisms associated with of these differences need further investigation.  
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7.3.3 Gas discharge voltage and current  

The voltage measured at the pin electrode was 920 V, 1040 V and 690 V in air, N2 and 

helium (Table 7.1), respectively, under a positive 3-kV applied voltage; the discharge current 

was controlled to a value of 3.4 mA by the power supply. The charge transferred to water 

surface was 3.06 C after 15 minutes of treatment. The lowest onset voltage was observed in 

helium. The discharge power of 3.13 W, 3.54 W and 2.35 W in air, N2 and He, respectively, 

was calculated by equation: P = V × I.  

 Table 7.1 Pin voltage and discharge power measured under both polarities in various gases. 

 

The pin voltages measured under negative discharges with applied voltage of -3 kV in air, N2 

and helium were -710 V, -780 V and -460 V, respectively; again the discharge current was 

limited to -3.4 mA by the power supply. The discharge power was 2.41 W, 2.65 W and 1.56 

W in air, N2 and He, respectively. 

Under negative discharges, the discharge filaments were much brighter than those observed 

under positive discharges. The oxidation of the pin tip was observed for negative air 

discharges; therefore, the needle was replaced after every 3
rd

 test in air. However, this 

phenomenon did not occur in N2 and He discharges; this phenomenon may be due to the 

existence of O2 in air, leading to the oxidation of metal pin tip during discharges. 

  

Gas type Polarity Pin voltage (V) Discharge power (W) 

Air (+) 920 3.13 

N2 (+) 1040 3.54 

He (+) 690 2.35 

Air (−) -710 2.41 

N2 (−) -780 2.65 

He (−) -460 1.56 
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7.3.4 Bubble formation  

Figure 7.3 (a) shows the formation of gas bubbles, which are believed to be H2, under 

positive discharges. The bubbles are of various sizes and are distributed across the bottom of 

the reactor. Under positive discharge, the H
+
 ions at the ground electrode would be 

neutralized to form H radicals; the dimerization of H radicals would lead to the formation of 

H2. The H2 bubbles were initially gathered on the metal ground electrode, and then spread 

outwards across the bottom of the reactor. 

Figure 7.3 Gas bubble formation under positive discharges (a) and negative discharges (b) after 

15 minutes of treatment.  

Figure 7.3 (b) shows the gas generated under negative discharges, which is considered to be 

O2 in this experiment. The number of bubbles was much smaller compared to that in Figure 

7.3 (a). The size of these bubbles was larger and they were observed accumulating on the 

anode electrode. This may be due to the lower voltage drop at the anode water, leading to 

less intense of discharges, thus reduced gas bubble formation. In addition, the solubility of 

O2 in water is 30 times higher than that of H2, which may have caused the lower O2 bubbles 

production under negative discharges. However, this phenomenon cannot be clarified at this 

stage; therefore, further research is required.  

(b) (a) 
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7.4 Plasma-water interface reactions under positive polarity  

7.4.1 Treatments without gas flow 

 H2O2 production  7.4.1.1

The reactor was sealed during treatments with no gas flow introduced. Figure 7.4 shows the 

H2O2 production in various gas treatments, which increased almost linearly with time in air 

and helium, reaching 9 µmol and 24.2 µmol, respectively, after 15 minutes of treatment.  
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Figure 7.4 H2O2 production in air, N2 and helium treatments without gas flow.  

A saturation effect was observed in N2, the H2O2 production reached 13.8 µmol after 15 

minutes of treatment. In N2 discharges, the oxidization of primary nitric species (N
.
, NO) 

initially occur, leading to the production of oxy-nitride species (Table 2.9). Both nitrite and 

nitrate acids were detected in N2 treated samples. The nitrite acid consumed the oxidative 

reagents in solution, such as OH radical and H2O2, to form nitrate acid (R 2.65, R 2.66).  

In air treatment, the oxy-nitride species were generated at the beginning of treatments, thus 

consuming the oxidative species and leading to a lower H2O2 production compared to that 

recorded in other working gases.  
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Discharges in He yielded the highest H2O2 production, which was 2.7 and 1.8 times that in 

air and N2, after 15 minutes of treatment. The corresponding charge/H2O2 ratio was 1:0.29, 

1:0.41 and 1:0.76 in air, N2 and He, respectively, which is much lower compared to those 

obtained under positive impulsive current discharges (Chapter 6). 

A large amount of water vapour was observed at the plasma-water interface under positive 

discharges when no gas flow was introduced during treatments (Figure 7.5). The production 

of water vapour can be caused by: (i) the transferring of energy from positive ions to water 

molecules or (ii) the resistance effect of water, leading to Joule heat production during 

discharges.  

Titov [6] found that the reaction rate constant for high energy electrons depended strongly on 

the fraction of water molecules present in the discharge region. A significant reduction in the 

number of high energy electrons was observed when water vapour existed in the inter-

electrode gap, and this could result in the reduction of H2O2 production in the gas phase. 

Another possibility for the low H2O2 production is that a large amount of oxy-nitride species 

could be absorbed by water vapour, leading to the consumption of OH radicals and H2O2 in 

solution (Table 2.9). The detailed mechanism of OH radical and H2O2 production being 

affected by water vapour needs further investigation. 

Figure 7.5 The water vapour production under positive discharges in sealed reactor after 15 

minutes. 
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To investigate the OH radical dimerization pathway, 0.2-M TB was added to the solution; 

however, the results recorded in various gases were unexpected as the standard deviation of 

H2O2 production reached up to 70% based on 3 treatments under the same experimental 

conditions, thus the data is not shown here. This result may be due to the effect of the 

vaporization of water introducing TB into the inter-electrode gap during discharges. 

Therefore, a gas flow was introduced to remove the water vapour from the reactor and the 

results are discussed in section 7.4.2. 

 Variation of solution conductivity and pH 7.4.1.2

Significant solution conductivity increase was observed in air treatments, reaching 1971 

µS/cm after 15 minutes of treatment. This result is 46% higher than that observed in N2 

(Figure 7.6), where the solution conductivity increased to 1068 µS/cm after 15 minutes of 

treatment. These results could be due to the large amount of oxy-nitride species generated at 

the plasma-water interface during above water discharges in air and N2 (Table 2.9). 
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Figure 7.6 Variation of solution conductivity in air, N2 and helium treatments without gas flow. 

In N2 discharges, a small amount of O2 could be produced by the electrolysis of water; 

however, the quantity of O2 produced would be much lower than that in air. Thus, the 
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solution conductivity increase in N2 was lower than that in air. In air-treated samples, only 

nitrate acid was detected; however, in N2-treated samples, both nitrite and nitrate ions were 

detected, this could again be due to the much less O2 content in N2 discharges, compared to 

that in air discharges. The solution conductivity increases to 152 µS/cm in helium-treated 

samples after 15 minutes of treatment; neither nitrite nor nitrate acid was detected. 

The pH of the solutions drop from 8.5 to 2.46 in air and to 2.73 in N2, after 15 minutes of 

treatment (Figure 7.7). Table 7.2 shows the H
+
 ion production during the tests using the three 

gasses. In air discharges, a higher value of H
+
 ion production occurs in the order of several 

tens of µmol was recorded in N2 and helium discharges. The corresponding charge/H
+
 ratio 

was calculated as 1:1.1 and 1:0.58 in air and N2, respectively.  
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Figure 7.7 Variation of solution pH in air, N2 and helium treatments without gas flow. 

A slight pH reduction (< ±0.2) was recorded in He discharges, and this could be attributed to 

the weak acidic effect from H2O2. The large amounts of water vapour generation in the 

sealed reactor, when no gas flow was introduced during treatments, can absorb the oxy-

nitride species that generated at the plasma-water interface, leading to the production of 

nitrite and nitrate acids in solutions; this explain the dramatic variation of solution 

conductivity and pH in air and N2. However, due to no oxy-nitride species can be generated 
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in He discharges, the water vapour effect on solution conductivity change in helium is very 

limited.  

Table 7.2 H
+
 ion production over 5-minute intervals, in various gas treatments under positive 

discharges, with no gas flow. 

Treatment period (min) 
H

+
 ions production (µmol) 

Air N2 Helium 

0-5 12.8 3.5 −6.5 × 10−6 

5-10 13.2 7.2 10 × 10−6 

10-15 10.9 7.9 12 × 10−6 
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7.4.2 Treatments with 0.3 L/min gas flow  

 H2O2 production  7.4.2.1

A 0.3-L/min gas flow was introduced continuously through the reactor during tests with the 

three gases, in an attempt to remove the majority of the water vapour, and therefore 

minimize the effect of water vapour on the plasma and plasma-water interface reactions. 

Results recorded under this condition are shown in Figure 7.8, which significantly differ 

from those recorded under no-gas-flow treatments. One of the possibilities is that the 

introduced gas flow removes the majority of the water vapour that is generated at the 

plasma-water interface, thus reducing the water vapour effect on decreasing high energy 

electrons, leading to a higher H2O2 production.  The other possibility is that the absorption of 

oxy-nitride species is significantly weakened when the majority of water vapour is removed, 

thus reducing the oxy-nitrides effect on H2O2 production.  
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Figure 7.8 H2O2 production in air, N2 and helium treatments, with a 0.3-L/min gas flow.  

The highest H2O2 production of 34.2 µmol was recorded in air after 15 minutes of treatment, 

corresponding to a charge/H2O2 ratio of 1:1.03 and H2O2 production yield of 1.9 g/kWh. No 

slowdown in the rate of H2O2 production was observed in N2, different from the results 
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observed under no-gas-flow condition; a H2O2 production of 32 µmol was recorded after 15 

minutes of treatment; corresponding to a charge/H2O2 ratio of 1:1 and the H2O2 production 

yield of 1.4 g/kWh. The lowest H2O2 production of 28.2 µmol was obtained in He treatment, 

corresponding to the charge/H2O2 ratio of 1:0.89 and H2O2 production yield of 1.6 g/kWh. 

Introducing a gas flow during treatments increased the H2O2 production by 270%, 140% and 

20% in air, N2 and helium, respectively. 

Tert-butanol effect 

0.2-M TB was added to samples to investigate the H2O2 production pathway. The H2O2 

produced in air discharges was observed to increase linearly with time. Figure 7.9 illustrates 

that the H2O2 production in air discharges reached 17.2 µmol after 15 minutes of treatment, 

approaching only 52% of the results that were recorded when no TB was used; the 

charge/H2O2 ratio was reduced to 1:0.54.  
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Figure 7.9 Effect of TB on H2O2 production in air, N2 and helium treatments, with a 0.3-L/min 

gas flow.  

In addition, the H2O2 production was significantly inhibited in N2 and helium treatments 

when TB was used. 2.2 µmol and 0.2 µmol of H2O2, respectively, were detected after 15 
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minutes of treatment; corresponding to a charge/H2O2 ratio of 1:0.07 and 1:0. In comparison 

with the results without TB, it can be concluded that 48%, 93% and 99.3% of the H2O2 

production in air, N2 and helium, respectively, was via the dimerization of OH radicals.  

 Variation of solution conductivity and pH  7.4.2.2

Figure 7.10 shows the variation of solution conductivity for the three gases when a 0.3-

L/min gas flow was introduced. In air and N2 treatments, the solution conductivity increased 

linearly with time, reaching 800 and 292 µS/cm, respectively, after 15 minutes of treatment; 

this was approaching 60% and 73% lower than the results recorded under no-gas-flow 

condition. These results indicate that when gas flow was introduced during discharges and 

the majority of the water vapour was carried away, less oxy-nitride species were absorbed by 

water vapour at the plasma-water interface. In helium treatments, a slight conductivity 

variation from 65 to 71 µS/cm was recorded after 15 minutes of treatment. Sano [103] 

investigated the DC corona discharges above water and found that the introduction of gas 

flow during treatments minimized the NOx production in the gas phase, which is in 

agreement with the results found in this experiment. 
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Figure 7.10 Variation of solution conductivity in air, N2 and helium treatments, with a 0.3-L/min 

gas flow. 
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Table 7.3 shows the H
+
 ions production in the tests with discharges in the three gasses, when 

a gas flow of 0.3 L/min was introduced during treatments. Compared to the results recorded 

under no-gas-flow condition, the H
+
 ions production was reduced by 66% and 81% in air and 

N2 discharges, respectively. 

Table 7.3 H
+
 ions production over 5-minute intervals, in various gas treatments under positive 

discharges, with a gas flow of 0.3-L/min. 

Treatment period 

(min) 

H
+
 ions production (µmol) 

Air N2 Helium 

0-5 4.4 1.1 18.5 × 10−6 

5-10 4.3 1.4 6 × 10−6 

10-15 5.4 1.5 1.3 × 10−6 

Figure 7.11 shows the solution pH variation when a gas flow of 0.3 L/min was introduced 

during discharges. Almost no solution pH reduction was recorded in helium, while the 

solution pH reduced to 2.9 and 3.4 in air and N2, respectively.  
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Figure 7.11 Variation of solution pH in air, N2 and helium treatments, with a 0.3-L/min gas flow.  
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Tert-butanol effect 

Figure 7.12 shows the variation of solution conductivity when TB was present in the water. 

In air tests, the change of solution conductivity was reduced by 40% compared to the results 

with no TB, reaching 483 µmol 15 minutes of treatment. Almost no solution conductivity 

variation was observed in N2 after 15 minutes of treatment; this phenomenon was also 

recorded under positive controlled impulsive current discharges (Chapter 6).  
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Figure 7.12 Effect of TB on solution conductivity variation in air, N2 and helium treatments, 

with a 0.3-L/min gas flow. 
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The H
+
 ions production (Table 7.4) was reduced by 4 orders of magnitude when TB was 

used in N2 treatments. This result might be due to the TB vapour in the reactor chamber 

reducing the amount of oxide species production, thus reducing the oxy-nitride amounts that 

dissolved into water.  

Table 7.4 Effect of TB on H
+
 ions production over 5-minute intervals, in various gas treatments, 

with a 0.3-L/min gas flow.  

Time (min) 
H

+
 ions production (µmol) 

Air N2 Helium 

0-5 2.6 30 × 10−6 3.9 × 10−6 

5-10 2.9 25 × 10−6 1.7 × 10−6 

10-15 2.4 30 × 10−6 2.7 × 10−6 

Figure 7.13 shows the solution pH variation when a gas flow of 0.3 L/min was introduced 

during discharges above the solution with TB. Compared to that recorded in Figure 7.11, 

almost no difference is recorded in He and air; however, the solution pH reduction in N2 is 

inhibited by the added TB.  
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Figure 7.13 Effect of TB on solution pH variation in air, N2 and helium treatments, with a 0.3-

L/min gas flow. 
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7.4.3 Effect of gas flow rates in helium discharges  
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Figure 7.14 Under positive polarity, the H2O2 production in helium treatments, with different 

gas flow rates.  

Different gas flow rates were introduced in helium treatments to investigate their effects on 

H2O2 production (Figure 7.14). When a gas flow rate of 0.06 L/min was introduced, a large 

amount of water vapour was observed in the chamber (Figure 7.15 (a)) after 15 minutes of 

treatment; the H2O2 production reached 29.5 µmol, corresponding to a charge/H2O2 ratio of 

1:0.79.  

Figure 7.15 Under positive polarity, water vapour generated in the reactor chamber with gas 

flow rates of 0.1-L/min (a), 0.5-L/min (b) and 0.7-L/min (c), after 15 minutes of treatment.  

(c) (b) (a) 
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Increasing the gas flow to 0.1 and 0.3 L/min led to an increase in H2O2 production of 31.6 

µmol and 31 µmol after 15 minutes of treatment, corresponding to a charge/H2O2 ratio of 

and 1:0.85 and 1:0.89. Further increase of the flow rate to 0.5 L/min resulted in a reduction 

of water vapour in the reactor chamber (Figure 7.15 (b)); however, this reduced the H2O2 

production to 24.5 µmol after 15 minutes of treatment, corresponding to a charge/H2O2 ratio 

of 1:0.69. When a gas flow of 0.7 L/min was introduced, almost no water vapour was 

observed (Figure 7.15 (c)) after 15 minutes of treatment, the H2O2 production reached 21.8 

µmol, which corresponded to a charge/H2O2 ratio of 1:0.63.  

It has been proven, by using tert-butanol, that the H2O2 production in helium discharges was 

generated from the dimerization of OH radicals, which may partly be formed in water vapour. 

The introduction of relatively higher flow rates (0.5-0.7 L/min), removing the majority of 

water vapour, therefore, led to the lower H2O2 productions compared to the ones with 

relatively lower flow rates (0.06-0.3 L/min). The maximum H2O2 production was achieved 

when 0.1 L/min gas flow was introduced. It is believed that the H2O2 production in above-

water discharges is generated in both gas phase and liquid phase. To clarify the mechanisms 

of water vapour effect on H2O2 production, further investigations are required. 
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Tert-butanol effect 

When TB was added in solution, almost no H2O2 was detected under the gas flow rates of 

0.06 and 0.1 L/min, this may be due to the TB being vaporized with the water molecules, 

inhibiting the production of OH radicals in the gas phase. Increasing the gas flow rate to 0.3 

and 0.5 L/min enhanced the quantity of H2O2, which was 0.2 and 1.3 µmol, respectively, 

after 15 minutes of treatment; corresponding to 0.7% and 4% of the H2O2 production when 

no TB was applied. When a gas flow of 0.7 L/min was introduced during treatments, the 

H2O2 quantity increased to 5.1 µmol, corresponding to 27% of the original value.  
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Figure 7.16 Effect of 0.2-M TB on H2O2 production in helium discharges with different gas flow 

rates.   

It was found that the increased gas flow increased the H2O2 quantity in the solution when TB 

was applied. The quantity of H2O2 that detected in solution after treatments could be 

generated from the OH radicals that are generated in the gas phase. The introduced gas with 

higher flow rate (0.3-0.7 L/min) remove the water vapour and the vaporized tert-butanol, 

thus reducing the TB scavenging effect on OH radicals in the gas phase.  
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7.4.4 Effect of solution initial pH in air discharges  

Figure 7.17 shows the effect of solution initial pH on H2O2 production. In acid solutions of 

pH 4 and 3.2, the H2O2 production increased linearly with time, reaching 29 µmol and 22 

µmol after 15 minutes of treatment, respectively; corresponding to charge/H2O2 ratios of 

1:0.9 and 1:0.7. These results corresponded to 11% and 32% reduction of the H2O2 

production compared to those recorded in air treatments with tap water. Cerfalvi [118] 

investigated positive pin-to-water electrode discharges and found that the cathode voltage 

fall was almost constant at ~800 V in the solutions with pH of 4-8, and the voltage started to 

decrease when solutions with pH of <4 were used, which is in agreement with the results 

recorded in this experiment.  
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Figure 7.17 Under positive polarity, the effect of solution initial pH on H2O2 production in air 

discharges, with a 0.3 L/min gas flow.  

On the other hand, almost no difference between tap water (pH 8.5) and slight basic solution 

of pH 11 was observed. However, the H2O2 production was reduced in pH 12 solutions; 

reaching 25 µmol after 15 minutes of treatment, corresponding to a charge/H2O2 ratio of 

1:0.8. Further increasing the solution pH to 13 leads to a significant reduction of the H2O2 

production; only 3.2 µmol H2O2 was detected after 15 minutes of treatment.  
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Thagard [4] investigated the discharges with H3PO4 and NaOH solutions and found that the 

H2O2 production in acid solutions increased with lower pH, reaching the highest rate at pH 3, 

which is different to the results obtained in this experiment. On the other hand, Thagard 

found that the H2O2 production in basic solutions decreased with higher solution pH, the 

H2O2 production in solution of pH 13 is only 30% of that in solution of pH 9. In this 

experiment, no significant change was observed when the pH was changed from 8.5 to 11 

(Figure 7.17); however, the H2O2 production in solution of pH 13 is only 10% of that in 

solution of pH 8.5.  
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7.5 Plasma-water interface reactions under negative polarity 

7.5.1 H2O2 production 

When no gas flow was introduced during various gas treatments, the water vapour generated 

under negative DC voltage was much less than that recorded under positive polarity. This 

indicates that the water vapour generated under positive discharges could be due to the 

energy transfer from positive ions to water molecules.  
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Figure 7.18 H2O2 production under negative discharges in air, N2 and helium with and without 

gas flow.  

A 0.3-L/min gas flow was introduced to blow away the majority of water vapour. No H2O2 

production was detected under negative discharges in air and N2 with or without gas flow 

(Figure 7.18). A H2O2 production of 0.5 µmol was measured in helium after 15 minutes of 

treatment. The results obtained under negative DC discharges in air are in agreement with 

Polyakov’s research [78], where negative DC discharges were used and neither H2O2 nor 

reactive radicals were measured after treatment. 
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7.5.2 Variation of solution conductivity and pH  

Although no H2O2 was detected in air and N2 under negative discharges, significant 

variations of solution conductivity were recorded. The solution conductivity reached 187 and 

554 µS/cm in air, 125 and 225 µS/cm in N2 after 15 minutes of treatment, with and without 

the 0.3-L/min gas flow, respectively (Figure 7.19). Both nitrite and nitrate acids were 

detected in air-treated samples, by using test strips, which was different from the results 

recorded under positive discharges. The variation of solution conductivity, under negative 

discharges, was reduced by ~78% in air and N2, compared to those recorded under positive 

discharges. No solution conductivity change was obtained in helium under negative DC glow 

discharges, which is the same as the results recorded in negative impulsive current 

discharges (Chapter 6). 
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Figure 7.19 Variation of solution conductivity under negative discharges in air, N2 and helium 

with and without gas flow.  
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Figure 7.20 shows the solution pH variation under negative discharges in various gases. 

Introducing a 0.3 L/min gas flow reduced the production rate of H
+
 ions in the air and N2, the 

solution pH decreased from 8.5 to 4.2 and 3.3 in the air; to 4.8 and 4.2 in N2 after 15 minutes 

of treatment with and without gas flow, respectively. The solution pH in helium-treated 

samples decreased with time when no gas flow was introduced; however, increased to pH 

9.5 when a gas flow of 0.3 L/min was introduced; this phenomenon needs further 

investigation. 
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Figure 7.20 Variation of solution pH under negative discharges in air, N2 and helium with and 

without gas flow.  
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7.6 Conclusions 

The characteristics of pin-to-water DC glow discharges under different polarities and 

solution conductivity were investigated in this experiment. When ultrapure water was used, a 

Taylor cone was formed on water surface, leading to the contacting of water surface to the 

anode pin due to the electrostatic force; increasing the solution conductivity by using tap 

water solved this problem. The depression of the tap-water surface was observed under both 

positive and negative DC glow discharges. The constrictions of the plasma column with 

increasing solution conductivity were observed under both positive and negative discharges.  

Under positive discharges, when no gas flow was introduced, a significant amount of water 

vapour was produced at the plasma-water interface, due to the energy transfer from positive 

ions to water molecule. Large amounts of oxy-nitride were absorbed by water vapour in this 

case, resulting in dramatic variations of solution conductivity and pH, leading to the 

consumption of OH radicals and destruction of H2O2 production. The introduction of a 0.3-

L/min gas flow increased the H2O2 production yield by 270%, 40% and 20% in air, N2 and 

helium, respectively, reaching 1.9, 1.4 and 1.6 g/kWh; also weakened the solution 

conductivity variation. The highest charge/H2O2 ratio of 1:1.03 and the lowest ratio of 1:0.88 

were recorded in air and helium discharges, respectively. The applied TB determines that 

48%, 93% and 99.3% of H2O2 production in air, N2 and helium, respectively, was via OH 

dimerization.  

Under positive helium discharges, the H2O2 production varied with different gas flow rates, 

indicating that H2O2 is generated in both gas and liquid phase. The highest production of 

1.65 g/kWh was recorded with a gas flow of 0.1 L/min. Under positive air discharges, H2O2 

production could be affected by initial solution pH. In acid solutions of pH 4 and 3.2, the 

H2O2 production reduced with lower solution pH. On the other hand, the concentration of 

OH
-
 ions has a critical effect on H2O2 production; no effect was observed in solutions of pH 

11; however, almost no H2O2 production was detected in solutions of pH 13.  

Under negative DC glow discharges, almost no H2O2 production was observed in various gas 

treatments, which was the same as the results recorded under negative impulsive current 

discharges. This result indicates the effect of electrons on H2O2 production is negligible. The 

variations of solution conductivity were reduced by 78% under negative air and N2 

discharges. Although no variation of solution conductivity was recorded in helium 



CHAPTER 7 H2O2 PRODUCTION UNDER DC GLOW DISCHARGES 

 

130 

 

discharges, an increase of pH was recorded when 0.3 L/min gas flow was introduced during 

treatment.  

7.7 Further work   

The ignition phase of inter-electrode breakdown need to be further investigated, image data 

should be provided by ICCD camera. The mechanisms of gas bubble generation should be 

further investigated, the gas types were assumed to be H2 and O2 from electrolytic principles, 

however, the gas types still need to be determined; also, the video of the gas bubble 

generation process needs to be recorded by a camera. 

The effect of gas flow rates needs to be further investigated to observe the variation of H2O2 

production in various gases. Although it has been proven that H2O2 is generated in both gas 

and liquid phase, the proportional relation is still unclear. Therefore, further research should 

focus on this issue. The optical spectrum of discharges in various gases above water can be 

measured to obtain the differing production generated at the plasma-water interface. On the 

other hand, the mechanism of the phenomenon of the slight increase in solution pH detected 

in helium-treated samples when the gas flow was introduced should be further investigated.  
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8 H2O2 PRODUCTION UNDER DC GLOW 

DISCHARGES WITH A FLOWING LIQUID 

CATHODE  

8.1 Introduction 

In practical water treatment systems the water itself must move, therefore, there is an interest 

in the effect of a flowing liquid cathode on H2O2 production. A series of studies have 

investigated the effect of a flowing liquid cathode on reactive species production and 

solution conductivity and pH variation [34, 120]. However, the results obtained in these 

studies showed with considerable discrepancy. Jamro’z [3] investigated the discharges with a 

flowing liquid cathode and found that the H2O2 production decreased with increasing liquid 

flow rate; Jamro’z concluded that this was due to the decreasing contact time of plasma with 

the same area of water surface. On the other hand, Grabowski [95] found that the O3 

dissolution into liquid was 23% faster when a liquid flow rate of 0.3 L/min was used during 

treatments; thus, concluding that this was due to the flowing liquid making it easier for O3 to 

be transferred into liquid. Due to reactions R 2.50 and R 2.52, the dissolved O3 in water leads 

to the production of OH radicals, thus increasing the H2O2 production. In order to clarify the 

effect of a flowing liquid electrode on the plasma-water interface reactions and H2O2 

production, a reactor with flowing liquid electrode was designed; positive DC glow 

discharges were investigated in open air as this had been shown to be effective in generating 

H2O2 in Chapter 7.   

The main objectives of the experiment were to investigate: (i) the effect of liquid flow rates 

on H2O2 production yield and charge/H2O2 ratio; (ii) the applied voltage effect on H2O2 

production yield and charge/H2O2 ratio; (iii) the H2O2 formation pathway by using a 

scavenger of OH radicals. 
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8.2 Reactor design and experimental setup 

8.2.1 Reactor design  

A reactor with a pin-to-flowing water electrode structure (Figure 8.1) was designed in this 

experiment. The liquid flowing through the trough (Figure 8.2), with a length of 45 mm, 

width of 10 mm and depth of 15 mm, with various rates of 35, 60 and 75 ml/min. A 

stainless-steel electrode with a diameter of 8 mm acts as a ground electrode. The liquid was 

inlet and outlet through the 5-mm diameter ports on the bottom of the reactor (Figure 8.2 (a)).  

 

Figure 8.1 Reactor design and solution recycling system. 

A peristaltic pump was employed to control the liquid flow rate, which not only reduced the 

local high concentration of reactive species and oxy-nitride species effect, but also prevented 

local heating of water, thus minimizing water evaporation [34]. A water container of 30-ml 

volume was placed under the reactor to collect the solution flowing out of the reactor, and 

enable the circulation of solutions during treatments. The solution outlet from the peristaltic 

pump was fixed at the same level as the reactor top surface to maintain the water surface 

level. A stainless-steel pin with a tip diameter of 0.3 mm was fixed 1 mm above the centre of 

the water surface. 
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Figure 8.2 Structure of the reactor with flow liquid electrode, vertical view (a), 45 degrees 

vertical view (b).  

(a) (b) 
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8.2.2 Experimental set up 

A 200-kΩ current limiting resistor was connected in series with the high voltage pin 

electrode (Figure 8.3); positive DC discharges were investigated in this experiment. The 

current output of the supply was set to two values: 3.4 mA and 5 mA in an attempt to 

investigate the current effect on plasma-water interface reactions; the output voltage was 

adjusted so that the set current flowed in circuit.  

The samples were prepared from tap water with a conductivity of 65 µS/cm. A solution of 

20-ml volume was used during each treatment. UV spectrometry was employed to measure 

the H2O2 production after 5, 10 and 15 minutes of treatment. TB was applied to terminate the 

dimerization of OH radicals to investigate the H2O2 production pathway. The solution 

conductivity and pH value were measured after each treatment; every treatment was repeated 

three times. 

The pin voltage was measured as 920 V for the 3.4 mA current with the power supply 

voltage of 3 kV and 830V for the 5 mA current with the power supply voltage of 4 kV. 
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Figure 8.3 Schematic diagram for DC glow discharge experiments with a flowing liquid 

electrode.  
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8.3 Plasma-water interface reactions with flowing cathode  

8.3.1 H2O2 production 

Figure 8.4 shows the H2O2 production under discharge current of 3.4 mA with different 

liquid flow rates, which reached 14.2 µmol, 14.5 µmol and 14.8 µmol with 35, 60 and 75 

ml/min of liquid flow rate, respectively, after 5 minutes of treatment; corresponding to the 

H2O2 production yield of 1.9 g/kWh, 1.92 g/kWh and 1.95 g/kWh. 
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Figure 8.4 Under positive polarity, the H2O2 production under 3.4 mA discharge current, with 

different liquid flow rates. 
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Increasing the discharge current to 5 mA increased the H2O2 production by around 30%, 

reaching 16.4 µmol, 16.9 µmol and 17.3 µmol with 35, 60 and 75 ml/min of liquid flow rate, 

respectively, after 5 minutes of treatment; corresponding to yields of 1.6 g/kWh, 1.64 g/kWh 

and 1.68 g/kWh.  
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Figure 8.5 Under positive polarity, the H2O2 production under 5-mA discharge current, with 

different liquid flow rates. 

The H2O2 yield appears to follow a linear trend with time with little evidence of any change 

in the rate at which H2O2 is produced with time, unlike the behaviour observed in the 

previous chapter where a static water cathode was used. The H2O2 production rate increased 

with liquid flow rate, reaching 58 nmol/s under 5 mA discharge current and 75 ml/min liquid 

flow rate. However, increased discharge current reduced the energy efficiency of H2O2 

production.  

Table 8.1 shows the variation of charge/H2O2 ratios under different discharge currents and 

liquid flow rates. In comparison with the results (1:1.03) recorded under static liquid cathode 

(Chapter 7), the ratios increased with increasing liquid flowing rates. Under a liquid flow 

rate of 35 ml/min, a charge/H2O2 ratio of 1:1.2 was recorded after 5 minutes of treatment; 

increased liquid flow rate to 60 ml/min led to the increase of charge/H2O2 ratio to 1:1.32. 
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Under the liquid flow rate of 75 ml/min, the charge/H2O2 ratio reached 1:1.35 and 1:1.29 

under 3.4 mA and 5 mA discharges currents, respectively, after 5 minutes of treatment; then 

decreased to 1:1.2 and 1:1.18, respectively, after 15 minutes of treatment. During electrical 

discharges above water, the reaction interface area was limited by the size of discharge 

filaments, which may lead to a high regional concentration of H2O2 and OH radicals. The 

flowing cathode results in the delivery of ‘fresh’ solution to the plasma-water interface area 

and the dilution of the local concentration of H2O2. In this case, a higher liquid flow rate 

indicated faster dilution and resulted in higher H2O2 formation during the treatments.  

 Table 8.1 H2O2 production ratios regarding to 1 charge 

 

It was also noticed that the charge/H2O2 ratio reduced with the higher discharge current (5 

mA), and this phenomenon is independent of the liquid flow rates. Increased current raised 

the plasma density, which led to higher gas temperatures and faster water evaporation; these 

two factors may have critical effects for OH radical production. As discussed in Chapter 7, 

higher water vapour leads to lower H2O2 prodcution by either decreasing the number of high 

energy electrons or through absorption of NOx species leading to cscavenging of OH radicals 

and H2O2, this may explain the lower charge/H2O2 ratio obtaiend under higher discharge 

currents.  

Jamro’z [3] investigated the H2O2 production in DC glow discharges above a flowing 

cathode and recorded different results compared to the ones in this experiment. Jameo’z 

found that the H2O2 production was 30% decreased when the flow rate increased from 0.5 to 

 

Ground electrode liquid flow rates 

0 ml/min 35 ml/min 60 ml/min 75 ml/min 

Current 3.4 mA 

5 min 1 1.2 1.32 1.35 

10 min 1 1 1.15 1.17 

15 min 1.03 0.96 1.1 1.2 

Current 5 mA 

5 min - 1.05 1.08 1.29 

10 min - 0.93 1.05 1.15 

15 min - 1 1.01 1.12 
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3.5 ml/min. Jamro’z concluded this result was due to a higher liquid flow rate, leading to a 

shorter contacting time of plasma with the same area water and a lower evaporation rate of 

water. 

Tert-butanol effect 

0.2-M TB was applied to investigate the production pathways of H2O2 under a liquid flow 

rate of 60 ml/min. Figure 8.6 shows the H2O2 production when TB was added, which 

reached 17.5 µmol and 28.1 µmol under discharge current of 3.4 mA and 5 mA, respectively, 

after 15 minutes of treatment; this corresponds to a charge/H2O2 ratio of 1:0.5 and 1:0.62. 
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Figure 8.6 Effect of TB on H2O2 production in air discharges under discharge currents of 3.4 

mA and 5 mA with a liquid flow of 60 ml/min.  

It was calculated that under a discharge current of 3.4 mA, the H2O2 production via the 

dimerization of OH radicals was 54% for 15 minutes of treatment, which is similar to the 

results recorded with a static water electrode (52% in Chapter 7). While under a discharge 

current of 5 mA, the proportion was decreased to 36.4%.  
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8.3.2 Variation of solution conductivity  

Figure 8.7 shows the variation of solution conductivity during treatments under a discharge 

current of 3.4 mA. The solution conductivity increased linearly with time, which indicated 

the continuous production of oxy-nitride species at the plasma-water interface, reaching 345 

µS/cm, 379 µS/cm and 332 µS/cm with 35, 60 and 75 ml/min liquid flow rates, respectively, 

after 15 minutes of treatment.  
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Figure 8.7 Effect of liquid flow rate on the variation of solution conductivity under a discharge 

current of 3.4 mA. 

Increased the discharge current to 5 mA (Figure 8.8) increased the oxy-nitride species 

production, leading to an increase of the solution conductivity to 480 µS/cm, 461 µS/cm and 

490 µS/cm with 35, 60 and 75 ml/min liquid flow rate, respectively, after 15 minutes of 

treatment. From figures 8.7 and 8.8 it can also be seen that the variation of solution 

conductivity is independent of liquid flow rate but is dependent on discharge current.   
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Figure 8.8 Effect of liquid flow rate on the variation of solution conductivity under a discharge 

current of 5 mA. 

Jamro’z [3] investigated the Ar plasma jet operated in ambient gas of air and found that the 

concentration of NO2
-
 and NO3

-
 increased with increasing liquid flow rates from 60 ml/min 

to 300 ml/min, resulting in increasing acidity of solutions and decreasing concentration of 

H2O2; however, in this work, the concentration of H2O2 was observed to increase with flow 

rate. However, the glow rates used in this work were in general lower than those used by 

Jamro’z. Therefore, larger ranges of liquid flowing rate need to be further investigated.  
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8.4 Conclusion  

A positive DC glow discharge developed above a flowing tap water electrode was 

investigated under two different discharge currents. The H2O2 production yield and 

charge/H2O2 ratio increased with increasing liquid flow rates and reached the highest value 

of 1.95 g/kWh and 1:1.35 under a discharge current of 3.4 mA and a liquid flow rate of 75 

ml/min, after 5 minutes of treatment; these results are improved from the discharges with 

static liquid cathode. After 15 minutes of treatment, the ratio decreased to 1:0.96, 1:1.1 and 

1:1.2 under a discharge current of 3.4 mA and a liquid flow rate of 35, 60 and 75 ml/min.  

Increasing the discharge current to 5 mA induced stronger plasma-water interface reactions. 

The H2O2 production yield of 1.68 g/kWh was recorded after 5 minutes of treatment, with a 

liquid flow rate of 75 ml/min. No significant decrease of H2O2 production yield was recorded 

with a current of 5 mA. The variation of solution conductivity was proved to be independent 

on liquid flow rate, but dependent on discharge current. 

The addition of TB determined that 54% and 36.4% of the H2O2 production under positive 

DC discharges above flowing liquid cathode, with discharge currents of 3.4 and 5 mA, 

respectively, are via the dimerization of OH radicals. Flowing cathode allows other reaction 

pathways to occur so the dimerization reaction is not responsible for the change in H2O2 as a 

result of changing flow rate.  

The increase in H2O2 production observed with the flowing cathode is significant in terms of 

practical applications of the technology.  
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8.5 Further work  

Due to the different discharge currents and liquid flow rates having been proven to affect the 

plasma-water interface reactions, a larger range of discharge current up to several tens of mA 

and liquid flow rates up to several L/min can be employed to investigate their effects on 

H2O2 production. The H2O2 production rates and charge/H2O2 ratios were found to increase 

with increasing liquid flow rates; the mechanism of this phenomenon needs to be further 

investigated.  
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9 H2O2 PRODUCTION AND METHYLENE BLUE 

DEGRADATION UNDER POROUS DIELECTRIC 

BARRIER DISCHARGE  

9.1 Introduction 

Dielectric barrier discharge (DBD) in contact with water has been investigated for its 

discharge characteristics, H2O2 production and solution conductivity and pH variation in 

various gases. Ognier [102] investigated the H2O2 production using a falling water film DBD, 

and recorded a H2O2 production yield ranging from 0.04 to 0.26 g/kWh, with the discharge 

power ranging from 6.3 to 18.9 W; these values are lower than those recorded in Locke’s 

review, which could be due to the limited contact area between plasma and water.  

An innovative DBD reactor involving a multi-pore PTFE layer (60 holes), which constrains 

the development of discharge filaments through the pores into water, was designed in this 

experiment. This design allows plasma to develop between the dielectric barrier and the 

grounded water, leading to the production of reactive species at the plasma-water interface. 

Both ultrapure water and 5 mM-NaOH solution were used to investigate H2O2 production. A 

scavenger of OH radicals was employed to investigate the OH radical dimerization effect 

and the H2O2 formation pathways. The H2O2 production recorded under DBD were 

compared to those under positive and negative impulsive current discharges. 

Organic dyes are commonly used in industrial fields such as textile, leather and paper [121, 

122]. However, these dyes have been proven to be toxic in biological systems [122, 123]. 

AOPs are proved to be effective for organic dye degradation due to their capability of 

producing OH radicals in situ, leading to the dissociation of organic compounds into CO2 

and H2O. In this experiment, methylene blue (MB) dye was employed as the target pollutant 

to investigate its degradation by O2 plasma.  

The main objectives of the experiment were to investigate: (i) the H2O2 production yield and 

charge/H2O2 ratio in O2, N2 and air; (ii) the H2O2 formation pathway; (iii) methylene blue 

degradation by using O2 plasma; and (iv) the contribution of OH radicals to methylene blue 

degradation. 
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9.2 Reactor design and experimental set up 

9.2.1 Reactor design 

Figure 9.1 shows the design of the DBD plasma-water reactor with a porous PTFE dielectric 

layer. The reactor was made by a PTFE cylinder, with a height of 85 mm and outer diameter 

of 90 mm. The test cell has a diameter of 35 mm and depth of 40 mm, which was used to 

contain the solution samples during treatments; a porous PTFE layer with a diameter of 50 

mm and a thickness of 1 mm was placed at the bottom of the test cell. 60 micro-pores with a 

diameter of 0.2 mm were uniformly distributed across the PTFE layer. The micro-pores were 

drilled by using a stainless steel pin, with the pin tip diameter of 0.2 mm. An O-ring was 

used to seal the gap between the test cell and the PTFE layer. A 0.2-mm gap was fixed 

between the porous PTFE and the glass plate to allow the gas flow through the gap, and 

outlet through the pores in the PTFE layer into the water. 

 

Figure 9.1 DBD configured plasma-water reactor design. 
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A flat stainless-steel electrode with a diameter of 45 mm was covered by a glass barrier with 

a diameter of 50 mm and thickness of 1 mm. The liquid samples in the test cell act as a 

ground electrode via a grounding stainless steel wire.  

9.2.2 Experimental set up 

Figure 9.2 shows the schematic diagram for DBD experiments. A linear AC power supply 

was employed to provide a peak to peak voltage (Vpp) of 20 kV of sinusoidal voltage with a 

frequency of 5 kHz to the reactor. A high voltage probe was used to measure the voltage 

applied to the reactor. The ground electrode was dipped into the solution and connected to a 

50-Ω coaxial cable to measure the current waveforms. For the discharge power measurement, 

a capacitor of 5-nF was connected in series with the ground electrode to plot a Lissajous 

figure. 
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Figure 9.2 Schematic diagram for dielectric barrier discharge experiments.  

The H2O2 production was investigated in working gases of N2, O2 and air, with a gas flow 

rate of 0.2 L/min, which was controlled by a gas flow controller. The working gas was 

introduced through the reactor before injecting the untreated samples, to prevent the solution 

entering the micro-pores. A sample of 10-ml volume was used in each treatment. In terms of 

H2O2 production investigation, the effect of solution initial pH was investigated by using 

ultrapure water and a 5-mM NaOH solution. In terms of MB dye degradation investigation, 

the MB solution with a concentration of 600 mg/L was prepared by dissolving MB powder 

into ultrapure water.  
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After each treatment, the sample was transferred to a cuvette by a 5-ml pipette. UV 

spectrometry was employed to measure the H2O2 production after 5, 10, 15 and 20 minutes 

of treatment, at the peak absorbance of 396 nm. The MB dye concentration was measured 

after 1-5 minutes of treatment, by UV spectrometry at the peak absorbance of 665 nm. TB 

was applied to terminate the dimerization of OH radicals to investigate the H2O2 production 

pathway, and to investigate the OH radical contribution for MB dye degradation. The 

solution conductivity and pH were measured after each treatment; every treatment was 

repeated three times.  

9.3 Gas discharge characteristics in various gases  

9.3.1 Discharges in oxygen 

Figure 9.3 shows the voltage and current waveforms for discharges in O2. A capacitive 

current was observed when the high voltage was applied; the amplitude increased to ~8 mA 

when the Vpp was increased to 20 kV.  

 

Figure 9.3 Voltage and current waveforms recorded in O2 dielectric barrier discharges. 
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The electrical breakdown in the 0.2-mm gas gap was recorded when the Vpp was increased to 

12.5 kV, negative current pulses with a mean amplitude of around -10 mA were recorded 

superimposed on the capacitive current. Positive filaments with a mean amplitude of <5 mA 

started to occur when the Vpp was increased to 15.5 kV. These currents with low amplitudes 

result from the discharges developed between the porous PTFE plate and the glass plate.  

Increasing the Vpp to 16 kV led to a significant increase of the pulse amplitude and its 

duration under both positive and negative polarities. The amplitude of positive pulses 

increased to a mean value of ~18 mA, and that of the negative pulses increased to ~-30 mA. 

This result indicated the initiation of the electrical breakdown between the glass plate and the 

grounded water, where the filaments developed through the micro-pores on the PTFE layer. 

Further increasing the Vpp to 20 kV, the mean amplitude of the pulses increased to ~25 mA 

and ~-45 mA under positive and negative polarity, respectively.  

9.3.2 Discharges in nitrogen 

In N2 discharge, the positive filaments with a mean amplitude of ~10 mA were initially 

observed under positive polarity when the Vpp reached 15 kV. The initial breakdown voltage 

recorded in N2 was higher than that recorded in O2. 

 

Figure 9.4 Voltage and current waveforms recorded in N2 dielectric barrier discharges. 
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Increasing the Vpp to 16.5 kV resulted in the appearance of negative pulses with a mean 

amplitude of ~-5 mA. A threshold voltage of 17.5 kV was recorded in N2 to initiate the 

electrical breakdown through the micro-pores, which is higher than that recorded in O2. 

Increasing the Vpp to 20 kV increased the mean amplitude of positive pulses to ~20 mA and 

negative pulses to ~-10 mA (Figure 9.4). The discharges in N2 leads to the generation of a 

significant amount of metastable state particles, resulting in lower current amplitudes 

compared to those recorded in O2.  

9.3.3 Discharges in air 

In air discharges, the negative current pulses were initially observed to occur at Vpp of 11.5 

kV, lower than those recorded in O2 and N2 discharges. Increasing the Vpp to 13.5 kV led to 

the occurrence of positive pulses. A threshold voltage of 15.5 kV was recorded to initiate the 

electrical breakdown through the micro-pores. The highest impulsive current of 48 mA was 

recorded under negative polarity when the Vpp was increased to 20 kV. Abdeaziz [124] 

investigated the surface DBD with N2/O2 mixtures and found that the positive filaments in 

air have a higher repetition rate than that in N2, which has also been observed in this 

experiment (Figure 9.4 and Figure 9.5). 

 

Figure 9.5 Voltage and current waveforms recorded in air dielectric barrier discharges. 
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9.3.4 DBD power measurement using Lissajous figure  

In ultrapure water 

 

Figure 9.6 Lissajous figure recorded in air discharges with ultrapure water. 

Figure 9.6 shows a Lissajous figure that was recorded using the oscilloscope under air 

discharges with ultrapure water. The x-axis shows the applied voltage that was recorded by 

the HV probe and the y-axis shows the voltage measured across the measurement capacitor 

Cm, which is proportional to current. The currents associated with the discharges at lower 

voltages occurring in the gap between the glass plate and PTFE plate did not affect the 

Lissajous figure, it remained as a single straight line indicating that the charge transfer in the 

system was dominated by a capacitive current; therefore, no plasma-water interface reactions 

can occur, it is expected that the reactive species produced in this case are O3 and O atoms.  

The Lissajous figures started to open up indicating the presence of a significant resistive 

current in the system when the applied voltage reached the threshold voltage for the 

electrical breakdown to develop through the micro-pores on the PTFE plate. The plasma-

water interface reactions will lead to the production of reactive species, and these species 

were then injected into the solutions. In conventional DBD, the Lissajous figure presents a 

parallelogram-shape; however, in this experiment, the Lissajous figure is not an ideal 
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parallelogram. This could be due to the grounded material being water in this experiment, 

which presents both capacitance and resistance during electric discharges. 

In NaOH solution 

A 5-mM NaOH solution was used to investigate the effect of OH
-
 ions on plasma-water 

interface reactions and reactive species production. The discharge power can be calculated 

simply from the Lissajous figure when a parallelogram-shape is presented. However, the 

figures recorded in this experiment were of slightly oval shape; therefore, the power 

consumption was calculated by integrating of the area of the Lissajous figure by using 

MATLAB. 

 

Figure 9.7 Lissajous figure recorded in air discharges with 5-mM NaOH solution. 

The energy consumption for each cycle was 0.18 µJ and 0.22 µJ for the discharges with 

ultrapure water and 5-mM NaOH solution (Figure 9.7), respectively; this corresponds to a 

discharge power of 0.9 W and 1.1 W at the frequency of 5 kHz.   
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9.4 Plasma-water interface reactions with ultrapure water  

9.4.1 H2O2 production  

 

Figure 9.8 H2O2 production in ultrapure water under porous dielectric barrier discharges in air, 

N2 and O2 

Figure 9.8 shows the H2O2 production in various gas discharges. The results demonstrated 

that the H2O2 production was significantly affected by the gas type, reaching 3 µmol, 6.8 

µmol and 9.7 µmol in air, N2 and O2, respectively, after 20 minutes of treatment; 

corresponding to the yields of 0.1 g/kWh, 0.8 g/kWh and 1.1 g/kWh.  

The highest H2O2 production under DBD was recorded in O2, which was 3.2 and 1.4 times 

the production in air and N2, these results are different from that recorded under impulsive 

current discharges (Chapter 6). This may be due to the larger amount of O atoms generated 

during O2 treatments compared to that in N2 and air treatments. The O atoms can react with 

water molecules, thus increasing the production of H2O2 through the reaction R 6.2 [122].  

O
*
 + H2O Ą 2 OH

.
                                           (R 6.2) 

Also, negative O2 ions can be produced through electron attachment reactions and then react 

with water or HO2 radicals to form OH radicals. However, from the previous experiments 
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(Chapter 6 and Chapter 7), it was found almost no H2O2 production was detected under 

negative discharges. Therefore, the negative polarity was assumed to have no significant 

effect on H2O2 production in this experiment. 

O3 was also shown to be generated in O2 discharges. Although the water vapour that formed 

at the plasma-water interface can significantly terminate the O3 formation, the H2O2 formed 

by the reactions between water and the dissolved O3 in solution (R 6.1) should not be 

ignored. Zhang [125] investigated H2O2 production in hybrid discharges and found that the 

formed H2O2 in O2 was at least 3 times higher than that obtained in N2, due to the dissolving 

of O3 in solution.  

O3 + H2O → H2O2 + O2                                          (R 6.1) 

In N2 discharges, only a small amount of O2 can be formed by water electrolysis reactions, 

leading to the production of O atoms. The main pathway for OH radical production in N2 

should be through the charge transfer and the formation of water cations (H2O
+
) (R 2.9, R 

2.15), leading to the production of H3O
+
 and OH radicals (R 2.17). Also, OH radicals can 

also be generated through the reaction between excited N2 and water (R 6.9).  

e
-*

 + N2 → N2
+
 + 2e

-
                                           (R 2.9) 

N2
+
 + H2O → N2 + H2O

+
                                      (R 2.15) 

H2O
+
 + H2O → H3O

+
 + OH

.
                                    (R 2.17)

 
 

N2
*
 + H2O→ N2 + OH

.
 + H

.
                                   (R 6.9) 

In air discharges, large amounts of oxy-nitride can be produced through the reaction of O 

atoms with N2 that occurs at the plasma-water interface. This significantly reduced the 

quantity of O atoms and increased the solution conductivity (discussed in Section 9.4.2). 
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Tert-butanol effect 

A TB solution was employed to terminate the dimerization of OH radicals into H2O2 during 

treatments. The H2O2 production reached 2.7 µmol in N2 discharges, after 20 minutes of 

treatment (Figure 9.9). No TB effect was observed in air-treated samples, which is the same 

as that recorded in impulsive current discharges (Chapter 5 and Chapter 6). It was calculated 

that 6.7% and 61% of H2O2 production in air and N2, respectively, was via the dimerization 

of OH radicals.  

An increase of H2O2 production was observed when TB was used in O2 treatments as with 

the results in Section 6.4.1 there was a very large scatter in the data so this result has been 

omitted from Figure 9.9. This behaviour could be due to the reactions between ROS and the 

TB molecule (as has been discussed in Section 6.4.1). However, this phenomenon has not 

been widely recorded and its mechanism is still not clear. The much lower effect of TB in air 

treatments may also be due to the effect of O2. 
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Figure 9.9 Effect of TB on H2O2 production under porous dielectric barrier discharges in air 

and N2. 
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9.4.2 Variation of solution conductivity 

Figure 9.10 shows the variation of solution conductivity during treatments in air, N2 and O2. 

It was found that the variation of solution conductivity is dependent on working gases, and 

achieved 1257 µS/cm, 448 µS/cm and 675 µS/cm after 20 minutes of treatment in air, N2 and 

O2, respectively. A dramatic increase of solution conductivity was recorded in air treatments, 

the value was 2.8 and 1.86 times the results recorded in N2 and O2; this could be due to the 

significant amounts of oxy-nitride species that are generated at the plasma-water interface; 

all the substances were then injected into the solution, leading to the generation of nitrite 

acid. The minimum variation of solution conductivity was recorded in N2 discharges; this 

may be due to the small amount of O2 formed by electrolytic reactions occurring in N2 

discharges limited the production of oxy-nitride species.  

 

Figure 9.10 Variation of solution conductivity in ultrapure water under air, N2 and O2 

discharges. 
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however, a significant increase of solution conductivity was observed in O2 discharges. This 
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solution conductivity. A similar result was recorded in Burlica’s research [45], although no 

oxy-nitride production was detected in O2-treated samples, a significant increase of solution 

conductivity was recorded. Therefore, the mechanisms of the variation of solution 

conductivity in O2 discharges need further investigation.  
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Figure 9.11 Effect of TB on the variation of solution conductivity under air and N2 discharges. 

When TB was used during treatments, the solution conductivities recorded in air discharges 

were the same as those recorded under no-TB condition. In N2 discharges, the solution 

conductivity reached 229 µS/cm, after 20 minutes of treatment, which is 51% of the value 

recorded under no-TB condition (Figure 9.11). The reduced solution conductivity in N2 may 

be due to the scavenging of N
.
 radicals by TB at the plasma-water interface and in the gas 

phase, thus inhibiting the oxy-nitride species production, leading to a lower variation of 

solution conductivity. No readings of the conductivity were made for oxygen discharges over 

a solution containing TB due to the large spread reported above in the H2O2 concentrations.  
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9.5 Plasma-water interface reactions with NaOH solution 

A 5-mM NaOH solution with a pH of 11.5 was used to investigate the effect of OH
-
 ions on 

H2O2 production. A reduction of H2O2 production was observed in all gas treatments (Figure 

9.12), compared to those recorded in treatments with ultrapure water, indicating the 

scavenging effect of OH
-
 ions on OH radical and H2O2 production. 
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Figure 9.12 H2O2 production for air, N2 and O2 discharges with 5-mM NaOH solution. 

The H2O2 production in basic solution under N2 and air treatments reached 3.8 µmol and 1.6 

µmol, respectively; corresponding to 45% and 47% of H2O2 production being inhibited by 

OH
-
 ions.  

Moreover, the greatest difference appeared in O2 discharges (Figure 9.12), in which almost 

no H2O2 production was detected in solution after 20 minutes of treatment. It can be 

concluded that the OH
-
 ions not only scavenged the OH radicals and H2O2 molecules, but 

also O atoms that are being generated at the plasma-water interface. 
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9.6 Oxygen plasma treatment for methylene blue degradation 

9.6.1 Methylene blue degradation with various solution pH  

The effect of solutions with initial pH values of 2.9, 7 and 11.5 on MB dye degradation was 

investigated under O2 plasma treatments (Figure 9.13). No major differences of MB dye 

degradation rates were recorded among the pH solutions. After one minute of treatment, the 

MB concentration reduced from the initial value of 600 mg/L to 203 mg/L, 178 mg/L and 

139 mg/L in solution of pH 2.9, 7 and 11.5, respectively; this corresponded to 12.4 µmol, 

13.2 µmol and 14.4 µmol of MB dye being degraded. The change in MB concentration in 

each one minute measuring interval decreases with time. The MB dye concentrations were 

further reduced to 78 mg/L, 46 mg/L and 15.6 mg/L for solution pH of 2.9, 7 and 11.5, 

respectively, after 3 minutes of treatment. It is not clear if this is occurring partly from the 

change in concentration of the MB in the solution or also as a result of a multistep 

degradation reaction in the system. However the system does not seem to be following a first 

order reaction kinetic. 
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Figure 9.13 Variation of methylene blue concentration in O2 plasma treatment, with different 

initial pH value.  
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A significant amount of dark-purple particles was observed in the samples after 1 minute of 

treatment. This phenomenon should be due to the first step of MB dye degradation, in which 

one or more methyl groups (-CH3) were shed from the amino group (Figure 9.14) with a 

bond energy of 70.8 kcal/mol (Table 9.1). This reaction changes the colour functional group 

of MB and reduces the peak absorbance at 665 nm wavelength. In addition, the first step of 

degradation transits the dye molecules from methylene blue to insoluble intermediate 

products, which changes the colour of the samples from dark blue to dark purple.  

Table 9.1 Various molecule bond energies [123] 

 

The second stage of dye degradation results in the breaking of complex heterocyclic 

structures of MB dye into single aromatic compounds, by firstly breaking the C-S
+
 bond with 

an energy of 76±2 kcal/mol and secondary breaking the double bond between N atom and 

aromatic ring (C6H5-N-C6H5) with an energy of 87.4 kcal/mol [123]. The variation of sample 

colours from dark purple to dark green proves the formation of new intermediate products. 

Relatively higher energies are required to process these reactions, therefore, evidently 

slowing down the dye degradation rate.  

Molecule bonds   Bond energy (kcal/mol) 

CH3-N(CH3)C6H5  (1) 70.8 

C6H5-S-C6H5  (2) 76±2 

C6H5-NH-C6H5  (3) 87.4 

N(CH3)2-C6H5  (4) 93.2±2.5 

C6H5-NH2  102.6±1 
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Figure 9.14 Schematic of methylene blue dye molecule. 

After 5 minutes of treatment, the MB concentrations were reduced to 37 mg/L, 23 mg/L and 

5.1 mg/L for pH 2.9, 7 and 11.5 solutions, respectively. The amino-groups (-NH2) were 

formed when all methyl groups (-CH3) have been removed and replaced by hydrogen. The 

reactive species start to attack the bond between amino-group and aromatic ring with a bond 

energy of 102.6±1 kcal/mol, leading to further degradation of MB molecule. A very shallow 

green colour was observed after 5 minutes of treatment in all pH solutions, which indicated 

the removal of the majority of MB dye.  

In O2 discharges in contact with water, the effect of excited oxygen atom reaction with water 

and the O3 decomposition in water are considered to be responsible for the OH radical 

formation [24, 25]. The highest degradation rate was achieved for the initial solution pH of 

11.5. The high degradation rate may be due to the large amounts of O3 decomposition in 

basic solution. This result is in opposition to that recorded in previous experiments in this 

thesis, where the H2O2 production was significantly reduced in basic solutions (5-mM 

NaOH). One of the possibilities is that when target reactants, MB and its decomposition 

products exist in the solution, the OH radicals react with target reactants first rather than 

react with OH
-
 ions or process the dimerization reaction. Another option is that the OH

-
 ions 

in solution led to a higher dissolving and decomposition rate of O3 in solution, leading to the 

production of a series of reactive species (Table 9.2) [126], thus increasing the MB dye 

degradation rate.   
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Table 9.2 Decomposition reactions of O3 in basic solution [126] 

The reaction chain is initiated by O3 reacting with OH
-
 ions in basic solution to form HO2

-
 

ions (R 9.1), which is neutralized by transferring attached electron to O3 molecules (R 9.3). 

The O3 negative ion can react with water, leading to the production of OH radicals, O2 and 

hydroxide ions (R 9.6). Other reactive species such as HO2
.
, O2

-
, O3

- 
can also be produced 

during O3 decomposition. Reactions R 9.7-9.9 show the propagation and termination 

reactions of OH radicals. The O3 decomposition rate can be enhanced by increasing solution 

pH. With a higher solution pH, more OH radicals can be formed, thus reducing the selective 

manner of O3 treatment and increasing the reaction rate. Hoigne [127] investigated O3 

decomposition in alkaline solutions and found that neutral pH solutions do not improve the 

dissolving and decomposition rate of O3; the oxidation of organic compounds in high pH 

solutions is more efficient.  

Sehested [128] investigated O3 decomposition in acidic solutions and found that the 

dissociation of O3 in solution leads to the formation of oxygen atoms (R 9.10), which can 

react with water to produce OH radicals (R 9.11). They concluded that the O3 decomposition 

chain was initiated by O3 reacting with OH radicals to form HO2 radicals (R 9.12). The slow 

reaction rate of HO2 radicals with O3 leads to high stability of O3 (R 9.13) in acidic solutions. 

The dissociation of HO2 radicals in solution leads to the decomposition of O3 (R 9.14-R 

9.17). 

 

 

Reactions   

O3 + OH
- 
→ O2 + HO2

-
  (R 9.1) 

O3 + e → O3
-
  (R 9.2) 

HO2
- 
+ O3 → HO2

. 
+ O3

-
  (R 9.3) 

HO2
. 
+ OH

-
 → H2O + O2

-
  (R 9.4) 

O2
- 
+ O3 → O2 + O3

-
  (R 9.5) 

O3
- 
+ H2O → OH

.
 + O2 + OH

-
  (R 9.6) 

O3
- 
+ OH

.
 → O2

- 
+ HO2

.
  (R 9.7) 

O3
- 
+ OH

.
 → OH

-
 + O3  (R 9.8) 

OH
.
 + O3 → HO2

.
 + O2  (R 9.9) 
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Table 9.3 The decomposition reactions of O3 in acidic solutions [128] 

 

  

Reactions   

O3 ↔ O + O2 (R 9.10) 

O + H2O → 2 OH
. 
 (R 9.11) 

OH
. 
+ O3 → HO2

.
 + O2 (R 9.12) 

HO2
.
 + O3 → OH

.
 + 2O2 (R 9.13) 

HO2
.
 → O2

-
 + H

+
 (R 9.14) 

O2
-
 + O3 → O3

-
 + O2 (R 9.15) 

O3
-
 + H

+
 → OH

.
 + O2 (R 9.16) 

OH
.
 + HO2

. 
→ H2O + O2 (R 9.17) 
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Tert-butanol effect 

Figure 9.15 shows the effect of TB during plasma treatments with acid solution of pH 2.9. 

The differences of 18.5%, 14% and 11%, were recorded between the treatments without and 

with TB, respectively, after 1, 3 and 5 minutes of treatment; the O3 dissociation in acid 

solution into OH radicals is very limited with pH 2.9 solution. 
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Figure 9.15 Effect of TB on MB dye degradation in pH 2.9 solution. 

 

In solutions of pH 7 (Figure 9.16), the TB effect was increased to 20.3%, 19% and 18% after 

1, 3 and 5 minutes of treatment, respectively. Larger differences of 25.6%, 28% and 22% 

were observed in basic solution of pH 11.5 (Figure 9.17), after 1, 3 and 5 minutes of 

treatment, respectively. Grabowski [95] investigated phenol removal under positive pulsed 

corona discharges in air and found that the addition of TB in solution decreased the 

degradation yield by 12.8 %. 
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Figure 9.16 Effect of TB on MB dye degradation in pH 7 solution. 
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Figure 9.17 Effect of TB on MB dye degradation in pH 11.5 solution. 
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Smaller gas bubble sizes, due to the gas injection, were observed during the treatments when 

TB was used, compared to those with no TB was added; this phenomenon was also recorded 

in Lopez’s study [108]. This could be due to the fact that TB acts as a surfactant in solution. 

Lopez investigated the influence of TB, with a concentration of 10
-3

 mol/L, in mass transfer 

during bubbling-up oxidation processes and found that the additional TB reduced the bubble 

size compared to that recorded in no-TB conditions. Equation 9.1 and 9.2 shows the 

calculation of bubble sizes without and with additional TB. Lopez found that the interfacial 

area was increased with increasing gas velocity; also, the addition of TB enhances the 

interfacial area by approximately 30%, due to the reduction of gas bubble size.  

𝑑𝑛𝑜−𝑇𝐵 = 0.14𝑈𝐺 + 3.06 × 10−3                               (Eq. 9.1) 

𝑑𝑇𝐵 = 0.133𝑈𝐺 + 1.94 × 10−3                                (Eq. 9.2) 

𝑑            Average of gas bubble size in the unit of mm 

𝑈𝐺          Gas velocity in the unit of m/s 

The changing size of the bubbles and the change in surface area could affect the production 

of H2O2. The influence of bubble size will be affected by the chemical reaction pathways 

involved in H2O2 production and their relative importance. There is insufficient information 

at present to allow the influence of this effect to be calculated.  
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9.6.2 Variation of MB dye solution pH  

Without the addition of TB in basic solutions, the pHs were reduced from 11.5 to 4.5 after 5 

minutes of treatment (Figure 9.18). However, when TB was used, the H
+
 ions production 

was significantly inhibited; the pH after 5 minutes of treatment was recorded as 10.1. In O2 

plasma treatment for methylene blue degradation, the change in solution pH was attributed to 

the degradation of MB dye, leading to the production of organic and inorganic ions such as 

SO4
2-

, Cl
-
 and NO3

-
. The application of TB which scavenged the OH radicals, slowed down 

the degradation of the dye molecules, leading to a slower pH reduction rate. 
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Figure 9.18 Effect of TB on the variation of solution pH in pH 11.5 MB dye solution. 

With addition of TB, almost no solution pH variation (<0.1) was observed in the acid 

solutions of pH 2.9. The solution pH reductions were generally observed in organic dye 

degradation, due to the cleavage of acid elements from compound molecules to generate acid 

radicals (Figure 9.19-9.21) [34]. Reddy [85] investigated the methylene blue degradation by 

the liquid phase DBD and also observed the solution pH reduction from pH 7 to less than 2.  
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9.6.3 Discussion 

The degradation of methylene blue leads to the final production of CO2 and inorganic ions 

such SO4
2-

, Cl
-
 and NO3

-
. However, different oxidation pathways of MB degradation have 

been suggested for different methods of MB dye treatments.  

Huang [123] investigated the MB degradation mechanism in air plasma and found that the 

colour of the treated samples changed with time from dark blue to dark purple and then to 

green, which were similar to the phenomena observed in this research. However, the 

variation of solution colour from blue to purple and green were not observed in all methylene 

blue degradation studies. For example, Tang [129] investigated MB degradation by 

photocatalytic reactions and observed the blue colour becoming lighter during treatments 

rather than transit to a different colour. This could be due to the different degradation 

mechanisms of MB by various treatments.  

 

Figure 9.19 The degradation path of the methylene blue molecule [123]. 
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Huang [123] used an emission spectrum and found that the main oxidants produced at the 

plasma-water interface were O3, OH
.
, H2O

+
, N2O

+
. Huang also used a GC-MS to determine 

the intermediate products of MB degradation and concluded that the first step of MB 

degradation is the cleavage of bonds of methyl from amidogen (CH3-N(CH3)-) with a 

relatively low energy (Table 9.1) (Figure 9.19). The second step is the cleavage of bonds 

between the two aromatic rings, separating the dye molecules into two aromatic compounds. 

The amidogen and sulphate groups were replaced by hydroxyl radicals, reducing the 

molecular weight of compounds and lead to further oxidation of the aromatic ring to 

generate organic acid, which can result in the solution pH reduction. Finally, organic acids 

were further degraded into CO2.  

 

Figure 9.20 The degradation path of the methylene blue molecule [130]. 
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Benetoli [130] investigated the MB degradation by pin-to-water electrode discharges and 

used pyrite as a catalyst, leading to the decomposition of generated H2O2 into OH radicals. 

Benetoli concluded the dye degradation pathways are (i) high energy electron impact 

reactions, leading to the removal of functional groups on aromatic rings and the separation of 

heterocyclic compounds into aromatic compounds; and (ii) consecutive attachment of OH 

radicals to the benzene ring, leading to the increase of molecular weight and the cleavage of 

aromatic rings (Figure 9.20). The second pathway was also reported in Oliveira’s study [131]. 

Xue [132] investigated the hybrid DBD for Alizarin Red degradation and concluded that the 

first step for organic dye degradation is to remove the functional groups that are attached to 

the heterocyclic compounds, which is similar to the conclusion in Benetoli’s study [130].  

 

Figure 9.21 Photocatalytic degradation pathway of methylene blue; detected by GC/MS (a), 

detected by LC/MS (b) [133]. 
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Houas [133] investigated the degradation pathway of methylene blue under photo-catalysis 

treatment and concluded that the initial degradation step was to break the C-S
+
=C bonds, 

resulting in the formation of sulphate ions; this opinion is significantly different from the one 

recorded in Huang’s study. Houas also employed GC-MS and LC-MS to identify the 

intermediates during MB degradation, and concluded that the reaction pathways are (i) 

cleavage of the bond between amino and aromatic ring (C6H5-NH-C6H5), (ii) reaction of C-

S
+
=C bonds with OH radicals (R 9.18), leading to the cleavage of the bond between sulphur 

and aromatic ring, separating the dye molecules into two aromatic compounds (Figure 9.21).  

R-S
+
-R’ + OH

.
 → R-S(=O)-R’ + H

+                                        
(R 9.18) 

Reddy [85] found that the degradation of MB resulted in a significant amount of sulphate 

production. They investigated the effect of 𝑆𝑂4
2− ions on MB degradation and found the 

degradation rate was slightly (5-10%) increased when 50 mg/L of Na2SO4 was added to 100 

mg/L MB solution. During the treatments, 𝑆𝑂4
2− ions can react with OH radicals (R 9.19) to 

form 𝑆𝑂4
−.  and OH

-
 ions. The 𝑆𝑂4

−. ion has an oxidation potential of 2.6 V, which is 

comparable to that for OH radicals of 2.8 V.  

𝑆𝑂4
2− + OH

.
 → 𝑆𝑂4

−. + OH
-
                                (R 9.19) 

Multiple studies have recorded the effect of solution pH on the oxidation potential of 

reactive species. Hoigne [127] found that the oxidation potential of O3 is 2.08 V in acid 

solution, however, decreased to 1.4 V in basic solution. Gao [134] determined that the 

oxidation potential of OH radicals reached a maximum of 2.7 V in solutions of pH 3, and 

dropped to 2.34 V in solutions of pH 9. Therefore, the oxidation potential of various reactive 

species in different pH solutions needs to be further investigated. This will provide 

information that will allow the feasibility of non-thermal plasma treatment to be applied to 

solution s with non-neutral pH. It may also be possible to tune the discharges conditions to 

maximize the production of reactive species with a high oxidation potential for a given pH 

value.  
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9.7 Conclusion 

A DBD configured reactor with a porous PTFE plate was used in this experiment. The 

porous PTFE allows the development of plasma filaments through the micro-pores, leading 

to the production of reactive species at the plasma-water interface. Currents with small 

amplitudes were recorded under Vpp of <15.5 kV, indicating the discharges occur between 

the glass plate and the PTFE plate. Threshold voltages of 16 kV, 17.5 kV and 15.5 kV in O2, 

N2 and air, respectively, are required to initiate the electrical breakdown through the micro-

pores to the water surface; in this case, a significant increase of the impulsive current was 

observed.  

The highest H2O2 production yield of 1.1 g/kWh was obtained in O2 treatment with ultrapure 

water. Due to the results that no H2O2 production was detected under negative impulsive 

current discharges in O2 (Chapter 6), the H2O2 production recorded in O2 DBD can be fully 

attributed to the effect of the positive impulsive currents. Although no nitrite or nitrate acid 

was detected in O2-treated samples, the solution conductivity increase recorded in O2 was 

higher than that in N2, which could be due to the electron attachment reactions occurring at 

the plasma-water interface. In air and N2 treatments, the added TB determined that 6.7% and 

61% of H2O2 was generated from the dimerization of OH radicals, respectively. The effect of 

OH
-
 ions was investigated, a significant reduction of 100%, 47% and 45% of the H2O2 

production in O2, N2 and air, respectively, was recorded.  

In terms of O2 plasma for MB degradation, no significant effect of initial solution pH was 

recorded. The highest MB dye degradation yield of 310 g/kWh was achieved within the first 

minutes of treatment in solutions of pH 11.5. The degradation rate of MB dye was slowed 

down by the production of hard-degraded intermediate matter. The required energy for bond 

breakage ranges from 70.8 J to 102.6±1 kcal/mol (Table 9.1). The transition of sample 

colours from dark blue→ dark purple→ dark green→ light green→ transparent was 

observed, which presented the different intermediate products of MB. After 5 minutes of O2 

plasma treatment, 94%, 96% and 99% of MB dye were discoloured in solutions of pH 2.9, 7 

and 11.5, respectively.  

The addition of TB indicated that OH radicals contributed to up to 28% of MB dye 

degradation in various pH solutions. A solution pH reduction after 5 minutes of treatment 

was recorded, which indicated the production of organic and inorganic acids due to the 

degradation of MB molecules. 
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9.8 Further work 

The DBD characteristics in various gases need to be further investigated. Various gas flow 

rates can lead to different contact time of the charged particles with water; in this case, the 

effects of gas flow rates need to be investigated. On the other hand, the effect of the pore 

number on the PTFE layer on reactive species productions can be investigated in the future. 

The remarkable solution conductivity changes in O2 treatment need to be investigated further.  

The methylene blue degradation in plasma with various gases such as N2 and helium needs 

to be investigated, in which cases neither O3 nor excited O atoms attend but only electrons 

and ions take part in degrading the organic compounds; TB can be added to obtain the OH 

radical formation without any oxygen element effect. In addition, the intermediate products 

need to be investigated by either physical or chemical methods. Huang [123] employed 

sodium carbonate as a radical scavenger and the degradation rate of MB was observed to 

decrease with increasing scavenger concentration; in this case, the effect of the concentration 

of OH radical scavengers needs to be further investigated.  

.  
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10 CONCLUSION  

This research employed various experimental systems to investigate the (i) effect of solution 

conductivity on discharge current behavior; (ii) OH radical formation in different gases; (iii) 

difference of DC glow and impulsive current discharges; (iv) effect of flow liquid cathode; 

(v) effect of solution pH change and (vi) OH radical effect on methylene blue degradation. 

Table 10.1 shows the main factors included in the experiment for each chapter.  

Table 10.1 Experimental factors for each chapter  

Chapter No. 4 5&6 7&8 9 

DC power ▲ ▲ ▲  

High frequency 

power 

   ▲ 

Various conductivity ▲ ▲ ▲  

Oxygen  ▲  ▲ 

Nitrogen   ▲ ▲ ▲ 

Helium   ▲ ▲  

Air  ▲ ▲ ▲ ▲ 

Tert-butanol  ▲ ▲ ▲ 

Various pH ▲ ▲ ▲ ▲ 

MB dye degradation    ▲ 
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10.1 Discharge characteristics 

Positive impulsive current discharges in open air  

The characteristics of impulsive current discharges were investigated in open air under 

positive and negative polarity. Various solution conductivity and different discharge current 

was employed to investigate the effect on discharge current. Under electrical discharges 

above ultrapure water, impulsive discharge currents with amplitudes of several tens of mA 

and pulse width of ~15 ns were recorded at the start of discharge under positive polarity. The 

inhibition of discharge occurred due to the accumulation of charges on the water surface. 

Increasing the treatment time raised the solution conductivity and the impulsive current 

amplitude, and decreased the charge accumulation effect. The discharge was no longer stable 

when the solution conductivity was increased to 3.5 µS/cm and a wavy voltage waveform 

occurred. A long-duration charging period started to occur when the solution conductivity 

was increased to 5.5 µS/cm.  

The transition of discharge type from impulsive to impulsive-diffuse discharge was noticed 

when the solution conductivity was increased to 17.5 µS/cm, in which case most of the high-

repetition-rate pulses were replaced by a tail current. Further increases in the solution 

conductivity raised the amplitude and reduced the duration of the discharge current. After 20 

minutes of discharge above ultrapure water, the solution conductivity was increased from the 

original value of 0.5 µS/cm to 72 µS/cm.  

A similar discharge current waveform was measured in the electric discharge above tap 

water (65 µS/cm). No significant difference was observed when the discharge occurred with 

solution conductivity from 65 to 108 µS/cm. Further increases in solution conductivity by 

using different concentrations of NaOH increased the amplitude of the discharge current and 

decreased the duration of the tail current. Moreover, increased solution conductivity reduced 

the interval between the impulsive current and the tail current. A spark discharge with 

current amplitude of ~1 A occurred when the solution conductivity was increased to >12 

mS/cm. 
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Positive impulsive current discharges in sealed reactor with air, nitrogen and helium 

Under the positive impulsive current discharges in N2 above ultrapure water, an impulsive 

discharge was recorded at the beginning of treatment. As recorded in air discharges, a transit 

of discharge type into impulsive-diffuse discharge was noticed when the solution 

conductivity was increased to 133 µS/cm in N2. The amplitude of the tail currents in N2 

discharges is higher than those recorded in air, which indicated that a stronger diffuse 

discharge was generated. Under the positive impulsive current discharges in helium above 

ultrapure water, corona discharges were recorded; however, different from those recorded in 

air and N2, the discharge transition to diffuse type was not observed in helium with increased 

solution conductivity. In addition, the solution conductivity change in helium reached 88 

µS/cm, and this phenomenon needs to be further investigated.  

Under the positive impulsive current discharge above 5-mM NaOH solution, corona-diffuse 

discharge was observed in air, N2 and helium. The discharge current recorded in N2 obtained 

lower impulsive current amplitude, followed by a tail current with a higher amplitude. In 

helium discharges, no clear separation of the impulsive and the tail current can be observed. 

In this case, the transition of discharge type in N2 and helium needs to be investigated in 

detail in the future.  

Under the controlled impulsive discharges, a tail current component was observed in all gas 

treatments, which indicated the development of a diffuse discharge after the impulsive 

current discharge. Under positive polarity, the amplitude of the discharge currents in O2 and 

N2 were slightly higher (~150 mA) than those recorded under negative polarity. On the other 

hand, a significant reduction of current amplitude from ~800 mA to ~200 mA was recorded 

under negative helium discharges.  

Positive DC discharges 

A DC glow discharge was developed with a pin-to-water electrode structure. The lifting of 

the ultrapure-water (0.5 µS/cm) surface, which leads to the connection of water to the pin 

electrode, was noticed; the problem was solved by using tap water (65 µS/cm). A depression 

of the tap water surface, which formed a depression region, was observed after the inter-

electrode breakdown; the diameter of the depression region decreased with increasing 

solution conductivity.  
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Negative impulsive current discharges in open air 

Under negative polarity, a DC corona discharge was generated above ultrapure water, which 

then transited into DC glow discharge after 20 minutes of treatment, when the solution 

conductivity was increased to 21 µS/cm. The current waveforms observed with solution 

conductivity ranging from 65 µS/cm to 22 mS/cm have a similar appearance to the impulsive 

currents recorded under positive polarity; also, the amplitude of the impulsive current was 

slightly higher under negative polarity. Increasing the applied voltage raised the repetition 

rate and the amplitude of the discharge current, moreover reducing the interval between the 

impulsive and the tail current. It was found that the discharge characteristics are polarity and 

solution conductivity dependent.  

Dielectric barrier discharge  

The breakdown at the inter-electrode between the glass plate and the PTFE plate was 

initiated with a peak-to-peak applied voltage of <15.5 kV; low-amplitude currents were 

noticed (<10 mA) in this case. Threshold voltages of 16 kV, 17.5 kV and 15.5 kV in O2, N2 

and air, respectively, are required to initiate the inter-electrode breakdown through the 

micro-pores, resulting in a significant increase of the impulsive current amplitude, from ~10 

mA to ~48 mA, in all gas treatments. The amplitudes of the negative discharge currents 

observed in O2 were higher than that obtained under positive polarity; however, a converse 

result was observed in N2. 
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10.2 Chemical reactions 

Positive impulsive current discharges 

OH radical and H2O2 production have been investigated in air, N2, O2 and helium discharges 

above ultrapure water and 5-mM NaOH solutions. The highest H2O2 production was 

recorded in helium discharges above ultrapure water, corresponding to an OH radical yield 

of 20 µmol. The addition of tert-butanol terminated the dimerization of OH radicals in 

ultrapure water which contributed to 4%, 74% and 68% of the H2O2 production in air, N2 and 

helium, respectively. A remarkable scavenging of OH radicals was noticed in the discharges 

above 5-mM NaOH solution, which led to a significant difference of up to 183 times 

between the fluorescence- and UV-spectrometry methods. Therefore, the applicability of 

fluorescence spectrometry by using TA solution to measure OH radical formation needs to 

be further investigated.  

Under controlled positive impulsive current discharges, H2O2 energy yields of 1.1 g/kWh 

was recorded in N2 and helium discharges, which is higher than the 0.95 g/kWh and 0.62 

g/kWh that recorded in O2 and air, respectively. The highest charge/H2O2 ratio of 1:26 was 

recorded in N2 and O2 and the lowest ratio of 1:0.74 was recorded in air treatment. It was 

determined by tert-butanol studies that 86% and 57% of H2O2 production in N2 and helium 

treatments, respectively, is via OH dimerization.  

Positive DC discharges 

A significant amount of water vapour was generated under positive DC glow discharges, due 

to the energy transfer from positive ions to water molecules. The discharge powers were 

recorded ranging from 2.35 to 3.54 W in air, N2 and helium. A dramatic solution 

conductivity and pH variation was recorded when no gas flow was introduced during 

treatments. With a gas flow of 0.3 L/min, H2O2 production was significantly increased, and 

the energy yield reached 1.9, 1.4 and 1.6 g/kWh in air, N2 and helium, respectively. The 

highest H2O2 energy yield was achieved in air discharge, which is in opposition to results 

obtained under impulsive current discharges. The higher charge/H2O2 ratios of 1:1.03 and 

1:1 were recorded in air and N2, respectively, while a lower ratio of 1:0.88 was recorded in 

helium. The added OH radical scavenger determined that 48%, 93% and 100% of H2O2 

production obtained in air, N2 and helium with a gas flow of 0.3 L/min, respectively, was via 

OH dimerization. These results are different from those recorded under impulsive current 
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discharges, indicating the different mechanisms of reactions occur at the plasma-water 

interface. In helium treatments, the highest H2O2 energy yield of 1.65 g/kWh was achieved 

with a gas flow of 0.1 L/min. The water vapour amount has a critical effect on H2O2 

production; the inhibition of H2O2 production occurred when a gas flow of ≤ 0.06 L/min 

was introduced; however, increasing the flow rate to > 0.5 L/min led to the reduction of 

H2O2 production. Therefore, the effect of various gas flow rates on plasma-water interface 

reactions needs to be further investigated.  

It was found that the solution pH (acid and basic) have a negative effect on H2O2 production. 

Compared to the ratio of 1:1.03 recorded in tap water, the ratios in solutions of pH 4 and pH 

3.2 decreased to 1:0.95 and 1:0.72, respectively. On the other hand, the ratio in the solution 

of pH 12 and pH 13 decreased to 1:0.82 and 1: 0.1.  

Negative impulsive current discharges  

Under negative impulsive current discharges, no H2O2 production was detected in O2, N2, air 

and helium discharges. On the other hand, a significant increase of solution conductivity 

being observed in O2, which should be due to the electron attachment reaction occurred at 

the plasma-water interface. The solution conductivity variation under negative discharges in 

air and N2 was reduced by 70% and 99%, respectively, compared to that recorded under 

positive discharges. 

Negative DC discharges  

No H2O2 production was observed in air, N2 and helium treatments under negative DC glow 

discharges. The solution conductivity variations under negative discharges were reduced by 

~78% in air and N2. In helium treatment, the increase of solution pH was recorded under a 

gas flow of 0.3 L/min, and this phenomenon needs further investigation.  

Dielectric barrier discharge  

The highest H2O2 production observed in the DBD treatment occurred in O2; a yield of 1.1 

g/kWh was recorded in the discharges with ultrapure water. Due to no H2O2 production 

being detected under negative impulsive current discharges in O2 (Chapter 6), the H2O2 

production observed in O2 DBD can be fully attributed to the effect of the positive impulsive 

currents.  
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Under discharges with NaOH solutions, a significant reduction of 45% and 47% of H2O2 

production in N2 and air, respectively, was recorded; also, no H2O2 production was detected 

in O2-treated samples, indicating the scavenging of OH
-
 ions not only occurred with H2O2 

and OH radicals, but also with O atoms.   

In terms of methylene blue degradation, no significant effect of initial solution pH value was 

recorded in Air, N2 and O2 treatments. The required energy for bond breakage ranges from 

70.8 J to 102.6±1 J; the highest MB dye degradation yield of 310 g/kWh was achieved 

within the first minutes of treatment in pH 11.5 solution. The reaction rates of MB dye in 

various pH solutions were all slowed by more-difficult-to-degrade compounds after the first 

oxidation stage. After 5 minutes of O2 plasma treatment, 94%, 96% and 99% of MB dye 

were discoloured in pH 2.9, 7 and 11.5 solutions, respectively. The transition of sample 

colours from dark blue to light green was observed, which illustrated the different 

intermediate products of the MB dye. The employed TB indicated that ~28% of this dye was 

degraded by OH radical reactions in various pH solutions. 

10.3 Conclusion 

The variation of discharge behaviour with different solution conductivity, power polarity, 

and working gas has been clarified in this research. The variation of H2O2 production with 

different discharge type, solution pH, working gas, gas flow rates, liquid flow rates and 

power polarity has been investigated in this research. The highest H2O2 production of 1.9 

g/kWh was achieved under positive DC glow discharges with an introduced gas flow of 0.3 

L/min.  

This thesis has achieved desired results to clarify discharge characteristics and H2O2 

production pathways for above-water discharges. This research fills the gap of the variation 

of discharge current under pin-to-water electrode discharge with different solution pHs, and 

improves the H2O2 production yield compared to most previous studies.  

This thesis has achieved desired results to clarify discharge characteristics and H2O2 

production pathways for above-water discharges. This research fills the gap of the variation 

of discharge current under pin-to-water electrode discharge with different solution pHs, and 

improves the H2O2 production yield compared to most previous studies.  
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The research demonstrated a method for simple and more affordable water treatment systems 

by using DC power supply and high voltage capacitor, thus getting rid of the expensive 

pulsed power system.  

This research clarified that the negative impulsive current discharges is poor generator of 

H2O2.  

In addition, this research investigated a system working with a flowing water cathode and 

found the H2O2 production yield increased.  

This research also found the applicable of OH radical measurement method by using 

terephthalic acid (TA) is doubtful due to the requirements for a basic solution which itself 

effects the concentration of OH radicals in the system.   
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13 APPENDIX I: DISCHARGE CURRENT 

CHARACTERISTICS (CHAPTER 4) 

13.1 Discharge current in tap water from 1 to 10 minutes of treatment under 3 

kV applied voltage  

 

Figure I-1 Discharge current recorded under applied voltage of 3 kV, in tap water, for 1 minute 

of treatment. 
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Figure I-2 Discharge current recorded under applied voltage of 3 kV, in tap water, for 5 

minutes of treatment. 

 

Figure I-3 Discharge current recorded under applied voltage of 3 kV, in tap water, for 10 

minutes of treatment. 
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13.2 Discharge frequency in tap water from 0 to 10 minutes of treatment under 

3-kV applied voltage  

 

Figure I-4 Discharge frequency recorded under applied voltage of 3 kV, in tap water, for 0 

minute of treatment. 

 

Figure I-5 Discharge frequency recorded under applied voltage of 3 kV, in tap water, for 1 

minute of treatment. 
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Figure I-6 Discharge frequency recorded under applied voltage of 3 kV, in tap water, for 5 

minutes of treatment. 

 

 

Figure I-7 Discharge frequency recorded under applied voltage of 3 kV, in tap water, for 10 

minutes of treatment. 
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13.3 Discharge current in tap water from 1 to 10 minutes of treatment under 5-

kV applied voltage  

 

Figure I-8 Discharge current recorded under applied voltage of 3 kV, in tap water, for 1 minute 

of treatment. 

 

Figure 1-9 Discharge current recorded under applied voltage of 3 kV, in tap water, for 5 

minutes of treatment. 
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Figure I-10 Discharge current recorded under applied voltage of 3 kV, in tap water, for 10 

minutes of treatment. 
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13.4 Discharge frequency in NaOH solution from 250 µS/cm to 22 mS/cm 

under 3-kV applied voltage  

 

Figure I-11 Discharge frequency recorded under applied voltage of 3 kV, in 250 µS/cm solution. 

 

Figure I-12 Discharge frequency recorded under applied voltage of 3 kV, in 2.4 mS/cm solution. 
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Figure I-13 Discharge frequency recorded under applied voltage of 3 kV, in 22 mS/cm solution. 
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14 APPENDIX II: CONTROLLED IMPULSIVE 

DISCHARGE CURRENT (CHAPTER 6) 

14.1 Positive discharge current in tap water with air, nitrogen, oxygen and 

helium treatment   

 

Figure II-1 The nanosecond impulsive current recorded under positive air discharges.  
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Figure II-2 The nanosecond impulsive current recorded under positive nitrogen discharges. 

 

 

Figure II-3 The nanosecond impulsive current recorded under positive oxygen discharges. 
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Figure II-4 The nanosecond impulsive current recorded under positive helium discharges. 
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14.2 Negative discharge current in tap water with air, nitrogen, oxygen and 

helium treatment   

 

Figure II-5 The nanosecond impulsive current recorded under negative air discharges. 

 

 

Figure II-6 The nanosecond impulsive current recorded under negative nitrogen discharges. 
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Figure II-7 The nanosecond impulsive current recorded under negative oxygen discharges. 

 

 

Figure II-8 The nanosecond impulsive current recorded under negative helium discharges. 
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15 APPENDIX III: EFFECT OF WATER ELECTRODE 

DEPTH AND SOLUTION INITIAL PH (CHAPTER 8) 

15.1 Effect of different liquid cathode depth 
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Figure III-1 Effect of different depth of water electrode on H2O2 production.  
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Figure III-2 Effect of different depth of water electrode on the solution pH. 
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15.2 The variation of solution conductivity and pH for various initial pH 

solutions 
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Figure III-3 Effect of different depth of water electrode on solution pH.  
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Figure III-4 Effect of different depth of water electrode on solution pH. 


