Strathclyde

Engineering

University of

ELECTRONIC & ELECTRICAL ENGINEERING

PLASMMWTER THRFAC
REACTI ONS CAUSED
POSI TI VE CORGONAW AN
DI SCHARGES

A thesis presented in fulfilment of the requirement for

the degree of

Doctor of Philosophy

Zhongshu Zhang B.Eng(Honours)

2020

Department of Electronic and Electrical Engineering
University of Strathclyde

Glasgow, UK



Declaration of Authenticity and
Author's Rights

0This thesis is the result of the aut
by the author and has not been previously submitted for examination which has

|l ed to the award of a degree. 0

"The copyright of this thesis belongs to the author undeethestof the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation
3.50. Due acknowledgement must always be made of the use of any material

contained i n, or deri ved fr om, t his t

Signed: jumgghu ikfl/\ﬂ

Date:21/09/2020



Acknowl edgement

Firstly, 1 would like to thank Dr. Tao Wang faroviding the opportunity of
doing this PhDproject During the past several years, | have always been
appreciating his help in this research, as wethascaring in my study and life

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

would beunforgettable experiencasmy life.

| would like to expressthanks to Prof. Scott MacGregor for theupervision
support and thdéelp. Many thanksto Dr. Igor Timoshkin forhis invaluable
advice and discussions through my reseahhny thanksto Dr.Michelle
MacLean for theigeneroushelp in the researclespecially providing chemical
and biometric advice and instrumeritsvould like to express my gratitude to
Dr. Martin Given and DrMark Wilsonfor their commentsand corrections on

my academic paper.

Thanks to all thetaffin the HighVoltage Workshop: Sean Doak, Andy Carlin,
Frank May, and David Griffin for their helmn machining reactors and
experimental equipmeirt this researchMany thanks to Mrs. Maureen Cooper

for herpatientassistancandorderof laboratory supplies

Thanks to all my colleagues in the HVT Research Grade had many
interesting discussions, as well as colourful days in thellamuld like to
express my special thanks to my good friend, Dr. Ying Sun, for the five years
we have had together in Glasgow. There are so many warm memories that |

would never forget in my life.

| would also like to thank my family for thegreat help andove in mylife.
Particularly 1 would like to expressmy appreciation to my wifeHer

companionshiphelp and lovemake me full of passioand happiness for life



Abstract

Plasmain and in contact withvaterhas drawn extensive attention in the field

of advanced oxidation processes, due to its advantages of producing various
reactive species such as O, OH, 4160, and Q in water Plasmawater
interface reactions are one of the core challenges in this field since it involves
multiple physical and chemical processes leading to complex mechanism of
mass/energy transfer and reactive species production at interface. Exploration
of the plasmawater interface reactions would promote the wide application of

plasma in environmental remediation and plasma medicine.

The objective of this research is to investigateitiberfacereactions between
water cathode and positiy@asmaproduced i two types of gas discharges:
corona discharge producihgw energydrift positive ions and glow discharge
producing energetic positive ions. A nineedle electrode was developed to
initiate d.c. corona discharga nitrogen and oxygerThe experiments ith a
mesh cathodabove water and a water cathode were conducted to explore the
effects of ions and reactive neutral speci@kw discharge was generated
between a singlaeedle anode and water cathode in nitrogen, oxygen and
helium. The electrical chatteristics of the discharges have been studied. The
treated solutiomhave been investigated, including hydrogen peroxid®©{H
production, pH and conductivity changEhe effects of gas flow rate, gas
pressure and hydroxyl radical (OH) scavengers e@®:Hroduction were
studied.

In corona discharges, the contribution of positive ions and reactive neutral
species to kD production has been quantified. An analytical model that
describes interface processes has been develdpeddrift positive ions
accunulated on water surface acted as-amode, on which the adsorbed
hydroxyl radical fOH) and oxygen radicaffO) were formed.The HO:



production under both nitrogen corona discharge and oxygen corona discharge

was proved not from the OH dimeation.

In glow discharge, thamount ofhydrogen peroxideH;O.) produced by each
positive ion has been proved higher than that in corona discharge, which is
thought caused by the large kinetic energy ofitp@sions.In nitrogen and
helium glow dischargethe majority of HO2 production was found to be from

OH dimerization. Oxygen glow discharge did not produce OH in wates
effects of 1 onsdé kinetic enereagtpnsand

were discussed.
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Chapter 1 Introduction

1. ntdwcti on

1.1 Motivation

Advanced oxidation processes (AOPSs) relying on producing strongly oxidative
hydroxyl radicals(OH) have attractedignificant attention in water treatment
since it wadirst proposedn 1987by Glaze et al1]. Their work reviewed the

OH yield in the systems ajzone (s) at high pH,ozone/hydrogen peroxide
(Os/H20,) ratios, ozone/ultraviolet radiatio(Os/UV), and HO./UV. OH
radicab can nonselectively and rapidly oxidize multiple types of non
degradable organics (such as aromatics, dyes, pharmaceuticals and pesticides
[2]) and volatile organic compoundsu@ter, carbon dioxideand inorganic salt
without introducing hazardous 4pyoducts in sewage watetherefore, by
generating strong oxidizing free radicals (particularly OH) in situ, which can
significantly degradeorganiccontaminantsAOP is expected to become the

ultimate solution for watareatmenin the future [11]

In addition to conventional AOPs, the interaction of plasma and liquid water
canalsoproduce largeguantitiesof active substances water, including OH,
H20,, Os, radical oxygen @), hydroperoxyl radical (Hg), UV light ard
shockwaves [3]Compared with conventional AOPs techniques, plagaizr
interactions have the benefits of mhemical consumables, vast array of
oxidation processes, superior decomposition rates and simple strugtuses
implies that plasma inducedAOPs have the potential to revolutionise

conventional water treatment technigueth extensive applications [3].

To improve the OH yield, a lot of researchers focused on the plasma and water
interaction mechanisms. Samukawa et al. revieweckent research and
summarized the processes occurred at the interface of air plasma and water [4]

as shown in Figure 1.They spatially divided the plasaveater interaction into
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three parts: gas phase, interface and bulk liquid. In gas phase, three types of
adive species are produced by plasma: positive ions, reactive neutral species
and UV light. Both the positive ions and UV light interacting with water can
ionize or decompose water molecules, producing water agngou®lectrons

and reactive neutral sgies (eg. O, H and OH$imultaneously, the evaporation

and electrolysis of water also occurs at the interface. Although some processes
have been discovered variety of physical and chemigalocesses, e.g. the
transfermechanisms of charged species,trads and radicals between liquid
phase and gas phase, have not bedly identified [4]. These unknown
mechanisms limit the understanding of plasnader interactions, and thus the

optimizationin theapplication of plasmanduced AOPs.

PLASMA GAS PHASE CHEMISTRY

plasma
H.I Nz.r
H,04, ... OH, O, H, 3
H,0, H, NO, HNOs, H,0 UV electrolysis
OH, O,... .
& 03, HNO,..  eygporation H,,0;
sputtering Y
interface H0, A PLY OH, 0O, H H,0
diffusion g ’
e (BG)’ e

H,0", € sy . OH, O, H, NO, HNO, O3, HNO,..
bulk liquid ' |

€ (aq)
H* (HZO)n
H,0,, HO,, H,, O,
H,0 0,,NO,", NO;...

LIQUID PHASE CHEMISTRY

Figure 1.1 Interface processes in the air plasmidiquid cathode interaction [4].
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1.2 Objectives

There are two general states for plasma: equilibrium anekqoitibrium. For
plasma in equilibrium state, the temperature of electrons, ionseautdls is
almost equal, and normally the background gas temperature reaches thousands
of kelvin degree, hence it is also called thermal plasma; for plasma in non
equilibrium state, the electron temperature is much higher than ions and neutrals,
and the hckground gas temperature barely ridgeence it is also called non
thermal plasma [203For nonthermal plasmathe energyis mainly used for
accelerating electrons, which can ionize and dissociate the background gas to
produce radicals that destroy camtinants, without dissipating much energy on

gas heating [203]This research focused on the investigation of-th@mmal
plasmaand water interface reaction mechanisespecially the effect of the
kinetic energy and potential energy of positive ionstaninterfae reactions

Two discharge typesncluding corona discharge and glow dischangere
employed both in contact with waterA novel reactor with nin@eedle
electrode has been developed to genatatecorona dischargean two gases
nitrogen and oxygera singleneedle electrode has been developed to generate

d.c.glow dischargsin three gasesiitrogen, oxygen and helium.

For corona discharges, experimental tests with water cathode and mesh cathode
have been conducted to investig the effects dbw energydrift positive ions

and reactive neutral species on the production @kt water.The interface
reactions with accumulated positive ions on water surface as ion anode have
been diagrammed. For glow discharges, a seriesstd have been conducted

to investigate the effects of energetic positive ions on the productiofOafrH

water. By comparing the results of corona discharges and glow discharges, the
difference of interface reactions causedldy energyand energeticons has

been determined.
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The contribution of this study is the investigation of the interface reactions
caused by energetic andw energypositive ions, thereby determining the
effects of kinetic energy and potential energy of positive iotisaproduction

of OH and HO,. This work also analysed the limiting factorsesfergy yield

of OH and HO: in water by positive ions. These findings are important for
determining the plasrraater interface reaction mechanism amgroving the

energy efficiencyf water treatment bglasma
1.3 Thesis outline

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

and the objectives of the research.

The current status of AOPs technology is introduaedchapter 2 The
fundamentals of pamabased water treatment techniguee reviewed. The
characteristics and types of plasma in contact with waterdiscussed,
including corona discharge, streamer discharge, glow discharge, gliding arc
discharge and dielectric barrier discharge. The atedrand physical reactions

in gas phase and aqueous phasewell as the generation mechanisms of

reactive species like PH>O,, OH and HQ are reviewed.

Chapter 3 introduces the methodao&sand experimental setup of the research.
There are two types of gas discharges used, @®i®na discharggenerated
betweena nine-needle electrodend water the other isa glow discharge
generatedetweerasingleneedle electrodand waterThe gadlow and control
systems are introduced. The electrical systems, including the circuit design and
components are detad The preparation of solutions, including deionized
water, TB, DMSO, sulphuric acid and potassium titanium (IV) oxalese
introduced The analysis methods forG;, pH and conductivity of the treated

solution areprovided
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Chapter 4 shows the experimental results of the inter@actions between
water and the ionic wind generated by posithecorona discharge in nitrogen.

The efects ofplasmatreatment time, gas flow rate and OH scavengers (TB and
DMSO) on HO: production are presented. The influences of the mesh cathode
on the ionic wind are analysed. The Faraday efficiency and energy yiel®of H
production are discussed. Bgmparing the results of mesh cathode group and
liquid cathode group, the effects of drift positive ions and active neutral species
on HO:> production, liquid pH and liquid conductivity are discusseparately

It was found that 1 mol of positive driftns produced 0.13 maif hydrogen
peroxide in water under atmospheric pressure, equalling the contribution of the
active neutral species. A reduced gas pressure tends to increase the contribution
from the positive drift ions, with 1 malf ions producing 0.29 maif hydrogen
peroxide at 100 orr. The addition of OH scavengers (TB and DMSO) did not
reduce HO- production. The reactions of positive drift ions and water produce
adsorbedtOH) and (tO) at the interfacébetween ionic wind and wer; the
transfer ofreactiveneutral speciebBlO2 and BHO: in gas phase to water lead to

the production of agueous€in nitrogen corona discharge.

Chapter 5 presents the experimental results of the reactions between water and
the ionic wind generated kyositived.c. corona discharge in oxygen. It was
found that 1 mol of positive drift ions produced 0.2 mbhydrogen peroxide

at atmospheric pressure, while 0.69 mwidhydrogen peroxide was produced by
reactiveneutral species. When the gas pressure was decreased to 200 Torr, the
corresponding hydrogen peroxide productigrpositive drift ionsncreased to

0.45 mol. A maximum energy efficiency of 0.307 g/kwWh for hydrogen peroxide
production was achieved at 200rr. The amount of ozone generated did not

have much influence on tipeoductionof hydrogen peroxide in water.

Chapter 6 introduces the results of the intexfi@actions betweed.c. glow

discharge and water. Thkc. glow discharge was generated betwesingle
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needle electrode and the water cathode in nitrogen, oxygen and hakum.
atmospheric pressuréhe highest Faraday efficiency ofz® production in
deionized water was 1.28 in nitrogen, 0.98 in helium and 1.13 in oxygen.
highest energy yieldf H-O. production was 2.33 g/kWh, achieved in nitrogen

at 100 Torr. Nitrogen glow discharge reduced the pH of deionized water to 3.6
and increased i ts conductivity t o
significantly increased the Faraday efficiencyHa> production by nitrogen
glow discharge, reaching 1.39 at 100 Torr. The addition of OH scavengers (TB
and DMSO) significantly redudeH.O; production in water under nitrogen and

helium glow discharge but not in oxygen.

Chapter 7 compares and concludes fesma and water interface reactions
using corona and glow discharge in contact with water. In corona dissivarge
nitrogen and oxygen, both positive drift ions arehctive neutral species
produce hydrogen peroxid@ot hydroxyl radicalsin water. The hydrogen
peroxide produced by glow discharge in nitrogen and helium is mainly from the
dimerization of OH species generated in water, ot in oxygen glow

discharge

Future workshouldfocus on the chemical compositions in both gas phase and
agueous phse, which can provide more detail for analysing the plasma and
water interface reaction mechanism&. method to increase the energy

efficiency of plasmanduced reactive species production in water is proposed.
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2L t eumae Revi ew

2.1 Introduction

The applicatiorof advanced oxidation processes (AOPS) in water treatment has
been extensively researched in the past three dedadés¢ ability of AOPs

to degraderganic pollutants is mainly based on timesite generation of highly
reactive hydroxyl radicals, which can nselectively react with organic
compoundsn waterwith a rate constardrderof 10° 7 10'° Lmol-s? [6]. The

large reaction rate constant indies that the effective degradation rate and wide
applicability of hydroxyl radicals to various organic contaminants in wAter.

discussed belowtypical conventionalAOPs constitute7-12]:

1 UV-based processeO produced by UV light irradiation in the
presence of / /I ICl)

1 Ozonebased processe®©K produced by ozone in the presence of
oxidants (HO)/catalysts (F€*, Mn?* efc.)/alkaline environment
(Ph>8.5)

1 Catalystsbased processes (JH produced by Fenton reaction,

photocatalytiqprocess)

The conventional AOPs caachieve oxidation of organic pollutants by
producing large amount of Obising ozone, hydrogen peroxide, Uight or
photolysis. Nevertheless the high cost of conventional AOPs caused by
consumption of chemicals (e.g-®b) and energy of producingzone ortUV

light limits the largescale application of AOPs.

In addition to the conventional AOPs, plasmduced AOPs have drawn
attention due ttheiradvantage of no chemical consumption and simultaneously

producingvariousreactive species.e.UV light, OH, H, HQ, H.0O», O, G, NO,
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peroxynitrite ONOO), NO*, and NG Various types ofjas dischargelsave

been proposed, including corona discharge, glow discharge, arc discharge and
dielectric barrier discharge DBD). There are numerous electrode
configurations for plasmwater reactionsas shown in Figure 2.1.The
configuration determirgethe parameter®f plasma and the way it is in contact

with water.

Figure 2.1A) representadirect liquid phase discharge, whighieson a strong
electrical field(on the order of 1 MV/cm [204]uilt in microsecondshormally

by a pulsed poweBuchdischarges in liquid can have an electron density up to
10°%m3 and a gas temperature of 5000 X3][ The current of liquid phase
dischar@ is mainly conducted by the motion of ions in the liquadher than
electronmovement{4]. There is no acknowledged principle for the breakdown
mechanism in liquid discharge. Some researcihearge suggested that the
discharges are ignited in tipee-existing bubbles or bubbles produced by the
voltage [14]. As discharge in liquid is generated in water or watapour
directly, the reactive specigsoducedcan be different from thadf discharge

in typical gasesBy electron collision or thermaligkociation, the water
molecules are decomposed to radicals (H, OH and O), which can recombine to
form reactive speciesHO., H-O,, H> and Q). These reactive species are

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

Figure 21(B) represergagas phase dischargentacting liquid indirectlysuch

asgas phase reactive species produced in a plasma jet being carried to a liquid
surface Plasma jet are often generated by DBDs with fast gas flow, which
enhances the reactive species production and transporthegas phase to
liquid. Helium and argon are commonly used in plasmaggeration In
plasma jetthe gas discharge is not electrically cougjiwith theliquid and, as

ions and electrons rarely reaching the liquid in this type of dischaegéral

speciegdmetastables, atoms and radicals etoe)the dominant components in
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the interface reactioné. typical pulsedplasma jet has a gas tempara of 300
400 K, an ionization degree of $010° and aradical density (e.g. OH, Q)
101%-10?* m3[15).
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(B

(D)

wL
—_ u
!B

Figure 2.1 Typical electrode configurations for plasmawater reactions. (A) direct
discharge in water; (B) plasma jet without direct contact with water;, (C) gas
phase discharges with water electrode(D) gas phase discharge along water
surface; (E) gas phase discharge with water spray and (F) discharges in bubbles.
Blue = liquid, pink = plasma, green = dielectric, black = metal electrodes [4].

10
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Figure 2.1(C) shows a gas phase discharge with the lgguahe electrode. In
such cases there is an electrical coupling between the discharge and liquid. In
this kind of configuration, one or both electrodes can be liquid. One typical
application of this configuratiois glow discharge electrolysit the plasna
water interface, ga&s produced by electrolysis and wateapour from the
evaporation constitute theapourlayer. Whena liquid cathodeis used the
evaporation ismuch more efficient L6]. Xiong et al. investigated the OH
density distribution in an atospheric glow discharge with liquid electrode
They found thathe OH densitycan reach 143 m= in both watercathode and
wateranode dischargedT]. In watercathode discharges, the maximum OH
density isfound in the region close to water surface; while in wateode
discharges, the maximum OH densityaandin the region close to the metal
electrode 17].

Figure 2.1D) showsa gas phase discharge alomagliquid surface. This
configuration provides direct atact between plasma and liquwlithout
electrical coupling relationsA typical configurationis a flashover which is
caused by streamer discharge propagatinghatgasliquid interface. The
propagation velocity can be up to 10 kmi§][ As the discharg is along the

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

Figure 2.1E) and Figure 2.K) show multiphase plasmas, which can be
generated in gas phase with water spray or in liquid phase with gas bubbling.
This configuration ca increase the contact area between plasma and water,
which can increase the reactive species produdtiocke et al.found thatthe

yield of H> and BO> were up to 13 and 81 g/kWiath argon carrier in @ulsed

gliding arc discharge with water spra$8]. They speculated that the high
energy yield is attributed to the condensed water droplets, which can capture the
radicals and significantly prevent the radgca@uenching in gas phag#8].

However, the large contact area between plasma and liquid cothfiguration

11
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also contributed to the high energy yieltischarges in bubbles are normally
generated with gas feeding along the higltage electrode. The plasma is
formed inside the bubble before the bubble leaves the electrode and propagates
along he gadiquid interface L9]. It has been reporteithat the discharges in
bubbles can produce plasmas wetactrondensity up to 18 m3 and electron
temperature of -0 eV R0]. Reactive specied, O, andOH were detected in

the gas dischargen helium, argon, and oxygdoubbles [D, 21]. When with

oxygen bubbling, ozone was also detected in watgr [2

Although plasmawater reactionshave been extensively researcheshny
critical physical and chemical processes remain unknoMaese unknow

medanisms include [4]:

) The transport of positive and negative ions at the plaksgoad
interface

i) The transport ofow energyelectrons (<1eV) at the plasméquid
interface

iii)  The lifetime and the state of hydrated electrons

Iv)  The relationship betweereactiveneutralspecies relatedeactions
and temperature/pressure

V) Energy transfer mechanisrat the plasmaliquid interface

vi)  Theintegratecdeffects of pH, temperature and electrical field on liquid
phase reactions

vii)  Reaction rate between heavy partieled fast atoms/vibrationally
excited HO and OH

viii)  Comprehensive interpretationtbignition and ionization processes

of liquid discharge

As explored in this chaptehdcomplexity of plasma compositions ahigihly
dynamic process at plasriguid interface result in numerous challenges in

understanding the interfacreactions Investigationsof these challenging

12
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questions will benefit the wide applications of plasmaenvironmental
engineeringplasma medicine and material syntheBiss chaptediscusse the
statusof the research on plasmater reactionsnvolving variousypes ofgas
discharge and typical reactions in gas phase, ligplthseand interfaceThe
production of reactive speciess investigated, especially theformation
mechanism These analyses provide the fundamental knowledggaddnce

for the experimental researahdertakenn the later chapters.
2.2 GasDischargetypesfor plasma-water reactions

2.2.1Corona dischargefor plasma-water reactions
2.2.1.1 Corona dischargén gas phase

In corona dischargé¢heelectric field is not uniform due to the specific geometry
[143]. The local electric field arounasharp electrode iswuchstronger than

that in remote locationdn gas phase,sathe discharge voltagencreass,

initially the local electric field near the electrodecomesntenseenough to

ionize thesurroundinggas but not high enough to cause an electrical breakdown
between electrodes. According to the geometry, the corona discharge can be
defined as positivearona, negative corona, bipolar corona, ac corona and HF
corona. The typical electrode configurations of corona discharge applied in

water treatment are pto-plate, wireto-cylinder and wireto-plate.

Compared with other discharges, corona discharga Ha#t region with weak
electric field connecting the ionization region and the passive electrode. In the
drift region,thelow density of iongan onlyacquiresmall kinetic energy under

the weak electric fieldThe movemenof drift ionscangenerate @ ionic wind

which also carrieshie reactiveneutral speciesThe ions andeactiveneutral
speciegan react with water to produce reactive agents, suoh@sl, and HQ

[22].

13
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Magureanuet al. investigated theproduction of H-O. and degradation of
methylene blue (MB)under pulsed negative corona discharge in oxygen
generatedisinga multiwire-plate configuration above watetd. The voltage
and current waveforms are shown in Figur2 B was observed that the MB
solution was decolourized rapicdytertheplasma treatment. The concentration
of H-Oz increaseavith plasma treatment time, and reached 200 mg/L in distilled
water and 137 mg/L in MB solution after-8@inute treatment [&. They also
found that the concentration ob® and MB continuedo decrease after the
treatment, which demonstrates that tbactivespecies still react with MB in
the postdischarge period.
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Figure 2.2 Voltage and current waveforms for corona discharge generated by

multi -wire-plate geometry above water [3].

Corona discharges can take place¢hieagas close to water, or directly in water
to produce reactive species. The energy efficiency of ozone generation by
pulsed positive corona discharge in air above water is up to 40 g/R\H

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

[25].
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2.2.12 Corona discharge in liquid phase

Pulsed corona discharge in liquid phase can produce O, H, OH-&rd23,

26]. The density of these reactive species can be increased by using positive
polarity rather than negative polarity af.c. voltage, bubbling gases or
increasinghedischarge voltagi5]. Akiyama stated that streamer discharges

in water carproducefast electrons, ozone, reactive species, UV lights and shock
waves [Z]. Sunapplied optical emission spectradetectthe reactive species
produced bya pulsed corona discharge generatetl aneedleplane electrode

in water hydroxyl radicals, atomic hydgen and atomic oxygen were detected
during discharg§?8]. Figure 23 illustrates anoptical emission spectrum of the
pulsed streamer corona discharge in distilled water. They found that the increase
of pulse voltage and gas (oxygen and argon) injedéaded to an increase in
hydroxyl radical density. When the conductivity of liquid was increasetidy
addition ofeither potassium hydroxid&KQH) andpotassium chlorideK(Cl),

the hydroxyl radical emission intensity increasgtially butthen declinedi28].
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Figure 2.3 Emission intensity ofreactive species produced by streamer discharge
in distilled water with needle-plate system [3].

Michaelet al.investigated theeactive species produced by underwatdsed
positive corona discharg&heir reactor configuration is shown in Figuret2.
with atypical voltagecurrent waveform shown in Figureb2ln the experiments,
13 molof H20,, 26 molof H> and 5 molof O, was producednh waterwith 1
mol of passing electronf26]. This ratio is much
values, demonstrating that theactive speciewere produced in thplasma
instead ofan electrochemical process on the electrode surfeloe overall

reaction they proposed for the pulsed discharge under vgd26]:
o / O 1( c( / / (R2.1)

However, the energy efficiencyof hydrogenproduction by the underwater
pulsed discharge did not sheoasults comparableith electrolysis, because the
discharge voltagm electrical dischargis much higher than that in electrolysis
[26]. The high ratio only indicates that the formation mechanism;@6,H-

and Q by electricaldischarges iglifferent from that bythe electrolysis.
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Figure 24 Reactor configuration for underwater corona discharge Note: the

purge gasact as acarrier and did not contact with plasma[26].
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Figure 25 Voltage and current waveformsof the pulsed corona discharge under
water in 150 mS/cm KCI solution [2].
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2.22 Glow dischargefor plasma-water reactions

The glow discharge is a type of luminous plasma. The luminosity is due to the
visible light emission in the excited collisions caused by numerous energetic
electrons.The dow discharge in or in contact with water was found ctie

for water treatment. Many studies have proved that glow discharge in or in
contact with water can produpsactivespecies such as hydroxyl radical, atomic
hydrogen and hydrogen peroxid80{34], which are effective forwater

decontamination and sterilization.

There are different types of electrode configurations in glow discharge in or in
contact with waterGlow discharge electrolysis (GDEyas first reportedin
electrochemistry in 1887with a glow-discharge plasma as tlamode anch
groundedliquid as the cathode3fl]. As Figure 2.6 shows, #&pical glow
discharge has five regionfom anode to cathodéhe five regions are anode
glow, positive column, negative glow, cathode dark region and cathode spot
[34]. Lu et al. observed the AC glow discharge generatath metatwater
electrodes and found the structure (negative glow, anode dark space, positive
column, negative glow and cathode fall region) was consistghtthat of

regular glow discharge between metal elects¢dg.
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1 W - Anode
' <«——— Anode glow

<+————— Positive column

Negative glow

Electrolite surface:
<——  cathode spot

Figure 2.6 CCD camera picture of glow discharge with electrolyte cathodg34].

The plasmawater interaction in glow discharge electrolysis involves charge
transport, energgonversiorand chemicateactions Since the water acts as the
cathode, the mechanism of secondary electron emission in GDE is different
from that with a metalliccathode The positive ions can be accelerated
significantly inthecathode dark space region. When the energised positive ions
impact the water cathode, numerous water molecules are ionized by the
collision toH>O" and solvated electrons in the surface wadd}. [Some of the
producedH.O" can recombine with solvated electrong ® form water
molecules. Simultaneously, somé&l>O* will dissociate toH™ and OH. In
deionized water, the sedfuenchingreactionto form H>O, will dominate the

OH consumptionO, can be producetia hydrogen peroxide decomposition
[36]. The secondary electron emission frtme water cathode is based tre

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

emission from water [3.

Verreyckenet al. investigated the positive column of atmosphetic. glow
discharge with pirwater electrodein which he estimated order of electron
temperature and density are 1 eV &0 m= [38]. Malik compared 2%ypes

of plasma reactorgor treating pollutants in waterfound that the energy
efficiencyof contactglow dischargés at the bottom ofherevieweddischarges
[39]. This is possibf due to the large percentage of input energy is dissipated
in heatingtheliquid [39].

It has been proved that the reaction between water and glow discharge can
produce hydmeyl radicals[38, 40]. Sugameaet al.generated lowpressure (20

Torr) glow discharge in saturated water vapor between a disc anode and water
cathodeusing three power sources.,d.c.low-frequency LF) (100 kHz) and
radiofrequency RF) (13.56 MHz)power source$40]. They found that the

[ (! 8 L emissionintensitywasthe strongeshearthe water surface

and increaseas the discharge poweicreass, demonstrang efficient OH
productionnear thewater surfacg¢40]. However,as Figure 2.7 illustratethe

[ (! ¢t 8 L intensity is also high when getting close tdhe metal
electrodean RF dischargeWhen adding NIN-dimethylp-nitrosoaniline (RNO)

or methylene bluan water,it wasfound thathe target compoundgas degraded

by OH near the plasmaontact solution surface and the reaction rate was limited

by slow diffusion of the compound in the liqii0].
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Figure 2.7 Spatial distribution of "E€ A A produced by RF glow

discharge between water and stainlessteel disc electrode40].

In addition to the glow dischargw/erthe water surface, a glow discharge can
also be generated under watitypical electrode configuration is illustrated in
Figure 2.8. The underwater glow discharge commonly develops from normal
electrolysisby a thin wireor needleelectrode. Thedevelopmenfprocess of
underwater glow discharge can be divided into four stag#sthe typical /I
characteristicgor a positive electrodas Figure 2.9 showd he first stage is
conventional electrolysishe currentsiseslinearly as thalischarge voltagen

the pin increases from zero to several hundred volts. The electrolysis current
can be up to several hundredlli-Amperes(mA). A lot of gas bubbles are
produced arounthewire orneedle tip, which can separate the water from the
electrode In the second stagas the voltage continues to increasgoradic
discharges are generated in the gas bubbles betieetettrodeand water.

As thedischarge voltagencreases, the current begins to decrease. Both the
voltage and current are fluctuating due to the unstable gas gap in this stage. In
the third stage, the currestaysconstant as voltageontinues tancrease. A
stabilized gas sheath is formed aroundeleetrode If the voltage continues to

increase, the process enters the fowstiéige,and a brightly visible glow
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discharge appears this stagelte current increases linearly as the voltaggs
[41].

electrode

gas

electroly

N\
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electrod

Figure 2.8 Schematic electrode configuration of glow discharge under water
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Figure 2.9 Typical V-1 characteristics of glow discharge electrolysis4[l].
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Contact glow discharge electrolysssa nonequilibrated discharge whidtas
been proved by optical emission spectrartmluceradicalssuch as O, OH and
H [33, 42]. These radicals can combine to form B, and HO-[33, 43|, whose
yield is reported to be higher th&aradap saw values 43]. Sengupteet al.
reported 3.92 mabf H> and 1.70 mobf H>O> can be produced by an anodic
contact glow discharge electrolysis with 1 mbkelectrons passingtf]. Both

plasma zone and inteda reactions are thought contribute to the yiéRg].|
2.23 Gliding arc dischargefor plasma-water reactions

Eithera.c.or d.c. power supply can be used to generate gliding arc discharge.
The breakdowrmccurs firstly at the shortest gap between the blade electrodes.
Plasma will be formed within fnicrosecond{s) of breakdown and the voltage
drops[44]. In the first stage, the plasma channel is stable and in thermodynamic
equilibriunt as the channédegsgliding to awider gap regiorthe plasma state
enters norequilibrium stage and cools down rapidlyd@as temperature of
1000 K, however,the conductivity ismaintaineddue to the high electron
temperature A § [44]. The gliding arc will keep movinto a wider gap until

it exceedthe critical lengththe heat losses of plasmwauld be higher thathat
provided by the power supplyesulting inplasmadecay[44)]. After the decay,

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

repeat 44).

The electrode configuratiorier the reaction between gliding arc discharge and
watercan be divided into two typegliding arc dischargeverwater surface
seeFigure 2.10and gliding arc discharge with watgas mixture spragysee
Figure 2.11.In the gliding arc discharge over water surfabe,plasma region
wasblown toward thevater surface by highpeed gasso that reactive species
produced ithegas phae can enter the watdihe water caalsobeanelectrode

in this caseln the gliding arc discharge with watgas mixture spraythe

sliding arc dischargkas largecontactareawith water.
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The interaction between water amgiding arc dischargehas beershown b
produce reactive species, such as Ot HO> [45, 46]. Other productse.g.
nitrides, can also bgroducedin water with nitrogen and air injectiodd.
Compared to gliding arc discharge over water surface, the gliding arc descharg

with gaswatermixture spraycan produce morkeydrogen peroxidedp.

The degradation oforganic compoundsy gliding arc dischargevas also
investigatedDu et al. appliedgliding arc discharge in thgasliquid mixture

spray and achieved the degradati of acid orange 146]. The degradation
efficiency varied withfeeding gasoxygen > air > argon > nitrogeriq).
Highest production of hydrogen peroxide and ozone was achieved with oxygen
feeding, which may explain the highest degradation ratedming oxygen46.

HV
HiO y
| 4 +
Hv 2 gi gas
£ =
v
= 20
(d)

H:

(a) (b)

(©

Figure 2.10 Typical electrode configurations of gliding arc discharge over water

surface @7].
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Figure 2.11 Typical electrode configurations of gliding arc discharge with water

gas mixture spray [a), (b)] and water spray (c) #7].

Burlica et al.found that pulsed sliding arc discharges can increase the yield of
hydrogen peroxide and the degradation of organic dyes by hundreds of times
compared to AC sliding arc dischargg8]. In AC gliding arc dischargehe
energy yield ohydrogen peroxide was 0.13 g/kWh with argmthe feed gas

and 0.21 g/kWh with oxygems the feed gaswhile in pulsed gliding arc
dischargethe yield of hydrogen peroxide was 35.7 g/kWh with argsrthe

feed gasand 54.5 g/kWh with oxygemas the feed ap [48]. Such a huge
difference indicated thatlarge amount of energy was wastedaunle heating

or in destroying produced reactive spedeAC gliding arc dischargegig).
Thegas compositiowas found to beritical for hydrogen peroxide production,
but has little effect on organic dye removal, indiogthat the decolorization

wasprobablycaused by electron collisions or thermal proces$ds [
2.24 Dielectric barrier discharge for plasma-water reactions

Dielectric barrier discharge (DBD) istgpe ofhigh-pressure noithermal gas
discharge generated with insulating material between electrodes. Normally,

DBD is generatedusing anAC power supply.Numeous random micro
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discharges are produced the interelectrode space ilbBD. Table 2.1
introducesthe characteristics of the micischarge generated im 1-mm air
gap at 1 bar49]. The advantage of DBD is that the energetic electnorise
dischargexan break the molead bondsin the gaseous speci&s produce
excited atoms and radicals. DBare widely applied in industyincluding ozone
generator, surface and material processing, excimer ultraviolet radiation and

treatment of gas pollutants.

Table 2.1 Typical parameters of microdischarges in 1 mm air gap at 1 baf49].

Parameters Value
Duration 1-10 ns
Filament radius 100 pm
Peak current 0.1A
Current density 100-1000 A/cnt
lonization degree 104
Total charge 0.1-1nC
Electron density 10*-10%/cn?®
Electron average energy 1-10 eV
Gas temperature 300 K
Energy density 1-10 mJ/crd
Dissipated energy 1pd

The interaction betweewaterandDBD has been proved to produce multiple
types ofreactive species which are capable whter decontamination and
sterilization. Lauritaet al. analysed the reactive species produced by

nanosecond pulsed DBIh air. A decrease of pH an@n increase of
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conductivity were observed iine treated deionized wateReactive species
includingH202,. / and. / were formed in water5[]. After dischage,

H-O. and. / continued to react in the treated water to form and
peroxynitrous acid (ONOOH), of which the latter demonstrated sterilization
effect. Part of the formed ONOOH can decompose to OH andandthen
degra@ organiccompounds, such ghenol p0]. Huanget al investigated the
gasphase reactive species produced in the reaction between water and DBD
with optical emissiorspectral analysigb1]. Theemission intensity ofeactive
specieds shownin Figure2.12. The main reactive species in the gas phase are
[,/ (,. 1 ,NOand( / [51].
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Figure 2.12 Emission spectrum of gagphase reactive species produced by DBD in

atmospheric air [52].

In DBDs, the micradischargesare distributedevenly over the liquid surface,
increasng the contactarea between plasma and water. The dispersed energetic
electrons can increase the production of reactive spexgpsciallyUV light,

O, and Os. However, OH and HO: production by DBD des not show
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competitiveresults compared with other gas dischagges Locke reviewed
DBDs over liquid and found thdhe energy yield of HO. prodwction of the
reviewed researds in the range of 0.28.7 g/kWh B3]

2.3 Plasmawater reactions

As discussed aboveagdischargs interactingvith watercan produce range
of reactive speciewith a variety ofefficiency. Comprehension dhereactions
occuring in plasmawater interaction processis critical for controling the
reactionpathsandto improve theyield of reactive specie§ his sectiorfocused

ontheplasmawaterreactiongnvolving different gass
2.31 Plasmawater reactions at interface

Plasmwater reactions dheinterface can be classified into three types:

1 Reactions caused by positive ions
1 Readions caused by electrons

1 Reactions caused by neutral species

For the positive discharges above water cathtdue energized ions bombard

thewater surface and ionizeater molecules34):
0 o /% o p(/° (! 0 (R 2.2)

Where0 is the positive ion( /* is an excited water moleculg,/ is a
positively ionized water moleculand© is the number of impacted water
molecules. The excited water molecules are unstable andiectimposdo

H.O" and electrons
o( /0 / OA (R2.3)

Some of the producenl H>O* recombine with hydrated electrons to forrsCH

and somevill decomposdassume the numberiis, andgiven that there isne

28



Chapter 2 Literature Review

H2O* directly produced by Pas reaction R 2.2 shows, the total number&*H
is n+]) [54], hence

tpC/r 91 pl (1 p( (R 24)

The producedchydrogen ion,H*, can easily solvate in water. The produced
hydrated electronsan be scavenged Ky to form H, some of which can

transfer to gas phase and provide the secondary electron emig§ion [
(0A ( (R2.5)

A schematiadescription of the interface procesgaused by positive ions is

shown in Figure 23

hydrogen evolution total discharge current

o ~

(n-y)H  veq (® positive
AN ion from CDS

secondary electrons

vH
plasma n Hy }
water { r X HZO

X €54 + (x+1)H0*

(n+1)H*
& m H20
me;, + mHZO*j

v Y back reaction
yield for protons: (n+1) OH
(1+7) H;0* total oxidized products

al=pe

excess to faraday ewquivalent
n OH

Figure 2.13 Plasmawater interface procesgscaused by a positive ion 9 |

secondary electron emission coefficien8p).
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There are two types of reactions caused by the electrons at phasara
interface: reactions caused bhighly energetielectons and reactions caused
by low energyelectrons. The highly energetic electrons impacting interface can

cause excitation, dissociation and ionization of water molecu)dsg]|4

A (l1o(/1* A (R 2.6)
A (1o 1 ( A (R2.7)
A (1ol ¢A (R2.8)
A (19 1I( (R2.9)

For thereactions caused bgw energyelectronsthe electronenter the aqueous
water and fornmsolvatel electron &, which can recombine witpositive ions
0 attheinterfaceto form neutral specig® (or react with water molecules to

produce OHand H) [4, 55]:

A oA (R2.10)
A 000 (R2.11)
A (19c¢ ( ( (R2.12)

In most cases, the electrons produced by plasma haveeswdriy 10 eV. The
overall interface reactions caused by positive plasma and negative plasma are

shown inFigure 214.
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Figure 2.14 Interface reactions caused by positive ions (a) and electrons (l)here
M™ is the positive ion[56].

The neutral speciescluding excited molecules, excited atoms and radicals

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

similar to those occung in thegas phase. In addition to the chemical reactions,

there are some physical processesioing atheinterface, such asvaporation

of water and organic molecules transferring form liquid to gas. All these
processes occur simultaneously at the interface and may affect eaclAsther.

result the interface processarepoorly understoodnd need more analysis.
2.32 Plasmawater reactions involving nitrogen

In the gas phasehe energetic electrorfsom the dischargemnize nitrogen

molecules to nitrogen ions:
Ao . q A (R2.13)

In thepresence of water vapor, all the nitrogen ions react with water molecules
rapidly to form water ions, whichontinue to react with water molecules to

produce hydroxyl radicals arydrogen ior{56):
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(/r°ocr . (R 214)
(/1 (1o 1 (/! (R 215)

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

the electronsg2:
Ao . A (R 216)
Ao . * (R217)

The excited nitrogen molecule ! or excited nitrogenatom. $ can

decompose water molecslg7):
! (/77 (C ( . 8 (R218)
$ (/797 (C .( (R 219
In reaction R 218, N»(X) is the ground state nitrogen molecule.

The nitrogen atom can react watnydroxyl radical to produce NO, which can
be further oxidized taitrous acid( ./ ) [52]:

I (°. 1 ( (R 220)
(O (. (R221)
The formed| ./ can be oxidized taitric acid ( ./ ) [52]:
(. 1.1 (I (R 222
(O (. (R223

Reactios R 221 - R 223 demonstratéhat NO, NQ and HNQ consume OH

in thegas phase.
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In aqueous phasdd dissolved / react mutually or react with@o generate
nitrates and nitrites, which leads to the pH of the solutieareasing This

process normally occsim the postdischarge stagé&#§].
A i (719°.1 o c( (R 224)
A (/19°c/ c( (R 225)

The formed /  can recombine with hydrogen i0o&q:
l ( P (. (R 226)

In acidic solutios, the nitrous acid (HNg) formed is unstable and will
decompose to nitrogen dioxide radical (NGand nitric oxideradical (NO)
[58], which canrespectivelyreact with dissolved £to form. / and. /

in the solution$9, 60:

¢(L o . [ . (/ (R 227)
T.o |/ ¢( /9 1./ T( (R 228
T o |/ ¢( /9 r1./ T( (R 229

In the presence of , nitrite can react with hydrogen peroxide to produce
peroxynitrite b8, 61]. Peroxynitrite (ONOO) and its conjugated acid (ONOOH)
arehighly oxidizing and cytotoxic because they react with proteinsisj@and
DNA [58, 62]. Peroxynitrite is also thougl bethe key factor for sterilization

of plasma activated water.
(/ . ( o/F .11 ((C/ (R 230)
Additionally, ONOOH is formed in water vigaction:

I o .1 00/ .| (R 231)
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The cytotoxicity of peroxynitrite can be decomposed to either hydroxyl radical
and nitrogen dioxide radical or nitrate ion and hydrogen ion in acidic
environmeng[58, 63. ReactiorR 2.32is a reversible reaction and is considered
the formation pathway of ONOOH. The ratio of the ONO@dédomposition
throughreactionR 2.32 andR 2.33is 30% and 70% respectively.

I .1 IPCT (] (R 232
Il 1. ( (R 233
2.33 Plasmawater reactions involving oxygen

In thegas phaseht energetic electrons ionize and dissociatgb@ 57:
[ Ao/ A (R 234)
/| Aoy | A (R 235
With massive oxygen presence, can combine witlh  to form/ [65]:
/ ¢/ ©1/ / (R 236)

Thepotentialenergy of botli  (12.06eV) and/ (11.66 eV is lower than the
ionization energy of / (12.6 eV) [64], so that their charge does not transfer
to HO directly. However, Gooett al. found that withtrace water vapour
(concentration of 0.34%in oxygen, almost all transferred the positive
charge ® water molecule to forrh ( /  within 400 psec. The proposed

chargetransfer mechanism ghown below65]:

I (1 1 97 (1 [ (R 237)
N G A N G | (R 2398)
I (/1 (1P (1*o(C (/1 | ([ (R 239

Then H(H20) combines with BED moleculsto producecluster(  ( /
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In addition, as shown belowxpgen atomsanreact with oxygen, water and

hydrogen irnthegas phased/]:

| 1 o] (R 240)
I $ (197 (1 (R 241)
I (°/( ( (R 242

( 1 o7/ (R 243

Gasphase ozone dissolsye agueous phase
[ o (R 244)

In agueous phasealkaline solution with the presence of O} ozone

decomposes tmdical specie®H and HQ [66]:
¢/ (/1 1 (O9/(® (/o ¢ I ( (R 245)

In thepresence of hydrogen peroxide, the decomposition speed of ozone can be
promded [67]:

/ (/ I (o7 ( (/ / I ( (R 246)
Ozone caralsobe reduced to oxygemy nitrite [67]:
/ 0] / (R 247)

In oxygen discharge, Dand Q" are initially produced Even though the
potential energpf O."and QF is lower than the ionization energy oi® these
speciegan transfer thecharge to HO rapidly via reactiosR 237- R 239to
produce OHand H(H20) which isthereforeconsideredas the main positive
ions reaching water surfadeeactiveneutral specie®z; and O{D) areproduced,

of which the latter can react with water to produce OH.
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2.34 Plasmawater reactions involving inert gas

Thereactions between water and plasma generatieerihgags,such as argon
and heliumratherthan diatomic nitrogen and oxygen, there faxger types of
neutral species producedardischarge The ionization energy of water (12.62
eV) is lower than that of argon (15.76 eV) and helium (24.59[64)) In the
gas phasesnergetic electronsanionize or excite the gas atgis shown in the

following reactiong68, 69]:

A 1010 cA (R 248)
Area!rdo A (R 249
A (R (A A (R 250)
A (R (A A (R 251)

lons and excite atons react with watemoleculeq68,7073]:

1O (/90 ¢(/ I O (R 252)
1O (/97 (! O( (R 253
1 O( (/1°9(/ 1O (R 254)
1o (/97 (C ( 'O (R 255)
(A (/1o CA (I A (R 256)
(A (r1°o(C/ (A (R 257)
(AC (/o1 (A (R 258)

In helium and argon discharge, the monatomic gas molecules are ionized or
excited by the electron¥hereafterthe ions and excited atoms react with water
molecules to produce OH and>O*, of which the latter is thought bethe

main positive ions reachirthewater cathode.
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2.35 Plasma-water reactions involving watervapour

In gas phase, fast electrons ionize, excite or decompose water moléQules |
74

(/7 Ao (/1 A (R 259)
(/1 Ao (/* A (R 260)
(/1 Ao/ ( ( (R 261)

(/ Ao/ ( ( A (R 262)

The water iongeneratedeact with water molecusdo produce hydronium or

recombine with electron®s give the dissoctan reactions beloys6, 75, 7§

(/1 (19(CI I (R 263)
(/ Ao (1 ( (R 264)
(/ Ao ( [ ( (R 265)

Excited water moleculesandecompose by collisions.qg:
(/7 (1°7(C ( (1 (R 266)

The( / generatedinR 2.63 and R 2.64 cambine withanelectron or react

with ( / to form cluste ( /

At the gasliquid interface as indicated in the following two equations,
energetic electromor ionsimpact on thewater surface and dissociate water
molecule to H and OH/7|, 75).

A (1o I (R 267)

(1 (/10°( I (R 269)
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Some of the produced H and OH radigaisducedecombine to KO:
( /7 (°C/ (R 269)

As indicated in the following equationk, and OHand otherradicals react
mutually to form H, O, HO; and HO:[75, 76].

( (©( (R 270)

I (1 (0 (] (R 271)
I ( (1 oI | (R 272)
(I (I °o(C1I1 [ (R 273
I( (1 o (1 (R 2.74)

As discussed previously,ater molecules can be ionized¢cied or dissociated
to produce OHn both gas phase amdjueous phask addition tothe reactios
mentioned abovehe reactions oWater moleculesvith other species gas
phase can affect the plasiwater interacting process and produEts. exampe,
as outlined in [77]introduction ofwater vapour casubstantially reduce ozone
production gas ions such as;N He" and Q" can berapidly quenched by water
vapour toprodue H>O*. Although water vapour is inevitable iany type of
plasmawater interactiona variation inconcentration of water vapour may lead
to verydifferent resultsThereforetheanalysisn the effects of water vapour is

critical for understanding the reaction process.
2.4 Reactive species production

As has leen outlined, a variety @éactive species are produced by plasma and
plasmawater reactionsjncluding hydroxyl radicals, hydroperoxyl radicals,
hydrogen peroxide, ozone, excited molecules and excited atoms via various

pathways. Thenergy efficiency othese reactive specigsoductionis one of
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the significant factors whicldeterminesthe industrial application of nen
thermal plasma in water treatment. Understanding the reactive species
production mechanism in different reactors is indispensable fonginog the
energyefficiency of core reactive specipsoduction This section investigates

the production of OH, kD> and Q.

2.4.1 Hydroxyl radical

Hydroxyl radical are strongly oxidative agents produced in the reactions
between plasma and watbavingthesecond highest oxidation potential of 2.8
V [78]. Hydroxyl radicat are the core components in AOPs due their
instantaneous and na&elective reaction with pollutantdence OH production

is critical for water treatment efficiency by plasma. Hoeredue tahar high
reactiuty, OH hasa short lifetime ands difficult to be diagnosed, which limits
the investigation of OH production and formation mechasidi date it was
known that OH can be produced in waiterolved reactionscaused bylecton
collision, ion bombardment and ionolecule charge transfer etd@hese
processes canmccurin both gas phase and aqueous phase at the plaatea
interface.ln addition somereactiveneutral speciesuch axygen atomcan
alsobe involved inthe reactiongproducingOH. As shown belowBruggeman

listedthe dominant influencing factofer OH production 79:

a) gas temperature gy

b) electron temperature gland density (§)

c) ionization degree

d) composition of positive and negative ions and their density
e) vibrational temperatur@nolecule excited states)

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

These factors can influence which formation paths are dominant in OH

production in one specific plasaraater interaction process. Diffefiafischarge
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typeslead to different plasma parametgncluding Ty, Te and r. Thetypes of

gas discharge listday Bruggeman have ionization degree order 6 109108,

Tgof 300 K to 6000 K andlof around 12 eV [79]. It has been shown thtte
pulsed discharge can produce plasma with much higher electron temperature
around 10 eVT9. Table 22 lists the Teand nin several typical atmospheric
dischargesq9-86.

Table 22 Electron temperature (Te) and density (i) in typical atmospheric

discharges
Discharge type Te(eV) Ne (M3)
Pulsed corona discharge (nsec ~10 10%°-1071
Non-completely thermal arc 0.2-2 1070-1071
Microwave plasma jets 1-2 1070-1071
Filamentary DBD 1-2 1070-1072
Glow DBD 1-2 10t7-10%®

Under different discharges conditions, the main pathway of OH production is
different. Inplasma with ale= 1 eV, theOH production rate by electraan
recombinationand ionrion recombination start to be dominawhen the
ionization degreeas higher than10® [79]. In situation wherethe ionization
degreeis below 10°, OH production is mainly from electron dissociation of
H20 [79]. O(*D) alsocontribuesto the OH production ingasdischarge [79].

In nonthermal discharge inert gas, metastable atonssich asAr® and He,

can be importardciors inpathway for OH production 71, 8§. OH production

is balanced by OHeductionreactions e.g.OH can selguenchor react with
other radicalsnolecules quicklyin gas or aqueous phas@&d alocal high

densty of OH also increasdghereductionrates.
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To quantitatively investigate the productionf OH, several OH diagnostic
methods havepreviously been applied in gas phase and aqueous phase,
including optical emission spectroscopy (OES), absorgpattroscopyABS),
laserinduced fluorescence (LIF), cavity rixtipwn spectroscopy and indirect
chemical diagnostics with OH trappers or scavenfEfs77, 79,89-96]. As
discussedgreviously, die to the short lifetime of OHi, is difficult to measure

OH production however numerous researchehlmave measuredOH density
during gas discharge. Table 2. from [79], summarsesthe gas phaséOH
densiy measured by various diagnostic methodsainange ofatmospheric

dischargeswith theoriginal data sourcegrovided in the table.

Table 2.3 OH densities and plasma parameters ima range of atmospheric

discharges[79].

OH density Diagnostic

Discharge mode Gas Power (W)
(m3) method
Gliding arc [9] Air a 1500 100 OES
, 40.6x10
Pulsed arcg8§] Air 10 LIF
3/pulse
AC arc P9 Air T 104 ABS
6700 ppm HO
AC DBD [93] _ PP a b 10" ABS
in He
27000 ppm  0.36 (50ns,
Pulsed DBD 101] _ 107 ABS
H>0O in Ar 10 Hz)
, a 0.2
Pulsed Streamerd (2 Air 10 LIF
3/pulse
Atmospheric pressure glov ,
_ Air 10-70 10%°-10%° OES
discharge 103-104
Microwave jet .05 Ar 12 1072 ABS
Microwave jet [LOg Ar 120 1070 ABS
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In addition to the OH produced in plasma, some researchers explored OH
production inthe aqueous phase. Kanazaetaal measured OH production in
aqueous solution treateding a heliumatmospheric lowfrequency plasma jet.

The OH measurement was achieved by TA (terephthalic acid) based chemical
dosimetry method. TA can react with OH in agueous phase to produce HTA (2
hydroxyterephthalic acid) which emmi@#25 nm light when irradiatedith 310

nm light, allowing the analysis of OH concentration through the measurement
of HTA absorption.The reaction between TA and OH is presented imreéig

2.15.

OH OH
OH

TA HTA

Figure 2.15 TA reacts with OH to produce HTA

The OH production wasstimated ag.0x10% M/s to 4.7x1€ M/s depending

on the distance from plasma jet to the solution surface. The calculated energy
yield for OH is 0.122- 0.575 g/kWh 107]. Kanazaweet al.used the TA based
method tanvestigatehe OH production by positive pulsed dischaggeerated

at an air-water interfacethe estimated OH production was 10/4/s with an
energy yield of 0.022 g/kWwh1p§g. Sahni and Lockeapplied the pulsed
discharge under water and measured the OH produectimg two different
chemical probes of DMSO (aiethyl sulfoxide) and NaTA (disodium salt of
terephthalic acid). The maximum energy yield was 0.064 g/kWh achad\aed
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discharge voltagef 45 kV [109. They found that OH production increased
linearly as input power rosend believed that hydrogen peidx was mainly
produced by OH dimerizatidii09.

Hsieh et al. reviewed OH production and energy yield measured by optical
methods and chemical probes in differgats discharges J10. The energy
yields of OH measured with optical diagnostic methods ranged from 2.46x10
g/kWh to 4.70 g/kWh11(0. The maximum OH energy yielaf 4.70 g/kWh
measured with opticaliaghostic methodwas achieved bg pulsed DBD ina
mixture of argon and watemapour [LO1]. The energy yields of Olheasured
with chemical probe methods ranged fr@35x10” g/kwWh to 31.77 g/kWh
[110. The maximum OH energy vyieldf 31.77 g/kWhwas measured with
chemicaldiagnostionethodsandachieved bya pulsed discharge withrgonas

thecarrier gas and a flowing liquid filfL1Q.

The optical diagnostic methods have the advantage efrasive detection
without affecting the chemical reactiortdowever,in some experiments the
application of optical diagnostic methodsimited due to the complex reactor
geometry.Chemical probe diagnostic methods hawetter adaption to the
reactor geometry. However, the #itth of chemical probeso the reaction
vesselaffects the chemical reaction pathwagsd leadsto more complex
chemistry. The amount of addechemicalprobepresent in the reaction vessel
also influences the measured OH production. Therefore, the chemical
diagnostic methods require careful design of the applied probes and the

measured products.
2.4.2 Hydrogen peroxick

Hydrogen peroxiddas beemppliedto water treatment process for disinfection
and sterilizationas ithas higher oxidative potentiddlan chlorine 20, has a
value of 1.78 V [111], Glhas a value of 1.4 V [11P]anddoes not produce
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toxic by-products in oxidatiomeactions Plasma in and in contact with water
has been proved to producgdhogen peroxidén gas and liquidSpecifically,
dimerization of generatelydroxyl radicas in deionized water contributes to
hydrogen peroxidg@roduction. Since the measurement ob®% is easierthan
that of OH, therehas beenmore research work undertaken for hydrogen

peroxide production at plasrveater interface

As section 2.3 introduced,ytrogen peroxide can be produced by OH
dimerizationand HO, recombination as Section 2.3 introduckdcanalsobe

efficiently produced in plasma electrolysis by the following reactiéfp [
(Ao ( (R 275)

Reacton R 2.750ccurs aacathodewhere hydrogen ions can acquire electrons.
In the presence of oxygems shown belowthe hydrogen atom can combine

with anoxygen molecule to form HO
( 1 o/ (R 276)
Through recombination of H®noleculesH20: is produced.
(o cr (R 277
The hydrogen peroxidiaus formeccan be reduced by reactiadhilf3:
(/ ¢( cAog(/ (R 278)

The overall formation reaction of -B> by water dissocian can be

summarizeds
(/7 (19°(/ ( (R 279)

The total enthalpy required foeactionR 2.64 is 3.2 eV/moleculeé8§]. The
total energy% ) requiredo produe one mol of hydrogen peroxide by water

dissociation can be estimated by the reaction enthalpy:
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% o8 A6 . o8 A6 e8tc pmt pdoc @ p M A 6(Eq 2.1)

The energy valug.9264x16* eV is equivalento 0.086 kWh. Henceccording

to the thermodynamic lilp the maximum energy yield of hydrogen peroxide
would be 395 g/kWh. Lockand Shirsummarizedhe energy yield diiydrogen
peroxide by various plasma$53]. Table 2.4 introducedhe representative

resultsin each type of gas discharfyem thesummary
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Table 2.4 Energy yield of hydrogen peroxide produced by plasme&ater reactions
[53].

_ H20: Yield
Phase Discharge type Power (W) Reference
(g/kwWh)
Liquid Radio frequency 1.60E01 0.64 [114
Liquid Pulsed corona (60 Hz ~ 7.00E02 1.00 [115
Liquid Pulsed corona (60 Hz  2.28E02 3.64 [29]
o Contact glow
Liquid _ _ 4.00E01 1.60 [117
discharge electrolysis
Multi-electrode (Ar
Bubbles 2.00E01 8.40 [117]
bubble)
Bubbles  py|sed corona (60 Hz  3.00E03 0.75 [115
Bubbles Pulsed (oxygen
9.20E+00 2.10 [118
bubble)
Bubbles ¢ ¢ glow discharge 2.20E2 1.90  [119120]
Gas over Pulsed corona (60 Hz
o _ 5.00E03 0.70 [115
liquid in Ar
Gas over Pulsed corona
o o 3.80E05 5.00 [127]
liquid (positive) in air
Gas over Pulsed corona
o o 3.80E05 1.50 [127]
liquid (negative) inair
Gas over o
o DBD falling film 4.50E02 2.70 [122
liquid
Gas over Glow discharge
o _ - 1.76 [123
liquid electrolysis
Droplets Pulsed gliding arc 2.50E04 80.00 [18]
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In Table 2.4,the majority of the yield ranged from & g/kwWh. Thehighest
energy yield reported as30 g/kWh, was achievedby pulsed gliding arc
discharge in argon with water spray8]. A possible reason for thiegh energy

yield is that highly soluble hydrogen peroxide molecules were protected by
being absoed intowater dropletsradicals have short lifetime in agueous water
and are therefore less likely to contact and react thitldissolvedhydrogen
peroxide H3]. The energy yields of hydrogen peroxalghievedn experiments

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

To determinghe key factoraffectinghydrogen peroxide production, Lukes
al. investigated three different reactorsilasstrated inFigure 2.16. The three
reactorsveredesignedo distinguishthe effects ofas phase reactioregjueous

phaseeactions and gdiquid interfacereactions

s
e

1 12

’q
9 — g/lag—v
”)fjfz i

Reference reactor Hybrid-series reactor Hybrid-parallel reactor

Figure 2.16 Three reactors used in experiments of Lukes et al. 1 and 2: gas inlet
and outlet; 3: Teflon cap; 4: gas; 5: glass reactor; 6 and 9: cooling waterlet and
outlet; 7: cooling water jacket; 8: ground RVC (reticulated vitreous carbon)
electrode; 10: liquid phase; 11 and 12: solution inlet and outlet; 13: liquid phase
high-voltage point electrode; 14: liquid phase discharge; 15: gas phase discharge;
16: gas phase highvoltage RVC electrode; HV: pulse power supply [126].
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In the reference reactor, onlthe pulseddischargein liquid contributed to

hydrogen peroxide production.

In the hybrid-series reactornn addition tothe pulsed discharge in liquid, the
pulsed discharge betwetlrewater anode and RVC cathode above wathich
allowed negative ions and electrons to enter liquid and react with \aéger,

contributed to hydrogen peroxide production

In the hybrid-parallel eactor,in addition tothe pulsed discharge in liquid, the

gas phase pulsedischargebetween two RVC electrodesontributed to
hydrogen peroxide productioifhe positive ions generated by gas discharge
lose charge at the RVC electrode withagtachingthe water. Inthe hybrid-

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

diffused intoliquid.

When using 130 uS/cmpotassium chloride KCI) solution, the hydrogen
peroxide production wasmilar for all three reactors, whictiemonstrated that

the contribution of gas phase discharge and the interface reaction was negligible
in this case 126. Dischargs in air orin Ar/O2 mixture demonstrated similar
values ofhydrogen peroxide productiofheir results indicated thabnly the
discharge in liquid contributed to the hydrogen peroxide prodyatientrons

and negative ions did not contribute to hydrogen peroxide produciorral
species produced in gas phase discharges did not contribute to hydrogen

peroxide production.

To enhancethe effect of hydrogen peroxide the degradationof organic
compounds iron ions (Fé&/Fe*) are added tdanduceFent on o6 s reac
Koprivanacet al. found that the addition of Fein a solution significantly
increasecanor gani ¢ dy e s owhehegpbjeded gpulsedbaorona at e
discharge under watel27. Markovic et al. evaluated three methods for

ibuprofen removal from watenamelyFent on6s reacti?gns, D
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and DBD with Fé&". After 15 minutes, théuprofen degradatiorefficiency
were 85% and 99% respectively with DBD method and DBBYrRethod, both
were higher than tb8t by Fentonds rea

2.4.3 Ozone

As astrongoxidant(oxidation potential 2.07 V129), ozone habeen applied

for organt pollutants degradation in water treatmdittere are two paths for
organic compound oxidation by ozone: direct reaction or indirect reaction. In
thedirect path, ozone selectively attacks unsaturateddzomdipartly degrade

the organic compoungdm theindirect path, hydroxyl radicals are produced in
radical chain reacti@to oxidize organicsl3(. At normal temperature zone

(Og) is unstable and easily dedp ordinary oxygerfO.) [131]].

Ozone energy yieldsf up to 450544 g/kwWh have been aelkedusingnon
thermal plasma ipure oxygen in lab condition§3]. In thepresence of water
vapour,ow levels ofozoneareproducedsince the produmn of OH suppresses
ozone generation in a catalytic cycle which elimisateygen atomsasshown
below[132134:

I 1 (°( | (R 280)
( 10/ ( [ (R 281)

Ozone isa significant reactive species produced by plasmage reactions. In

AOPs, ozone may produce hydroxyl radsialwater asshown below 135:
o/ /I ( ( 9c¢/ ( 1/ (R 282
In thepresence of kD,, the generationf OH by Gz is enhancedl35:
¢/ (/ ©9¢/ ( o (R 283

UV light can also enhance the generatithi®©H by O;[1395:
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/I (/1 Ez°/ (/ (hg < 300 nR284
c/ (/ ©c¢/ ( o (R 285

In underwater discharge,a plasma generated lmubbling oxygen produse
ozone P8, 137, 138. Anpilov et al.studied ozone production byulti-spark
discharge under water with gas bubhbleseng four different bubbling gases:
oxygen, air, argon and nitrogen. Ozone production with air was lower than that
with oxygen,and an ozoneconcentratiorof (1-2)x10" cmr® was achievedin

oxygen[139.

In addition to underwater discharge, discharge over water surface can also
produce ozone. Lukest al studied ozone production by a positive pulsed
corona dischargeverwater in oxygen, @Ar mixture and @/N2 mixture.The

level of ozone productiomor different concentrations of oxygem Ar/O- and
O2/N2 mixturesis shown in Figure 27.[140. In N2/O> mixture, the ozone
production was depresserhis isdue to the nitrogen atoms and nitrogen oxides

consumingozone and oxygen at@wia thereactiors bdow [141-144):

/.19, [ (R 286)
/.1 . o/ . (R 287
/| o ./ | (R 288)
o (R 289
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Figure 2.17 The concentration and energy efficiency of ozoneroduction by
pulsed corona discharge over watein Ar/O > and No/O2 mixtures as a function of
oxygen concentration.Total gas flow rate 2.5 L/min,discharge voltage30 kV,
charging capacity 2 nF, electricalpower 4.5 W, discharge gap 5 mindischarge
gap 5 mm [L4Q.

In Ar/O2 mixture, there are no reactiossnilar toreactiors R 2.86- R 2.89to
depress ozone generatidtowever,as shown in Figure 2.18 [14Qhe ozone
production with 1070% argon content wasgnificantly increased, reaching
the maximum ®@energy yield 23 g/kWh with 40% argonhe beneficialeffect

of argonon ozone production was also reported in other researd [L46.
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Figure 2.18 The concentration and energy efficiency of ozone pduced by pulsed
corona discharge over water in Ar/Q and No/O2 mixtures as a function of oxygen
concentration. Total gas flow rate 2.5 L/mindischarge voltage30 kV, charging

capacity 0.2 nF, electrical power 4.5 W, discharge gap 5 mri4Q.

Theozoneproductionis depresseth the presence of water vapoGn one hand,

as mentioned in R 80, produced OH careactwith oxygen atomgo reduce
ozone productionOn the other hand, water vapour can be decomposed by the
electronsand excited molecules (e.§2(A)) to H and OH, both of which can

destroy ozone rapidly1Q:

( | of ( [/ (R 290)
I (1 o I (R 291)
(r 1 971 (C ¢l (R 292

In addition to water molecule decomposititime reaction of water and oxygen

atom D) can also produce OH, whithalso involved in ozondissociations
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2.5 Conclusions

This chaptereviewedseveratypes ofgasdischargsin or in contact with wate

as well as the reactive species produced in the reaction pgad€empared
with the traditional AOPs, e advantage of plasnaweater interactiosis that
theyproduce various reactimponentsncluding UV light, shock waveOH,

O3, H202, HO,, excited molecules and atomghich have synergistieffectsfor
water purification and sterilizatio’Among these reactive species, the core
factor is OH, the yield of which was lower than 10 g/kWh in most afdperted
research.Although numerous reacts producing OH and other reactive
species have be@emonstrated, theere some processes affecting the plasma

waterinterfacereactionswvhich remain unclear.

Analysis of the researakiork to datandicates thathemain energyossoccus

as a resulbf maintaining gas dischargbkeating wateand selquenching of
radicals A comparisonof ozone generation and plastwater reactions
explairsthe limitation in ozone generation, one oxygen molecule can be broken
into two oxygen atoms by consumirapout 6 eV [83], the oxygen atoms
subsequently react with oxygen to form ozone. While in plasatar reactions,
production of a singl®H radical always consumes thousands of[£83.
AlthoughanOHyield of 31.77 g/kWh was reporteaider laboratory conditian
[110Q, thesystemis not suitable for largscale industrial applicatiotue to the
high cost of carrier gas (argon) athe flowing liquid film in the experiment
However, the hydrogen peroxide produced in water by plasma has been reported
up to 80g/kwWh [18], which is thought mainly contributed from OH dimerization.

OH production in water can be from the readtiofpositive ions, electrons and
reactiveneutral speciedAs reported irSection 2.2, positive gas iopsoduced
in discharges rapidlyransfer the& charge togas phas&vater moleculeswith
themain positive ions reaching wateging clusters afi*(H.O)». On one hand,

positive ions reachinthe water surface can react with water to produce water
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ions, which subsequently decompose to hydrogen ions and hydroxyl radicals.
On the other hand, the positive ions wiigh kinetic energy can decompose or
ionize water molecules by bombarding water surface. However, the

contri buti on o fandipaental@nelgy hassnot been idemited. g vy

The reviews in this chapter provide a fundamental interpretatigoresent
understanding oplasmaand waterinteractions.This knowledge helps in
analysing the results in this research, whiehestigated te plasmavater
reactions in positive corona discharges and positive glow disch&gema
discharges produce positive ions which drift tovgdhe liquid surface and, as
such, have low kinetic energy, whdéw discharges produce positive ions with
high values of kinetic energy impacting on the liquid surfadee results can
help analyse the effects of potential energy and kinetic emmgrgye interface
reactions between positive ions and water. In addition teftkeet ofions, the
effects ofreactive neutral species produced by positive corona discharges were

alsoinvestigated.
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3. Experimental System De

3.1 Introduction

For investigating the effects of kinetic energy g@udential energy of positive
ionson plasmavater reactionstwo types of gas discharges weraployedin

this research: positive corona discharge and positive glow discharge. For a
corona discharge, the mean kinetic energy of drift ions reaching waelyis
0.01:0.1 eV [147; While for a water cathode glow discharge, the average
kinetic erergy of positive ions entering tiveater was suggested to be greater
than 100 eV 148. Therefore, comparing the effects of positive i@isthe
plasma water interfaga corona discharge and glow discharge can ioelptify

the role of the o rkieedic energy in the interface reactions.

This chapterpresentsthe experimental system and the methodoldgy
analysing thelasmawaterinterfacereactions As Figure 3.1shows, he setup
of the experiments can be divided into five sectidi®e core is the plasma
water reactodesignedor corona and glow discharge contact with wateras
discussed in sections 3.2.1 and 3.2.2 respectivelydingthe reactor chamber,
electrode configurations and the sample contairfdre.gassupply systemis
introducedn section 3.3includingthegas circuitandthe control of flow rates
and gas presswserlhe electrical systenmtroducel in section 3.4, desbes the
electrical circuit design anthe electrical componentsandthe diagnostics of
voltages andlischargecurrents Section 3.5ntroduceshe chemicals and the
preparatios. Section 3.6 introducetthe analysis methods for the treated sample
includingthe measurements of pH, conductivity and hydrogen peroxithesin
treatedsolutions, and howhe reactive species the off gaggas flow out from

the gas outlet of reactor during dischargeyeanalysed.
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Chemicas
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Plasmawater Electrical
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Figure 3.1 Schematic diagram for experimental procedures

3.2 Plasmawater interaction

3.2.1 Reactor design for corona discharge

The plasmawater reactor for corona discharge is shown igufé 3.2(a).
Positive orona discharge was generatada nine-needlehigh-voltage (HV)
electrodeo produce ionic wind drifting to the sample soluti®he current was
kept at 30 A duringoronadischarge. Singlaeedle electrode was testeat

the maximumd.c. currentcould only reaclLl5 pA. The nineneedle electrode
can produce twice the amount of iong€omparison ta singleneede electrode,
therefore halvinghe coronadischarge timeequired The chamber of the gas
tight reactor encompasd an acrylic tube, with an inner diameter of 100 mm

and a height of 100 mm. The gas inlet and outlet were situated palytvenyl
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chloride (PVC) lid The tip radius of thetainlesssteelneedles was 0.2 mm.

Figure 3.2(b) shows thHeottom view of the me-needleanode

Inside the reactothetwo sample containehown inFigure 3.3 were used in
the experimerst one with a water cathode and the other with a staiskesd
mesh cathodevith the water container underneath all the tests of corona

discharges, the volume of sample solution is 5 mL.

For experiments withthe water cahode, positive corona dischargeas

generated between the nineedleanodeand the sample solution. The gap
between the needle tips and the solutsurface was fixed at 10 mm. The
solution was grounded through a stainlsteel plate at the bottom of the

container. The sample container was fixed and grounded by a brass screw.

For experiments with the mesh cathode, positive corona dischvaage
gererated between the nimeedleanodeand the grounded mesh. The mesh
was placed 5.3 mm above the solution surface, covering the soititeon The
solution was not grounde@o maintain a consistenbrona dischargehe gap
between the needle tips and the mesh sga4010 mm. The positive ions are
filtered by the grounded mesh, allowing only neutral species to reach the
solution. The mesh cathode is madesthinlesssteelgrade316, which has a

pore size of 1 mm ana wire diameter of 0.3 mm, a square with side length of

50 mm.
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Figure 3.2(a) The reactor configuration for corona discharge andb) the bottom

view of the nineneedles electrode
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Figure 3.3 Sample containers witi{a) water cathode and(b) with mesh cathode
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3.22 Reactor design forglow discharge

The plasmawater reactor for glow discharge is shown in Figure 3.4{a).
minimise differences in plasmaater reaction caused by reactor desitpe,
reactor used for glow discharge is similar to the one used for corona discharge,
only the electrode and sample contaiaexdifferent Positive glowdischarge

wasgeneratedetweera singleneedleelectrodeanda water cathode

The singleneedleeledrode is configured by one needle embedded at the centre
of abrass plate basasshown inFigure 3.4(b)Each experiment uses a fresh
needle, whiclprotruces7.4 mmfrom thebrassplate and has @p radius of 0.2

mm. The singleneedle HV electrode wasgeed directly above theentre of the
sample container. The distance from the needle tip to the water surface can be
adjusted as requirad different gas dischargethe reason for the variation is

discussed below.

Figure 3.4(c) shows the configuratiori the sample container. The inner
diameter is 45 mm and the outer diameter is 50 mm. The depth of the sample
container is @ mm. A stainlesssteel plate with thickness of 10 mm is placed at
the bottom of the sample container to ground the whatexl the tests of glow

discharges, the volume of sample solution is 10 mL.

To acquie astable glow discharge in each type of gas, the distance from needle
tip to water surface, current and discharge time was adjusted in nitrogen, oxygen

and heliumTable3.1 showshe values used for each experimentaiuget
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Table 3.1 The parameters of glow discharges in nitrogen, oxygen and helium

Distarce from _ _ _
Gas _ Discharge Current Discharge Time
needle tip to water

Nitrogen 2 mm 3 mA 4 minutes
Oxygen 8 mm 2 mA 5 minutes
Helium 2 mm 3 mA 4 minutes
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Figure 3.4 (a) The reactor configuration for glow discharge; (b) the sample

container; and (c) the singleneedle electrode
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3.3 Gas system

3.3.1 Gas control design

Figure 35 illustrates the gas control systersedfor bothcorona discharge and
glow discharge. Polyurethartabes 6 mm ouer diameter and 4 mm inner
diameter) were used ttmnnectthe gasircuit. The gas preparation before gas

discharge isnadeinto three steps

15t step:keep thevalve ofmass flow controlleclosedand evacuatéhe reactor

to below 4Torr usingan Edwards E2M80 rotatyane pump via the ball valve.

2"d step:set the pressure controller to 760 Torr and close the ball vahlieww
the workinggas fill the reactoto theatmospheric pressur€he 15tand2" stes
were repeated three timesaachtest to reduce the residual air in ghlesma

reactor.

39 step:keepthe vacuum pump workingvith the ball valveclosed andthe
pressure controller and mass flow controlléli work at pre-set valus. When

the gagoressure anflow ratearestable, the gas discharggperimentcan be
started During the gas discharge, the pressure controller and mass flow
controller automatiglly adjust to ensure the psetgas pressure and flow rate

in the plasma reactor
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Figure 3.5 The design othe gas control system

For the coronadischarge, nitrogen and oxygen were employeaium was not
usedfor the corona dischargasthe d.c. coronadischarge current cannot be
maintained at 30 pAvithout a breakdownFor the glow discharge, nitrogen,
oxygen and helium wengsed The parametarof these gases are listed in Table
3.2

Table 3.2Specification of gas supply useéh experiment.

Gas type Supplier Purity CAS-No.

Nitrogen (ompressedoxygen free) BOC (09.998%  7727-37-9
Oxygen (ompressed BOC 99.5% 7782447

Helium (compressed BOC 99.996% 7440597

Three models of Alicat mass flow controllers with differlotv range were
usedin the experiments to control the gas flow rate. The specifications of mass
flow controllers are listed iffable 9.1 inAppendix In corona dischargegas
flow rates 0f0.002, 0.02, 0.2, 0.5 and 1.0 slpm were investigaiedylow

discharge, gas flow rates of 0.2, 0.5, 1, 2 and 5 slpm were investigated.
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The gas pressure of thlasmareactor was measured and controlled bpjlacat
pressure controllelThe specifications of the pressure controlisedin the
experiments are listed in Tal®e in AppendixGas pressures of 760, 500, 300,
200 and 100 Torr were tested in nitrogen corona discharge and glow discharge
(. ,/ , He) For the oxygen corona dischargeaspressures of 760, 500, 300

and 200 Torr were tested. The pressure of 100 Torr was not tested in oxygen
corona dischargeas the 30 pA d.c. corona dischargecurrent cannot be

maintained under this pressure.
3.3.20ff gas diagnostics

As Figure 3.6 shows, anzone analyser was applied neeasurethe ozone
concentration in the atmospheric oxygen dischabgigerent from the system
described in Figure 3.5, in this system, the mass flow controller was put at the
gasin sideand the pressure controller was put at theagasside whichis for
avoiding the corrosiveff gas (which contains ozone) flowing through the mass
flow controller. In this system, the pressure controller was working as a pressure
meter, without gas flowing through it. The experiments were conducted at

atmospheric pressure.

The gas preparatioprocedureis slightly different from that in Figure 3.5. In

the gas filling stage, keep the ball
valve openevacuate the reactor with the vacuum pump to beldary set the

mass flow controlleandlet the gas filithe reactorAs before,the gas filling

processs repeatedor three timedeforeclosngt he pressure contr
and sding the mass flow controller tine pre-set value. When thgas pressure

of plasmareactor reaches 760orr, open the ball yae. When the gas flow is

stable, start the gas discharge. The ozone concentration was testadjasth

flow rate of 0.2, 0.5 and 1.0 slpAs the recommended flow rate of the ozone
analyser is between 0.1 to 1 slpm, ozone concentration was notftastieel

gas flow rateof 0.002 and 0.02 slpm.
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Figure 3.6 The design othe gascontrol system for atmospheric oxygen discharge

OzoneresistantPTFE tubes weraisedto connecthe plasmareactorwith the
ozone destructor. The pressure controller pastionedbetween the vacuum
pump andhe plasmaeactor tocontrolits pressure The specifications of the

ozone analyser are listed in TabI&.

To investigatehe composition and lifetime of the active neutral speciesfthe

gas was analysedith a gaswashing bottle, as shown in Figure 3The gas
washing bottle is filled witt20 mL deionized watedn the experiments, thaff

gas was collected during the whole discharge time range. And the gas flow was
maintained for another three minutes after the gas discharge extinguished for
collecting the residual gas in the reaciinen the pH valuezonductivity and

hydrogen peroxide of the water in gaashing bottlaveretested.
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Figure 3.7 The designof gas control system with gasvashing bottle for

atmospheric discharge

3.4 Electrical system

3.4.1Electrical circuit design

Thenovel design oélectric circuit for corona discharge is shown in Fighig
which can achieva stable 36uA d.c. cathode currenThe ®rona discharge
was generated usinga nineneedle electrodesupplied by a Glassman,
PS/EJ20R3@l.c. power supplywith a voltage range of-20 kV and a current
range of 830 mA as introduced in Table 9.EBlectrode with fewer needles
(singleneedle andevenneedleclectrodesyvere also testednd the discharge
current using them could notach 30 pAwithout causing pulsesA lower
discharge current would require longer discharge time to ensure suffig@nt H
corcentration inthe treatedsolutionsto ensure the accuracy ofeasurment.
The current limiting resistors are Bnd R; the currentviewing resistor (CVR)
is Rs. 2 is connected between the reactor and the CVR to preélker@VR
from taking excessive partial voltage, which may damage the paobe

oscilloscope. The voltage applied to the needle electrode was measured by a
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Tektronix P6015A high voltage probe. The voltage on the CVR was measured
by a Teledyne LeCroy PP0O08 prohéltages were recorded using a Teledyne

LeCroy Waverunner 610Zi oscilloscope.

R,=1MQ HYV probe
AMN—

Vacuum Mass flow
pump  controller

(T

Pl’eSSL]l;‘e lgas Lecroy Wave
controller cylinder | p .0 cu 61071

D ﬁ Oscilloscope

/ \ ( ) ( ) 1
©Q 00,
1] |
Power L
Supply
R»=24 9MQ R=10kQ

" "]

Figure 3.8 Electrical circuit design for corona discharge

The electric circuidesgned for glow discharge is shown in Figu8®. The
glow discharge wagenerated usintpe same power supply as thathecorona
discharge but witla singleneedle electroddn this case,hte current limiting
resistorR:i s 2andvhg currentviewing resistor Ri s 1botlk age lower
than those used for corona discharge, which is duthé¢ glow discharge
currents are higher and in the order of miAe other components are the same

as those irthecorona discharge.
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Figure 3.9 Electrical circuit design for glow discharge

3.4.2 Electrical equipment

As stated above, &lassmand.c. power supply was employed in the

experiments. The power supply specifications are listed in Batle

A high voltage probe ATektronix P6015/
voltage in the HV electrode. The voltage probe specifications are listatbie
9.5

The corona discharge is designeduwo ata ¢ o n s t withaut aByQulsedA
current As the pulses in the corona current will lead to inaccuracy in the
calculation ofions quantity. The pulsedcurrent wasmonitoredusinga 50Y
coaxial cable (RG40%)onnected to the oscilloscope-Y t e r. Tabl@d®H |
lists thecablespecification. Figure 3.10 shows the electrical circuit with the 50
Y c o axi Hdpulsedclrrengwas observedh the corona current under

the coronalischarge configuration
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Figure 3.10 Electrical circuit design 50Y coaxial cable

During the gas discharge, the voltage across the CVR was measured by a
Teledyne LeCroy PP008 probthe voltage washen convertedo a current
value accordingo the resstance. The specificatiomd the Teledyne probare

listedin Table9.7.

The voltage signals were input into Teledyne LeCroy Waverunner 610Zi

oscilloscope. The specifications are lisied able9.8.
3.5 Chemical analysis

3.5.1 H202 measurement

The concentration of hydrogen peroxide in liquid was determined by a
spectrophotometric method using potassium titanium (IV) oxalate solution.

This is a fast and sensitive approach which is able to measure the hydrogen
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peroxide concentration as low as 14 [b]. Hydrogen peroxide can react with
Ti** to form complex Ti@* giving a yelloworange colour in the solution and
has a strong absorption at the wavelength of 390 nm. According to the Beer
Lambert law, the absorbance of solution is proportional to sibleition

concentration. The relationship is defined as:

~

A0l T & R T A (Eg. 3.1)
Where:
Abs Absorbance of the solution for light
lo Intensity of input light
I Intensity obutput light
U e | ar absorpti on
a Light path length in the solution (cm)
@ concentration of absorbing sample (M)

In the analysis, quartz cuvette which has cross section of 1 comx dapacity
of 4 mL and path length of 1 cm, as shown in Figure 3.11, are placed in the
ultravioletvisible (UV-vis) spectrophotometer (Evolution 201, made by

Thermo Scientific). The specifications of the instrument are listed in Table 9.11.

The preparabn of the sample for analysis is as follows: after each gas discharge
experiment, remove 3 mL of the treated sample solution from the container and
mix it with 0.3 mL of 0.1M Ti** solution and 0.3 mL of M H>SQs solution in

the cuvette. After 1 minutepeasure the absorption of the mixed solution at 390

nm using Thermo scientific evolution WVisible 201.
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[«
=1 cm

Figure 3.11 Determination of BO2 concentration in the treated sample solution

A standard curve, representing the relationship betwe@nddncentration and
absorbance, was made using standard solutions: the resulting data is presented
in Figure 3.12. Each specific concentration of hydrogen peroxide solution was
made by diluting a solution of knowre@&. concentration (30 wt%, CAS 7722

84-1, SigmaAldrich) in deionized water. As can be seen in the data in Figure
3.12, five concentrations of-B. were prepared: 0.01 mM, 0.05 mM, 0.1 mM,

0.5 mM and 1.0 mM. The 4. concentration was verified by potassium
permanganate titration method. Accordirtg the standard curve, the

concentration of kD> can be calculated from the measured absorbance:

A( / pg p! AO (Eq.3.2)
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Figure 3.12 Standard curve for hydrogen peroxide concentration measurement

3.5.2 pH and conductivity measurement

After the gas discharge, 3 mL treated sample solutiondi@igd with 12 mL
deionized wateto provide sufficient volume tmeasure pH and conductivity.

The measured value was converted to the pH and conductivity faetted
sample solution. The measurement was conducted within 5 minutes after each

gas discharge experiment.

For the water in gawashing bottle, 15 mL water was removed from the bottle

after each gas discharge for the pH and conductivity measurement.

The pH of the treated solution was measured using a Thermo Scientific Orion

Star A211 pH meter. The instrument specifications are listed in Table 9.12.
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3.5.3 Nitrate and nitrite measurement

The concentration of nitrite and nitrate in the solution was medshy a
colorimetric test kit (Sigm&ldrich, Cat. No. 11746081001). The nitrite reacts
with sulfanilamide and MN1-naphthyl}ethylenediamine dihydrochloride to
form a diazo dye, exhibiting red colour with a peak absorbance at 540 nm that
can be measurdxy a spectrophotometer. The treated samples were divided into
two groups, in one group the nitrite is measured; in the other group, the nitrate
was reduced to nitrite by nicotinamide adenine dinucleotide phosphate
(NADPH) in the presence of the enzyme ait#ér reductase (NR), and the total
nitrite was measured. By comparing the difference of nitrite concentration, the

nitrate concentration can be determined.

The conductivity of the treated solution was measured using a Thermo Scientific
Orion Star A325 condttivity meter. The instrument specifications are listed in
Table 9.13.

3.6 Chemical preparation

In eachtest, avolume ofsample solution waslled into the sample container
using a pipette Three models of pipettesnanufactured by Gilsgnwere
employedo dispensehe measured voluna liquid. The specifications of the

pipettes are listed in Tab89.
3.6.1 Deionized water preparation

The deionized water wadbtained from Milli -Q Integral 15 Water Purification
System. The conductivity tfiedeionized water wameasured to blewer than
1uS/cm which indicates there are few ions in the watére characteristiosf
waterfrom the Milli-Q Integral 15 Water Purification System are ligtediable
9.10.
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3.6.2 Tert-butanol solution preparation

0.01 M, 0.05M and 0.1 M teibutanol (TB) solutiors were used in the
experimentsto scaveng OH, thereby determines if 4. was produced by

dimerization of OH The tertbutanol solution wamade by mixingert-butanol
(ACS reagentl 99.7%, CAS 75%5-0, SigmaAldrich) in thedeionized water

obtained from thevater purificationsystem described abavéhe volums of

tertbutanol and deionized water in TB solutions @gikeen in Table 3.3

Table 3.3 The volume of TB and deionized water in TB solutions

Solution TB volume Deionized water volume
0.1MTB 19mL 198.1 mL
0.05 M TB 0.95 mL 199.05 mL
0.01MTB 0.19 mL 199.81 mL

3.6.3 Dimethyl sulfoxide solution preparation

0.01 M, 0.05M and 0.1 M dimethyl sulfoxid®MSO) solutiors were used in
the experimento verify if the H:O, was produced from OH dimerizatiohhe
DMSO solution wasmade by mixing dimethyl sulfoxidéACS reagentf]
99.9%, CAS 6#%68-5, SigmaAldrich) in deionized water. The voluraef

DMSO and deionized water thesolutions areiven in Tdle 3.4
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Table 3.4 The volume of DMSO and deionized water in DMSO solutions

Solution DMSO volume Deionized water volume
0.1 M DMSO 0.71 mL 99.29 mL
0.05 M DMSO 0.355 mL 99.645 mL
0.01 M DMSO 0.071 mL 99.929 mL

3.6.4 Sulphuric acid solutionpreparation

The measurement ofz2B- by titanium ions requiresnacidic environmentThe

sulphuric acidvas prepared for acidize the treated solution to measie H

The 1 M BSOQy was made by diluting 5.64 mL of concentrated sulphuric acid
(AR reagent, >95.0%, CAS 76693-9, Fisher Scientific) with 94.36 mL of

deionized water.
3.6.5 Potassium titanium (IV) oxalatesolution preparation

The 0.1 M potassium titanium (IV) oxalatsolutionwas used for measuring
hydrogen peroxide concentratiorprepared by dissolving3.93 g of
K2TiO(C204)2:2H,0 (Technical,ii 90%, Ti basis. Sigmaldrich) in 100 mL

of deionized water
3.7 Procedures

The procedures of the tests can be dividedtimdollowing stages:

)] Set up the gaand electrical systesraccordingto the design.
i) Open the reactor lid, and inject the sample solution into the sample

container with pipetteclose the reactor lid.
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i) Evacuatehe reactor t@ gas pressuteelow 4 Torr, and then inject
the working gas to 760 Torr; repeat this process fagethimes to
reduce the residual air.

iv)  Conduct the gas discharggperimentand record the parameters.

V) After the gas dischargaemovethe treated sample and prepare for

analysis

Each test was repeatéat more than three times tnsurethe consistency of
the results, andhe average values reported In corona discharge, it was

observedhat the discharge occurred on all the nine needles.
3.8 Conclusions

This chaptelnntroducedthe experimental systems atite preparation of the
chemicals mployed in this work. The experimental systems are divided into
two sections: gas systarand electrical systesnThe gas systesinclude the
design of gas contralystemand the diagnostiasf gas parameters, such as gas
pressure, gas flow rate aadoneconcentrationThe design of gas control varies
in order to meet the requirements of a specific test. The electrical systems
include the design of electrical circuit and electrode topolddne current
limiting resistors were employed for acquisition adlde d.c. cathode current
and protecting the probe on curremwing resistorln corona discharges, nine
needle electrodandwas employed for acquiring sufficient d.c. cathode current.
In glow discharges, singleeedle electrode was employed for acapgirt mA

d.c. cathode current. The discharge voltagegrentand timewere measured;
the input power and passing electric charge were calcul@ited employed
chemicals include deionized wateun)ghuric acidsolution, ptassium titanium
(IV) oxalatesolution TB solution and DMSO solutioff he production of kD-,

nitrateandnitrite, pH and conductivity of treated solution were measurbd.
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parameters of the equipment employed in this work are listed. The procedures

for general tests have been intugdd.
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4] nterface Reacti ons bet w

Corona Disscharge i n N

4.1 Introduction

4.1.1Motivation

Interface eactions between water and corona discharge have been proved able
to effectively deactivate microorganisms and remove organic compounds in
water [L149-151]. Corona discharge over water produces a variety of reactive
species, includingons, @, OH, excited molecules and atoms that enter the
water and oxidize the pollutants directly or indirectty,[140. Hoeben et al.
achieved phenol decomposition in water by applying pulsed corona discharge

above water surface4.

The production & reactive species by corona dischaigaffected by the gas
compositiors. It has been reported that the presence of nitrogen in the air
reduces the efficiency of decontamination and sterilization in w24ed b4).
However, few reports have investigatibe interface reactions between water
and plasma generated by nitrogen corona dischargerolénef low energy
positiveionsin theinterface reactions have not begell describedDifferent

from glow discharges, the positive ions produced by corocaalige havaéttle

kinetic energy to ionizer dissociatenultiple water molecules at the interface.
Therefore, the charge transport process is completely driven by the potential

energy of the positive ions.
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4.1.2 Objectives

This chaptempresentsnvestigations intdhe reactions between water and the
ionic wind generated bs positive corona discharge in nitrogdihe tests with
water cathode and mesh cathode were conductezleffects oflow energy
positive ions and reactive neutral species tba interface reactionsvere
evaluatedHydrogen peroxide production by positive ions and reactive neutral

species was investigatedder the following conditions

I) Plasma reatment time from 30 to 150 minutes in-Bthute
increments.

i) Gas flow rates of 0.002, 0.02, 0.2, 0.5, 1 slpm.

lii) Gas pressures of 100, 200, 300, 500, 760 Torr.

iv) Deionized water, TB solution and DMSO solution

The Faraday efficiency dhe hydrogen peroxide productiomas investigated,
which indicates the amount o8&, molecules produced with one ion reaching
cathode. fiechange of pH and conductivity tifetreated water wastudied to
help analyse the interface reaction mechanisige reactions caused by

positive ions and reactive neutral speciethatnterfacearediscussed.
4.2 Voltage and current characteristics

The corona current was kept constant at 30 pA in all nitrogen corona dissharge

No impulsecurrent was observed when measuring wig0-Y coaxi al ca
The applied voltage needs to be controlled to@utae a constant 30 pJA current,

if the applied voltage is increased by several hundred voltsnthése current

will appear in the current waveforms.

As shown inFigure 3.8, the Tektronix P6015A high voltage probe detects the
applied voltage othenedlle electrodeBased on a discharge current ofp 3

the discharge voltage (voltage from needle to cathode) was calculated by
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subtracting the partial voltager¥on R ( 24 . 9 Mq) andrpmarti al
R:3( 10 kqgq) from t he detPé0t5A bighvoltagépgrobege by
Since theaveraged.c. current was kept constant at 30 |{#ith a current

fluctuation less than 1 pAjhe total partial voltage () was:
6 6 6 OTA!Z ¢®B-m pTEM T (E6 (Eq4.l)

For each test, the mean value of voltage read from the oscillododpg the
discharge is recorded as the discharge voltage. The relationship between the
discharge voltage anthe treatment time, gas flow rate, gas pressure and
addition of TB or DMSO wasvestigatedThis informationis significant for
analysing the discharge status and the change of solution characteristics after

treatment.

Figure 4.1showsthe variation indischarge voltagéor treatment tims of 30,
60, 90, 120 and 150 minutes. Theseno obviousvariationin the discharge
voltage as the treatment time increaskeugh the conductity of deionized

water increased witiime.
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Figure 4.1Nitrogen corona dscharge voltageat 760 Torr with treatment time of
30, 60, 90, 120 and 150 minutes. The sample is deionized water. ghsflow rate
is 0.5 slpm.
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Figure 4.2 shows the discharge voltageasured at thgas flow rate of 0.002,
0.02, 0.2, 0.5 and 1.0 slpm. Alse gas flow rate increasl from 0.002 to 1.0
slpm, the discharge voltage shows a slidgtreasen both the water cathode

and mesh cathode tests
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Figure 4.2 Nitrogen corona dscharge voltageat 760 Torr with gas flow rate of
0.002, 0.02, 0.2, 0.5 and 1slpm. The sample is deionized water. The treatment time

is 30 minutes.

Figure 43 shows the discharge voltafig gas pressussof 100, 200, 300, 500
and 760 Torr. As thgaspressure decreasefh, maintain an avelge corona
current of 30 pAthe voltage applietb theneedlesieed to beeducedln water
cathode testdhe voltagalecreaseftom 6.87kV to 3.11kV asthe gas pressure
decreasedrom 760to 100 Torr. In mesh cathode tests, ttlischargevoltage
refersto the voltage from needle tips to the mesh. dikeharge voltage in mesh
cathode testvas higher than thaif water cathode tesisnderthe same gas
pressureSince the mesh thickness is 0.6 mm, riged discharge gap could be

larger than 10 mm fahe mesh cathode. The water resistance is approximately
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20 kq at a conducti vi t yis30 A, the parsal c m.
voltage across the wateraround 600 mV at thbeginningof gas discharge,
which is negligible compared to thapvoltage. Aghe gas discharge procesd

the water conductivity increaseahd the partial voltage drppd At 100Torr,

the gap voltage for theater cathode and mesh cathedesvery close As the

gas pressure was raised, the voltage difference betiveéno cathale types

also increased, reaching a maximum of 1.11 kV atTi&®. As presented in
Figure 43, the voltage in the mesh cathode testreaseffom 7.98to 3.23kV
whenthe gas pressudecreaseffom 760to 100 Torr. The decrease of voltage

was due to th lower pressureausinga reduction in theorona discharge

voltage[206].
9
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Figure 4.3Nitrogen corona dscharge voltage with gas pressure of 100, 200, 300,
500 and 760 Torr. The sample is deionized water. Thigeatment time is 30

minutes and the gas flow rate is 0.002 slpm.

Figure 44 shows the discharge voltage in water cathode tests at 300 Torr when

different solution samples are usedAlthough te addition of DMSOto
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deionized waterdid not change the discharge voltage, the presence of TB
increased the discharge voltage. This is possibly due to thes tbACEB
vaporized into the gas phase and afferthe discharge gas composition, which

resulted in an increase of the discharge voltage.

At an ambient temperature #f0 , t IpressuresopT® is 4.1 kP&ag9,
while the vapour pressure of DMSO is only 0.0594 Ki%&j[ The extreme low
vapour pressure may explain why the DMSO did not change the discharge

voltage.

~

[ ] deionized water

001 MTB
[_]0.01 MDMSO

[\S] w + (8] 2]
1 1 1 1 1

Voltage from needle to cathode (kV)
|

o

Water cathode Mesh cathode
Cathode type

Figure 4.4Nitrogen corona dscharge voltage for water cathodeestsat 300 Torr
with deionized water, 0.01 M TB solution and 0.01 M DMSO solution. T

treatment time is 30 minutesand the gas flow rate is 0.5 slpm.
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4.3 Interface reactions between water and positive ionic

winds

The production of B> in water wit treatment time was investigatai30, 60,
90, 120 and 150 minute$20. production almost increasddearly with
treatment time from 30 to 150 minutes in betater and mesh cathodests.
The hydrogen peroxide@duction in water cathode tegas higher than that in
mesh cathode tests. The difference isOHproduction betweerthe water
cathode and mesh cathddst was thought becaused by thaction ofpositive
ions. In the mesh cathodest positive ionscould not reachhe water surfee
to initiate any ionsnduced interface reactionslence,with a mesh cathode
only reactive neutral species in the ionic wind contributedth® H>O-

productionin watet
4.31 H20:> production with different gas flow rates

H20. production with gas flowates of 0.002 slpm, 0.02 slpm, 0.2 slpm, 0.5
slpm and 1.0 slpm at atmospheric pressure was investigated. The treatment time

was 30 minutes.

As Figure 45 shows, HO. production did notisplay a cleatrendwith the
change ofasflow rate. There was a minimunm@&. production of 0.112 pmol

at the flow rate of 0.5 slpm with water catholslecontrastwith a mesh cathode,

the H2O» production reached maximum value of 0.088 pmol at 0.5 slgt
when the gas flow rate rose from Odbpm to 1.0 slpm, kD> production
experiencea significant reductionThis can be explained by considering that
at hghergasflow rate the concentration of reactive neutral species and water

vaporwould decrease
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Figure 45 H20> production by nitrogen corona discharge at 760 Torwith a gas
flow rate of 0.002, 0.02, 0.2, 0.5 and 1.0 slpm. The treatment time is 30 minutes.

4.32 H20- production with different gas pressures

Figure 46 presentghe results fohydrogen peroxide production deionized
water at gas presswef 100, 200, 300, 500, and 760 Torr. The gas flow rate
wasset at0.002 slpm and the treatment time was 30 minutes. In water cathode

tests, the BD- productiondecreasedrom 0250 umol to 0148 umol as the

pressure increased from 100500 Torr. HbOopr oduct i on was O.

500and 760 Torr. Given that the cathode is waté¢he measured 40> in the
water wereproduced by two pathways: positive drift ions and reactive neutral

species.

As shown in Figure 4, H-O2 production in mesh cathode tests was much lower
than that inthe tests with a water cathode. As discussed previouslyeash
cathode tests, only reactimeutralspecieould reach and reawatith water to

produce HO.. A slightdecreasen H>O. production was found as the pressure
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increasedrom 100 to500 Torr, with a maxi mbtamedatflO0O0 .

Torr. However, at 76 orr, the production of kD is greater than that at 500
Torr. There was no clear relationship betwe&e gas pressure and2Eb

production in mesh cathode tests.

The difference in BHD. production between the tests wivater and mesh
cathodewasthought to becaused by positive drift ions. The increase eDH
production with a water cathode was mainly tedsuted by positive drift ions
as the gas pressuttecreased.e. aghe gas pressudecreasetrom 760 to 100
Torr, the average reduced electric field increased by 3 times approxinaaiely,

this wouldresult in the positive drift ions attaining highenetic energy.
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Figure 4.6 H2O; production by nitrogen corona dischargeat gas pressure of 100,
200, 300, 500 and 760 Torr. The treatment time is 30 minutesd the gas flow
rate is 0.002 slpm.

Figure 4.3 and Figure @indicate thata decrease of gas pressuee to two

085

results: higher hydrogen peroxide production in water cathode tests and lower
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discharge voltage®r both water and mesh cathaess. Figure 47 shows the

relationship between 3. yield and gas pressure.
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Figure 4.7 Energy yield of H2O> for nitrogen corona dischargeat gas pressure of
100, 200, 300, 500 and 760 Torr. The treatment time is 3@inutes and the gas
flow rate is 0.002 slpm.

As Figure 47 shows the HO> productionincreased as the gas pressure
decreased from 760 to 100 Torr. In water cathode tests, the maxin@ywéks
obtained at 100 Torcorresponding to a yield @.178 g/kWh approximately
3 timesof thatat 760 Torr. In mesh cathode tests, the maximu@ Mield was
0.048 g/kWhobtained at 100 Torgpproximatel\2.5 timesof that at 760 Torr.

4.33 H202 production with OH scavengers in water

To investigate whether hydrogen dioxigieneationwas from the dimerization

of hydroxyl radicals, two types of OH scavengers were employed in the
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following experiment: terbutanol O A O#( / () and dimethyl sulfoxide

(#( 3 ). The reactions between OH and these two scavengers are:
I ( OAOCH( I (o#(## [ ( (/ (R4.1)
I ( #( 3/ #( 311 ( (R4.2)

Three sample solutions were tested: deionized water N0.UB solution, and
0.01 M DMSO solution. Each sample was treated for 30 minutes at a gas
pressure of 300orr and agas flow rate of 0.5 slpm. Thest wasnot conducted

at 760 Torr because tloec. currentcould notreach 30 HA with TB solution.

In the water cathode testss Figure 8 shows,H>O> production increased by
64.7% and 40.1%espectivelywith the addition of TB and DMSO. In the mesh
cathode testss previously discussedhly reactive neutral species reached the
solution and, hydrogen peroxide production increased by 43.5% with the
addition of TB, while the addition of DMSO had minimafesfs on HO>

production.

The addition of OH scavengers did not reduce th@-hkbroduction for either
thewater cathode anesh cathode testmplying that neither positive drift ions
nor reactive neutral speciesacted to produce OH in the solutias amajor
pathway Higher concentrations of T&1d DMSOsolution(0.05M and 0.1M)

were testedbut the identical results were obtained.
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Figure 48 H20O2> production by nitrogen corona discharge at 300 Torrin
deionized water, 0.0IM TB solution and 0.01M DMSO solution. The treatment

time is 30 minutesand the gas flow rate is 0.5 slpm.

4.34 pH and conductivity of treated deionized water

Using the same discharge regindanlL deionized water was treated for 60

minutes witha nitrogen flow rate of 0.2 slprat 760 Torr.

As shown in Table 4.1he original conductivity of the deionized water was
lower than 1 puS/cm. Aftethe treatmenif 30 minutesthe conductivity of the
water increased to 38.0 uS/cm and 41.3 uS/cm for the water cathode and the
mesh cathodeespectively. The original pH of the deionized water alasut
6.40.After treatment, lite pHdecreased td.38for the water cathode, and 4.60

for the mesh cathode.

The conductivity and pH of the treated deionized water for the two types of
cathode are very close, indicating that the reactive neutral spaaethe
dominant factors leading téhe change oivaterconductivity and pHWith the
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water cathode, the condeation of NQ  and NQ was measured to be 0.035

mM and 0.123 v; with themesh cathode, the concentration of Nahd NQ'

was 0.043 v and 0.137 vl. The pH calculated based upon the concentration

of NO2 and NQ' is 3.80 for the water cathode tests &d4 for the mesh
cathode tests, which proves that the decrease of pH was mainly caused by the
production of nitrite and nitraten the solution Cadorin et al. also found that
waterpH dropped to 3 following the treatmewftcorona discharge in nitrogen
[157] Takahashi et al. also reported that-Nghd NQ" were produced in water

after plasma treatment in @M. gas mixture [158].

Table 4.1 pH and conductivity change ofdeionized water after 60-minute by

nitrogen corona discharge at 760 Torr. The gas flow rate is 0.2 slpm.

pH and Conductivity(S/cm)

Cathode type

PHoriginal PHafter treatment Concbriginal ConNdhster treatment
Water cathode  6.40 4.38 0.847 38.0
Mesh cathode  6.40 4.60 0.895 41.3

4.35 Off gas analysis

To investigateheformation of gas phase reactive speanethe reactor, theff
gas wagassed through gaswashing bottlecontaining deionized wateihe
experimental setipwas presented in Figure 3The experimenparameterare
listed in Table 4.2A volume of20 mL deionized watewas filledin the gas

washing bottle.
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Table 4.2 Experimental parameter foroff gas analysis

Pressure (Torr' Flow rate (slpm) Sample Watervolume (mL)

760 0.5 Deionized HO 20

Three mesh configuratiomgere used to analyse th# gas as Figure @shows.
The barrienin Figure 49 (c) is a 2mm thick PolytetrafluoroethylenéPTFE)

square plate, with a side length of 60 mm.
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Figure 4.9 Mesh configurations employed foroff gas analysign nitrogen corona
discharge (a) meshwater distance5.3 mm without the PTFE barrier; (b) mesh-
water distance 33.3 mm withouthe PTFE barrier; (c) mesh-water distance 33.3

mm with the PTFE barrier.

As Table 4.3 shows, 3. production inthe gaswashing bottlevateris much
lower thanthatfound in thesample solution in the plasma water reactor. In the
testwith a mesh towater distance of 5.3 mm, thex® production in gas

washing bottledid not changavith the treatment time from 30 to 60 minutes.
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Since theH20. concentration inthe gaswashing bottleis too lowto be
measuredaccuratey. The results suggested that the reactive neutral species
rarely exist in theoff gas.The length of the tube connecting reactor and gas
washing bottle was about 1 m. The cross section of tube ine@isa0.12 crh

With gas flow rate of 0.5 slpm, the travel timgfor gas from reactor to gas
washing bottle cab be calculated as:

8

O ¢mOAA— p&@ OA A (Eq. 42)

There was few kD, produced in gasvashing bottle, which indicates the

lifetime of reactive neutral species should be less ihvdseconds.

Table 4.3 BO> production in reactor and in gaswashing bottle in different

configurations with a mesh cathode

_ H,O, production in
Mesh Meshwater  Treatment HO. production _
_ _ _ _ _ _ gaswashing bottle
configuration distance (mm) time (min) in reactor (umol)

(umol)
Fig. 4.10 (a) 5.3 30 0.088 0.020
Fig. 4.10 (a) 5.3 60 0.180 0.010
Fig. 4.10 (b) 33.3 60 0.103 0.012
Fig. 4.10 (c) 33.3 60 0.016 0.006

The pH and conductivity of the water the gaswashing bottle were also
measuredas recorded iTable 4.4. The deionized water tine gaswashing
bottle has gpH value of 6.00 and conductivity of <1 puS/enitially. After the
treatment, thee was a slight decrease in pH in botbxbarrier testand with
barrier testsindicating thatacidswereformed in thegas washing bottleThe
presence othe PTFEbarrierincreased further the wateonductivityand pH

dropin the gaswashing bottle The PTFEbarriermight reducehe ionic wind
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reachingthe water surface directlywhich resultedn more nitrogen oxidem

the off gasflowing into gaswashing bottle.

Table 4.4 pH and conductivity of the water in gasvashing bottle

Mesh Meshwater Treatment  pH after  Conductivity after
configuration distance (mm) time (mins) treatment treatmen{uS/cm)

Fig 4.10 (b) 33.3 60 5.70 1.658

Fig 4.10 (c) 33.3 60 5.43 3.260

4.4 The influence of mesh on the ionic wind

As discussed previouslit,is assumedhat he groundedmesh cathode filtered
the positive iongrom the ionic windand aly the reactive neutral species can
reach water surface&hen usinga mesh cathode. Twalidatethe conceptthe
influence of the mesh cathode wasgestigatedOn one handhe mesltathode
could haveattenuated the ionic wind, therelsducing thenumberof reactive
neutral species reaching water surf&@e the other hand, a mesh cathode may
react withreactive neutral speciemdthereby reducinghe number of reactive
neutral specieseaching water surfac&he influences of the mestathodeon

the ion wind were investigatdmklow.
4.4.1 The influence of mesh openings

The open area of the mesh determines the attenuation @ffeet ionic wind.
To explore the effect of meslopen area, two types of stainledsel square
weavel mesh wergut in comparisonTable4.5 lists the parameters of ttveo
meshesnd thecorrespondindgpydrogen peroxide productiofhe meshes were

investigated ah gas presure of 760 Torr and gasflow rate of 0.2 slpmin
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each caseht mesh cathode was located 5.3 mm above the water swa$ace

shown in Figure 4.(a). The discharge time was 30 minutes.

Table 4.5 The hydrogen peroxide production with twdypes ofmeshes

Mesh type Opening Wire width Thickness Open area  Hz0; production

percent (umol)
A 2 mm 0.3 mm 1 mm 59.2% 0.068
B 10 mm 2 mm 3 mm 69.4% 0.083

Results indicate that higher percentage of open ausesthe hydrogen
peroxide productiorto increaseslightly. However, the larger open area also
resulted in a lower discharge voltage, 8.51 kV with mesh A and 8.18 kV with

mesh B.
4.42 The influence of meshwater distance

The impact of meskwater distance on hydrogen peroxide production was
investigatedThe gas pressure was set to 760 Torr, and the-matgr distance

of 5.3 mm and 33.3 mm were investigated. To maintain the same electrical field
in these experiments, the distance from needle tip to the mesh was set to 10 mm
in both tests. As Table @shows, when the meshater distance was increased
from 5 mm to 33.3 mm, #D> production was reduced by 42.8%. A possible
reason for this is that as the distance increased, the travel time of reactive neutral
species reaching water surface also increased.result of the increased travel
time, some shottived reactive neutral species would degrade to form stable
species, which resulted in the decrease of hydrogen peroxide production. With
increased mestvater distance, more reactive neutral speciesldvdiffuse

rather than reaching water surface directly, which resulted in less hydrogen

peroxide production.
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Table 46 Comparison of H:O2 production with mesh-water distances of 5.3 mm
and 33.3 mm

Meshwater Mesh Flow rate Treatment H>O.production
distance (mm)  configuration (slpm)  time (mins) (umol)
5.3 singlelayer mesh 0.5 60 0.180
33.3 singlelayer mesh 0.5 60 0.103

4.43 Comparison of singlelayer and doublelayer mesh cathode

A singlelayer mesh cathode anddaublelayer mesh cathodeas shownn
Figure 4.0 (a) and Figure 4 (b) respectivelyywere comparetb investigaé

the mesh influence3he meshes used in this section wefr¢he type defined

as meshA as described in Table 4.9he dimensions of the single mesh
arrangement are the samas those given in Figure 34(a), ensuringthe
comparability with previous datés Figure 4.0 (b) shows, the doublayer
mesh cathode was configures the two meshesseparated byl mnt both
mesleswere groundedhedistance from needle tip to tearface ofupper mesh
was 10 mmanddistance from the bottom of lower mesh to water surface was

5.3 mm.
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Figure 4.10 Electrode mnfigurations with (a) single-layer meshcathodeand (b)

double-layer meshcathode for nitrogen corona discharge

The H202 productionresultsfor both cathode arrangemeat® listed in Table

4.7. The hydrogen peroxide production for both single and delalgler mesh
cathode was comparable, which indicated that the addition of the second mesh
had little effect orthe transfer of reactive neutral specidsis supports the
previousconceptthat the gounded meshemovedthe charged particles and
only reactive neutral speciepuld reachwater surfacegiving rise tothe
reactionsproducingH20>. This result suggests that the addition of a second
meshdoes notsignificantly influence the production of hydrogenrgade,

allowing simpler desigof plasma water reactor to be considered

Table 4.7 H20O> production with a single-layer and adouble-layer meshcathode

Meshwater Mesh Flowrate Treatment H>O.production
distance (mm) configuration  (slpm)  time (mins) (umol)
singlelayer 0.5 60 0.180
5.3
doublelayer 0.5 60 0.190
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4.4.4 The influence oA PTFE barrier underneath the mesh cathode

To investigate the contributioaf direct wind impact and diffuse reactive
neutral species, a further electroctnfigurationwas developed, i.e. a PTFE
barrier was placed underneath the masie PTFE barrier is a squasgth side
length of 55 mm anthicknessof 1 mm, coveing the wholemesh Figure 4.1
illustrates the configuration with and without a PTFE barfibe distance from

the PTFEbarrier to water surface is 33.3 mas shown in Figure 411(b). In

the tests withouthe PTFE barrieras shown in Figure 411(a), the distance
from mesh to watesurface is 33.3 mm. The other parameters for the tests are
listed in Table 4.

Table 48 Experimental parameters of configurations with and withoutthe PTFE

barrier .

_ _ Gas pressure  Flow rate  Treatment  H2O.production
Configuration _ .

(Torr) (slpm) time (mins) (umol)

Without PTFE

_ 760 0.5 60 0.180
barrier
With PTFE

_ 760 0.5 60 0.016
barrier

The reactive neutral species were genernatedrogencorona discharge. Given

the test arrangements, in Figure 4(d) and 4.1 (b), there are two possible
pathsfor reactive neutral species to reach water surface. In Figutga),las
discussed, it is probable that reactive neutral species were carried by the ionic
wind to the water surface directly. In Figure 4(l) the reactive neutral species

diffusethrough the atmospheiethe reactor before they reach the water surface.
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Figure 4.11 Electrode configurations without the PTFE barrier (a) and with the
PTFE barrier (b) for nitrogen corona discharge

Table 4.8 shows that ith the PTFE barrier underneath the meshpQd
production was reduced by 91.1%, which indicated that most of the hydrogen
peroxide was produced by ionic wiodrried reactive neutral species. The PTFE
barrier blocks ionic wind, thereby increasing the travel time of reactive neutrals
before reaching the surfaadich, as discussed above, allows the species to lose
their excited state and become less likely tlue reactionat the water surface
However,in both of teststhere were also diffused reactive neutral species flow
out of the reactoVhen theoff gas was injected into gagashing bottle, there
was few HO. in the water in gasvashing bottle. Theseesults indicated that

thelifetime of reactive neutral species is less thafhiseconds.

Other research has indicated tHa velocity of ionic wind generated lolyc.
corona dischargis between tenths of meters per second and several meters per
second 159 162, 163 When there is n®TFEDbarrier, it takes about f010*

101



Chapter 4nterface Reactions betwedaterandPositive Corona Discharge

seconds for the reactive neutral species to reach water surfaceh®\RHhFE
barrier,there is no direct path for the reactive speciagdach wateandH-0,
production decreasedgsiificantly, which indicated that most of reactive neutral

species have decayed before reackiegvater surface.
4.5 Faraday efficiency of HO2 production

In this section theFaraday efficiency of KD, production is analysedo
investigatethe interface reacti@between drift positive ions and watémn.the
plasma watemreactor witlout mesh cathode, otona discharge in nitrogen
generated positive ions and reactive neutral species, both of which reached
water surface andhitiated the inteface reactions. The quantity ratio of the
hydrogen peroxide moleculggsoduced in wateto the positive ionseaching

water surfacas used to indicate the Faraday efficiency in this analysis. The

number of positive ions O is calculated as:
o] - — (Eq. 4.3)

Qis the total charge injected periodt andeis the unit chargewhich isp&

p Tt #. As previously discussed,ith water vapour in the reactor, all the
positive ions reaching water surface would (be ( / , therefore, one
positive ion has one unit charggincethe coronacurrent waskeptat 30 pA,
for 30minute gas discharge, the number of positive reashingwateris:

. Ol . oy X LP T (Eq. 4.4After treatment,

the number of hydrogen peroxide molecylesduceds:

~

Oi - : (Eq. 4.5)

- isthemolar amount ohydrogen peroxidproducedNa is the Avogadro

constantThe Faraday efficiency?2 1 IS
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2 4 — (Eq. 4.6)

4.5.1 Faraday efficiency with different gas pressures

As sectiord.3.6 stated, the decrease of gas pressure significantly increased the
hydrogen peroxide production in water cathode tdstsnesh cathode tests,
positive ionscannotreach the water surfac&sthegas pressure decreastte
hydrogen peroxide production did not increase. These results indicadac¢hat
positive ion producesnore hydrogen peroxide at lower gas pressure. The
Faraday efficiency at different pressurssshown in Table 4.9The ion
contribution is calculatetly subtradnhg the Faraday efficiency obtained using
meshcathode from that of a water cathodéeTgas flow ratevas set td.002

slpm and the treatment time was 30 minutes.

Table 4.9 Faraday efficieng of H>O2 production with different gas pressureqThe

treatment time is 30 minutesand the cas flow rate is 0.002 slpm

Faraday efficiency (FD2/Q)
Cathode type
100 Torr 200 Torr 300 Torr 500 Torr 760 Torr
Water cathode 0.44 0.38 0.29 0.26 0.26
Mesh cathode 0.15 0.14 0.12 0.11 0.13
lons ©Gontribution 0.29 0.24 0.17 0.15 0.13

As Table 4.9 shows, the Faraday efficiency of hydrogen peroxide production
did not present obvious change in mesh cathode testiseagaspressure
decreased.

In water cathode tests, the Faraday efficiency increased from 0.26 to €hé4 as

gaspressure decreased from 500 to 100 Torr. The increase in Faraday efficiency
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wascaused by the contribution of positive ions reaching water surface. As Table
4.9 shows, the ionsd cont rthebagptessoren i nc I
decreased from 760 to 100 Torr. The significanteaseof Faraday efficiency

in water cathodéests occurred when tlgaspressure dropped from 300 to 200

Torr, with anincreaseof 31.0%

As the gas pressure decreased from 760 to 100 Torr, the density of gas
molecules dropped by 7.6 times, which means the mean free path of ions
increased by 7.6 ties. As Figure 4.3 illustrated, the discharge voltage dropped
by 2.2 times in water cathode tests asgagpressure dropped from 760 to 100
Torr. Therefore, the reduced electric field increased by 3.5 times, which resulted
in higher kinetic energgf postive ions, whichmightincreasehe reaction rate

of hydrogen peroxidproductionattheinterface.Thecompetitive reactions, for
instance, oxygen evolutiomight besuppressedrhese hypotheses need to be

further investigated
4.5.2Faraday efficiengy in H20, TB and DMSO solutions

Both TB and DMSO are OH scavengelsthe HO, was produced from
dimerization of OH in water in previous experiments, the addition of TB or
DMSO in the solution will quench OH, therefore reducing or extinguishing the
production of HO>. It was found, on the contrary,h&n adding TB irthe

deionized weer, the Faraday efficienayf H>O> production increased by 0.21

in water cathode tests and 0.10 in mesh cathode#@sts i ons O <contr
was doubled withthe addition of TB. The contribution of reactive neutral

species also increased significanthtiwthe addition of TB.

Similarly, the addition of DMSO increased the Faraday efficiency #.H
production by 0.13 in water cathode tedBsit in mesh cathode tests, the
addition of DMSGChad littleinfluenceonthe Faraday efficiencyhissuggested

thatthe intermediate products of the reaction between reactive neutral species
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and water cannot react with DMSO. Thegdd production by ions was doubled
with DMSO in the solution, similar to theffect of addingTB. Hence itwas
suggested that the intermedigt®ducts of the reaction between positive ions
and water can react withoth TB and DMSO to produce twice as mucbCH

asthatof thedeionized water.

Table 4.10 Faraday efficieng of H-O. production in deionized water, 0.0IM TB
and 0.01M DMSO at 300 Torr with gas flow rate of 0.5 slpm.

Faraday efficiency (KD2/Q)

Cathode type Deionized 0.01 M65TB  0.01 M DMSO
water solution solution
Water cathode 0.34 0.55 0.47
Mesh cathode 0.23 0.33 0.24
l onsd6 cont 0.11 0.22 0.23

4.6 Analysis of interface reactions

4.6.1 Reactions between water and positive ions

It has beerdemonstrated abovehat he positive ions and reactive neutral
species generated nitrogen corona dischargaecarried by ionic wind to the
water surface and participate fine interface reactions. In ¢hprocess, both
positive ions and reactive neutral species contributéletbydrogen peroxide
productionin water In this section, the reactianechanisms at éhinterface

were analysed.4.6.1 Reactions between water and drift positive ions

With water in the reactowhen the humidity is saturated at room temperature

of 2 Water vaporaccouns for about2.3% of the gas volumg160. The
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nitrogen ions initially produced by corona discharge, quickly transfer the
positive charge to water molecules. Good demonstrated that almost all of the
positive ions are transformed td(H20), after 1 ms of discharge in nitrogen
containing traces of water (water vapour raso i 7 . 557].a'he cgrona
discharge generated would react with nitrogen molec® form.  within
100us[57):

o, (R43)

andthe newly formed react with water molecule§T]:
(/791 : (R 44)
(/797 «¢. (R 45)

The( / rapidly reacswith H2O to produce OH an@ / , of which the latter

continues clustering reactions to forfn ( /

(/I (19(CI ¢ (R 46)

(/7 croC (1 (R4Y7)
éé

( 1/ (/o (1 (R48)

Figure 4.2, from [57],illustrates the density of different ions in nitrogen after
the discharge. All the positive ionseretransferred t¢ ( /  within 100
microseconds. The velocityf ionic wind generated by corona discharge was
reported betweetenths of meters per second @ederameter per secorfd62

163. Since the distance between the needle tip and water cathode was 10 mm,
the travel time fothereactive neutral species ionic windto reach the water
surface was in the range ofLD0 milliseconds. Therefore, all the positive ions

would transformto( ( / before reaching the water surface.
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Figure 4.12 Normalized ion-intensity curves for ions in nitrogen containing traces
of water vapour after 10 us electron pulse. [N] = 6.4x1@, [H20] = 4.8x 10

molecule/cc, 30€K. Successive intensity maxima indicate the sequencer].

According to the analysiabove, the positive ions that eventually reach the
water surface are #H2O), clusters. The interface reactions between the
positive ions and water also involve electrochemical processes, with bulk of

positive drift ions mH(H20), acting as the ion anoda thewater surface.

The ion anode hete like anonreactiveanode materisdmployed in traditional
electrolysis.lt has been reported thah traditional electrolysis with specific
electrode materials like Borestoped diamond and Ti/SaChydroxyl radicals
(OH) and reactive oxygen (@panbe adsorbed othe anode surfagewvhichis
probablysimilar to the effect of the ion anode in this Gaa&these electrode
materials are nereactive and have weak adsorption to OH, leading to lew O
evdution but high OH production164. The adsorbed hydroxyl radicals

107



Chapter 4nterface Reactions betwe#vaterandPositive Corona Discharge My

M(-OH) andtheadsorbed reactive oxygen M(-O) can oxidize organic pollutants
in the water 166|.

Figure 4.8 illustrates the interface reactions between positive ions and water.

A water molecule loses an electron to the ion anode andsfAmand (m
1)H*(H20)n(-OH). The adsorbed (-OH) may lose one electron to the ion anode

and form H and the adsorbed (-Q)while the adsorbed oxygen (-Ogan

recombine tgporoduce Q. Alternatively, he adsorbed (-OH) magcombine to

produce HO:. In this researcH, mol of positive ions produce only 0.13 nfl

hydrogen peroxide in water at atmospheric pres¢ué® Torr) This ratio

increased to 0.29 when gas pressure decreased fmiQOvhich is lower than

t hat predicted by Faradayo6s #0awas sugg

concomitant with @evolution.
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lonic wind

Gas MH(H20)n  (M-2)H*(H20)n
Water
H2O 1505
(M-1)H*(H-0),
N
H+ . \‘
LoH, ’: v VO
”/
/I
He L
[(M-DHHON(OH) ==y, (M 2H(H0H(O)

Figure 4.13 Interface reactionsof positive drift ions mH*(H20), as the ion anode

for nitrogen corona discharge m is the number of H(H20)n.

The hydrogen peroxide production by positive drift ions was doubled when TB
or DMSO was added as shown in Table 4.10. No free radicals produced by the
plasmawater reactions were found to react with both TB and DMSO to produce
H20.. One hypothesis ithat the adsorbed hydroxyl radicals(H20)n(-OH)

and active oxygen HH2O)n(-O) can synergistically react with TB or DMSO in
water to produce twice as much hydrogen peroxide as in the deionized water

without the addition of scavengers.

Zhao et al. inveggiated the production of hydrogen peroxide production in
water by pulsed positive discharges in nitrogen above the water cathode, with a

pin-plate electrode configuration. They found that #mount ofhydrogen
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peroxidegeneratedlecreased significantly witthe addition of TB to deionized
water [L67]. They suggest that decrease of hydrogen peroxide demonstrates
that OH is the precursor of hydrogen peroxide. However, in the present study,
the addition of TB and DMSO did not reduce the production of hydroge
peroxide for either water cathode tests or mesh cathode tests. This implies that
hydroxyl radicals were not the major reactive products in the reactions between

water and positive drift ions of low kinetic energy.
4.6.2 Reactions between water and reage neutral species

It has been reported that hydroxyl radicals, excited nitrogen molecules, nitrogen
atoms, etc. can be generated by corona dischargghiaImixture [L68 169.

One of the excited states of nitrogen molecule is! B state.As the
lifetime of. ! B is reported to béongerthan 10 ms [170], which may be
longer than the travel time of ionic wind. Hence this excited state of nitrogen
molecule can be carried to the water surface and participate in the interface

reactionsFresnett al. explained the process [17]:
K . 80A . 1B (R 49
I B (/9. 8 ( [/ ( (R 410)
8 is theground state nitrogemoleculeand e* is the energetic electron.

In this research, witthe addition of TB, the production of2&, by reactive
neutralspecies was increased. Witle addition of DMSO, the production of
H20- by reactive neutral species was almost the same as ttimtdeionized
water.Based on thisesult HO.> was probablylie major reactivaeutralspecies,

since it can react with TB to produce®4, butnot DMSO.
(/ OAOH( 1 (© #( c# (#( (1 (R 411)

The selfreaction of HQ canalsogenerate kD>:
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(/ (/I (lo(/l I (I (R 412

With the sameamount of HQ transported to the watelReaction R 4.1 can
produce twice the amount o8>, in comparison tReaction R 4.2. However,
the addition ofTB did not double the ¥D> production. Hence, the . must
not all come fronthedimerization of HQ in thedeionized waterThis implies
that part of the k- produced in the deionized water might come fromgée
phaseH>O> that was produced in the corona discharge teanasportedo the
water. Although HQ can react with ED2 to form & in the aqueous phase, the

dimerization of H@ has a much higher reaction rate.
4.7 Conclusions

The interface reactions betwewmater and positive ionic windyenerated by
nitrogen corona dischargeere investigatedrhe effects of treatment time, gas
pressire, gas flow rate and OH scavengers (TB and DMSO)tna ptoduction
have been explored@he effects ofow energyions and reactive neutral species
at interface have beateterminedbaoth of themreacedwith water to produce
H20.. Experiments show th#te production of Bz in waterincreasedinearty

with treatment timgdrift positive ions accounted for 50% of the total.Gk
production at atmospheric pressure, dhd figure increasedat lower gas
pressure. The best energy yield ofd productionby drift ions in deionized
water was achieved at 10rr, with 1 mol ions producing 0.29 molEk.
Since the energy transferred to the interface is mainly the potential energy of
ions, this is equivalent to 47 eV to produce on®Hmolecule, or an energy
yield of 29 g/lkWhHowever, taking into consideration that the energy input was
mostly dissipated ithecorona discharge, the overall energy efficiency stils

low.

A novel reaction mechanism betweguositive drift ionsand water has been

developed. Athe interfaceaccumulated positive iomsay act asnion anode,
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on whichthe adsorbed hydroxyl radicals attie adsorbed oxygen are formed,
accompanyinghe evolution of oxygen and hydrogeAs outlined abovehe
adsorbed oxidative agents can forrO:lin deionized water, or react with TB
or DMSO to produce ¥D-. In addition, he reactive neutral species led to the
production of HO. in water as the result ofecombination of H@and the

transportation of gas phase®i into water.

The water pH and caductivity changes observetere proven to bemainly
caused byhe formation of nitrate and nitrite in water, which were produced by
the reactions between water and reactive neutral spetieesh cathode tests,
the ionic species are removed fromithr@c wind prior to impact with the liquid
surface, after 6@ninute corona discharge at 760 TohewaterpH dropped to
4.60and the wateconductivity increased to 41.3 pS/cimwater cathodéests

the concentration of N@ and NQ" was measured to £035mM and 0.123
mM; with mesh cathode, the concentratmnNO," and NQ" was 0.043nM

and 0.137MmM.

The interaction of theoff gasand watemproducedittle hydrogen peroxidegr

changeof waterpH and conductivity.

The influence of the meshktructureon the experimental results was$so
analysed It was found that anesh with largeopen area59.2% to 69.4%)
resulted in algyht increase of the hydrogen peroxide production (from 0.068 to
0.083 umol). A doublelayer mesh did not cause a decrease of hydrogen
peroxide production. These results indicatddt the changes inmesh
dimensiordid not significantlyaffectthe reactie neutral species reaching water
surface However, dongerdistance between mesh and watetherpresence of
the PTFE barrier undeeath themesh can significantly decrease the hydrogen
peroxide productionsuggeshg thatthe amount ofreactive neutral species
reaching water and thigetime of reactive neutral speciese vital for the

production of hydrogen peroxide in water
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51l nterface Reacti ons bet w

Corona Disxharge in O

5.1 Introduction

5.1.1 Motivation

The ionic wind generated by positive corona discharge in nitrogen has been
proved able to produce hydrogen peroxide in water, with a maximum vyield of
0.178 g/kWh. Both positive ions and reactive neutral species contributed to

hydrogen peroxide production.

Compared withcorona discharge in nitrogecgrona discharge in oxygeran
producemore types ofeactive neutral species, such as‘@, andQOs, which
react with water téorm OH and HQ [22]. Hence, oxygen corona discharge has
potential to achieve high@nergy yieldof OH and HO,. However,different
from nitrogen ions,he potential energy of both (12.06 eV) and (11.66
eV) is lower than the ionization energy(of/ (12.62 eV) [64]which may lead

to different reaction mechanism at the interface. Hence, investigétie
reactions between water aoxygen corona discharge can provaeontrast to

the results obtained in nitrogen corona discharge.
5.1.2 Objectives

This chapter expled the reaction mechanisms between water and the ionic
wind generatefly oxygen corona dischargeéhe hydrogen peroxide production

by positive ions and reactive neutral species were investigated. The effect of
treatment time, gas flow rate, gas pressurel ®H scavengers on.&>
production has been explorethe pH and conductivity change in water after

treatment has been analysed.
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The interface reactions caused by positive ions and reactive neutral species
generated by oxygen corona dischargasbeen discussedThe composition

of reactive neutral specigsuch as O, Hg) H.O2, Os) generated by oxygen
corona dischargesereanalysedThe difference of influence of mesh on ionic

wind between nitrogen and oxygen corona discharges has been demonstrated.
5.2 Voltage and current characteristics

The coronal.c.current was kept constant at 30 YA in all tests. At the beginning
of oxygen corona discharge, there were irregutanrent pulses withan
amplitude of tens of pA. After several minutes of dischargge ctirrent and
voltagewaveforms becameonstant which should be due to thecrease of
water conductivity aghe coronadischargeprogressedin nitrogen corona
discharge, there was no voltage settling period obsgtivisds possibidue to

the fact that the wateconductivity increased much fast€@ompared to the
treatmentime applied in the testhe settling period was short and the effect to

the experiments was assumed negligible.

As the discharge progressed, tteedlevoltage decreas slightly and settled
at a constant valuegfter several minutegfter thisperiod, o pulse current was
observedvhenmeasuringvith a50-Y ¢ 0 a x i a shown anlFiguze 3.10
The dischargevoltage characteristics with treatment time, gas flow rate, gas

pressure and sample solutiere investigated

From experiments using water and mesh electrédgyre 5.1 shows the
discharge voltageith differenttreatment timemeasured at 760 Torr aagas
flow rate of 0.2 slpmThere is no significant change of discharge voltage as the

treatment time increased from 30 to 150 minutes.
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® With mesh cathode
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Figure 5.1 Oxygen corona dscharge voltageat 760 Torr with treatment time of
30, 60, 90, 120 and 150 minutes. The sample is deionized water. The gas flow rate
is 02 slpm.

Figure 5.2 shows the discharge voltageasured allifferent gas flow rateat
760 Torr.The discharge voltage in water cath@aelmesh cathode tests were
almost the same at gas flow rate of 0.002 and 0.02, sipweverwhenthegas
flow rate was increased abov@.2 slpm, the discharge voltagath mesh
cathodeébecamehigher than thatvith water cathodeand thedifferencegrewas
the gas flow rate increased.
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Figure 5.2 Oxygen corona dscharge voltageat 760 Torr with gas flow rate of
0.002, 0.02, 0.2, 0.5 and 1slpm. The sample is deionized walére treatment time

is 30 minutes.

Figure 5.3 shows the discharge voltageasuredt different gas pressures. As

the gas pressure increased from 200 to 760 Torr, the discharge voltage increased
from 4.14 to 7.54 kV in water cathode tests and from 3.69 to 8.01 kV in mesh
cathode test$:or mesh cathode tests, the discharge voltagelose for corona
discharge in nitrogen and oxygen at the same gas pressure; however, for water
cathode tests, the discharge voltage in oxygen was higher than that in nitrogen.
For example, at 760 Torr, the discharge voltage was 7.54 kV for oxygen and
6.87 kV for nitrogen in water cathode tesls.nitrogencorona discharge, the
conductivityof treated watewas higher than that in oxygeorona discharge
However, the water conductivity difference cannot cadiferenceof several
hundred voltsn the discharge voltage since tloarrentwasonly 30 pA The

water resistance can be calculated as:
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In the equation, i s t he water conductivity, a ¢
deionized water. | is the thickness of water, 0.314 cm. S is thesrossn area

of water, 15.90 c Hence,

™ p®A .
— — T TIQ
Ti{3FAl p @A
The corona current was assumed to be uniformly distributed on the water

surface.

Since the corona current was 30 gA, ¢t
calculaed to be 1.2 Ywhich is negligible compared to discharge voltage
Hence the voltage difference was considered caused by the difference discharge

characteristics in nitrogen and oxygen.
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Figure 5.3 Oxygen corona dscharge voltagewith gas pressure of 200, 300, 500
and 760 Torr. The sample is deionized watefThe treatment time is 30 minutes

and the s flow rate is 0.2 slpm.
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Figure 5.4 shows the discharge voltage/60 Torrmeasured withdifferent
sample solutionsTherewas nosignificant differere in discharge voltagéor

water and mesh cathod8ince the mesh thickness is 0.6 mm, the practical
discharge gap could be larger than 10 mm for mesh cathode, which resulted in

higher discharge voltage.

The addition of TB or DMSO did not cause significant change of discharge
voltage.Althoughthe conductivityof treatedl B solution wasnuch higher than
that of treated deionized water, which did not cause differencisaharge
voltage These resultslso demonstrated that the partial voltage on liquid

resistance was negligible compared with discharge voltage.
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Figure 5.40xygen corona dscharge voltage a760Torr with sample of deionized
water, 0.01 M TB solution and 0.01 M DMSO solutionThe treatment time is 30

minutes and the @s flow rate is 0.5 slpm.
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5.3 Interface reactions between water and positive ionic

winds

The production of KDz in waterby oxygen corona dischargéth treatment
time of 30, 60, 90, 120 and 150 minutes was investigéitethe tested time

range, theroduction of HO:increased linearly as treatment timereased

In oxygen corona discharge, the initial positive iond ar¢65]. Then/ reacts

with water vapour to produce positive ion clusters( / . It has been
reported that all the oxygen ions would be transformdd tq§ / clusters
after 300 microseconds when with 0.34% water vapour in oxygen as Figure 5.
shows [65]With aqueousvater in the reactor, the water vapor concentration at
saturation is estimatdd be 2.3%4160]. The travel time of positive ions in the
reactor was estimated to be in the range-d0Q ms, therefore all the positive
ions would be transformed {0 ( / before reaching water surfade
oxygen corona dischargevhich is thesame as that in nitrogen corona
discharges. In summary, with trace of wasdirthe positive ions reaching water

surface would bé ( / in both nitrogen and oxygesorona discharge
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Figure 55 Time-dependent relative intensity of ions in oxygen with tracevater

vapour [65]

Due tothe similarity of experimental conditions betweagtrogen and oxygen
corona discharges, the reactions caused by the ion gnode/ are
considered the same. Therefore, the hydrogen peroxide produced by the positive
ions( ( / atthe interface in oxygen corona discharge should be equal to

the amount in nitrogen corona discharge.
5.31 H20: production with different gas flow rates

The gas flow rate can influence the concentration of oxygen and water vapour
in the reactorwhich may influence the production of reactive species. Hence,
the effect of gas flow rate on.8- production was investigated. In this section,

the gas flow rate was set as 0.002, 0.02, 0.2, 0.5 and 1.0 slpm at 760 Torr. The

treatment time was 30 minutes.

As shown in Figure 5.6heé minimum HO: production wasbtainedat the

largest gas flow rate of 1.0 slpm for both water cathode tests and mesh cathode
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tests.The HO. productionshows a slightiecrease as the gas flow rate incrdase

However, omparedo the velocity of ionic wind (several meters per second),

the gas flowing velocity caused by the gas flow rate was negligible. Therefore,

the gas flow rate was not supposed to influence the ionic wind generated by the

corona discharges.
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Figure 5.6 HO- production by oxygen corona discharge in deionized wateat
760 Torr with gas flow rate of 0.002, 0.02, 0.2, 0.5 and 1.0 slpihe treatment

time is 30 minutes.

Since the gas flow rates of 0.002 slpm and 0.02 slene out of range for the

ozone analyserhe ozone concentratiom theoff gaswasonly measure@tgas

flow rateof 0.2, 0.5 and 1.0 slpnn both water cathodestsand mesh cathode

teststhe ozone concentration decreased as the gas flow ratesegreaching

approximately 30 ppm at@slpm The ozone concentratiom bothwater and

mesh cathode tests waisnilar at thegas flow rate of 0.5 slpm and 1.0 slpm
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but hasa clear differenceat the flow rate of 0.2 slpmwith a higherozone
concentration in mesh cathode t&3tis phenomenon can be explained by the
difference of the relative humidity in water cathode tests and mesh cathode tests.
At the same gas flow rate, water cathedsulted inhigherrelative humidity

than mesh cabde due to thatthe joule heating can increaséet water
vaporization rateHowever, when the gas flow rate is high, the relative humidity
was dominated by the gas flow rate, instead of the difference of cathode types.
When the gas flow rate was low, tb#ference of relative humidity between
water and mesh cathode tests became significant. In mesh cathodewests, |
relative humidity resulted in highe©Os production[200], as well as the ©

concentration.

As shown in Figure 5.7, thes@oncentration as in the order of 2a10? ppm,
which indicates that the concentration of ozone in waterlovasin the order

of 0.1-1 umol at the experimental conditiotis.gas phase, ozone can react with
OH or H to produce H&)which can contribute to the-8> production in water.
However, in tlis case ozone concentration kdittle effect on hydrogen

peroxide production in watdély comparing Figure 5.6 and Figure 5.7
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Figure 5.7 Ozone concentratiomn off gasfor oxygen corona discharge at 760 Torr.

The treatment time is 30 minutesand the gas flow rateis 0.2, 0.5 and 1.0 slpm

5.32 H20: production with different gas pressures

Figure 5.8 illustrates the2B. productionatgas pressures of 760, 500, 300 and
200 Torr. The gas flow rate was 0.2 slpm dretteatment time/as30 minutes.

In water cathode tests, the® productionslightly increased from 80to 0.56

pmol as thegaspressure dropped from 760 to 200 Torr. In mesh cathode tests,
the HO, production varied between 0@ and 039 pmol and the H20»
productionwasalwayslower than that in water cathode tekisthe same gas

pressure.
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Figure 5.8 HO> production in deionized water by oxygen corona dischargeith
gaspressuresof 200, 300, 500 and 760Torr . The treatment time is 30 minutes
and the gas flow rate is 0.2 slpm.

As aforementioned,he hydrogen peroxide production by positive ions
oxygen corona discharge equalto that innitrogen corona discharges. Hence,
the hydrogen peroxide produced f@active neutral speci@s oxygen corona
discharges<an be calculated by subtracting the amount produced by positive
ions from the total hydrogen peroxide production in water cathode Tasts

figures ardisted in Table 5.1.
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Table 51 H-O> production by positive ions and readt/e neutral species iroxygen
corona discharge at different gas pressure3he treatment time is 30 minutesand

the gas flow rate is 0.2 slpm

H202 (umol) 200 Torr 300 Torr 500 Torr 760 Torr

lons 0.135 0.100 0.086 0.075

Reactive neutral
_ 0.425 0.437 0.422 0.423
species

As can be seen from Table 5.1, reactive neutral species contributedodver 7
of H20- production in oxygen corona dischargébe gas pressuhangedid
not show an influence on the®k production by the reactive neutral specres

oxygen corona discharges, which is similar to that in nitrogen corona discharges.

In oxygen corona discharges, the difference between water cathode tests and
mesh cathode tesis larger than the contribution of ions, which indicates that

theattenuaion effect of mesh on reactiveutral speciess significant

The oxygeratomis considered the main deactivated neutral species at the mesh.
It has been reportethat the oxygeratom can recombine at the surface of

stainlesssteel mesh [184, 185], as:

¢/ 1l (R5.1)

Although the nitrogen atom can recombine at the stansesd surface, the
recombination rateis lower than that of oxygen atom. The surface
recombination coefficient of N and O radicals in pureahld Q plasma was
estimated to be 07 and 017 respectively,on a stainlesssteel wall of a
inductively coupled plasma reactor at a gas pressure @0 1@ Torr and
temperature of 330 K [186].
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To keep thed.c. current constant at 30 YA, the applied voltage was adjusted at
different gas pressures. Agyure 5.8 showsasthe gaspressure decreased, the
hydrogen peroxide production increasetlile the discharge voltage decreased.
Therefore, theenergy yield ofH2O: increasedas gas pressureecreased as

shown inFigure 59.

Similar to the nitrogen corordischargewhen the pressure incredseom 200
to 760 Torr in oxygen corona discharge, the input power inalebge
approximately 2 timeshowever, HO. production byreactiveneutral species

did not increase significantly.
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Figure 5.9 Energy vyield of H2O> production for oxygen corona dischargein

deionized water at gas pressure of 200, 300, 400, 500 and 760 Tohe treatment

time is 30 minutesand thegas flow rate is 0.2 slpm.
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5.33 H20: production with OH scavengers in water

To investigatdhowthe hydrogen peroxideasproducedn waterunderoxygen
corona dischargeand whetherit is was from OH dimerization, the OH
scavengers tetiutanol (TB) and dimethyl sulfoxide (DMSO) weappliedin
the experiment. The tested samples were dividextimee groups: deionized
water, 0.0IM TB solution and 0.0M DMSO solution. The sample solutions
were treated for 30 minutes apressure of 760 Torr aredgas flow rate of 0.2

slpm.

As Figure 5.10 shows, in water cathode tés8&9 umol ofH-O. wasproduced
in deionized water. With addition of TBhe H.O. production increased by
48.31%. With addition of DMSQGheH20; production increaseiy 13.48%.

In mesh cathode tes69 umol ofH20- productiorwasproducedn deionized
water. With addition of TB, the 4D, production increased by 46.38 %. With
addiion of DMSO, HO- productionhasa slight increase, around 8.70%.

As can be seemm Figure 5.10the addition of TB significantly increased®b
production by both ions and reactive neutral species. In mesh cathode tests, the
increaseof H20- productionby theaddition of DMSO wasnegligible.Neither

TB or DMSO reducd H>O2 production in watefor the water andhesh cathode

tests, implyinghat the HO; productionwas not mainly from OH dimerization.
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Figure 5.10 HO- production by oxygen corona dischargat 760 Torr in deionized
water, 0.01M TB solution and 0.01M DMSO solution. The treatment time is 30
minutes and the gas flow rate is 0.2 slpm.

5.34 pH and conductivity of treated deionized water

The conductivity and ptbf the treated deionized watevere measuredor
providing more information on interface reactiobsL deionized water was
treated for 60 minutes with gas flow rate of 0.2 slpmat 760 Torr. After
treatment, the conductivity of deionized water increased inveatdr and mesh
cathode tesft but not as much as those observed in the nitrogen corona
dischargeTable 52 showsthe change of conductivity and pH in water cathode
testsis larger han that in mesh cathode tests, implying feattive ions played

an important rolen the changef pH and conductivity in watePorter et al.

also reported that the discharge in oxygen over water can cause the decrease of

pH and increase afonductivity in water [201]. In their experiments, small
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amount of nitrate was found in the water after discharge in oxygen. Hence, the
pH and conductivity changean be caused by the traces of residual air in the

reactor.

Table 52 pH and conductivity change of deionized water after 60ninute
treatment by nitrogen and oxygen corona dischargeat 760 Torr. The gas flow

rate is 0.2 slpm.

pH and Conductivity (uS/cm)

Cathode type

PHhitrogen PHoxygen Condhitrogen Condhxygen
Water cathode  4.38 5.14 38.0 26.2
Mesh cathode  4.60 5.40 41.3 16.9

5.35 Off gas analysis

As in the nitrogencoronadischarge investigatiorg gaswashing bottle was
employedto exploreif there wageactive neutral specigsesentn off gas as
Figure 3.7 showsThree configurations usingesh cathodeveretested with
the meshwater distance sitg to 5.3 mm 33.3 mm andthe PTFEbarrierto
water distance of 33.3 mnas shown inFigure 49. A volume of 20 mL
deionized water waflled in the gaswashing bottleThe gas flow rate was 0.5

slpm and the gas pressuvas760 Torr.

H20. productionafter 60 minutes of treatmentsbown in Table 8. The RO,
productionin the gaswashing bottle was lower than 0.1 unfok all three
configurations. In the testvithoutthe PTFEbarrier, the HO, production in the
gaswashing bottle was much lower than thetducedn thereactor.In the test
with the PTFE barrier, the H20. production in the reactor decreased
significantly, evenlower thanthat producedn the gawashing bottle. These

results suggested that reactive neutral spgmeducing HO. have lifetime
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shorter than 1.4 seconds, ealculated inSection 4.3.6 These results also
proved that ozondid not produe H20: in water.In the tests witlthe PTFE
barrier, the reactive neutral speatesild notreachwater surface directlyMost

of the reactive species were carried &y gasto the gaswashing bottle.
Therefore, the BD. production inthe gaswashing bottle was higher than that

in thereactorwhenapplyingthe PTFEDbarrier.

Table 53 H,0> production in reactor and in gaswashing bottleby oxygen corona
dischargeat 760 Torr with mesh cathode inthree different configurations (cf.

Figure 4.9). The treatment time is 60 minutesand the gas flow rate is 0.5 slpm.

Mesh Meshwater  H20O> production in H2O» production in gas
configuration distance (mm)  reactor (umol) washing bottle (umol)
No PTEE 5.3 0.662 0.073
barrier 333 0.354 0.047
With PTFE
_ 33.3 0.032 0.060
barrier

The waterpH and conductivity irthe gaswashing bottle were also measured
after60 minutes ofreatmenusing agasflow rateof 0.2 slpm and gas pressure

of 760 Torr. The change in conductivity and pH are listed in TaldleUnder

the same conditiofthe same gas pressure, gas flow rate and discharge time)
thewaterpH and conductivity changa oxygencorona discharge was smaller
than thatin nitrogencorona discharge-or the corona discharge in nitrogen,
nitrate and nitrite production in water mmated the changef pH and

conductivity.
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Table 54 pH and conductivity change of water in reactor and in gasvashing
bottle by oxygen corona dischargat 760 Torr. The treatment time is60 minutes
and the gas flow rate is 0.2 slpr{needle to water/mesltathode distance is 10 mm,;

meshwater distance is 5.3 mm

Water in reactor Water in gasvashing bottle
Cathode type oH Conductivity oH Conductivity
(uS/cm) (uS/cm)
Mesh 5.40 16.87 5.80 2.06
Water 5.14 26.16 5.76 1.01

5.4 The influence of mesh othe ionic wind

Compared to corona discharge in nitrogen, the reactive neutral species
oxygencorona dischargeontributedmore HO- production,around 88.5%as

shown in Table &. The mesh can influence the ionic wind via two pathways.
Firstly, the mesh can filter the positive ions, only allow reactive neutral species
reach water. Secondly, as discussed in Section 5.3.2, oxygen atoms can be
deactivated at the mesh by recombiningxtggen moleculeshirdly, the mesh

can attenuate the ionic wind, result in fewer reactive neutral species reaching
the water surface. Analysis of the influences of mesh can help in verifying the

discussion in Section 5.3.2.
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Table 55 H202 production in deionized water by drift ions andreactive neutral
species following 3@minute treatment by nitrogen and oxygencorona discharge

at 760 torr. The gas flow rateis 0.2 slpm

H20: (umol) Nitrogen Oxygen
lons 0.057 0.057
Neutral species 0.068 0441
Total 0.125 0.498

5.4.1 The influence of mesh openings

Similar to theinvestigationin nitrogen corona discharga comparative study
using he mesh with a 2 mm openifmesh A)and the mesh with a 10 mm
opening(mesh B) wasindertakerata gas pressure @60 Torr anca gas flow
rate of 0.2 slpmThe HO. production &er 30 minutes of treatmensing the

two meshtypes isshown in Table &.

Table 56 The hydrogen peroxide productionby oxygen corona discharget 760
Torr with two types of mesh cathodesThe treatment time is 30 minutes and the
gas flow rate is 0.2 slpm.

Mesh type Opening Wire width Thickness Open area  H20; production

percent (umol)
A 2 mm 0.3 mm 0.6mm 59.2% 0.391
B 10 mm 2 mm 3 mm 69.4% 0.281

The HO- production using mesh B (10 mm opening) was lower than that using
meshA (2 mm opening).Larger openinghad a lowerhydrogen peroxide

productionHowever, he discharge voltage with 10 mm opening mesh was 8.32
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kV, higher than th&.01 kV when usin@ mm opening mesilit is still not clear
what caused the differenc&he difference indischarge voltage and electrical
field distribution may account for thedifference in hydrogen peroxide

production.
5.4.2 The influence of the meskvater distance

After passing through the mesh cathode, théciannd will lose the driving

force from the electric fieldlhe distance from mesh to water surface influences
both the travel time and the proportion of the reactive neutral species that could
reach the water siace TheH>O: production with a mestvater distance of 5.3

mm and 33.3 mm was investigat@/60 Torr. The mesh with 2 mm openings

was applied in this sectiohe other parameters are listed in Table 5.

Table 5.7 H>O2 production by oxygen coronadischargeat 760 Torr with different

meshwater distances

Meshwater Mesh Flow rate Treatment H2Ozproduction
distance (mm)  configuration (slpm)  time (mins) (umol)
5.3 Single layer 0.2 30 0.391
33.3 Single layer 0.2 30 0.263

In Table 57, when thaneshwater distance increased from 5.3 mm to 33.3 mm,
the HO2 production decreased by 32.7%. On one hand, the largerwatsh
distance would decrease the amount of reactive neutral species reaching water
surface, as there lHgher chancdor reactive eutral species to diffuse away

from the water surface. On the other hand, the larger-matdr distance would

also result in a longer travel time for reactive neutral species to reach water
surface, and hence, teact with each other ardk-excite to les nonreactive

species
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5.43 Comparison of singlelayer and doublelayer mesh cathode

Experiments with both a single and a dotlblger mesh cathode wetestedo
explore theeffect of mesh ondeactivation of reactive neutral species, and
further,the effect on theroductionof H>O-in water Figure 5.1 (a) and Figure
5.11 (b) show the configurations with5.3 mm mesiwater distance. Figure
5.11 (c) and Figure 51 (d) show the configurations with 33.3 mm mesh
water distanceThe dublelayer was configured by tweegments of the same
mesh (mesh A, 2mm opening)th PTFE spacers to kedpmm gapbetween
the two mesh& and loth layers were grounded. The®} production with
singlelayer mesh and doublayer meshis listed in Table 8. The HO:
production was significantly reduced as the meslter distance was increased
from 5.3 mm to 33.3 mnilo ensure there isufficient HO> concentration in
the treated water, the treatment time was increased to 60 minutes with mesh

water distance of 33.3 mm
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Figure 5.11 Mesh configurations for oxygen corona discharge: (akinglelayer
mesh with meshwater distance of 5.3 mm andc) 33.3 mm; for (b) double-layer

mesh with meshwater distance of 5.3 mm andd) 33.3 mm
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Table 58 H>02 production by oxygen coraa dischargeat 760 Torr with single-

layer and doublelayer mesh cathode

Meshwater )
) Mesh Flow rate Treatment  H2O:production
distance ) _ ) _

configuration (slpm)  time (mins) (umol)
(mm)

Singlelayer 0.2 30 0.391

5.3

Doublelayer 0.2 30 0.245

Single layer 0.5 60 0.365
33.3

Doublelayer 0.5 60 0.206

According to Table B, when the singkdayer mesh was replaced bylouble
layer mesh, the ¥#D- production decreased by about 46865.3 and 33.3 mm
casesHowever in nitrogencorona discharge, the second layer mesh did not
cause any decrease in®1 production as shown in Table 4The differencen
oxygencorona dischargeras due to thahe oxygen atomsveredeactivatedt

the mesh

5.4.4 The influence ofh PTFE barrier underneath the mesh cathode

In order to see what would happen if the ionic wind was blockd®IT FE barrier
was placed underneath the mespreventthe ionic wind fromdirectly passing
through the mesh cathode to the water surfAsementioned previaly, the
PTFEbarrier is a imm thick Polytetrafluoroethylene (PTFE) square plate, with
a side length of 60 mm. Figure 3.4hows the testonfiguration (aithoutthe
PTFEbarrier andb) with the PTFBbarrier.
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Figure 5.12 Mesh configurations employedfor oxygen corona discharge (a)
without the PTFE barrier; (b) with the PTFE barrier.

With the PTFE barrier underneath the mesdshown inFigure 5.2 (b), H:0>
production dropped from 0.261 pmol to 0.038 pmol, approximads.4%of

that inthe tests withouthe PTFBbarrier. A gasvashing bottle with 20 mL of
deionized HO was employed ttrap species ithe off gasbut little H>O, was
detectedin the bottle. These results imply that the reactive neutral species
producing HO: in thewater were consumed rapidly. Therefosen withthe

PTFE barrier underneath the mesh, most of reactive neutral species were
deactivatedbeforereachingthe gas washing bottleAlthough the lifetime of

/ $ has been reported to be 188econdqd172], the real lifetime in this
complicated gaseous environment can be much shorter due to the consuming
reactions a§l87-189:

I 1 | o[ | (R 52)
/| | o (R 53)
/* ] o | (R 54)
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I (197 ( I (R 55)

I 1 (o] (R 56)

5.5 Faraday efficiency of HO2 production

5.5.1 Faraday efficiengy at different gas pressures

The Faraday efficierycof hydrogen peroxide production by oxygen corona
dischargeat different gas pressures are listed in Tab® % the mesh cathode
test, the Faraday efficiepdluctuate between 06and 0.69 in the gas pressure
range of 200760 Torr. The gas pressure seems to have little influence on the
Faraday efficiency of hydrogen peroxide production by oxygen corona

discharge

Table 59 Faraday efficiengy of H2O2 production (H202/Q) by oxygen corona
dischargeat different gas pressuresThetreatment time is 30 minutes and thgas

flow rate is 0.2 slpm

H202/Q
Cathode type
200 Torr 300 Torr 500 Torr 760 Torr
Water cathode 1.00 0.96 0.91 0.89
Mesh cathode 0.55 0.66 0.56 0.69

However the results in Table $.only demonstrate the 3. production in
water cathode tests and mesh cathode tests of oxygen corona disdhaeges.
the deactivation of oxygen atoms at the mesh, the differencglafarbduction
between water cathodests and mesh cathode tests contains the contribution of

filtered ions and deactivatetkutral specie®s discussed in Section 523and
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5.3.3 the production of KD by ions should be the same in nitrogen and oxygen
corona discharge®Vith known contribubn of ions, the KO, production by

ions and reactive neutral species is shown in Taki@ 5.

Table 510 Faraday efficiengy of H2.O> production by ions and reactive neutral
species imxygen corona discharge at different gas pressureBhe treatment time

is 30 minutes and the gs flow rate is 0.2 slpm

H202/Q

lonic wind
200 Torr 300 Torr 500 Torr 760 Torr

lons 0.24 0.17 0.15 0.13

Reactive neutral
_ 0.76 0.79 0.76 0.76
species

The production of kKD, by deactivatedneutral specieg( / ) can be

calculated as:
(/ ( / (/ (/ (Eq. 5.1)

Where( / Is the production of kD-in water cathode test§; / is the
production of HOzin mesh cathode tests;/ is the production of kD2 by

positive ions.Table 511 listed the HO, produced by theleactivated neutral

speciesn mesh cathode tests of oxygen corona discharges.
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Table 511 Reduction of H202 production due to the filtered positive ions and
deactivatedneutral speciesin mesh cathode tests obxygen corona discharge at
different gas pressuresThe treatment time is 30 minutes and the gas flow rate is

0.2 slpm.

H202/Q

ltem
200 Torr 300 Torr 500 Torr 760 Torr

Filtered positive
_ 0.24 0.17 0.15 0.13
ions

Deactivated neutrs
_ 0.21 0.13 0.20 0.07
species

It is worthwhile to compare thid>O. production by reactive neutral species

nitrogen and oxygen corona discharge, as listed in Tabke 5.

Table 512 Faraday efficiengy of H2O> production by reactive neutral speciesn

nitrogen and oxygen corona discharge at different gas pressures.

H20./Q
Gas
100 Torr 200 Torr 300 Torr 500 Torr 760 Torr
Nitrogen 0.15 0.14 0.12 0.11 0.13
Oxygen - 0.76 0.79 0.76 0.76

These results demonstrate that ti@raday efficiency ohydrogen peroxide
production by reactive neutral species are independent of gas pressure in both
nitrogen and oxygercorona dischargesand theproductionin oxygen is
approximatelyé times of that in nitrogenrhis proves thathe reactiveneutral
speciesproduced in oxygen corona dischargee much more effectivéo

produce hydrogen peroxidd the plasmavater interfaceTo understand the

140



Chapter 5 Interface Reactions between Water and Positive Corona Disch@gge in

neutral reactive species produced in nitrogen corona dischimganain
reactivespeciesin atmospherigressurenitrogen plasma jet with 1% water
vapouris listed in Table 33 [190]:

Table 513 Estimated density of main reactive radicals in nitrogen plasma with
1% water. (with an electron temperature of 1 eV and a plasma density of
2x10'%cmq) [190].

Radical Reaction Reaction Steadystate
coefficient (cn¥/s) density(molecules/ch
N2(AsB ) . Ao . 1 B A 6.4x10'2 2.56x10°
N . Ao, . A 2.3x10% 1.9x104
H . 1B (1o, ( I¢ 5x10%4 1.2x104
OH . I B (/9. ( I 5x10%4 2.5x10°
H.0, /(1 (°(/ 1.78x104 2.6x10°
HO, I ( (1 9 (1 1.7x10%2 4.3x104

In nitrogen plasma, excited nitrogen molecules are the dominated radicals,
which react with water to produce OMlhen OH can recombine to produce
H20: or react with HO2 to produce H@ Hencejn nitrogen corona discharges,

as discussed in Section 4.6.2, the main reactive neutral species reaching water
are HQ and HO.. However, due to the presence of N, NO, NBNGO; in

nitrogen plasma, the OH can be easily consumed by reacting with thesésradic

In oxygen plasma, thigpes ofOH consumptiomeactionsareless tharthatin
nitrogen plasma. Additionally, oxygen plasma can produce much more singlet
oxygen than nitrogen plasma [191]. Figure 5.13 shows the singlet oxygen
production after 3&econl treatment of water by a plasma jet generated in

various gases [191].
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Figure 5.13 Singlet oxygen production by plasma with various gases after-30

second treatment [191]

From Figure 5.13it can be seen that tlsenglet oxygen produced in oxygen is
around twenty times that produced in nitrogen. Hence, this could explain why
H20O> produced by reactive neutral species in oxygen is much more than that in

nitrogen.

5.5.2 Faradayefficiencyin H2O, TB and DMSO solutians

The Faraday efficiencgf H-O> production increased in both water and mesh
cathode tests with addition of TB and DM8Qhe deionized water. The results

are listed in Table 34.
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Table 514 Faraday efficiency of H>O> production by oxygen corona dischargeat
760 Torr in deionized water, 0.0IM TB and 0.01M DMSO. The treatment time

is 30 minutesand the gas flow rate is 0.2 slpm.

H>02/Q
Cathode type Deionized 001MTB  0.01 MDMSO
water solution solution
Water cathode 0.89 1.32 1.01
Mesh cathode 0.69 1.01 0.75

By comparing theesults listedn Table 5.8 and Table 4.10, it can be found
thatin mesh cathode teste addition of TBresulted in a closencreaseof
H2O> productionin oxygen and nitrogen corona discharges,46y4% and
43.5%, respectively; whilette addition of DMSO resulted a negligible increase
of H2O> production inmesh cathode tests fboth nitrogen and oxygen corona
discharges

The positive iongeaching watem oxygen corona dischargae the sameas

those in nitrogerorona dischargesience, the formation mechanismgiby
positive ions should be the same in nitrogen and oxygen corona discharges.
According to Section 4.5.2, with addition of TB or DMSO in watesOH
production by positive ions was walaled, which should also occur in oxygen
corona dischargelherefore, HO. production in water cathode tests in Table
5.14 can be specified to the amount produced by positive ions and the amount
produced by reactive neutral species. can be specified dieshaas listed in
Table 5.5.
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Table 515 Faraday efficiency of H-O, production by positive ions and reactive
neutral species for oxygen corona dischargat 760 Torr in water cathode testsn
deionized water, 0.01 M TB and 0.01 M DMSOThe gas pressure is 760 Torr and

gas flow rate is 0.2 slpm.

H20./Q
lonic wind
Deionized water 0.01 M TB solution 0.01 M DMSO solution
lons 0.13 0.26 0.26
Reactive
_ 0.76 1.06 0.75
neutral species
Total 0.89 1.32 1.01

In As listed in Table 53, with addition of TBin water, the HO> production by
reactive neutral speciescreasedy 39.5%, which is close to the increase of
43.5% in nitrogen corona discharges as listed in Table. #He addition of
DMSO did not change thd.O. productionby reactve neutral species, which

is consiseéntwith the results of nitrogen corona discharge.
5.6 Analysis of interface reactions

5.6.1 Reactions betweewater and positive ions

The main gas componentis the reactor were oxygen and water vapour before
the caona discharge. Atthe room temperatureof 20° C, the saturated

concentration of water vapour is around 286. discussed above)d corona

dischargeroduced ,then/ couldreact with oxygen to producde [65]
/ ¢/ ©/ / (R57)
/| can react with water vapour to produce @4]{

I croer cro (R 58)
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I (1 (1F1 (/1o & (I (R 59)
(/1 i (/1 I (R 510)

( / can react with water molecules in gas phase to produce clusters:

(/1 (19 (! (R 511)

( (/1 (l1o(C (/ (R 512
é

« ¢/ (/o 7/ (R513

As discussed in Section 5.5, most of the positive ions reaching water surface
werethoughtto be( ( / clusters. The reactions between ( / and
water is discussedn Section 4.6.1.The interface reactions caused by the

positive ions are presented in Figure3.1
5.6.2 Reactions betweewater and reactive neutral species

The reactive neutral species reachiager surface contributed more th&s%o
of the HO- production in oxygen corondischargeat a gas pressurbetween
200 to760 Torr. At 760 Torr, this proportion reach@s?o. The contribution of
reactive neutral species in oxygen corona dischargeu more significant
than that irthenitrogen corona discharge comparison tavater cathode test,
the decrease in hydrogen peroxide producttomesh cathode testould be
attributed to two factors. @ is thedrift positive iondiltered by the mestthe
other is thdoss of reactiveeutralspecies athe mestsurface While in nitrogen
corona discharge, thess of reactivaneutralspecies at the mesh surfagas
negligible; but in oxygen corona dischargas shown previouslythe loss of
reactiveneutralspecies at the mesh surfawes a notable influencelowever,
the positiveons reaching water in nitrogen and oxygen corona discharge were

the samelt is believed thathe positive drift ions ifboth nitrogen and oxygen
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should have the san®ntributionto hydrogen peroxid@roduction under the

similar conditions

Up to 110 pm of ozone was detected in ti€ gas during discharge at gas flow

rate of 0.2 slpmas shown in Figure 55 Accor ding to the Her
dissolved ozone is proportional to the partial pressure of ozone in gas phase.
With this low concentration (ppm), the dissolved ozone was in the order of pug/L,
which is negligible in watetHowever, the results have shown that the ozone
concentration almashas no influence on the hydrogen peroxide production.
Similar to nitrogen corona discharge, in oxygen corona discharge, the addition

of TB significantly increased the-B. production by reactive neutral species.

The addition of DMSChadlimited influenceon H2O> production by reactive

neutral species.

According to these analyses, H®as producedn corona discharges by the
reactions: When in the deionized water, the sedaction of HQ can produce
H20- as stated imeactionR 5.14[173 174.

(1 (lo(C/I | (R 514)

FromreactionR 514, 1 molof HOz can produce 0.5 mof H>O,. With addition
of TB in water, 1 mobf HO, can produce 1 maif H-O> by reacting with TB

[179:
ORO®H( /1 ( (/9 #(c# (# (/1 (R515)

Atomic oxygen can be also generatedxygencorona dischargd&keaction®R
5.16 and R 5.7 describe themechanismof atomic oxygen generation by

electron collision 154.
Az 1 o/ 0o [/ 0 A (R 5.16)
Az 1 oy ¢ | 0 A (R 5.17)

/ 0 canreactwitd andform/ [154, 177:
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/I 0 | ©] (R 5.18)
/ $ can react with water vappand form OH 154, 179-182]:
I8 (1971 (/I (R519

And then the produced OH can recombine to fors@4ht the interface and

transported into liquid water:
I (1 (° (/1 (R 520)

the producedH could react with ozone or hydrogen peroxide to produce HO
and transported into liquid watgf7, 190]:

rerocsh (R 521)
FC croclh (1 (R 522

Thereaction pathwaysf oxygen atorain phenol solutionbkave been reported,

as shown in Figur®.14 Oxygen atoms can form oxygen molecules, ozone or
react withphenol[203]. Hence, in this case, the oxygen atoms entering the
liquid water were believed to conduct the similar reactions, forming oxygen
molecules, ozone or oxidize TB or DMSO. The digsd oxygen atoms do not
produce HO-in liquid water directly.
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Figure 5.14 The gaghase and aqueous reaction pathways of oxygen atc
produced by plasma in He/0.6%Q gas mixture. The broad arrows in the

background indicate the gas and liquid movement [203].

According to the above discussion, the interface reactions caused by reactive
neutral species generated by oxygen corona discharge are demonstrated in
Figure 515.
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lonic wind

H20, ;ﬂ HO,

+ TB/DMSO
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Figure 5.15 Interface reactions caused byreactive neutral species for oxyge

corona discharge.

As Figure 5.15 shows, three types of reactive neutral species are produced in
gas phase: ¥,, HO, and O. HO- can be transported into aqueous phase
directly. HQ react mutually in gas phase or aqueous phase to prodze H
Some of oxygen atoms (O) react with oxygen moleculegd®@orm ozone (G);

and some of oxygen atoms (O) can react with water vapour to produce OH,
which would produce ¥D. by dimerization orHO. by reacting with @ and

H20..

The results in this chapter have shown that the discharge power has little effect
on HO> production by reactive neutral species. A good example is that the
discharge power was doubled as gas pressure increased from 200 to 760 Torr,
while the HO> production by reactive neutral species did not increlss. is

due to that most of thiacreasd discharge power was dissipated in drift region

in the plasma. The increase of gas pressure resulted in an increase of gas density
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in drift region, thereby increasing the resistance to ion motion. However, the
power applied in discharge region which proeld reactive neutral species was
not increased in this process. Hence the production of reactive neutral species

was not increased.
5.7 Conclusions

This chapter discussed the interface reactions between watieaoic wind

in oxygencorona discharget has been found thddoth positive ions and
reactive neutral species producetlin water, andthecontribution ofreactive
neutral speciess over 76% in the gas pressure range of 200 to 760 .Torr
Compared tdhe nitrogen corona discharge, the oxygen corona discharge has
higher Faraday efficiency of hydrogen peroxide production, with a maximum
value of 1.0 obtained with a water cathode at 200 Tidre. energy efficiency

of hydrogen peroxide production increasedhesgas pressure decreaseih

the maximum energy efficiencyf 0.260 g/kWh obtainedat the lowest gas

pressure teste@QO0 Tor) in water cathode tests.

The positive ions reaching water surfad&H20)n, in oxygen corondischarge,
are the same adidse in nitrogen corona dischargbgereby the reaction
mechanisms between positive ions and wateralso the samd&he reactive
neutral species including O30, and HO- were produced by oxygen corona
discharge.However, die to thepresence oimultiple reactive specieghe
lifetime of thereactive neutral species, includiogygen atomis estimated less

than 1.4 seconds

The productionof H2O2 by reactive neutral speci@s water was fronthree
pathways: 1)r'he H-O. produced in the gas wasirsported into water; Zhe
HO:> produced in the gasastransported into water and sedfact to produce
H202 in water 3) Oxygen atoms produce-8. and HQ at interface by reacting

with water vapourand then they were transported into water
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The mesttan significantly reduce the amount of oxygen atom reaching water
due to their recombination on the metal surfélcerebyreduceng the production

of hydrogen peroxide in water

The findings in this work provide three suggestions for improving the water
treatment technology. Firstly, energy consumption in the discharge gap is key
to the overall efficiency of water treatment. Seconuigfal surfacesancause
significant consumption of reactive neutral species, which thereby should be
avoidedas much as possibl€hirdly, the presence of oxygen can increase the
production of reactive neutral species, which in turn could improve the water

treatment capabiy of plasma.

151



Chapte 6 Interface Reactions between Water and Positive Glow Discharge @ End He

6l nterface Reacti oP®s ibteit w
Gl ow Diisghd®Dge He

6.1 Introduction

6.1.1 Motivation

Chapter 4 and Chapter 5 have discussed the interface reactions between water
andthe ionic wind generated by positive corodescharge. The positive ions
generated by corona discharge have low kinetic enafr@y01-0.1 eV [147],

and onlypotential energy works in the interface reactidifee positive ions at

the interface act aanion anode in nitrogen corona discharge,vdrich the
adsorbed form of hydroxyl radicals and oxygen atoms are formed. These
adsorbed agents can form®4 in deionized water, or react with TB or DMSO

in the solution.

This Chaptemtroducedd.c.glow discharges generated in nitrogen, oxygen and
helium, to investigate the reaction mechanism between water and positive ions
with kinetic energyThehigherkinetic energy of positive iongreater than 100
eV [148])in glow dischargebas twotentialeffectson theinterfacereactions

One is thathe kinetic energy cadirectly dissociate or ionize water molecules
[74, 75} the others the kinetic energy may affect tlieactionmechanisma
betweenthe ion anodeand water cathodpt?]. It has beersuggestedn the
literature that, dfferent from corona discharges, the hydrogen peroxide
producedn waterby d.c.glow discharge was mainly from the dimerization of
OH [17]]. In d.c.glow discharge generated in contact with water, in addition to
positive ionsreactive neutral species aatso produced itwo main regions:
one is the plasma region wheéie OH and O derived from water vapor via the
plasma chemical mechanism; and the other is the pligmd interfacial

region where H and OH derived from liquid water via radiolytic mecmani
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[42].
6.1.2 Objectives

In this Chapterd.c.glow discharge was generated between singkedle anode
and water cathode in nitrog€éX,), oxygen (Q) and helium (He)By comparing
the results of corona discharges ahel glow discharges, the effect of kinetic
energy in interface reactions, especially in the chaayesfer process, is
investigated.The investigaton of the reactions between water ahd. glow

dischargeancludes

1) The voltage and current characteristitd.@.glow discharge in B
O- and He with water cathode

i) The formation mechanisms of.€k in the interface reactions
betweend.c.glow discharge and water cathode

i) The effect of gas flow rate, gas pressure and OH scavenger (TB and
DMSO) on H202 producton.

iv) The change of pH and conductivity of water caused .loyglow
discharge

v) The effect of kinetic energy on the interface reactions of ion anode

and water cathode

The results of these investigation will contribute to timelerstanding o©OH

and HO: production mechanissat interface of plasmandwater. Analysis of

the results in corona discharge and glow discharge will determine the roles of
energetic ions ankbw energyions in interface process. These findings will be

beneficial to improve the #fiency of water treatment by plasma.
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6.2 Dischargecharacteristics

The experimental setup has been introduced in Chapier &quie astable
and uniform glow discharge in each type of gaw/as necessary to adjust the
needle tip to water distanckn nitrogen andelium,the distance from needle
tip to water surface was set 2omm. In oxygen discharge, the needlater
distance was set 8 mmue tatheobservation that the glodischarge in oxygen
in contact with watebecame unstablat a shorter neediwater distanceThe
discharge current arttie sample treatment time as shown in Table 6.The
treatment time waselectedo ensure that the concentration ofd4 produced

washigh enough foaccurataneasurement

Table 6.1d.c. glow discharge current andtreatment time in nitrogen, oxygen

and helium.

Gas Needlewater Distance Discharge Current  TreatmenfTime

Nitrogen 2 mm 3 mA 4 minutes
Oxygen 8 mm 2 mA 5 minutes
Helium 2 mm 3 mA 4 minutes

6.2.10bservation of discharge

Figure 6.1showsthe images ofl.c. glow discharge in nitrogen, oxygen and

helium. In nitrogen discharge, the discharge was stable and quiet.

In nitrogen, themajorwavelengthare 608900 nm caused by the first positive
band systermand 300420 nm caused by the second positive band systeese
wavelengtls presentasred and violet respectively so that the mixtgireesthe

pink colour B7].
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Theoxygend.c.glow dischargeén contact with deionized wateras unstablat

the first tens of second¥he discharge channappearedo be branched. The
water surface wadisturbed,and smalldropsof water was sputtered to the
reactor wall. The voltage and current waveforms exhibited small fluctuations.
As the discharge continuedter tens of second#e discharge became stable,

whichwasdue to the conductivity increase of the water.

Thed.c.glow discharge in helium was stable and quiet. The discharge channel
broades atthe water surface. This phenomenon indicates a lower current
densityin cathodeglow region. The positive column in helium discharge was

uniform and bright.

(@) (b) (©

Figure 6.1 Imagesof positive DC glow discharge in (a)N2 (3 mA, 2 mm gap), (b
02 (2 mA, 8 mm gap) and (cHe (3 mA, 2 mm) at 760 Torr with gas flow rate ol
0.2 slpm

The water vapazation wasobservedn the reactor in all thregags The glow
dischargein contact with waterand the joule heating by water resistance
acceleratd thewater vaporizationThe saturated concentration of water vapour

at room temper atAB%E60p Hence the dischargesera b o u t

actually generated in the mixtungth water vapour.

155



Chapte 6 Interface Reactions between Water and Positive Glow Discharge @ End He

6.2.2 Voltage and current characteristics

For nitrogen and helium dischargdse turrent and voltag&aveforms were

smooth and flatFor oxygen discharge, the current and voltageerraticwith

slight ripples, whichmight be caused by the water surface disturbance. The
dischargecurrent was also measureging a50q coaxi andtheabl e,
oscilloscope with 50 q input |1 mpedanc
At atmospheric pressure and gas flow rate of 0.5 slpm, the discharge voltages
are asrecorded in Table 6.2.The power (P) and injected energynjBvas

calculated as:
0 6 ) (Eg. 6.1)
% 6 ) O (Eq. 6.2)
V is the discharge voltage; | is the discharge current; t is the treatment time.

Table 6.2 Electric characteristics ofglow discharges in nitrogen, oxygen and

helium.
Gas type D'SCha(IL%/E; voltage Power (W) Injected energy (kWh'
1.45 4.35 2.90x10
/ 5.62 11.24 9.37x10*
He 1.37 4.11 2.74x10°

As Table 6.2 shows, thdischarge voltagepower andhe injected energy of
helium and nitrogedischargereclose butmuch lower than @i of theoxygen
discharge due to an 8 mm needlater distance in oxygemhe electrical charge
injected intothe water cathode during the treatment process was 0.72 C in

nitrogen andelium, and.6 C in oxygen.
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6.3 Interface reactions between plasma and water cathode

6.3.1 The effect of gas flow rate

The gas flow rate can influence the concentration of water vapour in the reactor,
which might influence the dischargehe effect of gas flow rate atischarge
voltage, HO- production, pH and conductivity changasinvestigated. The

gas (N, O or He) was injected into the sealed react@ gds flow rate of 0.2,

0.5, 1, 2 and 5 slpm respectively. The pressure in thetaewas kept at 760

Torr.
6.3.1.1 The effect of gas flow rate odischarge voltage

Figure 6.2 shows thdischarge voltagat different gas flow ratetor all three
gasesThedischargevoltageconsists othevoltagebetween the needle tip and

waterand the partial voltagacrosghe water.

In nitrogen discharge, the voltage remaia¢d.45 kV when the gas flow rate
increased from 0.2 to 0.5 slpfor flow rates fron®.5 to 5.0 slpm, thdischarge
voltagepresented a slight increase, from 1.45 kV.@bKkV.

In helium discharge, thdischarge voltagecreased from 1.28 kV to 1.51 kV
when the gas flow rate rose from 0.2 to 1.0 slpm. After 1.0 slpndisbbarge
voltageonly slighty increasd from 1.51 kV to 1.66 kV

In oxygen discharge, tllBscharge voltagbkad a slightlecreasasgas flow rate
increased from 0.2 to 2.0 slpm. When the gas flow rate increased from 2.0 to
5.0 slpm, thalischarge voltagpimpedfrom 5.34 kV to 6.52 kV.
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Figure 6.2Glow dischargevoltage from needle to water cathodé N2, O2and He
at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm.

As shown in Figure @, the discharge voltages in nitrogen and helium are
subequal, which are much lower than the discharge voltage in oxygen. The main
cause for this difference is the needlater distance, which is much larger in
oxygen dischargeAdditionally, since the oxyen is electronegative gas, the
affinity of electrons to oxygen molecules reduces the electron density, and
further, reduced the plasma conductivity, which resulted in higher discharge
voltage [199].

However, there is no obvious trend between the dischvailtege and gas flow

rate. Although the discharge voltage in oxygen rose suddenly when gas flow
rate increased frorA.0 to 5.2 slpm. The reason for this rise is still unclear.
nitrogen and helium discharge, theschargevoltages of the three repeated
experimentswere consistent and the standard deviation is negligiblee
standard deviatiorof the dischargevoltage in oxygenis much biggerin

comparison
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6.3.1.2 The effectof gas flow rate on HO- production

Figure 6.3 shows the Faraday efficiencyHeO. production with gas flow rates

of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm at gas pressure of 760 Torr. The Faraday
efficiency was calculatedising the method introduced in Section 4.6. It
represents the ratio of the number of hydrogen peroxide moleuoldsed in

waterto the number of positive ions injected into the water cathode.

In nitrogen discharggsthe gasflow rate increasedhe Faraday efficiency of

H20O> production increased and always remain larger than 1 at the whole range
of testedgas flowrate The highest Faraday efficiency ob® production of

the three gases was 1.28, obtained in nitrogen discharge at gas flow rate of 5.0

slpm.

In helium dischargehe highest Faraday efficiency of® productionshows a
slightly decreasing trend dlse gas flow rate increased. In the whole range of
tested gas flow rates, the Faraday efficiency egDAproduction by helium

discharge is greater than 1.0, which is similar to that in nitrogen discharge.

The Faraday efficienciyn oxygen discharge wasgsiificantly lower than those
in nitrogen and helium discharge, remagqlower than 1.0for tje tested gas
flow rates. he lowestaraday efficiencyf H-O> production otthe three gases

is 0.87, obtained in oxygen discharge at 2.0 slpm

Refer to the results in Figure 6.2 and Figure 6.3, when the gas flow rate
increased from 2.0 to 5.0 slpm in oxygen, there was a significant increase in
both the discharge voltage (increased by 22%) and the Faraday efficiency of
H>O> production (increasedby 13%). The synchronous ascent also

demonstrated there is a strong correlation between discharge voltage and
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Faraday efficiency of kD> production.
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Figure 6.3 Faraday efficiency ofH.0> production by glow dischargein N2, O
and Heat 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and®slpm

Figure 6.4 shows the J@. production in nitrogen, oxygen and helium
discharge with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm. The energy vyield
of H20- in nitrogen presentednancrease from 0.960 to 0.994 g/kWh as gas
flow rate increased from 0.2 to 0.5 slpm. Then the energy yield shows a slight
increasing trend as gas flow rate continues to rise. The maximum energy Yyield
of 1.119 g/kWhof three gasewas acquiredn nitrogenat gas flow rate of 5.0

slpm.
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Figure 6.4 Energy yield of BO> production by glow dischargein N2, O>and He
at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm

In oxygen, the energy yield of.B> production wasipproximately equal to one

fifth of that in nitrogen and helium. This large difference was mainly caused by
the discharge voltage, which in oxygen was around 5 times of that in nitrogen
and helium. However, the Faraday efficiency was not increased Wyighe
discharge voltageMost of the energy was dissipated in the discharge gap in

oxygen.

6.3.1.3 The effect of gas flow rate on pH and conductivity of treated

deionized water

The gas flow rate influences the concentration of water vapour iredoor
which canaffect thedischarge characteristics and the chemical reactions in gas
phase and at the plasmater interface&change. By investigating the effect of
gas flow rate omvaterpH and conductivity, it would provide more information

onthe plasmawaterinterfacereactions.
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Figure 6.5 shows the pH value of the treated deionized water at gas flow rate of
0.2, 0.5, 1.0, 2.0 and 5.0 slpm. In nitrogen discharge, the deionized water
presented a significant decrease in pH value after treatment, aroundaB.6 at
gas flow ratesThere is a significant decrease of pH in nitrogen, whicluesto

the HNOy produced in water by the discharge [157, 158].

-~

IN2
[ '02
[7]
ol 4 He
2 6
ko)
h < & : .
5 |l¢* : :
._5_
2511
k=]
z
o]
241
E R = e :
Q
=
2 3+
T
jo R
2 T T . T T T T T
0 1 2 3 4 5

Flow rate (slpm)

Figure 6.5 pH of deionized water after treatment by glow discharge in NNO>and
He at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm

In oxygen dischargeasgas flow rate increased from 0.2 to 5.0 slpm, the pH
value of treated deionized wateariesfrom 5.31 to 5.53There is no obvious

trend betweemwaterpH and the gas flow raia oxygen.

In helium discharge, the lowest pH value of treated deionized water was 4.95,
obtainedat a gas flow rate of 0.2 slpm. As gas flow rate increased from 0.2 to

1.0 slpm, the pH value of treated water slightly increased from 4.95 to 5.55.

Overal, the interaction between glow discharge and water caused decrease of

pH in waterfrom the initial value around 4. In nitrogen, the decrease of pH
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wasmainly caused by the productiontdNOy in water. In oxygen and helium,

theslight decrease of watpH wasstill unclear

Figure 6.6 shows the conductivitythietreated deionized water at gas flow rate
of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm.
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Figure 6.6 Conductivity of deionized water after treatment by glow discharge in
N2, Oz and Heat 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm

The water conductivity in nitrogen glow discharge presenting a downward
trend as gas flow rate increasednuch higher than th&ir oxygen and helium
glow discharge. Theonductivitydecreased from 280 to 181.2 uS/cm abe
gas flow rate increased from 0.2 to 5.0 slfrhis suggested that with higher
gas flow rate, less NQvas producedThis result corresponds to the result in

Figure 6.5, in which the pH increasedtlasgas flow rate increased.

Theincrease of wateconductivityin oxygenand heliumglow dischargenvas
muchsmallerthan thain nitrogenglow discharge. The conductivity averaged

around 5 puS/cmn oxygen Thewaterconductivity in helium glow discharge
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slightly decreased from 1%to 5.3 uS/cm as gas flow rate increased from 0.2
to 5.0 slpm.This result corresponds to the results of pH in Figure 6.5 and

Faraday efficiency of kD> production in Figure 6.3.
6.3.14 Off gas analysis

Theoff gas wagutinto the gasvashing bottlevith 20 mL of deionized water.

No H.O. was detected in the gagshing bottle after glow discharges in all
three gasedn the oxygen and heliuglow discharges hte pH and conductivity

of the water in the gasashing bottle shoad nosignificant changenl nitrogen
glow discharges, the pH of the water in gesshing bottle decreaselligure

6.7 shows the pH change of the water inngashing bottle with gas flow rate

of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm. As the gas flow rate increased from 002 to 5
slpm, te pH of the treated water in gasshing bottle decreased from 5.31 to
4.64.
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Figure 6.7 pH of the water in gasvashing bottle after glow dischargen N2 at 760
Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm
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In nitrogen discharge, the conductivity of the watethiegaswashing bottle
increased from 3.84 to 18.09 uS/cm as gas flow rate increased from 0.2 to 5.0
slpm,asshown in Figure 6.8The increase ofvaterconductivitywas aresultof

the increasingmount of NQ injected into the gas washing bottle at highes

flow rate.
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Figure 6.8 Conductivity of the water in gaswashing bottle after glow discharge
in N2 at 760 Torr with gas flow rate of 0.2, 0.5, 1.0, 2.0 and 5.0 slpm

6.3.2 The effect of gapressure

The gas pressure can influence the gas densitthandte of water evaporation

in the reactor. When the gas pressure decreased, the water vaporization was
promoted and the proportion of water vapor in the reactor increased, canich
influence he discharge characteristics. As gas pressure decreased, the mean free
pathwouldincrease, which res@ltlin an increase in their kinetic enerdyy the
discussion ohitrogen corona discharge Chapter 4it has been proved that

lower gas pressure, the-®b production by positive ions increakeThis
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suggested that the change of kinetic enecguld influence the interface
reactions.This section investigated the discharge characteristics, hydrogen
peroxide production and wateHmnd conductivity as gas pressure decreased
from 760 to 100 TorThe experimental setup for this section is the santieaas

in Section 6.2. The discharge current was kept the sami@ucedn Section
6.3.1, which is:3 mA for nitrogen and heliurglow discharge and 2 mA for
oxygenglow dischargeThe gas flow rate was 0.5 slpm for all experiments in

this section.
6.3.2.1 The effect of gas pressure on discharge voltage

As Figure 89 shows, thelischarge voltagein three gases show an upward trend
asgas pressure increasddeincrease oflischarge voltagan oxygen ismore
distinctthan that in nitrogen and heliu@xygen isanelectronegativgas the
affinity of electrons to oxygen molecules significantly reduslectron density

in oxygenplasmaand require higher discharge voltage to produce sufficient
electrons 192. As gas pressure decreased, the density of oxygen molecules
decreased, which redutthe effect of electron attachmetiterefore, easier to
sustain the plasma discharge. Tham studiesreporing that the addition of
oxygen in argon could significantly increase the discharge voltage to maintain
the equal discharge current [192, 193].
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Figure 6.9 Glow dischargevoltage from needle to water cathodéen N2, O.and He
at gas pressure of 100, 200, 300, 500 and 760 Taorhe gas flow rate is 0.5 slpm

6.3.2.2 The effect of gas pressure onJ; production

Figure 610shows the Faraday efficiency of®b productionfor all threegases

at gas pressure of 100, 200, 300, 500, and 76(afdgas flow rate of 0.5 slpm.
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Figure 6.10 Faraday efficiency ofH2O2 production by glow dischargein N2, O
and He at gas pressure of 100, 200, 300, 500 and 760 Tadire gas flow rate is 0.5

slpm.

The highest Faraday efficiency ob®b production wasobtainedin nitrogen

glow discharge at 100 Torr, with 1 maof positive ionsproducing 1.39 mobf

hydrogen peroxide molecules. This ratio is much higher than the value predicted

by Faradag s . [The wlasma induced electrochemical process of hydrogen
peroxide production has also been reported previously able to ex66é4

curente f f i ci ency by Faradayos | aw. Hi c |
discharge electrolysis, aridund that the hydrogen peroxide produced in the
electrolyte canreach 1.8timest he predi cted by Faraday
hydrogen peroxide formation was thought due to the positive ions acedlerat
through the cathode fall entering the liquitdadissociating water molecules

[194].

The kinetic energy of positive ions bombardihgwater surface contributed

hydrogen peroxide productiolVater molecules can be sputtered to the gas
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phase after impinged by the energised ions [195]. Additipnkihetic ions
bombard the water surface to excite, ionize or dissociate the water molecules,

and produce protons and hydroxyl radicals [36, 196].

As the gas pressure increased, \ildth of discharge channahd the reduced
electrical field decreased.sAhe gas pressure increased from 100 to 760 Torr,
the discharge voltage increasedds in nitrogen210% in oxygen and 26%

in helium. With the discharge gap unchanged,abheragereduced electrical
field decreased as the gas pressure increased. Ax@sEsire increased, the
Faraday efficiency iN> glow discharge decreased gradualljie minimum

Faraday efficiency of 1.1ih nitrogen glow dischargeas recorded at 760orr.

The Faraday efficiency of 4. production in oxygemlow dischargevas the
lowest of the threegasesn all gas pressureange Contrary to the results in
nitrogen, the Faraday efficiency increased in oxygen as the gas pressure

increased. However, the reason for this result is still unclear.

The Faraday efficiency in helium waseraged around 1.1At gas pressure

rangefrom 200 to 760 Torr, the Faraday efficiency fluctuates around 1.14.

On one hand, the gas pressure a$ftetreduced electrical fieldvhich resuked
in achange okinetic energy of positive ions reaching wasurfacevhen gas
pressure change®n the other hand, the lower gas pressure would expand the
discharge channel andcreasethe gasliquid contacting area. Hse factors

could all play rolsin the plasmawaterinterfacereactions

Figure 6.1 shows he energy yield of hydrogen peroxide productiotnathree
gases. The highest energy yield wdgainedin nitrogen, recorded as 2.33
g/kWh at 100 Torrand,the energy yield decreased rapidly as gas pressure

increased.

The energy yield in oxygen is thmvest among three gases. As the gas pressure
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increased from 100 to 760 Torr, the energy yield decreased slowly from 0.39 to
0.21 g/kWh.

In helium, the gas pressure did not significantly affect energy yield.0f H

production: energy yield of 4D, production was between 1.0 and 1.24 g/kWh.
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Figure 6.11 Energy yield of H2O2 production by glow dischargein N2, O.and He
at gas pressure of 100, 200, 300, 500 and 760 Tdrhe gas flow rate is 0.5 slpm.

The energy yield of kD> productioncan beexpressed as:

%9 (Eg. 63)
where
%9 is theenergy yield of HO. production
&%  is theFaraday efficiency of kD> production

. Ol s the total number of positive ions injected intater cathode;
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- is the molar mass of hydrogen peroxide;

6 is the discharge voltage;

) is the discharge current;

t is the treatment time

. Ol can be expressed by the discharge current and treatment time, as:
. Ol ) OM (Eq. 64)

WhereN is the elementary charge, equals to 1.6%1D

Put Eq. & into Eq. 63:

%9 (Eq. 65)

Since - and N are constants, th&?9 is determined by Faraday

efficiency €6 ) and discharge voltage ¢ty

ComparingFigure 69 and Figure @.0, nitrogenglow discharge has the lowest
discharge voltagand the highest Faraday efficiency, which resulted in the
highest energy yield of #D. production oxygen dpw discharge has the highest
discharge voltagdut the lowest Faraday efficiency, which resulted in the

lowest energy yield.

6.3.23 The effect of gas pressure on pH and conductivity of treated

deionized water

For further investigatio of the effect of the gas pressure on interface reactions,

the pH and conductivity of treated water was analysed.
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Figure 6.2 shows the pH value of treated water at gas pressure of 100, 200,
300, 400, 500 and 760 Torr. Glow discharge in nitrogen can produde i
nitrate in watemns introduced in Section 2.3\&hich significantly decreased pH
value of water. The glow dibarges in oxygen and heliuonly reduced the pH
value of water slightly. The gas pressheal nosignificant influence on the pH

value of treated water.
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Figure 6.12 pH value of deionized water after treatment by glow discharga No,
O2and Heat gas pressure of 100, 200, 300, 500 and 760 Tarhe gas flow rate is
0.5 slpm
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Figure 6.B showsthe conductivity of treated water after treatment veéth
gases at gapressure of 100, 200, 300, 500 and 760 Torr. The water conductivity
increased to @5 uS/cm after treatment by glow discharge in helium and
oxygen.Glow discharge in nitrogen increased water conductivity significantly

as gas pressure increased from 100 to 760 Torr, i.e. fr8to 227 uS/cm.

300

= N,
* 0,
4 He

250 -

200 —

150

100

[4)]
o
1

Conductivity of treated deionized water (uS/cm)

4 4

o

T T T T
200 400 600 800

o

Gas pressure (Torr)

Figure 6.13 Conductivity of deionized water after treatment by glow discharge in
N2, O2 and He at gas pressure of 100, 200, 300, 500 and 760 Tdine gas flow

rate is 0.5 slpm

According to the resultshe gas pressure has rare effects on the pH and
conductivity of water in oxygen and heliunn nitrogen, as gas pressure
increased from 100 to 760 Torr, the conductivity of water increased by around
2 times; meanwhile, the pH value decreased from 3.90 to 3.57, which implies
the concentration of Hincreased by aroun® times as well. These two data
demonstrated that the change of pH and conductivity in nitrogen was caused by
the same elements, which are nitrite and nitrate [158]. This mechanism was

similar to that incorona discharge as introduced in Section 4.3.5.faoed the
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results shown in Figure 6.9, Figure 6.12 and Figure 6.13, it suggested the higher
gas pressure would promote the HN@roduction but suppress the®}

production.
6.3.3 The effect of Tertbutanol

To investigae the formation pathwayof H20O. in water, tertbutano] an OH
scavengerwas addedo deionized water. The discharge time and discharge
current were kept the same gisenin Table 6.1. Two concentrations of TB
solutions were applied: 0.0 and 0.1IM. The treated TB solution volume was
10 mL. In this section, all the experiments were conduct&®@tTorr andyas

flow rate of 1.0 slpm.
6.3.3.1 The effect of TB on discharge voltage

Figure 6.4 shows thalischarge voltagefor threegases with the thresample
solutions. In oxygen, the addition of TB significantly reduced the discharge
voltage. In nitrogen, théischarge voltageith 0.1 M TB solution was increased
dramatically. In helium, the addition of TB causadlight decrease athe

discharge volge

In oxygen, the addition of TB significantly decreased discharge voltage
However, thedischarge voltagaith 0.1 M TBis moderatelylower than that
with 0.01 M TB.This change does not completely coincide with the change in

conductivity shown irFigure 6.5.
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Figure 6.14 Glow dischargevoltage from needle to liquid cathode in deionized

water, 0.01M and 0.1M TB solution. The gas flow rate is1.0slpm.

6.3.3.2 Thepathway of H2O2 production in TB solutions

As Figure 6.5 shows, n nitrogen and heliunglow discharge, the addition of
TB reduced the Faraday efficiency of®1 production.TB can rapidly react
with OHandpreventOH from dimerisingnto H.O». This is particularly evident
with 0.1 M TB solution, where the Faraday eféaicy decreased to 0.12 in

nitrogenand 0.16 irhelium

In contrast to theesultsobtained imitrogenandhelium in oxygen the Faraday
efficiency of HO. production increased with addition of TB. In 0.1 M TB
solution, the Faraday efficiency of2€ production was 1.61. These results
indicate that the TB participaten eitherthegas phase aqueous reactions to

produce more bD-.
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Thereis rare research reporting the increase of hydrogen peroxide production
by plasma withthe addition of TB in water. However, the promotion of
electrochemical production of2B8. by organic electron donors (e.g. bisphenol)
has been reported97. In this cas, due to the speciality of ion anode at the
interface in oxygen dischargdB as the organic electron donoksan be
adsorbed on the ion anode and preventing the decompositie@gpintbxygen;
meanwhile, TB can scavenge OH and redtgexidation of HO,. By these

two pathways, the TB promoting the accumulation gdHn oxygen discharge.
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Figure 6.15 Faraday efficiency ofH20. production at 760 Torr in deionized water,
0.01M and 0.1M TB solution. The gas flow rate is1.0slpm.

6.3.3.3 The effect of TB on pH and conductivity of treated solution

The original pH othe deionized wate.01 M and 0.1 M TB solution a40,
5.87 and 5.84 respectivelfigure 6.5 shows the pHhange of three treated
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solutions.

In oxygen and helium discharge, the pH of TB solut®lower than that of
deionized water after treatment. Differently, in nitrogen discharge, the pH of 0.1
M TB solutionbecamenmuch higher than that olfie deionized water and 0.01

M TB.
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Figure 6.16 pH of deionized water, 0.0IM and 0.1M TB solution after treatment
at 760 Torr. The gas flow rate is1.0slpm.

The originalconductivityof the deionized wate6.01 M and 0.1 M TB solution
are0.7,1.0and1.0 uS/cmrespectively Figure 6. shows the conductivity of
the deionized water, 0.01 M TB solution and 0.1 M TB solution dfter
treatment. In oxygen and heliuglow dischargs, TB solutionshada higher
conductivity than deionized watdBut in nitrogenglow discharge0.1 M TB
solution has a much lower conductivity compared whthdeionized water and
0.01 M TB solution. Thesignificant reduction o€onductivity corresponds to
the pH and thedischargevoltagein 0.1 M TB solution after nitrogeglow

discharge
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Compaing Figure 6.4, Figure 6.6 and Figure 6.7, after treatment by glow
discharge in nitrogen, 0.1 M TB solution has lower conductivity, higher pH and
higherdischarge voltageThis suggestd that the presence of TB reduced the

production of nitrites and nitrates in tedution.
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Figure 6.17 Conductivity of deionized water and TB solutions after treatmenby
glow discharge in N, O2 and Heat 760 Torr. The gas flow rate is1.0slpm.
6.3.4 The effect of DMSO

In nitrogenand oxygencorona dischargentroduced in Chapter 4 and the
addition of TB in the sample solutiomcreased the ¥, productionin the
solutionbutthe additonoDMS O di dnodt .

6.3.4.1 The effect of DMSO on discharge voltage

Figure 6.8 shows thalischarge voltagasingdeionized water, 0.01 M DMSO
solution and 0.1 M DMSO solutiomhe addition of DMSO in the sample
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solution led to the reduction of discharge voltagall three gasesspecially
in oxygen and heliumHowever differentto theaddition of TB in thesoluion,

the voltage reduction for 0.01 M and 0.1 M DMSO solutions are very similar

Figure 6.18 Glow dischargevoltage from needle to liquid cathode irN2, O, and
He with deionized water, 0.0IM and 0.1M DMSO solution at 760 Torr. The gas

flow rate is 1.0slpm.

6.3.4.2 The effect ofDMSO on H2O; production

After treatmenby nitrogenglow dischargeas Figure 6.8 shows, the Faraday
efficiency of HO. production was reduced with addition of DMSDhe
Faraday efficiency was much lower than that in dehiwater, especially in
0.1 M DMSO solution. Concentration of DMSO has a dramatic effect on

Faraday efficiency in nitrogen discharge.

The situation regarding Faraday efficiency efOkRproduction by oxygeglow
discharge is less clearly defindd deionzed water the value was lower than
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