University of

Strathclyde

Engineering

Atmospheric Non-Thermal Plasma
Dischargesfor Cleaning And
Bio-Decontamination

SIRUI LI™ BEng (Hons), MSc

Thesis submitted in accordance with the requirements dfnhersity of
Strathclyde for the degree of

Doctor of Philosophy 2016

Department of Electronic and Electrical Engineering
University of Strathclyde
Glasgow, UK



DECLARATI ON OF AUTHENTI CI'TY AND AUTHC

This thesis i s tdignalresearahl It hascbéen tomgosed lytthe or 6 s
author and has not been previously submitted for examination which has led to the

award of a degree.

The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts asuglified by University of Strathclyde Regulation 3.50.
Due acknowledgement must always be made of the use of any material contained in,

or derived from, this thesis.

Signed:

Date:



ACKNOWLEDGEMENT

First, | would like to thank my family, especially my parents and my wife for their
unconditionalsupport.

Special thanks to mysupervisorDr. Igor Timoshkin,also Dr. Michelle Maclean,
Dr. Tao Wang and all the amazinggple in Strathclyde HVT group.

Last but mt the least, | would like to thank my babyadghter Yujia, wb will read
this thesis someday



ABSTRACT

It has been shan that northermal plasma hagreat potential forleemical oxidation
and bacterial inactivation. However, the mechanismlagmainduced oxidation and
bactericidal effects is not fully understoodand optimisation of the netmermal

plasma treatment is required to improve the efficiency of this technology

This research presents an investigation into the oxidation andebantamination
capabilities of steadgtate corona discharges and impulsive transient plasma
discharges in atmospheric air. Degree of decolorisation of blue dye by plasma
discharges wasebtained and used for evaluation of the oxidation iefficy of these
dischargesThe Grampositive and Grarmegative bacteriaaphylococcusureus

and Escherichiacoli, respectively, were used for investigation of the
bio-decontamination capability ahe plasna dischargs. It has been showthat
conditions such as air humidity, electrode topolagyd voltage levels may affect the
efficiency of plasma treatment. The obtained results show that the oxidation and
inactivation effects depend on the amoohtcharge delivered by the plasma. The
chargedependent decolorisation and inactivation rates of plasma discharge treatment
which indicate the oxidation efficiency and inactivation efficienegreobtained and
analysed. Different decolorisatiand inactivation rates were achieved witiious

electrode topologies and energisation polarities.

This study also investigated the production of reactive species by atmospheric plasma
discharges. Ozone concentration was measured during the decolorisaib
inactivation tests. The production of OH radicals by the plasma dgehaave also

been obtained ithis study using terephthalic acid as the chemical probe. The
obtained results confirm that the reactive oxygen species play a major role in the
plasma discharge treatmerh addition an attempt of using Ti@as a catalyst to
enhance oxidation and baecontamination effects of the plasma discharge treatment
has been made. TiQvas revealed tdave the potential to improvethe oxidation

efficiencyof atmospheric plasma discharges

The resuls obtained and presented inisththesis will help in optimisation of

nonthermal plasma systems for chemical and biological decontamination
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CHAPTER 1

Introduction

Plasmaas the fourth state ohatter,has been studied over many decaenerally,
plasmarefers toa partial or fullyionizionisededgas which consistof ions (positively
or negatively charged), electroremd neutralsPlasmasare usally categorsed into
two major groups thermal plasma and ndghermal plasma.nl the case of thermal
plasma, thermaéquilibrium or near equilibrium can be formed betweslnctrons,
ions, and neutralsGeneration of thermal plasntgpically is associatedvith thermal
ionization and Joule heating. Thermal plasma carfe used in several practical
applicatons including redudion of environmenal pollution by the destructionof
toxic substancesand thermal (municipal) treatment of industry wastefplasma
gasification) However, the high temperature of thermal plasma maynoesirablen
many situatiors. In addition the maintenance of thermal plasma systand energy
costs is generally quitehigh. Alternatively, nonthermal plasmas are generated
throughionizationprocesses which deliver energy primarily to émergeticelectrons
instead of heating up the gd%is type of plasmalsocanbe appliedn hed-sensitive
situations and the maintenance cost is low. Therefore,-themmal plasma has

attracted significant attention in recent years.

The ronthermal plasma generated by electrical dischargestmosphericair has
been investigated by many reseamsh worldwide, andits cleaning and
decontamination effesthave been confirmedn various published papers such as
[1]-[4]. As a resulta number opracticalapplicationsof nonthermal plasmare now
being developedincluding nonthermal plasma discharges for gas treatment, water
purification, bio-decontaminationand woundhealing [5], [6]. Although thegreat
potential of northermal plasma technology hlasen provegthe exact mechanisno$

the chemical and microbiological effects of atmospheric plasma dischstrijese

not fully understoodlt is believedthat plasma agents generated by atmospheric
dischargessuch as chemically reactive species, UV radiatéorg intensive electric
fields make a significant contribution to those processes. rHagtive chemical
speciesgeneratedby plasma discharges are considered the most important plasma
agens. Species such &H radicals, ozone, hydrogen peroxide, singlet oxygen, nitric

dioxide, peroxynitrites and many othershavebeendetected and studiad multiple
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papers including7]i[10]. Different types ofplasmadischargesor even different
discharge conditionsan result invarying rates of production of thesehemically
activespecies and, thusan result in aifferent degree of chemical antimicrobial
activity. For further development gifracticalapplications of the nethermal plasma
discharges, it is necessary to investigate the oxidation and microbiological
decontamiation efficacy ofdifferent types of discharges and their dependency on
discharge parametersuchas the magnitude and polarity of the applied voltage, the
charge delivered during the plasma treatmamd thedischarge topologies

The present research project asmed at the investigation of the oxidation and
microbiological decontamination effica@f atmospheric steaestate and impulsive
plasma discharges. Twdmportant types of atmospheric nethermal plasma
dischargeghat arecommonly used arsteadystate corona discharges and transient
plasma discharges. The main objectigéthis projeciareto

Investigate oxidation and decontamination efficaéythe steadystate corona
dischargs and transienplasmadischargs

Investiga¢ the difference iroxidation and decontamination efficacy caused by
discharge parameters

Investigate theroduction of reactiv@xygenspecieswith high redoxpotential
(ozone and hydroxyl radicals)and their relation to oxidation and
bio-decontaminatioeffects of plasma

Provide analysis and discussion on thptimisation of nonthermal plasma

discharge technology

Factors that affect thexidation and decontamination efficaofyatmospheric plasma
dischargewere studiedin this research projecThese fators includethe discharge
topologies and the total charge delivered by the dischérge believedthat ozone

and hydroxyl radicals play a dominant role in the process of oxidation and
decontamination. The production of ozone and hydroxyl rexlisalirectly related to

the plasma bialecontamination and oxidation efficacy. However, the contribution of
other species cannot be ruled out. Another important approach wasshvestigated

in this research is to use Ti@® enhance the oxidation and decontation effecs of

atmospheriplasmadischarges. Preliminary tests demonstrated potential enhancement
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effects whichdependon the way TiQis introducednto the plasma treatment system

in practicalsituations.
A brief description for each thesis chapteprovidedin the following paragraphs

Chapter 2 fiBackground and.iterature R e v i) @ravides bakground information
on the northermal plasma dischargeand their usefor surface cleaning and
bio-decontaminationElectrical properties of corona dischgis and transient spark
discharge are discussedin this chapter along with theirchemical and
bio-decontamination effect€&seneration ofmportantreactive chemicaland possible

mechanisra of bacteridinactivationare also presented

Chapter3fiDev el op mestateaonfd Sltreaandsyi ent Pl a9 ma
describes thalevelopment of plasmaystens and equipment used in this research
project. The plasma systesndeveloped and used in this project incluaeDC
steadystate corona dischargg/stem andan impulsive transientplasmadischarge
system. Experimeat conditionsare presentedind the topologies of plasma reastor
are discussedThe esults of electrostatic simulatisrof the electric field in the
plasma reactoraind electrical charcteristics of both tymeof dischargesare also

presented

Chapter 4 qpadigy ofdtedspherio No@hermalPlasma Dischargey
presents theexperimental studyf chemical oxidation capability of atmospheric
plasma discharges. In this studypdigo carminewas usedas an indicator to
investigate the oxidation capability of both steatigte corna discharge and transient
plasmadischargeunder different conditions (polanyt voltage level, humidityand
reactortopology). Decolorisation ratesf indigo carmine solutianwere evaluated in
plasma reactors with different electrode topologiHse resultsof this experiment
wereanalysed andrediscussedn this chapteto present information on optimisation

of theplasmasystems

Chapter 5 §i B-Decontamination Capability foAtmospheric NoiThermal Plasma
Discharges®) presentsan experimerad study of bio-decontaminatiorefficiency of
steady-state corona discharges anansientplasmadischargesk. coliandS. aureus
were used asest bacteriaeand were inactivated by both types of discharges under
different conditionsThe obtainedesultsare presentenh this chapter along wittheir

18
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analysisand discussiaonThe nmechanisms of plasmainduced bactericidal effextand

their efficiencyare discused

Chapter 6 {IOH Radicals Producedby Atmospheric NoiThermal Plasma
Discharges®) describes experimental work on the detection of OH radpalduced
by plasma dischargeslerephtalic TA) acid wasusedas a sensoto detectOH
radicab and to produceHTA acid, which gives the fluorescence signalThus,
concentration of OH radicals produced by plasma discharges can be obfdiaed.
concentration ofOH radicalsgeneratedoy both types of discharges under different
conditionswasdetectedand resultarediscussedn this chapter

Chapter 7 § T @ A Potential Catalyst for Improving The Efficiency of
NonThermalP| a s ma T) mesdntsseveral cattemptof using TiQ as a
catalystto enhance thdecolorisatiorand biedecontaminatio effects of the jasma
discharges. Asix-needle corona discharge reactwas used to generate plasma
discharges Different approaches of introducing TiOGnto the plama discharge
treatment systemweretestedand resultsre presented and discussed.

Chapter 8 fiConclusionand future workd) summarsesthe results and achievement
of this research project. €hbio-decontamination and oxidation capabilitiekthe
steadystate corona and transient plasdiacharges under different condits are
analysed OH radical production is also discussedo provide insight into the
mechamsms of plasmanduced chemical and biological effects. The obtaire=dilts
and analysis from each chaptae combined in thischapterto provide information
and discussion onoptimisation of plasma discharge treatment systems

Recommendations fduture workarealso provided
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CHAPTER 2

Background and Literature Review

2.1 General

In this chapter,a background study an@ comprehensivditerature reviewon
chemical and bialecontamination effesbf nonthermal plasma discharges has been
conductedFundamentals angrinciples of plasmaredescribedandrelated theories
and applicationsare presentedto provide theoretical support for the research of
oxidation and decontamination effects abnthermal plasmadischarges.The

following topicsareincludedin this review

1 Plasmabasics

1 Atmospheric pressureon-thermal plasma discharges

1 Chemical effect of notthermal plasma

1 Bactericidal effect of nothermal plasma

Practical a@plications of the nonthermal plasma dischargescluding plasma

catalytic processesarealso discussed

2.2 Basics of Plasma

2.2.1 Whatis plasma?

The term fApl as mao przwinning chenist Indrg eachigmbiigt No b | e
describeionised gas in 192711]. The matterin our universeis classifiedinto four

states: solid, liquid, gagand plasmalt is knownthat thebondingforce whichholds

the particlestogetheris different in solid, liquigd and gas stase(solid>liquid>gas).

The random kinetic energy of the atoros molecules and théonding energy

determine which state the matteass If sufficient energy is providedfor example

through heating of solid or liquid substancg the kinetic energy of atoms and

molecules increases, atoms and molecules overcome the bonding force, and phase
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transition will occurlin the case o substance ithe gasphase, when enough energy
is provided (for exampldyy heating up the gas), the kinetoergy will exceed the
molecular bonding potential energy and resultdissociation of gas molecules.
Furthermorejf the kinetic energy ianatomicgas increasso a levelthatovercomes

the bonding force of orbital electronsnisedgas or plasma formed

Plasma refers to fullyonised or partialy ionised gases The ionisation degree of
plasmacan vary fromvery low value (for exampl&0* to 10°, partialy ionised to 1
(fully ionized [12]. Typically, plasmas are electricallyeutra] and they consist of
ions (positively or negatively charged), electrpaad neutrals. The visible universe is
mostly in plasmdorm; examplesnclude the sun, interstellar mediyand solar wind.
Plasmas are also very common on earth: polar aurteasss, and lightning are all
plasmasWith modern technology, artificial plasmas are commonly createdused
in multiple practical applications including bialecontamination and chemical

oxidationsuch asn [13] and[14].

2.2.2 PlasmaTemperature

The temperature of plasnmdescribedyy thetemperatures of eagharticle including
electron temperaturé,, ion temperature ;Tand temperature of neutral particlés
Assuning that plasmais anideal gas, the average kinetic energy of a particlebean
writtenasin (2.1) based othe Maxwell-Boltzmann distribution:

% -0 Y (2.1)

whereKg isthe Boltzmann constait388023 J/k.

Generally,for ionising molecules,the energyrequired isgreaterthan~10 eV. It is
also very common to udesT to express temperature in an energy unit of eV, which

indicates the energyacquired by an electron through a potential changeVW£KgT.
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Hence 1 eV equals a tempature of 11600 K. Examples of plasmas with different

electron temperatusand densiesare show in Figure 2.1.
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Figure 2.1. Plasmas with different electron temperatua@d densites (graphfrom
[15]).

2.2.3 Classification of Plasmas

In laboratoryresearch, plasmagenerallyare classified intdwo major categories
equilibrium plasma and neequilibrium plasma. Equilibrium plasmalso known as
thermal plasmatypically has a high temperaturthat results irthermal equilibrium.
The species (ionsglectrons and neutrals) in thisgype of plasmahave the same
temperaturde & T; & To. Thermal equilibrium couldbe formedin alocalised area.ln
non-equilibrium (or northermal) plasma, electrons have a much higher temperature

Te >> T; & To, and thermal equilibriunis not formed Based onthe electron
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temperatureplasmas can aldme further classifieéhto cold plasmaT. O10° K) and
hightemperatureplasma Te > 10° K) [15], [16]. Many other types of plasma
classificationsexist. They arébased on parameteatherthan temperature, such as
ionisation degreeand gas temperatureln this thesis, research was focused on
nonrthermalatmospheriglasma whichwas generatetly high-voltagedischargs in

ambient and bottled air.

2.3Non-Thermal Atmospheric Plasma Discharges

2.3.1 Introduction

As mentionedn Section2.2.3, plamas aretypically categorsed into two major types:
thermal plasma and nehermal plasmaEach ofthese typesas its features archn
be usedor practicalapplicatiors. In the case of thermal plasma, thermauilibrium
or near equilibrium can be formed between electramss and neutralsThermal
fully ionised plasma is hot (10sf thousands otlegree) and difficult to contral
Despite this characteristithermal gasma canbe appliedto manyareas such as
materialprocessing17], solid waste treatmei8], and many othergl9]. However,
the high temperature of thermal plasma mayubdesirablein many situatiors. In
addition the costsof energy and the maintenance of thermal plasma sgsaeen

generallyquite high.

Alternatively, nonthermal plasmas are generated throiggtisation processes which
deliver energy primarily to thenergetielectrons instead of heating up the gdwse
energeticelectrons with high electron tempenatul. U 10°~10° K can produce
radicals,ions, and electrons by impact with gas moleculésemically active jgecies
produced in this waycan dgrade organic molecules andill microorganisms
resultingin oxidation, cleaning andbio-decontamination effestThe temperatuseof
ions and neutrals are lowcl@se to room temperature in mostses) Therefore

nontthermal plasma discharge could be appliechéatsensitive material such as
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biological tissues angolymess. Additionally, the maintenanceand energy cosbf

nontthermal plasmaare much lowecompaedwith those othermal plasma

Electric discharges iair areone of the most commonmays to generate nethermal
plasma.As reported in[12], various ckemical norequilibrium conditions carbe
achievedby modifying the discharge parameters such as gas content, electrode
configuration and pressuteTherefore gas discharge plasma is consideheghly
potential in manyenvironmentalpplications.In thisresearch, nothermal plasms

generated by atmospheric dischargeseinvestigated

2.3.2 lonisation and Charged Particles

Gasesin anortionised state andnder normaénvironmentatonditions (temperature,
pressurg are electrical insulatorsGas molecules are electridgl neutral Charged
particles ingasesare generatethroughionisation and this process may involike
collision of speciesand photoionizationAtoms can bexcitedandtransferrednto an
excited state after receiving energiydugh absorption of a photon or collision with
electronsor other energetic particle8Vhen enough energyg providedto an atom
(amountequal to the electron bond energije electronwill no longer be bound to
the atom andwill separatefrom the atom Thus this atom will beionised The
minimum energy which is required to release an electron &oatomis called the
ionisation potential. For different atoms and moleculdbe ionization potentials are
different for example, 13.6 eV for H,2.07eV for O,, 13.77 eV forCO,, 14.5 eV for
N, and 15.6 eV for N[20].

Charged patrticles and free electrons can also return to neutral atoms or molecules
through recombinationhe main mechanisms afnisationand recombination cdpe
writtenin thefollowing equations:

A+ez A+e+e (2.2)

A+BZ A"+e+B (2.3)
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A+h3z A"+e (2.4)

where A and B represent neutral atowr molecules These equationsdescribe
ionization by (2.2 electron collision with neutralspecies; (&) neutral species

colliding with each otherand(2.4) photoionization.

lonisation occurs @t only with ground stateneutral species,but also withexcited
atomsand metastable particlesvhich can beionised or deactivated througtthe
impact of other particles i&ch as electrons and neutrabxcited atoms take less
energy to beionised compare with ground state atomsReactions caused by

collisions of metastable species and neutralstmamvrittenas

Penning dissociation: W+ C, Y 2C+ M (2.5)

Penningionisation: M + AY A"+M +e (2.6)

where M aremetastable particleandC, representsieutralmolecules such as,@nd
No.

In addition, regative ions can be produced through anothericgawhichis caused
by attaching electrons to heavy molesulehese attachment reacti@are show in
(2.7) and (2.8)

Dissociative attachment:,G eY C +C (2.7)

Triple collision attachment: G- eY Cy (2.8)
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Asdiscussed ifi21], other reactionsan take place ithe nonthermal plasma

environmertt
Charge exchange:’A+ BY B'+ A (2.9)
lon-ion recombination: A+ B+ MY AB + M (2.10)

Generation andlisappeance ofthe chargel particles are importaneventsin the
mechanism of gas discharges, and the reactions between speciessalsio the
production of chemicaly reactive species which directly and indirectly work on

pollutans and bacteria.

2.3.3 Plasma Streamers

A plasmastreamer is a form of transiedischarge event which geveloped froman
electron avalanche in dielectric media. The concept of streamemtragucedby
Raether, Meek and Loed around 1940 to describe the electric breakdown
phenomenon in gaR?2]. The formation ofthe streameris bagd on the distortion
effect of space charges created during electron avalandneer the effect ofin
applied external electric field, gas molecules iarésed, and the electron avalanche
occurs. The numbers of electrons and positive ions increase exgiaily in the
process of electron avalancli®ie tothedifferencein mobility, electrons move tthe
anodewith a higher speedwhile positive ions move tthe cathode slowly. Electrons
are accumulatedh the front area, and the positive ion zadeen the fitailo part,
creating additionalocalised electric fields.Therefore, distortion ofhe electricfield
occurs due to thexistenceof space chargeAn examplds shownin Figure 2.2 the
electric fieldis enhanceadhear the head (electron zone) datl (positive ion zone) of

the avalanche; while inside thgalanchethe electric field is reduced.
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Figure 2.2.Distortion to the electric field caused the effect ofspacecharge. £ is

the external electric field;ds the localisealectric field caused by space chage

When the primary electron avalanche is not very strémgnumber of electrons in
the avalanche head is less thart®2@?° and the concentratiorof chargeis not
sufficient to distort the electric field between lie electrodesin this case,the
avalanche ends afterptopagateshrough the gap (electrons reach thedmand ions
reachthe cathode).When the primary electron avalanche is straig number of
electrons in the head is >®pand space chargesan createan intensivelocalised
electric field EG Under the effect of this localised electric field, the growth of further
avalanches is enhanced in a direction conditioned by the external electric field. As a
result,anionised thin conductive region ppagates in that direction, formisingle

or multiple discharge chanmsasfihe streamers The densities of electrons and ions
are roughly the same in the ionised streaom@nnel and the external electric field
screenedy the thin space charge &yln the area in front of the streamer heaal,
electricfield is enhancethy thespace charge.

Streamersare categorisedas positive streamers or negative streameB.eames
which grow from the anode to the cathodee known as the cathoedirected

streames or positive streamer The negativestreames (anodedirected streamsy)
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movein the directionof electrondrift (from cathode to anode), as shown in Figure
2.3.

Anode Cathode
|
;-' L '+: A streamer
propagation
e streamer E
’ propagation ’ (b)
Q (a)
Secondary e, kv é
avalanches YE Secondary
' avalanches
|
Cathode Anode

Figure 2.3.Positive streamsi(left) and negativestreamers (right) propagate in the

gap.

In the case of negative streasjgphotons emitted from the primary avalanche
generate electrons in the area near the head of the primary avalanche, and those
electrons (together with electrons frahe primary avalanchéatare moving in front

of the primary avalanche head) would start secondary avalanches under the effect of
strong electric field. Tails of secondary avalanches (positive ions) then will be

neutralsed by the head of #hprimary avalache (electrons).

In the case of positivestreames, photons emitted fronthe primary avalanche
generateslectronswhich maycause many secondary avalanches in the area near the
tail of the primary avalanchavhere theelectric field is enhanced. Electrorfsom
secondary avalanches are then pulled into the t#lilegfrimary avalanche and create

a quasineutral plasma channel. The streanpeopagatesirom the anode to the
cathodewith agrowth velocityof 10 cm/s[23].

A streameris a weakly conductive anghortlived cold plasmadischarge. However,
when it bridgesthe gap between thanode and cathodehe discharge current
increass significantly, and the streamer channel beconmeghly conductive and

thermali®d. Thusthe sparkchannel is formed in this way.
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Several dferences including diameterlength and propagation velocity between
positive and negative streametsuld be observedn [24], Luqueet al. used models

to simulate the propagation of positive and negative streamers in ambient air in a
needleplane discharge system stressed by high valthgaadiusof the needlavas

0.26 mm. Theylaimed thafpositiveand negativestreames have similar behaviosi
when the voltage isabove 60 kV, while differences in streamer behaviouvese
observedor voltages below 40 k\Positive streamers are faster, longand thinner.
Under 23 kV, positive streamepsopagang throughan 11.5 mm gap used ~1s,
while negative streamsrused ~25 nsThe aithorsexplained thigghenomenonthey
believe that the electron drift in negative streaaees not strongly help in streamer
propagation, but leads w@n increase of the streamer hedidmeterand dilute the

field enhancement effect. In the case of positive streqriergrowth depends more

on the local electric fieldit is thinner, so the field is more enhancadd positive
streames propagate fastef24]. This was supporteddy experimerdl results from
anotherstudy[25] in which the propagation, formatipand diametersverecompared
between positive and negative streaméngheir researchthe authors claimed that
positive streames are thinner and cdve ignital and propagate easily, while thicker
negative streamersrequire higher ignition voltage.Streamers were generated in
ambient air at 1 bar using a pair of neepliene electrodewith a gap length of 40
mm. It was reportedhat in the voltage rangef 5 kV to 40 kV, positivestreames
wereobserved. The diameter tife positive streamer head and the propagation speed
increased from 0.2 mm, 10n/s (at 5 kV) to 1 mm, fom/s (at 40 kV).When the
voltageis increasedo 40 kV, negative streanseappearedAs the voltagencreased
from 40 kV b 96 kV, thediameers of positive and negative streasare similar, £

3 mm.The popagationvelocity of positive streamsincreased from 10m/s to 40°

m/s, while the propagation velocity of negatsteeames can only be measured above
56 kV, and is25% lower than in the positivetreamercase.The authors of this
researchalso reportedgimilar energy of primary streamgewith positive or negative
polarities (2050 mJ). However, they also believed that the total energy delivered by

the positivedischarges is higher than the negative discharges.

Streamers in ambient air promote multiple reactions including excitdissociation
andionisation O and N based neutral molecule, positive and negative ions participate
in thosereactions aseported i [26]. An optical study in[7] reportedthe existence of
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OH radicals, ozoneand NO molecule in streamer dischargestreamerbased
discharges are often consideesidgoodsources to generate ntimermalplasmaThey
can provide good performance with logosts to meethe requirementof many
applications such as plasma medidg].

2.3.4 Corona Discharge

Corona discharge is a type of ssifstained discharge which normally occurgas
andis generated by highly divergent,jntensiveelectric field in areasroundsharp
high-voltage(HV) electrods. During the corona dischargey weak light emissionof
bluish color canbe observediear thehigh-voltageelectrode The corona discharge is
a commontype of nonthermal plasma dischargend it hasbeen observedh many
gasesincluding airat different conditionsFor example, the St. Elrtofire is a form
of corona discharge which appears at the enth@maston a ship during storms.
With the development of electrical engineering,otar discharge aremore widely
seen inthe modernworld; theymayappeararoundhigh-voltage transmission lirsgor
near lightning rodor high-power antennae.

Mechanismsof Corona Discharge

Whena high voltage is applieda highly intensve divergent electric field is generated
in the area near sharp fighly curved electrode If this field exceeds the critical
value,electronavalanche start to developandtheionisation process in the high field
area becomes intensive enouglgenerat the corona discharge. The region near the
stressed electrode where the electric field is intensive andrtsation take placas
the fionisation regioro. Light emission cate observedrom this region.Outside the
ionisationregion is theidrift regiord In this regionthe intensity othe electricfield

is low, and ions or electrons generated in theisation region drift to opposite
electrods through the region The ions or electronsnay interact with neutral
molecules but ionisation is not causeddue toinsufficient energy.lf the applied
voltagewould increase sufficientlfgreakdowrof the entire inteelectrode gap could

happen, and corona dischargeuld betransformednto a spark[23].
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Corona discharges cdoe classifiedas positive corona and negative cordisgharges
if the sharp electrodeis stressedwith negative high voltage, corona discharge
generated in this case is negatikéernatively, if apositive highvoltageis appliedto
the sharpelectrode, generated corona discharge is posifilttough both types of
corona dischargerely onthe development aflectron avalanche, the mechanssoh

positive and negative corona dischargeequite different.

In the case of positive corona discharge, electrons produced by exogansatfon
move toward the curved electrode whislpositively chargedn the region where the
electric field is sufficiently high, electron avalanche is then triggeviate electons
produced fromonisation move toward the curved positivdectrode while positive

ions move to the flat electrodeathodé. Photons emitted frononisationthen radiate

into the gas and generate electrdhsse electrons move toward the curved electrode
under the effect aheelectric field and trigger secondary avalanches. The mechanism

of positive corona discharge cha describedsa cathodedirectedstreamer.

In the case of negative corona discharglectrons generated fromme ionisation
process move away from the curved cathaw®] positive ions move toward the
cathode.Contrary to thepositive coronacase those electrons do not contribute to
further avalanches ithe negativecorona.However,electrons can be generated at the
surface ofthe curvedelectrode bythe photoelectric effect othe impact ofpositive
ions. Theseelectrons then start further avalanches under the effeitteahtensive
electric field.As the electrongnove away from tle curved electrode, they attach to
neutralmolecuks and form negativéons. Thosenegative ions will then move to the

anode.

Characteristis of Corona Discharge

Due to the different mechanism$ positive corona and negative corona discharges,
the ignition conditiondor these dischargesmre described in different ways. Fridman
et al. discussed the ignition of corona discharge[28] and [28]. In the case of
negative corona, the ignition folloike samecriterion of Townsend breakdowras
shown in (2.1}
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I o T wQollip - (2.11)

where({x) and & are the Townsendrimary and secondaignisation coefficients

andb (x) is the attachment coefficient.

At the position whichis a distance xax from the cathodethe electric field is low
enough, the balance between ionization and attachment is reactted, (%) =
b (mx). Thus no additional electron multiplicatiooccurs The critical distancémax
defines not onlythe ionizatiorattachment balandeut also the excitation zor{ee.,
the visible size of the corona dischgrge

In the case othe positive corona, the process is described as the formatiaheof
cathodedirecied streamer Therefore, thegnition process can be described by the

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

| @ T 0w Qo pu ¢ (2.12)

Although mechanismsf development opositive and negative corona dischargee

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

Additionally, in [23] and[28], the relationshipsetweenthe corona discharge current
and voltage characteristics of two parallel winege been deducedn a more general
case with different electrode geometitye corona discharge current and voltage have

a relation as written if2.13:

) #66 6 (2.13)

where C isaconstantl is the discharge current, Vtiseapplied voltageand

V. is the critical corona ignition voltage.
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Therefore, the power releasedtite corona dischargecan be expressday equation

(2.19:

0 6) #6 6 6 (2.14)

The power released froroontinuouscorona discharge ignited bythelow discharge
current(tens or hundreds @fA in atmospheric air)However, ifthe appliedvoltageis
increased the spark channel can be formetlhis becomesa problem in many
applicationsTo increase the powelelivered to the corona dischangé&hout forming
a spark, pulst corona discharges andontinous corona discharges with

pulseperiodic regimesre considereth many applications.

Pulse Periodic Regimef Continuous Corona Discharges

As mentionegreviously corona discharge can bansformedinto sparkdischargef

the applied voltage increases to a level thauiiciently high. Therefore,to avoid
undesirable sparkshe applied voltage levelsed to generatie continwous corona
dischargeis limited. The pilsed power supply has been used in many cases to
generate corona dischasgeith high power while avoiding transformatianto a
spark[29], [30].

However, periodic current pulses can be observed #wbe corona dischargeare

produced by aconstantvoltage. This pulseperiodic regimethat is sustained by

contiruouws constant voltage is known d#lashing corona in the case of positive
energisatiorandfiTrichelpulsesd i n t he <case ofAcawdinggot i ve ene
[31], the frequency of flashing corona currgnilses can reach up to 1®Hz. The

frequency of Trichelpulses can reach a highdrequency,up to 16 to 10° Hz.

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

current ad power of these sepulsing corona discharges is still limitethe

pulseperiodic regimecan increase power delivered by corona discharge under
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constant voltage conditions. An exampke given in [31], in which the author
calculated the maximum power abrona discharge generated in a pqiaine
electrode system: the radius of the stressed sharp electroi0igr3, and the gap
between electrodes is 1 cResults showed that the maximum corona power thigh
continwous regime is 0.4 W; the maximum power is much higldering the
pulseperiodic regime (~3V). Therefore, the pulsperiodic regime iscrucial and

mustbe discusseth the study of steadstate corona discharge

Flashing Corona

In the case opositive corona dischargegenerated by application of D&nstant
voltage, flashing corona (positive current periodic pulse) is caused by the effect of
positive space chargelhe process can be explainédefly as follows. during
positive corona discharge catlodedirected streamer is formed along with the
generation of electrons and positive iodader the effect ochnexternal electric field,
electrons witha higherspeed move to the anqdend their numbedeaeasesjuickly.

At the same time, positive ions with low speedainin the gap.The accumulation

of positive ions in the gap results in a local electric field which is in an opposite
direction of the external field, and this prevents the formation of new streamers.
Therdore, the positive discharge currensippressedThose positive ions in the gap
move slowly under the effect @n external electric field and eventually reach the
cathode, then the gap is cleatggl and new streamecanbe formed Periodicpulses

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

Examples of flashingcorona discharge current waveforms are shown in Figure 2.4.
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Figure 2.4.Examples opositive flashing corondischarge currerwaveformsat
0.2-bar gauge pressur@) +22 kV, (b) +26 kV[32].

The pulses in discharge currentstxwhen the applied voltage/electric field is in a
certain rangelncreamg the applied voltage would result in an increase in the electric
field. Dischargecurrentbecomse stable as the electric field provslenough ability to
clear up the space charge in the gd&mr example, a positive corona discharge
generated in a pouplane reactois describedin [33] and[31]. The radius ofthe
stressedpoint electrodevas0.17mm, and the gap distaneeas3.1 cm. The observed
corona ignition voltage ¥a5kV, and the flashingcorona was operatedn the
voltage range from thignition voltage to \{ & 9.3kV. The maximum frequency of
discharge current pulses was ~Btez; it wasachieved atn appliedvoltage level in
the middle of \{ to V1. Thevoltagewas increasetb V,& 16 kV, at whichpulses in
the dischargecurrent disappeareds the voltage further increased te & 29 kV,
spark discharges with a frequency of 4.5 kiere achieved.The mean values of
discharge currenwerel pA, 10pA, and 10QuA at Vg, Vi, and \,, respectivelyThe
regimes of positive corona dischamyeshown in Figure 2.5
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Trichel Pulses

Periodic pulses in discharges can also be achieved in negative corona dis¢he&ges
effect isknown asfiTrichel pulseso. Trichel pulses are also causely the effect of
space chargalVhen corona discharge ignitedin electronegative gases such as air
and oxygen, electrons released fraonisation can form negative ions in the gap.
Under the effect ofan external electric field, positive ions move toetlstressed
cathode and negative ions move to the anodevo layersare formednear the
stressed electrode: a layer of positive ions close to the electrodm antkidelayer

of negative ionsAs the number of negative iogsows, they produce a locallectric
field which is inthe opposite direction ofhe externalfield. Thereforethe ionisation
process iswpressedand the discharge curreist sippressedas a resultWhenthe
negative ions move to thenode(far from the cathode), the suppression brought by
space charge effect is decreggbedn the negative corona discharge is ignited again.
Periodic pulses are producedby repetition of this proceg84], [35]. However, in the

case of corona dischargesalectropositivegases such as argon and nitrogen, electrons
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can move to the anodapidly without forming negative ionsn this case, the electric
field near the cathode is nstppressedis muchandTrichel pulses are not generated

[36]. Examples of discharge current waveforsnwith Trichel pulses are shown in
Figure 2.6.
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Figure 2.6. Examples ohegativecoronadischarge current waveforms withidhel

pulses,at 0.2bar gauge pressur@) +22 kV, (b) +26 kV[32].

Compaed with flashing corona, Trichgbulses disappar at a high constant voltage
level, and thesteadycurrentstateexists until the voltage increasdo a certainlevel
that is enough to transforthe corona intoa spark.An examplés givenin [37]: the

characteristics of negative corona discharges under different regimaebown in
Figure 2.7.
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Figure 2.7.Characteristics of negative corona discharges under different regimes
(graphfrom [37]).

As described in[37], a pair of neediplane electrods was supplied with a
high-voltage DC power supplyThe stressed needkectrodehad a radius of 0.1 mm,
and the distancizom the tip to the plane electroseas15 mm. The observadnition
voltage of negative corona discharge was 5tk Trichel pulses in discharge current
were observed immediately after the ignition. As the voltage increased, the
time-averagecturrent and the pulse frequency increased, while the amplitude of the
Trichel pulses decreaseds the voltage and timaveraged currég increased to
~14.1kV and ~120 A, corona discharge with Trichel pulses was converted into the
pulselesstate, andt becameglow corona with further increase of voltage and current
Findly, a spark was formed as the discharge current increased4or A. Also in

[37], the authorsuggested that the gap distance between electhaddsss influence

on the magnitude of Trichel pulseddowever, by usinga needleelectrode with a
bigger radiusa higher discharge current can behieved before coronadischarge
with Trichel pulses convert intthe pulselessstate.In another study38], the author
believes that the frequency of Trichel pulses depends on the radhescathode air

pressureandgap distance, and this frequency increases with the voltage.
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Production of Reactive Specielsy Corona Dischargesn Air

Multiple practicalapplicationshavebeen developedbased on theorona discharge
examples includezone generatiof89], [40], removal of industrial fluggases[41],
anddecontaminang microorganismg¢32]. These processese based on the reactive
species produced by corona discharges. Considering corona discharges in
atmosphericair, which mainly consistof nitrogen(78.0%6) and oxygen(20.93%),
reactions take place under the effect of electron impadparent species (and N)
aretransbrmed into reactive specids. addition, vater molecules can be considered

as one of the parent species if dischaegesgenerateth humid air.

By breaking the chemical bonds in the molecules of the parent species (su¢has H
bond and O=0 bond), primachemicalspecies are producet@iheseprimary species
include H, OH radicals, ©, N, , H,O*, O, N, and positive/negative ionsh&n these
primary species react with each other or with the parent species to form secondary
species.The secondary species include reactive oxygen species such, &HO
radicals, HO,, and so onReactive nitrogen species such as MQ),, and ONOOH

also are produced as secondary speci€bese species could react with liquid to
produce H, NO., and NOs through further reactian This chemical production
procesof corona discharge ithhe atmospheri@ir hasbeen proposeih [42] and[43].

The entire process illustratedin Figure 2.8.
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HV Electrode

Parent Species: O2, N2, H20

Ambient air Q
Primary Species: H, OH, O2*, N2*, O,

\, N, electrons and 1ons

Corona discharge Secondary Species: OH, H202NO,
ONOOQOH, ions and electrons

Interact with water, producing HY,
NO:z,NOs, and so on

Figure 2.8. Chemical production process of corona discharge.

Evidenceof reactive species production by corona dischargebleas reportedn

many studies. For exampli, studies[44], [45], the OHradical produced by corona
dischargewas measuredising the kserinduced fluorescenceechnique Ozoneis
consideredo bethe most important component among the reactive species generated
by corona discharge by many studi8], [47]. Ozoneconcentratia wasmeasurd in

[48], which showed he formation of ozone during corona discharge throtigh

following two steps:

First, the oxygen atoms are formed by dissociatiothebxygen molecule, as shown
in (2.19:

/I Aoc¢/ A (2.15)

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

ozone molecules:
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/I | -0 - (2.16)

M refers to a third speciesuch as @and N

In the case of nitrogen molecules, bonds cambrb&en by electron impact to form
atomic nitrogen, and atomic nitrogen and nitrogen molecules react with oxygen atoms
to form NO:

Aoc¢. A (2.17)
/o ./ . (2.18)
/| O . [ (2.19)

NO further react with O, and Qto form NG

c. /1 o¢. |/ (2.20)

1o (2.21)

NO and NQ can bedissdvedin water andriggerfurther reactions with b0 andOH
to produce N@, NOs, andONOOH

Under thesame discharge conditignsicluding the geometryof electrodes, gap
length and so on negative and positive corona discharpave different abilitieso
producereactive chemicapecies. Due to thdifferencesin the mechanisms, negative
corona discharge producesore energeti@lectrons and haa larger plasma region
than positive corona discharf#9], [50]. As a result negative corona discharge leas
higher electron impaatate and produces more excited raolles.Therefore, more
ozone can be produced by negative corona discharge. €haln[40] compared
models of positive corona and negative corona with experiment résattshowed
the dependence of discharge polafd$], [50]. In their study, corondischarges were

generatednear a 100um-radius wire with a current per unit of 1=2.55A/cm.
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Negative corona generated plaswes reported to b200 um thicker than the plasma
generated by positive corod#schargeAdditionally, the total number of eleans in
negative corona plasmaas more than 50 times higher than in positive corona
generated plasm&onsequetly, ozone production rate in the negative corores
reported as 6A0° mg/sm, whichwas6.6times ofthe production rate ithe positive
corona (9.20* mg/sm). This research also suggested that the opooauction rate
increases with discharge current, electrode radind the decrease of temperature.
Higher ozoneproductionin negative corona discharge hasen observeth many
reseach. In [51] and [52], the authors reportethatthe ozone production rate tfe
negativecorona is 53 fold as opposed to positivarona undethe samecondition in

a wirecylinder/plate discharge system.

The production obzonecould makea significant contribution to the chemical and
bio-decontamination effect of corona dischagdowever, other chemical species
such as OH radicaland reactive nitrogen species can be generated by corona
discharges and play a role in coranduced oxidatio and biedecontamination
reactions. Furthermore the biedecontamination effect ohonthermal plasma is
caused by multiple agents generatedlischargesthis will be discussedh a later

section.

2.3.5 Transient Spark Discharge

As mentioned inthe previous section discussingstreamermechanism, once the
streamerspropagatethrough the gapand reachthe opposite electrode and form a
conductiveplasma channethich bridges both cathode and anodehreakdownn the

gap occurs ana spark canbe formel. In a spark discharge, the spark channel is
thermalized and gagypically is heatedup toa high temperaturél0* of degreex).
Considering practical environmental applications of plasma discharges in atmospheric
air, high plasmatemperature is not desirable. Theref@empts were made &void
thermalisationof plasma in the case ahe streametto-spark transition while

maintainng a high production rateof chemicaly active speciesn the plasma
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Different approachesncluding using submicrosecond or nanosecomigh-voltage
pulses to generate transient plasma dischai{@8$, [53]i [57], usingpreventeespark
discharge regimes as discussed58], and employingdielectric barrier discharge
topologies[59]i [61], have leen used to achieve this godbwever, me of the most
effective waydo develop transient chemicaltich atmospheripressure plasmia to
use a novel type of dischargle transient sparklr'S) dischargewhich isdescribed
by Machalaetal. in [62] and[63].

Transientspark discharge is type of transition discharge whicls initiated by a
streamerand followed by a shoricurrentpulse (~16100 ns).Despiteusing a DC
high-voltage stress this dischargehas a self-pulsing nature due to charging and
discharging of the reactevhich hasaninternal capacénce High-current pulses with
magnitudeof ~17 10 A can be generatday the transient sparftischarge with a high
repetitionrate of up to 20 kHz[62], [64]. As confirmed by opticaémissionstudes
[63], [65]i[67], the plasma produced by transient spark discharge is an
nortequilibrium condition.At a 1 kHz pulse frequency, it is reported that the gas
temperature and rotational temperature is $5000 K, whle the vibrational
temperature is much high#ran3000 K[65]. This type of discharge igfterent than
that ofatypical spark discharge in whighmuch hotter plasmis producedand local
thermodynamic equilibrium can be reach&dansient spark dischge iscapableof

producingcold plasma.

An example ofa transient spark discharge syst&mwivenin [64]. In the research, a
DC high-voltage power supply was connected to a needle electrode through a current
limiting resistor R (3.569.84Mq) and aseparatingesistorr (0i 110kq ). A simplified

schenatic diagramis show in Figure 2.9
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Figure 2.9. Simplified schenatic diagramof a TS discharge systeli®4].

A high-voltage paver supply with output voltag¥, was used to stress the needle
electrode.The dgreamerwas formedfirst in the reactor chambeWhen the voltage
across the gal reactedthe breakdown voltag¥ts, the streamertransformedo a

short pulse spark-he discharge current céve expresseds in (2.22[64]:

o §— (2.22)

where C is the capaaitceof the discharge systenmcluding the internal capaeitce

of the discharge reactand thecapacity of the cable and so on.

The discharge current increased to the peak value and then decreased to zero. Then C
was rechaged by the increasing voltadé (t). This voltage can be expressed by
chargng time t, resistance R, capamiiceC, and voltage othe external power supply

Uoo [64]:

Yo Y p Aob- (2.23)

44



According to this equation, the breakdown voltage can be expresse(@as)) [64]:

Y o VY p Agb- (2.24)

where Tis the period of the TS pulses.

The pulse repetition frequents/then show in (2.25) [64]:

N - — (2.25)

It canbe seerfrom equation (25) that with certain R and C, the pulse frequency can

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

Typical transient spark discharge current and voltage wavefoomg64] are showm
in Figure 2.10.
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Figure 2.10.Typical current andoltagewaveforms of transient spark dischargéna)

nsscale; (b) in ms scalé4].

As shown in Figure 210 (a), the streamer transfoemto pulse from phase A to B,
andthe current decreased to zemophase CThrough recharge phase D in Figure
2.10(b), the voltagereached aertain leveland ©ronaand prebreakdownmappeared
in phase EAs the voltagdancreased to the breakdown level, the transitieoceurred
(back to phase A)

In addition the plasmaeneratedy transient spark discharge is highdactive This

type of discharge can produce reactive species such as ozone, OH radicals, excited
ions, and others Because ofthis feature good performancein terms of chemical
oxidation and bialecontamination cabe achievedvith this type of dischargeAs
reported in68], suspensions dE. coliwere treated byransient spark dischargesnd

up to #log reduction in populationvas obtainedThis research also reported that
H>0,, NO,, and NQ" were detected in the treated liquid sample. In ancthety

[69], transient spark discharges amstreamer coronalischarges were used to
inactivae S. typhimurium Results showe that time required to achiev@0%
inactivation (Dvalue) is in a range from 116 to 326s when transient spark

dischargeswvere usedwhich is much shorter thahe timeusing streamer corona
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discharges (529 to 1943). Transient spark discharges can be used to inactivate
bacterid cells, and theyalso have cytotoxic effects on mammalian cells. In research
work [70], transientspark discharges iair were used to tredE. coli contaminated
water,anda strong bactericidaffect was observed {8 log reduction in population
was obtained Also in this research, HelLa cells suspended in phakphate buffered
saline PBS with a population of approximately®> cells/ml wasdirecly exposed

to transient spark discharges, and maximum cytotoxicity of 9% observedin
samples treated by transiespark dischargewith a frequency of 4 kHz for 20

minutes

As one of the most important factors that Ead a strong chemical and
bio-decontamination effect, the formation of the reactive species in transient spark
discharges has been investigated in matudies In the case of transient spark
discharge generated in atmospheric air, reactive oxygen species (ROS) and reactive
nitrogen speies (RNS) are considered the main reactive species prodcaddy

[67] that conductedptical emission spectroscopy (OES) investigation on theAls/
(ultravioletvisible) spectra proved that, O atoms, Nions and N excited species
could be generad by TS discharge in aiiThis research also suggested that TS
discharge withlow-frequency,intensiveand shorter current pulsegnerate more
radicals per pulséResearchi65] also used OES ithe UV-VIS region to identify the
reactive speciegenerated by TS dischargé&sultsconfirmed the existence of OH,

NO radicals, N ions, and atomic O, Nand H. The OH radicalwere considered to

be formed from water vapors in aamdthe NO radica werefrom dissociation of @

and N by electron impct The presence of atomic O, Bnd H would participaten
further chemical processthat produceother reactive species such as ozopea
peroxyl radicals (H@). The authorslso claimed that no U radiationwasdetected
during the TS discharges.

In a gadiquid environment, transient spark dischaeducs chemicaleffects in
boththe gasphaseandthe liquid phaselt is believedthat chemicals generatedtime
gasphase and at the gaquid interface could be induced to liquid, initiate het
reactions, and result in bactericidal and chemical effdais.example, hydrogen
peroxide which contributedo the bactericidal effectan be generatead liquid by TS
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discharge in thegasliquid environment. As suggested ifirl], the most
straightbrward pathwayof generang H,O, by plasma discharge ithe gasliquid

environment is:

(7197 ( (2.26)
I (1 (9 (/1 (2.27)
(8 107/ ( (2.28)

The generation of ¥, could take place inhe gas phaseand then be induced to
liquid, or it could occurdirectly in theliquid phase. Howeverthe author of the
research{71] observeda very low concentration of kD, (<0.1 mol%) in thdiquid
sample treated by plasma discharges with the absence of water nwiedbkegas
phase gaswith RH=0%wasfed to the reactgr The concentration of #D, increased
with increased gas humidity during dischargéke researcherselieved that KO,
was formed through dissociation of water moleculestive gas phase instead of in
liquid. However, the contribution of liquid phase reaction canndbtadly ruled out.
It is possible that OH radicadse partially produceth liquid phaseand HO, canbe
formed through (2.26)-(2.28) or through other reactions such as described 29)2.
[72]:

Il io (1 (2.29)

Reactive nitrogen species play an important role in the case of plasma discharge in
contact with thdiquid. During plasma dischaegin the gasphase, dissociation of,N
and Q take place, anditrogenoxidesare formedhrough reactions ithegas phase.

Then the NQ dissolute in liquidwhich exposed to plasma discharge, forming,NO
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and NQ'. The pH oftheliquid solution is decreased by this procdsgquation (230)
and(2.31) describsthe dissolution oNOy:

R Y B G A - B B Y (2.30)

1 (19%¢c. il ¢ (2.31)

Furthermore, nitrites converts into nitrates under aoitdition, as in equation @2):

o/ o( (/l°¢c./ .1 (1 (2.32)

This routewas proposedin [68] and[73] as the major reason for havirghigher
concentration of nitrate10.9' 1 mol/L) than nitrites 0.2 molL) in water treated by
transient spark dischargi.also wassuggestedh this paper that the conversion from
nitrites to nitrates through equation32). was acceleratedt low pH level (pH<3.5).
This reactioroccuredeven after the plasma discharge turoédsothe reactioralso
wasindicatedas afipostdischarge reactian

In the liquid phase under acid conditiopyoxynitrous acid (O=NOOH) or
peroxynitrites (ONOQ) canbe formed via reaction route in 83):

Ll (9 (] (2.33)

Peroxynitritesare strong oxidarg andcan reactirectly with cells and chemicals or

form highly reactive species such as Nend OH radicals via decomposition

49



reactions under acid conditian§he decomposition route is compleand can be

shownbriefly as:

I .1 1% [ .1l (AACA (2.34)
I .1l (AACA ( .1 (2.35)
I .1l (AAQA . /10 ./ ( (2.36)

First, O=NOOHhomolyzego form a geminatkpair of . / and/ (, asdescribed
in (2.34). Then ~30% of the geminatepairs convert to. / and/ ( through
equation (5), and ~70 % of thgeminatedpairs collapse to HN§ which forms
NO; and H by dissociatiorf73], [74], as in (236).

In addition more reactions take place underd condition in water treated by plasma
dischargesFor example, nitrous acidHNO,) formed via dissolution of nitrites is not

stable and may decompose:

c(./0. 1 .1 (1 (2.37)

The products of this reaction, / and. / , are known for their strong cytotoxic
effects under acid conditidii3], [75], [76]. The oxygen dissolved in water may react

with . / and. / as:

T./ |/ ¢( / 91/ T( (2.38)
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T./ |/ ¢( / ©1./ T( (2.39)

In general, the bactericidal and chemical effedignid is induced by atmospheric
plasma discharge (TS discharge) throughltiple chemicalproceses. Hydrogen
peroxide and nitrites under acid condition maykena significant contribution, and
the existenceof products in thdiquid phasesuch asONOOH, OH radicalsand NO
radicals iscritical. The simplified overall chemical processes at the gas/liquid
interface and in bulk liquidre show in Figure 2.11.

HV Electrode

Ambient Air: Nz, O, H:0 (g)

Transient Spark Discharge
N2*, O*, N, O, H,
e-, 0= (g) , NOx

Near surface

Water

Figure 2.11 Chemical process glasmadischarge in contact with liquid (a) at the

gas/liquid interface; (b) ithebulk liquid.
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The role of ozone inthe liquid phase chemical process debatable Lukeset al.
discussed the contribution of ozone throegiperimenal study In [73], theyclaimed
that ozonealid not contribute tahe aqueougphase chemical process induced in water
by plasma discharge in aifhe authors believedhat this was becausezone was
eliminated by radicals such as0 and 0 0 in the plasma zone, or in liquid

throughthereaction shown in (20):

A T B (2.40)

According to [77], ozone reaetd with NO, rapidly, and the rate constantvas
~3.7A0° M's™,
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2.4 Non-Thermal Plasma Treatment for Micro bial

Inactivation

It has beenshown that northermal plasma discharges have a great potential in
inactivation of microorganismavera wide rangg¢78]i [80]. Thebactericidal effect of
nontthermal plasma discharge depends on discharge type, discharge parameters
(intensity of voltage and current), temperature, humidity, gas pressugemany

other factorsHowever, due to the complexity tife physical and chemical process

during a northermal plasma discharge, the mechanism of baktteré&ctivation
remains uaclarified. In this section,a backgroundstudy of plasmamicrobial cell
interaction is presented.his sectionof literature investigation providesnportant
information to optimise the bacterial inactivationeffect of nomnthermal plasma

discharges.

2.4.1 BasicStructure of Biological Cells

Biological ells are thdundamental workinginits of life. Bio-cells canbe classified
aseukaryoticcells andprokaryoticcdls. Eukaryotic cells contaia nucleusand other
membraneboundedorganelles whichprokaryotic cells do not have.Plant cels and
animal cells areukaryotic cells, while bacteriaare prokaryotic cellsBoth types of
cells havea semipermeable outecell membranewhich playsan importantrole in
plasmacell interactions.The nembraneis composed of a lipid bilayer witkan
embedded proteinThe lpid layer acts as a barrieand the protein determines
functions such as purs@nd gatesin addition tothe membrane, bacterieells also
have a cell wall. Depending on the structure of the cell wall, bacteria are claasified

Grampositiveor Gramnegative.

Gram-positivebacteriahave acell wall with a thickerpeptidoglycarlayer outside the

membraneThis type of bacteria appeagngrple in tre Gamstain test.

Gram-negativebacteriahavea cell wall that contains a thinner peptidoglycan layer
betweerthe plasmamembrane and the outer membrane. This type of baetepears
pink in theGramstain est
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Structural differences in the cell wall between Grarpositive and Grammegative

bacteriaareshownin Figure 2.12

(@)

— Peptidoglycan layer
Periplasmic space | =

— Membrane

— Cytoplasma

(b)

—— QOuter membrane

Periplasmic space —— Peptidoglycan layer
" Plasma membrane

Cytoplasma

Figure 2.12 Cell wall structure of (ajsrampositivebacterisand(b) Gramnegative

bacteria.

Cell deathis of two types:necrosisand apoptosisBoth types of cell death can be

caused by nothermal plasma discharge treatment

Apoptosis is a process of natural programmed cell deéthypically occurs in
multicellular organisms. Biochemical eventscells can cause morphology changes
such as cell shrinkage, nuclear fragmentation, DNA fragmentatonand lead to

cell death.
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Apoptosis is a common and necessary process in organisms of human, animal
other life forms However,plasmainduced cell apoptosis has been reported in many
studies As reported if81] and[82], plasmainduced cell apoptosis cdre achieved
Reactivespeciegienerated by plasma dischasgeuld result in cell apoptosin [83],

the concentratiorof H,O, wasreportedto havea stronginfluenceon cell apoptosis.
Reactivespecies generated by plasma discharges could bring DNA damage which
leads to a potential apoptotic process. [B4], plasmainduced reactive oxygen species
are proved responsible for DNA danesaig celktreated bydielectric barrier discharge
(DBD) plasmaAnother possible factor which may cause plagmdaced apoptosis is
the intensive electric fieldhis has been proved by reseaj@h] with a high-intensity
pulsed electric field.Plasmainduced apoptosis is potentially important fdhe

developmenbf plasma medicine in many areas such as cancer treatment.

Necrosisis a process afinorgansed cell death whichtypically is caused by external
factors such amxins trauma and infectionsUnlike apoptosis, this type of cell death

is not a natural process and is not necessary for organisms. Necrosis caused by
non-thermal plasma discharges hd®en widely investigatedInactivation of
microorganisms, as an example, is one of the major togigdasma discharge
research.Many factors are potentially responsible for plasnthiced necrosis,

especiallyregardingmicrobial inactivation usingplasma dischargeeatment.

2.4.2 Mechanisms ofBio-inactivation by Non-Thermal Plasma

Non-thermalplasma has been provamhave significant potenti&br inactivation of a
wide range of microorganism&ecause otomplicated mechanisms which result in
the death of microorganisms due to thetion of nonthermal plasma, these
mechanisms are still noulfy understood. Itis knownthat the inactivation effect
depends on the plasmahemical composition plasma temperature, type of
microorganismsand their present environmej@6]. Although a complete theory of
plasma inactivation mechanisrhas not beewestablishedmany attemptfiave been
made to identify reasons that le&ml cell death in plasma treatmef87], [88].
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According to Akishevet al. [89], the most probable mechanisms of plasma

inactivation are:

(1) Damage or irreversible alteratiao the cell wall and membrane, causing an
increaseof the substance transport, leading to cell lysis and death

(2) Damage or irreversible alteratiohintercellular components, causidgsfunction
of the cell

(3) Irreversible damag® DNA (breaking the chain)

Under the effect of theonthermalplasma, microorganisms would be attacked by

plasma agents and eventually inactivated thrabgpossible mechanisntisted

From the northermal plasma point of vievthe plasma agents are responsible for the
microbial inactivation andnustbe investigatedAs reported by papef8] and[90]i

[96], four major factors could result in midral inactivation: (1) thermal effec(2)
chemically reactive specig®) charged particles and electric fiehd(4) ultraviolet
radiation Paperd97] and[98] specify these inactivation plasma agents. The effect of

each plasma agent and their importaaeediscusseith this section.

Thermal Effect

The most frequently used method of miatenactivation is thermal heating. Theat
can damage the cethembrange cell wall, nucleus,and other components, making
them lose their functions and leaadg to cell death.Many heatbasedinactivation
methods have been establishedand different temperatures are requiretbr
inactivation depending on bactetikeat tolerance and air humidity. For exampte,
the case ofsterilisation using moist heat in an autoclave (steaterilisation), the
temperaturerequired is121°C at atmospherigressure and the process takes 15
minutes.Forthe case ofterilisationusing dry heatl60C for 120 minutes and 11D

for 60 minutes are recommended90] and[99].

Gas temperature remains at room temperature level in most cases of atmospheric
pressure nothermal plasma. Mangtudieshave measuredhe temperature during
nonthermal plasma discharges warious wayg, such as in95], but no significant

increase in temperaturgvas reported Although minor change (increase) in
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temperature coulde causedn the exposed target objsctsamples), the thermal
effect on micrbial inactivationis not likely to be a major contributor to cell death
However, exceptiongxist if the microorganism has a low toleranf® heat, and
temperaturehigher than room temperatuie the gascan be achevedduring some
types of gas discharge (@0 ).

ReactiveSpecies

During nonthermal plasma discharges, chemically reactive species are generated
through dissociation of molecules or many other patlswAg discussed irj100],

ionic species and neutral specia® produced in atmospheric plasndgscharges
through ioamolecule reactions and ion evolutior®me of those reactive species
have a highoxidising potential which indicatesa strong oxidatiorability; examples

are Istedin Table2.1

Table 2.1. Oxidising potential of chemicals generated by ftbermal plasma
discharge$101], [102].

Oxidizing species Oxidation Potential (V)
Hydroxyl radical 2.80
Oxygen (atomic) 2.42
Oxygen (molecular) 1.23
Hydrogen peroxide 1.78
Ozone 2.08

It is believed that the reactive species generated byheymal plasma discharge play
a dominant role ithe bacterid inactivation procesfs5], [69], [86], [103] In the case
of nonthermal plasma discharge in ambient air, reaatixygen species (ROS) and

reactive nitrogen species (RNS), such as atomic oxygen (O), Ozghehy@roxyl
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radicals (OH), and nitrogen dioxide (N§), are produced3], [95]. These reactive
species react with unsaturated fatty aaad protein moleculescausingdamage to
the cell wall and membranen this way, cell lysis carbe causedFurthermore,
reactive species capenetratethrough the cell wall and membrane, break the
biochemical balance in the cytoplasamd bring heavy damage to inner components,

leadingto cell death.

As suggestedn [86], [88], and [103], the reactive oxygen species play the most
important role in micrbial inactivation.In the research studiefl04]i [106], better
inactivation effect was achieved by plasma discharge witlptesence of oxygen
this indicated the importance of ROIB.[107], ROScaused lipid peroxidatiowas
reportedas the main mechanism ofcterial inactivationwhile DNA damage of
plasmatreated mammalian cells caused by R&$ wasreportedin somestudies
[93]. Research work by Machala at using optical emission spectroscopnd
thiobarbituric acid reactive substanqd@8ARS) absorption spectroscopy confirmed

the peroxidation ofhe membraneaused by reactive oxygen spedi&s).

In atmospheric nethermal plasma discharges, ozone is one of the most commonly
produced product$108], [47], and it could be the dominant product among all
reactive oxygen speci¢s7], [46]. Its high bactericidal effect has besrtognsedand
widely usel as a sterilisng agent[109]i[112]. Ozone can react with all major
bacterid components andaug® membrane lysis and damage to DN#d RNA
[113]i[115]. Although ozone habeen considereds a highly bactericidal agent, its
importance inmicrobial inactiation by plasma discharge has been argued by many
studies Dobrynin etal. reported thathe sameE.coli inactivaton efficiency was
achieved with and without ozone produced from DBD plasifeerefore they
believe thatozone generated by plasma discharge is not the main factor responsible
for bacterial inactivation[92]. In [116], the author proved that even modest
concentration of ozone (20pm) produced from plasma is enough to prowiae
inactivation effect orBotrytis fungal sporesAs in [117] and[118], ozoneplays a
fdargely indisputablé role in the inactivation of microorganisms by plasma

discharges

The hydroxyl radicalis one of the reactive species produced by plasma disctiage

also hasa great potentiafor microbial inactivation As suggested if07] and[119],
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hydroxyl radica$ generated inmoist air are expected to attacthe outerstructure of

the bacteria and maka significant contributionto bacterial inactivationHydrogen
peroxide produced by plasma discharge is also toxdological cells. Other reactive
species such as NO, N@ndO can be generated by atmospheric plasma discharge,
and bring inactivation effect to microorganisnfi@r example generation ofitric

oxide by air plasma jet has been discussed along with the related microbial
inactivation mechanisnm [120]. Further research is needed to identify the reactive
species produced by plasma discharges and reveal thes irolemicrobial

inactivation

ChargedParticlesand Electric Field

Nonthermal plasma dischargese normally accompaniedy a highly intensive
electric field, andnanystudieshave investigated the bactericidal effect of this electric
field. In [88], the global electric field in plasma discharge was isolated from other
plasma agents and tested on celigj nonoticeableinactivation effecivas achieved

In [121], cell apoptosis was observéy introducinga nanosecond pulsed electric
field. As descibed in[122]i [126], theintensivepulsed electric field can be used for
sterilisation, cell adhesiopor introduction ofmolecules into cells.

As suggested ifil27], charged particles produced by plasma discharges could play a
significant role inbacteridinactivation Those charged particles could accumulate on
the outer surface of the cell membrane, createelantric field, and generate an
electrostatidorce that could overcome the tensile strength of the membrane, causing
rupture of the cell. This type of mechanism works better in the case ofGagative
bacteria due to its more irregular membrane surféles.wasconfirmed by Laroussi

et al in [97], where the rupture ahe bacteria cell wallvas only observeth E. coli

but notBacillus subtilis. It is believedthat B. subtilis cells Gram-positive bacteria)

have amuch smoother membranén [87], the effect of charged particles and the
externalelectric field was discussed, and the electrophysical effect was responsible
for ~12% of total inactivation of Saphylococcusaureus and Pseudomonas
aeruginosaby positive corona dischargResearcti87] also poposed that different

cell components have different sensitivities to this mechanism. As reporf&28in
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in the case of cells immersed in dielectric media withutsedelectric field with
E>10" V/cm, their membrane coulde easily boken while in [87], a field with this

intensitywasnot always considered to be destructive to intercellular components.

In addition tothe electrophysical effect, some charged particles (such as superoxide
ion O,) can be oxidative and bring chemical damage to the celelslt is believed
that under the electrophysical effect, ions and reactive species can get ol the

more easily through the opened pore and attack intercellular components.

UV Radiation

Another important plasma agent for thecrobial inactivationis the UV radiation
generated during discharges. UV radiation Ibe@sn widely useébr sterilisation, and

its effect is unquestionabl&he germicidal wavelength range of UV is 220 nm to 280
nm, whilethe mosteffective wavelength range famicrobial inactivationis 250280
nm, with a peak at 260 nfd17]. UV radiation can cause damage to the DNA and
prevent the reproduction process of tedl [129]. It can also cause damage to protein
and generate hydrogen peroxide and ozeriech are toxicto cells Somestudies
havelisted UV radiation as a dominant factor fmicrobial inactivationby plasma
discharges, such as|[it30] and[131].

Alternatively, many studieshavereported that UV plays a minor role microbial
inactivation[88], [132], [133]. This concepthasbeen supportetly [92], [134], and
[104], where UV radiation isnot considered theprimary factor for bacterial
inactivation In studies[86] and[93], theauthorused a quartz window to isolate UV
radiation from other plasma agsrand worled on targeing cells to investigatehe
contributionof UV radiationto inactivation The resultsalso showedhatthe role of

UV could be negligible.

In [135] and [136], UV radiation is considered to play the most important role in
microbial inactivation by low-pressureplasma discharges. However, in the case of
atmospheric pressure plasma, UV photare generallyeabsorbedy plasmaitself,
and are not delivered to targeticroorganismg95], [137], [138] In most of the

atmospheric plasmalischarge cases, UV emission is not able to satisfy those
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conditions. Althougtshorte-wavelength UV carme generatedt is not able to cause
lethal damage to the exposeell. Therefore UV radiation would not be expecteo
make the main contributiaio microbial inactivatior{97]. Experimental measurement
from the research dfaroussi and Leipol¢95] showed that DBD in air produced no
significant UV signal below 28Bm, and the power density in the reg@fr200 nm to
300 nmwasbelow 50r W/cn?.

It wasestablished if87] that the inactivation effect of UV radiation depends on the
intensity oftheradiation, andhe sensitivity of microorganisms. Thgeometricsize of
bacteria does have sironginfluence on its sensitivity to UV. Experiments in this
study showed thaBtaphylococas with a smaller sizeare more sensitive to UV than
Pseudomonasl The surfaceto-volume ratiosare also compareth this study, and

inactivation of UV radiation is more effective on small cells rather than large cells.

The prodiction of UV radiation in plasma discharge depends on many factors, such as
gas composition, electric parameteend exposure time. Therefor@, general
conclusion on the role of UV imicrobial inactivationcannot beanade easilylt is

also important to know that UV may work synergistically with other plasma agents

such as reactivepeciesso that better inactivation effeaanbe achieved

2.5 Important Factors of Non-Thermal PlasmaDischarge

Treatment

In the previous sectionshe characteristics of nethermal plasma dischargegere
discussedWithout a doubt, notthermal plasma discharges hayesat potential in
many practicalareas, anschumerousapplications have been developed based on this
technology. One of the most important challenges inthermal plasma research is
to optimise the treatment effect (inactivation effect, oxidation effett) and increase
the efficiency.Due to the complety of chemical reactions in nethermal plasma
discharges and plasraall interactionsjt is difficult to identify the mechanism of
plasma inactivation clearlj{However, many important factors are reported to zawve

influenceon nonthermal plasma diselnge treatment.
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2.5.1 DischargeTypesand Electrical Parameters

It is important to note thatlifferent types of nosthermal plasma discharges have
different abilities in producing reactive species and other plasgeats. Therefore
their treatment effectsncluding microbial inactivationand chemical oxidatigrare
different. For exampledielectric barrier discharge(DBD) is known for its ozone
productionability and has been widely usedthe laborataryandin industry[5], [59],
[139]i [141]. Electrical properties of noithermal plasma discharges could determine
the treatment effesf nonthermal plasma discharges. It is important to monitor and
manipulatethe electric parametets achievethe proper results from the nehermal
plasma discharge treamént. Theseémportant parameters include voltage, current,
electric field intensityfrequencyof pulsation (in the casef impulsive treatment),
total exposure timegndtotal deliveredcharge.This providesa wide range of choices

to applied nofthermalplasma discharge to specific situations.

2.5.2 Direct and Indirect PlasmaExposure

Microorganisms, biological materialsor any other target can be exposed to
nortthermal plasma dischargein two ways: direct exposure and indirect exposure
(remote exposure). In the case of direct exposure, targets are directly exposed to
plasma,and all the plasma agentare able tocome incontact with thesample
including UV light, electric field, chargkeparticles and reactive specieln the case

of indirect exposure, targets as¢ a distancefrom the plasma, or in a modified
configuration. Shortlived species charged particles or even UV could noiake
contact with the sample.

Direct exposure prodes better effestdue toa greater number gflasma agents
paticipating in the inactivation proces3.his was proved by experimental study in
[142]. Moreover,it has been supported by reseafth3], as faster inactivatiowas
achievedusingthe direct exposure method. Howevdre presence okactive neutral
species is normally consideretb be the main factor for inactivation of

microorganisms. Thereforeindirect exposure could also provide a significant

62



inactivation effect.The nhvestigationinto the difference in the inactivation effect
between direct and indirect exposure could identify the role of charged particles, UV
or electric field. More importantly, two types of exposure configurations provide

choiceso specificpractical applicatins

2.5.3 GasConditions

As the media of nothermal plasma discharges, gas is very important to the plasma
inactivation process. The condition of gas directly or indirectly determines the
generation of plasma agents. Gas compositions as one of the major asgrects
testedin mary studiesto achievebettereffecs of nonthermal plasma treatment. For
example, ima study[144], nonthermal plasma discharge irspecificmixture of 65%

0O,, 30%CO,, and 5% N produced better inactivation effean Bacillus atrophaeus

than another mixture with 90%,Mnd 10%0,. Researcltonductedy Bo Yang etl.
reported that even a small variation of oxygen content (0% to 1% b/v) in the carrying
gas could resultn a significant difference in the inactivation 8facillus spores
discharges in gas with lsigher percentage of oxygeare more effective[145]. As
mentioned in theprevious section, the reactive species generated bythemmal
plasma discharges plays dominantrole in most situations. Different types or
amouns of reacive species coulthe generated the gas composition is different. In
[146], the fluorescence measurement research of Takamatsli showed that
different OH radica and singlet oxygen were produced by plasma dischamges
various gases Also, generatin of other plasma agemsuch as UV radiation could
also be influenced by gas composition. Reinekal.aeported that plasma jet using
argon mixed with 0.135% b/v oxygen and 0.2% b/v nitrogen have moréainafold
production of UV photons than usipgre argorj147].

Another important gas condition is its humidity, especially in the case of plasma
discharge inair, which hasa certain gas composition. Marsfudes confirmed that
humidity has a strong influence on the treatment effect of nthermal plasma
discharges. Trompeter &t showed thathe germicidal effect of plasma discharge can

be increasedy adding watervapaur into the gas streanil48]. This hasbeen
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confirmed by experimeat results fom [144] and[149], which showed thathigher

relative humidity results in a higher inactivation effect.

The humidity affects the plasma discharge treatment eiifietivo different ways

First, humidity influencesthe characteristics of plasma dischargesl affects the
production of reactive specieSecond, humidity doebave aninfluence on the
inactivation effects of some reactive species such as ozone. For example, as reported
in [112] and[150], the germicidal efficiency of ozone and other specieh &1 OH

radicals is strongly influenced by relative humidity

It wasreported in151] that changes in humidityo havea strong effeconthe ozone
generation of DC corona discharg€hen andVangused a corona discharge model
to evaluate the ozenproduction rate of corona discharges in air with different
humidities. A wire with a radius of 1G0n was used in this model aselectrode to
generate corona dischargés.the case of positive corona, the ozone production rate
in dry air (elative humidity RH=0%) is 9.240* mg/sh (expressed per unit length of
wire); this number decreased to 1M®' mg/shh when humidity increaseto
RH=50%.When thehumidity increased to RH=100%, ¢hozone production rateas
9.9340° mg/sh, almostl0x lower than in the dry ailn the case of negative corona,
the ozone production decredseom 6.140° mg/shn (RH=0%) to 1.540° mg/shn
(RH=100%). This influence of humidity orozone production wasupported by
experimeral results in[152] and [153]. Also, the electrical characterissichanged
with the changein humidity. The role of watevapaur was investigatedin many
studies. Humidity could affect the mobility of charge carriassreported ifil54] and
[155], and the plasma chemistry could also be chapt®@l, [157], [158]. The key
components of chemically reactive species are ozone and the OH radicals, and the
production of both chemicals could be affected by humidity1 &3], it was reported
that the poduction of ozone decreaseith anincreasen humidity, and this decrease

is not linear. This research also suggested that OH radicals are responsibledor the
destruction in humid aitOzoneproduction in humid air is low due to themovalof
atomic oxygen by water molecule3his hasbeen proposeth [153] and [159], as
shown in(2.41)-(2.43 .
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I (1 °c/”® (2.41)

(s o (2.42)

(I 1 °/( ¢ (2.43)

whereOH’ is highly unstable.

Alternatively, with the presence of water molecules, OH radicals as Ean be
generated. An exampis show in [160], in whichincreasing humidity resulted in an

increase in OHormationand a decrease density of ozone

The hydroxyl radical caibe formedthrough different mechanisms, including direct
electronic excitation of water molecules and dissociative recombinati@xaited
water molecule§l61], [162], [163]:

HO+€Y OH + H + e (2.44)
HO"+€Y OH + H (2.45)
H,O"+ H,O Y "(HHO) + OH (2.46)

Other mechanisms of formation ofiet hydroxyl radicalin plasmatreated water
solutions can involve formation and subsequent dissociation of peroxynitrous acid
and/or peroxynitrite, as discussed [ir3] and [68]. These complex processes of
formation of OH radicals through chemical reactions involvimgites, nitrates,

hydrogen peroxideand ozone are not fullynderstoogdand further investigations are

65



needed.OH radicals are highlyeactive and they can quickly form 4D, or other

products byfurtherrecombination or oxidation reactions.

25.4 Acidity

In manystudies nonthermal plasma discharges have been generated inlagds
hybrid environmento treat the target liquid sampleWith the presence of liquid,
hydroxyl radicals andH,0, can be formedand play important roles imicrobial
inactivation and chemical degradatipras described inthe previous section.
Furthermoreplasmainduced acidification in the target liquid has been report¢d3h
and[164]i [169]. This process igzonsidered to banimportantmethod toaffect the
nonthermal plasma discharge treatmefithe processalso provides information on
the chemical production of various plasma discharges. Therefore, extra attegtion
been paid by mansesearches to plasmainduced acidificationAs reportedin [170],
two major possibilities are considered to be the cause of plasma acidification: plasma
generated nitric/nitrate acid and an acionsising of hydrogen cation (H and
superoxide anion (§). The first possibilitywas confirmed by Takantau et al. in
[146]. In their research, plasma in air resulted in the largest pH deenaasg all the
gasedested, andhe highest concentrations of nitrite and nitraterecorrespondingly
observed The procesds describedin the following stepsNO and NQ are first
generated in air by plasma dischargedthen NQ and NQ’ aregenerated (through
the dissolution of N@and NO into water). NONO,, and ions (N@ and NQ) react
with water, forming HNQ@ and HNOs. Hence the pH is decreasgd71]. A similar
conclusionwas maden [167] and[172].

On the other hand, pH @lasmatreated liquid can also become acid even without the
production of nitric/nitrate acid. If165], the authorobserveda decrease in pH dhe
sample liquid aftetreamentby discharge without nitrogeifhey proposed that4®"
might be one possible source of the acidification[10], it is believed that the
superoxide anion Ois partially responsible for the decrease of phplasmatreated
liquid. The researcheraddedsuperoxide dismutase (SOBhzymeto plasma acid

and observed an increase in pH.
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As known, northermal plasmaroduce not only neutralspeciesbut also charged
particles. Both types of products could haven effect on target liquid pH.For
example, NO ad NGO, lead tothe formation of nitric/nitrate acid, while charged
particles could produce#" througha charge exchange mechanistnstudy on the
effects of discharge products on target pH was condubieBrisset et al[166]. They
suggested that the acidificatiasm mainly causedy the neutral specidsespecially
singlet oxygen irair and oxygen plasmahey also observed pH changes caused by
ions for examplethepH increasevas observednder the effect of cations.

The acidifcation of the target liquid induced by plasma discharge treatment could
have an influence on the effect of plasma treatment itsdti [146], low pH was
considered an important factor for effective inactivatiomafroorganisrs. When pH
was below 3.8, inactivation &. coli was very efficient. As reported [42], lowering

pH can enhance thexidising ability of hydrogen peroxidevhich is also a product of
plasma discharge. The supporting effecplalsmainduced acidification irmicrobial
inactivationhas alsdeen reporteéh many other paperd 73], [174]. From another
point of view, low pH could cause harm to cells such as disruptions of the plasma
membraneHowever somestudes proved that thisactivity was not considerethe
main reason for plasma inactivatigkccording to results frorfiL71], the contribution

of low pH can be neglected comparsonwith other factors produced bglectric
dischargesA similar conclusionwas maden [175]; plasmainduced acidification
was not consideredto be the primary causeof bacteriacell death However its

assistanceamotberuled outcompletely

2.5.5 Catalysts

Plasmacatalysis,is an interesting research toptbat hasbeen studiedor decades.
The plasmacatalyst hybrid systerhas been found tprovide better performance than
plasma or catalyst alonen many situations[176]i[178]. Nonthermal plasma
dischargeswere discussed inprevious sections plasmacatalysisis also worth
consideration as a potential way dptimise the na-thermal plasma treatmenthe

advantagesf introducinga catalyst into glasma dischargsystemare manyit can
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enhance the production of reactive species, accelerate chemical reactions, vary the
selectivity of the systepand minimise unwanted productfl79]. Also, the surface
property of the catalyst may be changed by interaction with plasma discharges
through ionselectrons and photonsConversely the propertiesof plasma discharge

may be altered by introducing catalysts, whichl wesult in a change in the

compositionof reactive species generafd@0].

The enhancement effect by adding catalytic material anpétasma reactor depends
not only on the physical and chemical properties of the catalyst, bubratsow the
catalystis introduced into the system. [b81] and[182], it was reported that particle
size, the amount of the catalysted,and the way itwas packed can significantly
influence the performance of the plasoaalyst system. Two types of common
configurationsof the plasmacatalystsystemaredescribedn [179]: onestage (direct)
and twastage (indirect) configurations. In the case ohastagesystem, theatalyst
is direcly exposed to nothermal plasma dischargemdall the species produced by
plasnma discharge, including charged particledectrons and neutralsare able to
reach the catalyst surfad@e. a twastage system, theatalystcan only be activated by
stable andong-lived species such as neutrals, as showFigure 2.B.

gas flow gas flow

gas flow

(b)

Figure 2.13 Plasmacatalyst hybrid system witfa) onestage configuratioand(b)

two-stage configuration.
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Many types of catalysts cdre usedn the plasma treatment processes. One of the
most common catalysts used in flasmacatalystsystem is titanium dioxide, which
has a bandgap of 3.2 eV and dam activatedby UV radiation (< 3851m). It can
provide electrons and holes, leading to ptheductionof reactive specield83]. In the
case ofa plasmacatalyst hybrid system, electronsoguced by plasma discharge with

a mean energy of ~3.5 eérethought to activate Tigas shown i{2.47) [184]:

4E/ A og A®E A (2.47)

h* represents hole provided by catalyst.

TiO, is also mixed with other materialhat act as catalysts to achieve better
performance. For examplejtrogendopedTiO, nanotubeswvere used in[185] and
achieved better results than using undoped Tighotubes. Ag/Ti@was usedn [186]
and achieved 68% toluene destruction at @257while usirg TiO, alone only
achieved 19%. This research also suggested that temperature could $tamega
influence on the performance oplsmacatalystsystemas Ag/TiQ achieved 100%
conversion of toluene at 4@0. However, this thesis will only be focused o

nortthermal plasmas igasesiear room temperature

2.6 Summary

In this chapter, a literature review on rtbrermal plasmavaspresentedPlasmas as
the fourth state of matter widely exist in theiverse They are classifiedas thermal
plasma and nethermal plasmadepending on the thermal equilibriuddon-thermal
plasma hasbeen studiedfor many years, and it has great potential in many
applicationsincluding waste water treatment, b@econtamination,and polymer

surface teatment.

Discharges in atmospheric air are considemedbe a good sourcéor norrthermal

plasma.During thedischarge gas can beonised and produce chemically reactive
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species. UVradiation and a strong electric fieldare also producediuring the
discharge processHence the atmospheric dischagdave a great potential in
chemical oxidation and bidecontamination.In this chapter, the mechanism of
streamerdevelopmentwas presented, followed by a discussidntwo types of
atmospheric discharge corona discharge and transient spark dischaidesir
mechanismg, electric characteristicandthe ability of productionof reactive species

werediscussedn this chapter

In addition, lo-decontamination effestof nonthermal plasma dischargeere
addessedThis discussionncludesthe mechanisms of the baecontamination effect,
the roles of different plasma agents imhecontaminationand possible influence of

different discharge conditions.

This chapter provides valuable informatian principles and mechanisms of
nortthermal plasmalischargeand supportshe experimental study whicls presented

in later chapters.
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CHAPTER 3

Development of SteadyState and Transient Plasma

Treatment Systems

3.1 Introduction

In the present research project, two types of atmospherictheomal plasma
dischargewere studied: DC steadgtate corona discharge and transient plasma
discharge. Chemical oxidation and d{alecontamination capabilities of these
dischargesvereinvestigate, andmeasurements of the hydroxyl radicals produced by
atmospheric notthermal plasma dischargesere takenDue to the different natuse

of the steadystate corona discharg@andthe impulsive transient plasntschargs,

two separatexperimendl plasna treatment systemmgeredesigned and constructed
This chapterpresentsboth types of discharge systesnalong with the detaiked
experimental methodology andiagnostic equipment used to monitor electrical
characteristics of the plasma dischardgschplasmasystem includes:

High voltage power sources
Gashandlingsystem

Plasma discharge test cell
Diagnosticandmonitoringequipment

Electrostaticsimulationof the dectric fieldin each of the developed test sallas
conductedhsa part ofthe pre-test analysisand the results of this modelling aiso
presentednd discussenh this chapter.

3.2 Steady-State CoronaDischargeSystem

As described in Chapter.24, corona discharge is one of the most commonly used
sourca of nonthermal plasma in atmospheric air, and it has been stirdiedmany

aspects over recent decades. This resdarahmed at investigating possible factors
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that can be modified to optisa the chemical oxidation and bid@contamination

efficiency of nam-thermal plasma discharges. To do so, a series of experimasats

performed using a steadyate corona discharge systefmis system was designed

and built to generate DC energised stesidye corona discharge with both positive

and negative polarities air, andit provides both direct and indirect exposure of

target samples to nethermal atmospheric plasma. In this secti@ndetailed

description of the developed experirtedisystem is given.

3.2.1 Corona Discharge Treatment System

The orona dischargeystemdesigned and developedthis projectis show in

Figure3.1
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Schematic diagram of the plasma treatment systemiiguration
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A GlassmanWR serie$ 250 Wregulatedhigh-voltage DCpower supply was used to
energse thehigh-voltage corona electrode in the tesll. This power supplyvas
connectedo thetest cellthrough a 28 M current limiting resistorR in Figure 3.).
Output voltage and current rarsge G 100kV and 0 2.5 mA.

A DC highvoltage probe Tedec TT-HVP40 mode) is attached to the corona
electrode from the top connection port of tiest cel] ard the applied voltagés
monitored using a ISO-TECH 705 digital multimeter.The nmaximum DC input
voltage for the probe is 40/, which is suitable fothe design voltage across thest
cell (~30kV).

Transient and dc corondischargecurrents were monitored using akd current
viewing resistor R., in Figure 3.1). This resistive shuns connectedo the ground
connection port of théestcell (metallic mesh in the case afdirect treatment, or
conductive samplplatein the case of direct treatméniA 50q BNC cable is used to
connect the resistive shunt with &ektronix TDS 2024 digital oscilloscope
(bandwidth 200 MHz, sampling rate 2 G samples/s). During the dischlaey®|tage
drop across the resistive shunt is monitoradd waveforms are storedin the

oscilloscopdor further analysis

Bottled air (obtained fromBOC) andan FIAC FX 95 air compressawere used to
providebottledair flow (air with ~12.5% humidity) or ambiergir flow (air with ~40%
relative humidity) throughhetest cellduringthe coronadischargereatment. Their
pressure inside thiest cellwaskeptat 0.2atm gauge and the air flow ratevas~14
L/min. The gasoutlet port of thetest cell was connectedto an ozone anabgr
(IN-2000 LoCon IN USA Inc). Figure 3.2 shows the equipment used to generate
steadystate corona discharges and to mamithe discharge voltage and current

waveforms.
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(3) Oscilloscope

Figure 3.2 Equipment used ithe steadystate corona discharge experingent
(1) Glassmar{WR series) 250 Wegulatedhigh-voltage DCpowersupplies
(2) IN-2000LoConIN USA Inc. ozone analyser

(3) Tektronix TDS 2024 digital oscilloscope

(4) FIAC FX 95 air compressor

(5) BOC bottled air

(6) Testcell

(7) 28 Mg currentlimiting resistorR

(8) TestecT T-HVP40 DC highvoltage probe

(9) SOTECH 705 digital multimeter
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3.2.2 Corona DischargeTest Cell

The corona discharge test cells are shown in Figurd'Be8main body of theest cell

is madeof a Rerspexcylinder with an inside diameter of 1®m, andthickness of the
Perspexwall of 5 mm. The bp and bottom of the cylindeare coveredwith two
polyvinyl chloride (PVC) flangeslnside the cylinder, a stainless steel tube with
sharpedge is located in the center of the ftgnge and connected tan external
high-voltage supply throughn HV connection portThis stainless steel tube acts as
the high-voltage stressed electrode during corona disch#ingeinternal and external
diameterof this tube are 26hm and 25nm, respectivelyA gas inlet poris located

in the top flangeand a gas outlet por$ in the bottomflange, allowng gas flow

through thetest cellduring the discharge.

Gas Inlet Gas Inlet

!l “/ HV Tubular
Electrode

HV

VTubular
[ ] Electrode

PVC Flanges

Solid

Perspex \\ Grounded
Cylinder Support
Body

Perspex - <] Grounded
Cylinder == / Mesh
Bod

! A solid

Grounded

Plate Gas

Outlet

Connection

Point
P Gas Outlet

(b)

Figure 3.3 Coronadischargeest cels for (a) indirect exposurand(b) direct

exposure.

75



To perform indirectanddirect corona discharge treatment on target sanibliss test

cell was modifiedinto two different topologies, as shown in Figure 3.4.

Stainless steel tube Stainless steel tube
- HV corona electrode - HV corona electrode
25 MM —fe— 25 MM — e
-— — 20 mm — = 20 mm

Al il
i

Sample plate covered with aluminum foil

& Grounded metallic mesh }4»7 55 mm 4%

25 mm

b s

le pl
D Sanple plate W Grounded metallic support

Figure 3.4. Diagrams of (left) indirect and (right) direct corona discharge treatment
cells.

Two different types of corona treatment were used in the present work: direct and
indirect. h the case of indirect corona discharge treatment, a grounded metallic mesh
was placed under the HV tubular electrode. This mests madefrom perforated
stainless steel she@RS Componentsyvith 6 mm hex holesThe ticknessof the
meshwas 0.55mm, and open area percentagas 79%. The distancefrom the edge
of the tubularelectrode to thenesh was25mm. The demicalor biological samm
washeld by a 55mm plasticcontact platé€Sterilin Contact PlateThermal Scientifiy
which is nonconductive and located 25hm under themetallic mesh.During the

discharge, ions, electronand charged particles produced by discharges along with
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the electric field can be screened by tmesh Therefore their effect on the target

sample is reduced

In the case ofhe direct corona discharge treatment, thent8 contact platlined
with aluminum foil (the thicknessof the foil is negligiblecompared with other critical
dimensions in the current plasma system) were used as splajge A picture of
this conductive samplglateis shown in Chapter 4, Figure 4 Bor corona discharge
tests, his sampleplate with a biological or chemical sanig was placed on a
grounded metadupportstand inside théest celj the foil-lined platewaskept at earth
potential in this case acting as grounded electyétemm from the edge of the HV
electrode During the coronalischargetreatment a return cuent pathwas provided
through the sampleThus,ions, electrons and charged particleslong with other
neutral products from corona dischargereable toreachthe samplesurface ando
produceoxidation or bactericidal effegbnthe target sample

3.2.3 Electrical Characteristics d Corona Discharges

The @plied voltagein the present testwas 30 *0.2) kV; positive and negative
polarities were usedl'he discharge curremivas monitoredusing the current shunt
resistor (Figure 3)1 The steadystate currentvalues for different types of corona
dischargesire givenn Table3.1

Table 3.1 Corona discharge current for direct and indirect treatnbertied airand
atmospheric air.

Atmospheric air (80-90)e A -(120-:140)e A

Atmospheric air 3040) € -(7090) €A
sotledsr | (350) ¢ l<70100) ¢,
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The ®rona discharge current in the case of indirect treatment is higher than in the
case of directreatment this is mainly due tothe differencean the ground electrode

and sampleplated position. Variations can alste observedlue tothe stochastic
natureof discharges and other factors such as slight humidity and pressure change in
the test cellduring dischargeExamples of discharge voltage and current waveforms
areshown in Figure 3.5
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Figure 3.5. Corona current waveformga) +30kV (indirect); (b)-30kV (indirecd; (c)
+30kV (direct); (d)-30kV (direct).
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3.2.4 Electric Field Smulation

Different electrodetopologiesare usedn the direct and indirectlischargetreatment
cells. Thereforetheelectric field distributiorandits intensityin these test cells is also
different. Electrostatic models of bothst celé were built using electrostatic field
software Quickfield 5.10. Simulation resulere presenteuh this section. All models
were built usingaxisymmetrictopology, which allows analysis of the electric field in
3D. Quickfield is finite element analysis softwagemesh spacing value of 0.02 was

used in all cases investigated in this work.

The applied vltagewas 30kV. Relative permittivity of different marts of the testell

used in this analysare listedn Table 3.2

Table 32. Relativepermittivitiesused in the simulation of electric field.

Parts Material Relative permittivity
Topbottomflange PVC 3

Cylinderwall Perspex 3.3

Contact plate Polystyrene 2.5

Space in the test cell Air 1
Chemical/biological Waterbased indigo 80

sample carmine solution/ agar

79



Indirect DischargeTreatment

In the case of indirect corona discharge treatment, the electric field distribution was

obtained inthetopology showrin Figure 3.6.

I

]

N ST

NS

7 111

Figure 3.6. Equipotential linesn theindirect discharge treatment test céile field

observatiorcontouris shownas a red arrown theverticaldirection.

The magnitude aheelectric field was obtained along the coutour line shown in

Figure 3.6. This electric field is shown in Figure;3.@ mm distance corresponds to

the edge of the HV electrodResults showethat the eletric field is intensive near

the edge of the HV electrode, and the screening effect of the grounded metallic mesh

is obvious.
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Figure 3.7. Electric field intensityalong the contoun theverticaldirection between

high-voltage electroderal targetsampleduring indirect discharge treatment

In the position which is close to the edge of ligh-voltageelectrode tip (~10nm
from the starting point of the contourjhe electricfield is thestrongestthe intensity

is 6769kV/cm. As the distancebetweenthe high-voltage electrode and sample
surface increases, the intensity tbe electric field decrease®\ small increase in
intensity is observedwhen the positionbecomescloser to the grounded mesh,
39.81 kV/cm maximum.However, thantensity ofthe electric field behind the mesh

is lower than kV/cm.

The ntensityof the electric field in a position which is close to the sampler{frl
above the sample surface) has de@®n monitoredReadings are taken along the

contour in a hareontal directionasshown bythe red arrow in Figur8.8.
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Figure 3.9. Electric field intensity at 0.1 mm abottee sample surface during indirect

corona discharge treatment.
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As show in Figure 3.9, at the horizontal leyethich is 0.1 mm abovéhe sample
surface the electricfield has a peak of 008&kV/cm at the center ition. Two higher
peakswere observeat the polystyrene/aiinterface where thethe electricfield is
1.30 kV/cm.

Direct DischargeTreatment

In the case othe direct discharge treatmeritie electrostatic fieldnodelis built
according to the structure tfeindirect treatment testell. Theequipotential lines in

this test cell arehown in Figure 3.10.
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Figure 3.1Q Equipotential lines in thdirect discharge treatmetsst cell

The intensity otheelectric field along the vertical directiomdicatedas the red

arrow)is shownin Figure 3.11:
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Figure 3.11 Electric field intensityalong the contoun theverticaldirection between

high-voltage electrode andrgetsampleduring direct discharge treatment

As show in Figure 3.11the electridield is intensive near the tip of the high voltage
electrode the intensity is 237 kV/cm. Another peak was observed at the sample/air
interface with a value of 10.83 kV/cnin comparisonwith the case of indirect
treatmentthe intensiies are lower in the case of direct discharge treatmdrtis is

primarily causedy thedifferencein the grounding electrodes
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The dectric field intensityacrosghe sample/air interface (astimeindirect treatment
case, 0.1 mm abovke sample surfaceglso wasobtained ands shownin Figure
3.12.

Electric field intensity (kV/cm)
()]
T
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Figure 3.12 The dectric field intensity along contour on the sample/air interface

The dectric field intersity has a peak value of 1@.RV/cm, which is20 timeshigher
compared withthe case of indirect discharge treatme@tounded meshdoes

significantly reducelectric field magnitudat the sample/air interface

3.3Transient Plasma Discharge System

As discussed in Chapter25 transient spark discharge is a novel type of discharge
which has a great potential in production of chemically reactive specieshand
resulting bacteridal effect. Simultr the steadystate corona discharge, many factors

could be modified to provide better bactericidal and decontamination effect, such as
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voltage levels, electrode configuratipnand discharge polarities. Therefore, a
transient plasma discharge system has been developed and tested in this series of
experimentatests. In this section, the transient plasma discharge system is described.

3.3.1 Systemand Equipment

The schematic diagram tifetransientplasmadischarge systems show in Figure

3.13.
Pulsed Power Generator HYV Probe
O [ ] *
O ]
Air Pump
HV Electrode
— Exhaust
O &
Air In
vp -
E 1 DID
Ozone Analyser
Grounded Metal Plate

Current Monitor Q -_8
0O

F N

—_ Digital Oscilloscope

Figure 3.13 Theschematic diagram of thieansient plasmeischarge system.
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A high-voltage pulsed generator (Samtech .Lt&cotland)was used to supply
high-voltage pulses to thetest cel] so the electrode inside theest cell could be
energsed Transientsparkdischarge were producedn this way This pulsedpower
generator is designed based ohigh-voltage autotransformgthe voltageof pulses
generated can bep to 30kV, andthe rate ofriseis (3-5)0% kV/ms. The epetition

rate is also adjustahl20 pulses per secotglsetfor this series oéxperiment$187].

To monitor transient current in the discharge circuit, a Pearson currentomoni
(model 6585wasused. It has a bandwidibf 250 MHz andit wasinstalledto the
wire at the ground end of thiest cell A Tektronix high-voltage probe(model
P6015A) with a bandwidth of 7@Hz was used to monitor discharge voltages across
the testcell. The probecan measure voltage pulses up to 40 kV, which is suitable for
the currentsystem Both high-voltage probe and current moniwwereconnectedo a
digital oscilloscopewith 50 Y BNC cables The digital oscilloscopeused in this
system isgdentical to thecorona discharge systemtime previoussection(Tektronix
TDS 2024 bandwidth 200MHz, sanpling rate 2 Gsampless).

An ar pump (VP 1HV, KNF Neuberger Ltd.was used to create a gentle air flow
across theest cel] so that air inside thé&est cell could be deliveredto an ozone
analyser(IN-2000 LoCon IN USA Inc.) which monitorsthe ozone level during
dischargesPressureand humidity in thetest cellare kept the sameas the ambient

environment outside of thest cell(relative humiditywas~40%).
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3.3.2 Transient Plasma DischargeTest cell

The transient sparkestcell hasa topology similar to the corona dischargéestcell
discussed in SectioB.2.2, but the electrodes atesbt celldiameter are differenfhe
main bodyof the test celis madeof a Perspexcylinder with a height of 8é6hm and a
diameter of 15@nm. The hicknessof the cylinder wall is 6 mm. Two PV@anges
cover the top and the bottom of this cylinderside this cell, a single gramophone
needle is used to act as thigh-tension electrodel'he tbdy diameter of the needle is
1.2mm, and the tip radius is ~36m. This needle electrodes installedinto the top
flange through a conductive screwiedbar, which provides a connection port to the
impulsive power supplyThe distance betwedhe needle tipandthe sample surface
can be adjusted hytaing the bar A metalplate with a 27 mm high roundedgeis
on the bottom flangesThe thicknessof the plate is 10 mmexternal and internal
diametes are 120 mm and 100 mmrespectively This metal plateis grounded
through the earthed connection port e bottomflange. The transient plasma

dischargdest cell is shown in Figure 3.14.

HV |
Connection |

Point - HV Needle

Electrode

Perspex Cylinder

Figure 3.14 Transieniplasmadischarge testell.
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As in the case of theorona discharge testsyo types of samplelates wereused in

the impulsive discharge systenmonconductive plate (plastic contact plate)and
conductiveplate (platelined with aluminum foiJ. By using different types of sample
plates, the propagatiopassage of generated transient spark discharge in this system
are different The crosssection of theest cellwith nonconductive and condttive

sampleplates are shavn in Figure 3.15

(@)
HV Electrode Plastic dish
55 mm
7 Sample
Grounded e
metalplate (A~ -—-—- - - -~ - - -~
120 mm -
(b)

HV Electrode
y

Plastic dish
\ | 55 mMmm ~/

Grounded

metal plate / 7777777777777777777777777 Z

Figure 3.15 Crosssection of the treatment cell&). nonconductive plateplastic
plate)filled with sampleand(b). conductive plat¢plasticplatelined with alumirum

foil) filled with sample
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In the case athe nonconductive samplplate as show in Figure3.15(a), liquid or

agar samplewereheld in the contact plate and placed onto the grounded metal plate.
The streamer discharge produced from lifghtvoltage needle electrode propaghte
down to the surface of the sample, developed across the sample/air interface to the
edge ofthesampleplate and finally reachdthe ground.

In the case athe conductiveplate as show in Figure3.15(b), the contact platevas

lined with aluminum foilandthe samplavasheld by this conductive plate and placed

onto the metal plate in thest cell Theplatewasgrounded in this waylhe dscharge
produced from thénigh-voltage electroderopagatd directlyto the samplesurface,
andthe ionic currenflowed through the liquidsample toward thgrounded sample

plate

As mentionecearlier, the distance betweedhe needleand the sample surface can be
adjusted. At the extreme position where the needle is in contact with the sample
surface, discharges are generated at the sample/air interface, propagate along this
interface to the edge of the roonductive samplplate andthenreach the ground.

In the case ofthe conductive sampleplateplate when thehigh-voltage needle
electrode is in contact witthe sample surface,all dischargeactivity and ionic
conductionoccurredin the liquid, and no visible dischargescross the liquid/air

interfacewere observed
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3.3.3 Electrical Characteristics of Impulsive Discharges

As mentiomd in the description of thetransient plasma dischargest cell, the
distance from the tip of the HV needle to the sample surface can be different
values. The breakdown voltagesry, corresponohg to the different distance
Distance for breakdown voltageof 20 kV, 24 kV, and 28 kVfor both polaritiesare
listedin Table3.3

Table 3.3. Breakdown voltage for different distances between the HV needle

electrode and liquid surface

Peak Voltage Non-conductive sample | Conductive sample
(kV) plate(mm) plate(mm)
+20 0.53 4.98
+24 5.06 7.73
+28 7.25 11.06
-20 0.68 1.72
-24 1.37 3.32
-28 3.65 6.03

As Table 3.3hows,for the same breakdown voltage level, the distance is sHorter
the non-conductive samplplatethanfor the conductive samplplate This difference
in the distancecould be responsible for the difference ithe efficiency of the

discharge treatmeiaind will be discusseid Chaptes 4-6.

In this research, transient spark dischavge®generated at 2kV, 24 kV, and28 kV
voltage leved (both polarities were used)he waveforms of discharge voltage and
currentwere recorded by the oscilloscopln Figure 3.16, typical discharge current
and voltage waveforms are presented.
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Figure 3.16. Voltage and current waveforms: (a) H24 nonrconductive plastiplate
(b) - 24 kV non-conductive plastiplate (c) +24kV foil-lined conductiveplate and

(d) -24 kV foil-lined conductiveplate.

As shown in Figure 3.16 (a, b), whethetransient sparklischargas developed in the
testcell with nonrconductive samplplates, multiplecurrentpeakscan beobserved in
the discharge current and voltage wavefor@mresponding drops in voltage aB®@
clearly seen in the voltage waveforniifasheg before the complete breakdown
betweenhigh-voltage electrode and grounthis complete breakdown is manifested
by the voltage collapse to zefbhe existenceof the multiple currentpeaks is related
to the breakdown patlihe streamer propagatiEem thetip of the needle electrode to
the sample surface, across the sample/air intertaufinally reactes the ground
from the edge of the sampiate

The discharge voltage and current wavefoabtined inthe case ofreatment in the

conductive samplelates are presented iRigure3.16 (c, d). Onlyonesingle current
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peakis observed ineach ofthese waveforns. The breakdown patbf the transient
streameis from the tip of the needle electrode vertically down to the sample surface,
andthenthe dischage pasgsthrough the sample to the ground

The magnitudeof breakdown currenpeaksis quite different betweerthe two cases.
Waveforms (a) and (c) in Figurg 16 confirm this statementhe peak discharge
current is ~1.36\ (at breakdowrvoltageof +24.6kV) in the case ohonconductive
sampleplates. This valueis much lower than in the case of conductive samlaitss:
~16.1A at breakdownvoltage of +23.&V. In addition the duratiorof dischargess

also different: ~Jus when usindghe conductve sampleplateand~10pus when using
thenon-conductive samplplate

Also, it was observed that the peak current increases with an increase in the applied
voltage. For example, in the case of a conductivelifad plate when the (negative)
applied voltagewas increasedrom -20kV to -24kV, the peak discharge current
increased by more than 50%, aal80% increasavas observedavhen the voltage
was increasedio -28kV. In the case of the neronductive plastiplate the peak
discharge current was doubled when the voliage increasettom -20kV to -24kV,

andincreasedy three times when the voltages increasetb -28 kV.
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3.3.4 Electric Field Simulation

According to the system and tests describetthénprevioussection, the electrostatic
model of transient spark dischargeasbuilt, andthe field analysis was conducted in
Quickfield 5.10. Different topologies (conductive and +ommductive plates) and
electrodesample distance (as shownTable 3.3) were consideredh this series of

simulatiors.

Non-conductiveSamplePlate

In this casethe relative permittivity othe sampleplatewas set as 2.5 mm contact
plate), andthe grounded electrode was the metal plate under the sagrgike The
voltageof the stressedV electrodewas setas 28kV, 24kV, and 20kV with related
electrodesample distancse

The electric field distributiorduring transientplasmadischarge with a breakdown

voltage of+28kV with electrode distance of 7.28mis show in Figure 3.17.

 —
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Figure 3.17 Theequipotential lines during thteansientplasmadischarge with a

breakdown voltage of +28 k#or the case othenon-conductive samplplate
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The electric field distribution under other breakdown voltage legegnilar tothat

shown inFigure 3.17, but the intensitf the fieldis different. The intensity ofthe

electric field from the HV electrode to the sample along the vertical directicdhgas

redarrow poinsin Figure 3.17)s show in Figure 3.18.
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Figure 3.18.Intensity of electric field along vertical direction frahe electrode to
the sample witlbreakdowrnvoltage (a) +2&V, (b)-28kV, (c)+24kV, (d)-24kV,
(e)+20kV, and(f)-20kV.

The ntensityof the electric field in a position which is close to the sample (0.1 mm

above the sample surface) has d&sen monitoredResultsare show in Figure 3.19
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Figure 3.19.Intensity of electric fieldfor the case othe norrconductive samplplate

along horizontal direction Orim above sample surface whireakdownvoltage (a)
+28kV, (b)-28kV, (c)+24kV, (d)-24kV, (e)+20kV, and(f)-20 kV.
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ConductiveSamplePlate

In the case aheconductive samplplate the sampl@latewas set athegrounded
electrode Theequipotential lineg this case with thbereakdowrvoltage of +28 kV

areshown in Figure 3.20.
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Figure 3.20.Theequipotential linesf transienplasmadischarge with a breakdown

voltage of +28 k\for the case otheconductive samplplate

The intensity otheelectric field with differenbreakdownvoltagesis measureth a
verticaldirection fromthe electrodeto the sample (athe redarrowpointsin Figure

3.20. Resultsare show in Figure 3.21.
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Figure 3.21 Intensity of electric fieldfor the case ofhe conductive samplplate

along horizontal direction Orim above sample surface whireakdownvoltage (a)
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In the horizontaldirection,theelectric field intensityalso wasneasuredTheresults

are show in Figure 3.22.
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Figure 3.22 Intensity of electric field, in the case thie conductive samplplate
along horizontal directigrdo.1 mm aboveahe sample surface witbreakdownvoltage
(@) +28kV, (b)-28kV, (c)+24kV, (d)-24kV, (e)+20kV, and(f)-20kV.

3.4Summary

In this chapter, theexperimental setip designed and developed generatethe
nontthermal plasma dischargegs described. The systems and equipment used in
this research projectvere listed and discussed. Designed #tbarmal plasma
discharge systemsanperform steadystate corona discharge/transient spark dischare

treatmenunderdifferent conditions.

In the study of the steaebtate corona discharge, both positive and negative polarities
weretested, and samplegereexposed to the corona dischargeedily or indirectly.

In the case of the transient plasma discharges, diffeveithge levels and
configurationswereapplied. Alsodischarge®f both polaritiesveregenerated in the

system.

In addition the preexperiment analysis of the electric fieldhs addressed in this
chapter The electrical characteristics of the generated corona discharges and transient
plasma dischargegerepresented and discussed, including the waveforms of dicharge

voltage/current and the results of electric field simulation
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CHAPTER 4

Oxidation Capability of Atmospheric Non-Thermal

Plasma Discharges

4.1 Introduction

As discussedn Chapter 2 (Literature Reviewdhe bactericidal and chemical effect
of nonthermal plasma dischargémve beeractively studied Chemically reactive
species are generatbg nonthermal plasma discharges along with yht andan
intensive electric field. Although the chemical composition of-ti@rmal plasma
discharges in thair is still not fully understood, ihas beerestablishedhat such
discharges generate reactive oxygen species and nitspgsmes that have high
oxidation capability In the case of bactelianactivation, plasma dischargeduced
oxidation damage to thao-cell is consideredo bethe main mechanism that leads to
cell death[69], [93], [107], [188] More importantly, notthermal plasma discharge
are recognise@s one of the novel technologies fadvancd oxidation processs
(AOPs) and applicationsin the area of air cleaning and wastewater remediatien
actively studied[189]i[192]. Therefore, the oxidation capabilityf atmospheric
plasma discharges should besestigatedto optimise the biological and chemical
effects of atmospheric nothermalplasma discharges.

It has beemeported that chemicals sucha® dye, methylene blue, phenahd other
organic compounds can be decomposed bythermal plasma discharggy, [193]i
[195]. Chemical degradation can be usedan indication ofhe oxidation capability
of plasma discharges. As suggested8], [30], [189], and [195], ozone,hydroxyl
radicak, and singlet oxygen ar@rimarily responsible for the oxidation effect.
However, multiple reactive species are generated by plaksehargesand their
contributiors to the oxidation procesgannot be ruled outompletely Additionally,
the production of reactivehemicalspecies by plasma dischasgean vary under
different conditions such as discharge voltage, energy deliverpthsma electrode
configuration and type of discharges. If1196], Satoet al. used different gases and
electrode topologie® decompose phenbl plasma discharge$She authorseported

that the electrode shapénfluences the phenol decomposition rate. Alsot was
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reportedin [196] that discharge in argonprovidedbetter decomygition rate than in
oxygen and air. Various attempts have been made to investigate the oxidation
mechanisra of plasmadischarge. However still there is a gap in understandiafy
the mechanism and efficiency of thiasmainducedoxidation.

In the presentesearch projecthe oxidation capabilitiesf the steadystate corona
dischargs and transient plasma dischasgeere investigated Indigo carminewater
solution was selected as chemical sensoand exposed to nethermal plasma
discharges. Based on the degre@@dolorisationof treatedindigo carmine solution
the oxidation capability of nethermal plasma dischargeasobtained According to
[190], the possible factors that could affect tHasmaoxidation efficiency include
gas input, energy inpuplasma reactor topologieand energisation regimén this
series of experimest the decolorisation tests were conductedusing plasma
discharges under different conditiongolarity, voltage leel, air humidity, and
electrodetopology

In this chapter,the experimentaimethodology, plasma systepend analysis of the
obtained resultaare presentedThe achieved oxidation effecter both types of
dischargess discussedinformation on further gtimisation of the plasma systems for

efficient oxidation of liquid sampléas provided

4.2 Experimental Methodology

4.2.1 Indigo Carmine asa Chemical Sensor

To investigate the oxidation capability abnthermal plasma dischargescluding

steadystatecorona discharge and transient plashiszhargein this researchindigo

carmine water solution was chosertlastarget sampléchemical sensor)

Indigo carmine (GHsN2N&,0sS;) is a commonly used, neoxic chemical with the
formula weight of 466.35 g/mol. is often usedis PH indicatorredoxindicator, cell

stain and even food colorant. Its molecular structarghow in Figure4.1.
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Figure 4.1.Molecular structure of indigo carmin&g§g|.

Indigo carmine is dark bluen color and powdein form. The solution of indigo
carmine istypically ablue color. However, indigo carmine can react with superoxide
and formisatinsulfonic acid [197], [198]. Consequetty, the concentration of indigo
carmine is reduced, and the blue color of this solutionstyellowish. In many
studies this method was used to detect oz§{i®9], [200]. Indigo carmine als@an
react with other oxidative speciesuch as OH radals [201], [202], [203]. As
discussed in théteraturereview, ozone and other oxygen reactive species can be
generated duringpigh-voltage dischargedndigo carmine can be oxidized by those
products which resuls in a color change in the solution. i$tcolor change is much
easier to recognizeompaed with other complex methods such as emission spectrum
analysis of discharges. Therefore, thdigo carmine solution is selected agarget
sample to indicate the oxidation capability of rbermal discharges.

It is also important to note thtte color of indigo carmine solution can be affected by
the change in 9. Generally, indigocarmine solution appears to be blue in solutions
with apH below11.4. It is known that pH in the target sample soluticaffiscted by

the production of reactive species during dischargess,it is necessary to monitor
pH of the target sample solution before and dfiedischarge treatment experiment

If a significant pH changeé observedthen the color change of the indigo carmine
solution could be a resuttf oxidation pH changeor both. Further experiments

would be requiredn such case.
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Preparation of Indigo Carmine Solution

Indigo carmine dyen theform of dry pwder was purchased from SigA&drich
(product code 131164)ndused to make aqueous solution sampliés. purity of this
dye powder is >85%F~igure 4.2 shows the original powder dye and the aqueous

solution.

Figure 4.2 Indigo carmineoriginal powder (left) and aqueous solution (right)

A 59 mg indigo carmine samplas weighedusing a digital analytical balance
(Ohau$ Adventuref balanceAR 1530) theeffective dye content is 50 miyext, the
powder was dissolvedn 200 ml distilled water tocreate a solution with a
concentration of ~0.25 g/L. This solution was stored 250 ml bottle and kept in a
cool, dark place.

The pH of this sample solution lietweers.0and5.2, asmeasured usinthe Hannah
pH210 Microprocessor pH meter with Sentek miniature p{sbe Figure 4.3)This
pH meter also has been used to meathepH of sample solutions after exposure to

plasma discharges.
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Figure 4.3.HannahpH210MicroprocessopH meter andentekminiature pH probe.

Before the plasma treatmenta 5 ml sample solution was transferred oto
nontconductive or conductive sampfdate as shown in Figure 4.£Llean 4 mi
plastictransferpipettes( Th er mo Sc i e n tweréused Burir§hegnmodedsi n E)
to avoidany contact withthe solution samplelrhen the sample solution together with

thesampleplatewas put intahetestcell and exposed toigh-voltage discharges.

Figure 4.4.The5 ml sample solutioim thenon-conductive samplplate(left) and in

theconductive samplplate(right).
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4.2.2 Optical Transmittance of Indigo Carmine Solutions

As mentioneckarlier, the intensity of blue color of thedigo carmine solution will be
changed as a result tife plasma oxidation effect (the sdilon will be decolorized).
However, this change in color may not be recognessilyby the naked eygand an
analytical method should be used to monitor any changes in optical properties of the
treated indigo carmine solutions.

In this series of experiemts, theindigo carmine sample solution was exposed to
high-voltage plasma dischargemdtransferred into plasticuvettegBrandTech, UK)

and analysedby a UV-visible spectrophotometerBijomate ThermaeSpectronics
Europe) as shown in Figure 4.3n this way, thedecolorsation of the blue indigo
carmine sample solution can be registered as the change of transmittance. By
measuring thischangein optical transmittance, the degree of decolorisation is
established and quantified, so the oxidatiapability of plasma discharges che

established

Figure 4.5.UV-visible spectrophotometer and sample cuvettes.

Differential optical transmittance

The UVivisible spectrophotometer can measure differential optical transmittance by
comparing transmittances of two samples. This functiarsésl to detedhe change
in transmittance of the sample solution after exposutbdplasma discharges. The

bast concepof this type of measuremeistexplainedn thefollowing paragraphs.
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Two samplesvere placednto the spectrophotometer: SamplésAhe controsample
andis referredto asthe original sample solution thdtasnot been exposetb plasma
dischages; Sample B is target samplewhich has beerexposed tothe plasma
dischargesThe differential transmittance is defined as:

4 p —pnumnb (4.1)

where T is the transmittance of sample édnexposedample;

Ty is the transmittance of sample B (exposed sample).

The differential transmittance direcilydicatesthe change in transmittancetoge

indigo carmne sample solution after expostiwéhigh-voltage plasma discharges.

Differential transmittance of theampleswasmeasuredn the range from 200 nm to

1000 nm. This range covers the wavelength of near UV, visible hglt IR.Noise

was observedat the UV wavelength range due to the naturetbé sample and
equipment. Thereforeéhe actual wavelength with information is from 350 nm to 1000
nm.

First, the unexposed original sample solution was measured as an example. In this
case, distilled water was usedthe controlsample. The differential transmittance of

theunexposedampe compaedto distilled water ishownin Figure4.6.
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Figure 4.6.Differential transmittance ainexposedamplecomparedo

distilled water.

It is clear that in the wavelength range from 350 nm to 700 nm, the differential
transmittance (T%) is leghan 100%This meanghe indigo carmine solution has a
lower transmittanceompaed to distilled water. Inotherwords, the indigo carmine

sample solutiombsorbsnuch more visible light

The original unexposed indigo carmine solution is then used asotlieol sample
(sample A; the exposed sample solutias used as tharget sample (sample B). The
differential transmittance spectrum is measufeidure 4.7 and Figure 4.8re two
exampes of the differential transmittance spectruniieposed sample tanexposed
sampl®. Measuremestweretaken aftetthe samplewasexposed to positive indirect
corona dischargefor 2 minutes Figure4.7) andfor 10 minutesEigure4.8).
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Figure 4.7.Differential transmittance spectrumtbie sample after exposuie
positive indirect corona discharges for 2 minutes
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Figure 4.8. Differential transmittance spectrumtbie sample after exposeto

positive indirect corona discharges for 10 minutes
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As mentioned in th@revioussection, oxidation effestor pH changs can makehe
indigo carmine solution changeolor from blue to yellow. Therefore, in the
differential spectrum, thehanges in thevavelengthrangng from 450 nm to 590 nm
should banvestigatedbecause this is the wavelength rangebtaeto yellow light.
Three main peaks cde observeih eachspectrum andthesepeaksindicate that the
differential transmittancés above 100%This meanghat the transmittance othe
sample soltion exposed to plasmiasincreasedcompaed to that of the original
unexposed sample solution. The major psa@bservedat 550 nm This wavelength
matches the wavelength range of green light {898 nm), which is between the
wavelength range of blueght (450495 nm) and yellow light (57®90 nm). As
discussedn the previous section, the oxidation effect or pH incrementdeadhe
change ircolor of the indigo carmine solution, fromu# to yellowish. Therefore, the
peak at 58 nm n the differental transmittance spectrum tise most representative
peak which can be used to obtain the magnitfdie color change.This peak wa
seleted as an indicator to show the oxidation capability of plasma discharges. The
values ofthe 550 nm peak in all the differential transmittance spectrums heill
presentedn Section4.3andSection4.4.

Examination ofFigure4.7 andFigure4.8 demonstratethat alonger exposure under
the corona discharges results inlaager increment in the tramittance. After 2
minutesof exposure, thdifferentialtransmittance at 550 nm is 170%. However, after

7 minutes of exposure to plasma discharges, this peak increasedetthar600%

4.2.3 Concentration of Indigo Carmine in Solution

The change in the optical transmittance of the sample solution exposed to plasma
discharges is related to the oxidation capabilityamhospheric nothermalplasma
dischargeThroughcomparison of the differential transmittance spectrum at 550 nm,
the oxidation effect of dischargesan be estimatk indirectly. The change of
transmittance is caused by the change of concentration of indigo carmine ttige in
solution samplesThe oxidation process reduces the concentration of indigo carmine

molecules in thesamplesolution. Therefore, the change in concentration of indigo
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carmine molecules irthe solution directly shows the oxidation capability thfe

plasma discharges to which the sample gxgmsed

Based on the peak in each differential transmittance trspec the actual
concentration of indigo carmini the treated sample solution was calculated by
applying the Beet.ambert law.The generatonceptof this calculations discussed

next

Beer-Lambert Law

For a situationin which monochromatic lightis induced to thesurface of the
homogeneousnedium, and travek through thismedum with a certain depth, the
BeerLambert law defingthe transmittance as:

I e?c

0

whereTis thetransmittance
eis themolar absorptivityof the medigm?mol)
cis themolar concentration of thmedia(mol/L)

a is themddam h of t he

Transmittance igheratio of the transmitted light intensity, to induced light intensity
lo. According tothe BeerLambert law, theéransmittancef the media iselatedto its

molar absorptivitye, molar concentratigre, and deptha.

Initial calculations were made for the original unexposed sample soluiibna
volume of0.2 L

Volume=0.2 L

Concentratiorof indigo carmine in untreated sample 0.25 g/L

Hence the mass oindigo carmine in the sampie m=0.2% 0.2=0.05 g (in 0.2).
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The nolar mass otheindigo carminemoleculeis 466.36 g/mgltherefore0.2L
contains
0.05/466.36= 1.072.10mol of indigo carmine.

Hence, the initial molar concentration of dye, cthafresh solutiorbeforeexposure

to plasma (t=0) is:

Co=1.072.1¢40.2=5.36.1¢ mol/L.

This value can be used in the Béambert law to calculate the molar absorptivity of

indigo carmine:

log(T.
e=- SO(,)O) (4.3)
wher e a i s thetueette@e p tOm. Wdhf known transmittance of the

originalunexposed sample solution, this molar absorptivity can be calculated.

Forasample solution exposed to plasma dischéwgea period ot, the concentration
of indigo carmine €can becalculatedusingequation(4.4):

N

log(T,
e

G = (4.4)

where Tis the measured transmittancelod exposed sample solutiptihe molar

absorptivity J can be obtained bgguation(4.3" .

Simplified Calculations Basedon Differential Transmittance

In this research, thdifferential transmittance othe expose@ndunexposedampls
was measuredHowever the absolutetransmittance ofndividual exposed sampie

were not measuredThis is because the differential transmittance da@n used to
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obtain the changein transmittancef the treated samplesquatiors (4.3) and(4.4)
can becombined and rearranged so tbencetration of indigo carmine in the
exposed sample solution can be calculated
In differential transmittance measurengitivo samples with different concentratson
of indigo carminewvere used.
Forsample A, by using equatida.2), transmittance, Jcan be writteras:

4 pm'P (4.5)
where gis the concentration of indigo carmine in sanpléy/L).
The same approadhitaken in the case shmpleB:
4 pmn't (4.6)

wherecy is the concentration andigo carmine irsampleB (g/L).

Thus,thedifferentialtransmittance T% of samples A and B cardbtermined

4b — — pmn’® (4.7)

The vaY@uecaordf HWe calculated f @&ms:transfor mat

(4.8)

Using the differential transmittanceT %, of two sample with known concentration
of the dyec, andc,, this value can be calculated

Distilled waterwithout indigo carminevas used as sample A=0 g/L,anda solution
with dye concentration ofc, =0.025 g/Lwas usedas sample B. The differential
transmittance, in this case,27.746 at 550 nm. Sample B indee measurement w/a
1/10 dilution of theoriginal unexposed indigo carmine samplghich hasa dye
concentration of 0.25 g/L. The original unexposed samgligtisn is unsuitable for
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calculation becausts differential transmittance to distilled water at 550 nrmear0%

(seeFigure4.6).

According to equatiotd.8, t he aMalcae dfeastal cul at ed

R/b ———— ¢ & g (4.9)

Then the concentration of indigo carminethre exposed sample;, can also be

obtained from equatiof®.7) as:

€
e

(4.10)

Here sample A is the exposed indigo carmgmution; sampleB is the original
unexposedndigo carmine solution with aoncentrationof dye, ¢o = 0.25 g/L By
using the differential transmittanceof each exposed sampie equation(4.10, the
concentration oflye in theexposed sample solutipn, can be calculated.

4.2.4 Analytical Method

NormalisedConcentration

After calculatiors of dye concentrationn the samplesfurther analysis was conducted

to show the degree of decolorisation after-timermal plasma dischargeeatmentin

this casethe normalied concentration K(Dyas usedThis normalized concentration

is a ratio ofthe concentratiorof dye inthetreateal solutionto the concentratiorof dye

in the untreated sampleThe results from his series of experiments shdhat this
concentrationdepends on the total charge delivered to the sample by discharge

treatmentThe oncentratiorof dye was calculated usirilge method described ithe
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previoussection.A low value of K(D) indicates a high degree of decolorisation. The

normalised concentratiarf dye is giverby equation(4.11):

K(D)=C(D)/Co (4.11)

whereCy(D) is the actual concentration of the dye in water (g/L)
Co is the initial concentration of the dye (0.25 g/L in the present study)

D is the total delivered charge (C)

ChargedependenDecolorisationRate

According to the results obtained in thisdy, the normalised concentration depends

on the total charge delivered by the plasma discharge treatment. Therefore, the
normalised concentration of indigo carmine in the solution sample as a function of the
charge deliverediuring the plasma treatmemtas fitted with a first-order kinetic

function:

K(D)= exp(-u D) (4.12)

where D is the total charge deliverembrmalised orthe total surface of the sample

(©)
K(D) is thedosedependenhormalisedconcentration

W is the rate of thelecolorisatiorprocesgC™).
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Total Charge Delivered

Total charge delivered was used as a metrtbisistudy to evaluate the efficiency of
the plasma discharge treatment. The total charge delivered was calculated by

integratingthe transient current waveform.

The energy of this discharge is split into two separate components: the energy
released in the plasma channel above the saraptk the eergy released in the
transient plasma channel(s) which either propagateoss the sample surface or
dissipats through the bulk of the samples. In the sto@lyransient plasma discharges

the distance between the sample surface and the HV needleddestts changed to
provide the same voltage in the case of positive and negative energisation conditions.
Thus, this difference in the distance may potentially result in different proportions of

energy dissipated in the plasma above the sample surface

Converselythe total delivered charge is not affected by the experimental topdiogy.

is related to the amount of chemicaligtive species generated by the transient
discharge, which results in the observed oxidation effétis.use of the total charge

as the metric allows all charged (and potentially neutral) species produced by the
transient discharges to lwensideredvhen the efficacy of the decontamination and
oxidation processes is considered. Also, it was found that in the range of voltages
usedin the present study, the voltage magnitude does not affect the efficacy of the

oxidation process.

Only phenomenologicakcaling relationships (pseudwost-order kinetic equations)
which describe the decolorisation and inactivation processes as -clegegelent
processes have been obtained. Therefore, it can be argued that the total amount of the
charged species produced by the transient plasma discharges defines the efficacy of
the biological inactivation and chemical oxidation plasma processes fornipe oh

parameters used this study.
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4.3 SteadyState Corona Discharge Treatment:

Decolorisation of Indigo Carmine

It was proved that the corona discharges iatmosphericir have great potential for
decompositiorof a wide rangef chemicas, includingCO,, phenol, benzene, lignin,
CRsCL, toluengand some otherolatile organiccompounds such as propane, propene
and isopropyl alcohd204]i [210]. A mixture ofions, charged particlesand neutral
reactive chemical speciggeneratedoy the corona dischaes includesuper oxide
anions, hydroxyl andhydro-peroxyl radicals, reactive nitrogen speciesid reactive
oxygen speciesThese reactive chemical species can interact thighiquid or solid
surface andead tooxidation or bactericidal effegetDepending on the concentration
of chemical species generatday the corona discharge the efficiency of

oxidationbio-decontamination of these dischargesy vary.

In this part ofthe research, the oxidation capability dfie steadystate corona
dischages wasinvestigated. Indigo carmine was usedratargetsensor in this study
Based on the achievedecolorisation effect, the chargdependent chemical

degradation efficiencygf the corona dischargegsobtained

To provideinformationon optimisaton of thecorona discharge treatmeamtyimes to
achieve maximum oxidation effeddifferent conditions and topologies were used to
generatecoronadischargesBoth direct and indirect treatmemtas performedn this
series ofexperimens. In the case of idirect dischargesa grounded metallic mesh
was placed between the energised electrode and the saim@eefore most of the
ions and charged particles were not able to rehehsample surface ithe indirect
dischargereatment. Ths the neutralreactivespecieplays the dominant role in the
decolorisation process in this case. In the case of direct treatneegtounded mesh
above the samplepoth charged or neutral species can reaclsdhgplesurface and
contribute tothe oxidation effect (ore detailsareprovidedin Chapter3). Humidity
of air and polarityof the applied voltagalsohavebeen reportedsimportantfactors
that could havesignificantinfluenceon the oxidation effect ahe corona discharges

[211], [212]. Thereforethese prametersvereinvestigated in this research.

The dscharge voltage was set to a constant value of 30#0.2kWboth positive and

negative polaritiesvere usedTwo types of gas were tested: atmospheric air (~40%
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relative humidity) and bottled air (~EB26 relative humidity). The pressure inside the
testcell was maintaineat the0.2-atmgauge As mentioned in the previous section, 5
ml indigo carmine sample solution with a concentration of §/25vas placed othe
nonrconductive or conductive samptate andtreated by corona discharge in the test
cell for 2, 5, and 10 minute©zone level and discharge curremére monitored
during the test. Thdifferential transmittancebetweentreated and untreated sangle

was measured.

In this section,the resuts of decolorisationtess using the steadystate corona

dischargs are presentednd analysed

4.3.1 Indirect Steady-State Corona Discharge Treatment

Indigo carmine solution samples were exposedh®indirect steadystate corona
discharges. e treated samplegere placedn the spectrophotometer along withe
untreatedsample solution, and ttaifferential transmittance was measured. Thiea
concentration of indigo carmine ithe sample solution was calculated based on the
differential transmittance. As described @hapter3.2, in the case othe indirect
corona discharge treatmerthe sampleswere placedunderthe grounded metallic
mesh Thus,ions andchargedparticleswere screenedandwerenot able to reach the

sample surfacdn addition the discharge current does not pass through the sample.

a) PositiveEnergisation

Positive DC high voltagavas appliedto the HV electrode of thandirect corona
discharge treatment test ceath generatepositive steadigtate corona discharge
Ozoneconcentrationduring the tests wameasured and found to b& ppm. The
differential transmittance othe treated sampte to the untreated samptewas

measuredExamples of thalifferential transmittancepecta areshownin Figure4.7
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and Figure 4.8. The major peakin the differential transmittances at ~550 nmas

shownin Figure4.9.

1000 ————m—— 11—
S
; —/— Bottled air tests
O —A— Atmospheric tests
c 800} ]
o
IS
(7))
C
@ 600} 7
|_
5 1
5
@ 400 + 4
£
©
x 200 | = T
()
a
0 1 . 1 . 1 . 1 - 1 : L
0 2 4 6 8 10

Exposure Time (minutes)

Figure 4.9.Peak of differential transmittance of sample solutisafunction of
exposurgime. Each point in thisigure represergan average ahreeindependent
tests Theerrorbars showstandard deviation valueSolid lines are for visual

guidance only.

The measured differential transmittance was above 100% for all samples after
exposure tdhe positive steathgtate corona dischargekhis indicateghat the indigo
carmine solutiowasdecolorized As shownin Figure4.9, the peak ahedifferential
trarsmittance increasewith exposure time. With longer time exposurehigher

degree oflecolorisatiorwas achieved.
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By applying the calculation method (as explaine®éation4.1.3), the concentration

of indigo carmine in the sample solution was obtaiasgresentedn Figure4.10
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Figure 4.10.Concentration of indigo carmine in solution as a function of exposure
time after exposure to indirect positive steatigte corona discharge. Each point in
thisfigure represerdan average dhreeindependat tests Theerrorbars show

standard deviation valueSolid lines are for visual guidance only.

Further analysisvas conductedly calculation of the normalisethargedependent

concentration of the indigo carmine dye, K(D), which can be obtained by equation
(4.11).

The normalised concentration of indigo carmine in the solution as a function of the
charge delivereavas fitted with the analytical fitting line using equati@nl2. This

fitting procedure was conducted in Origin Pro 5 graphing softwieeresultof this
fitting are shownn Figure4.11.
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Figure 4.11 Normalisedconcentration of indigo carmine dye as a function of the
charge delivered after treatment with positivelirect steadystate corona discharges.
Each point in this graph represents an individual test. The straight lins gfeow

fitting by equation (4.2).

As shownin Figure4.1], the normalized concentration of the blue dgereasewith

an increase in the chargeliveredduring the plasma discharge treatméirite esults
obtainedfrom bottled airtests and atmospheric tests did sbow a significant
difference.After exposure to plasma discharges for siaeneperiod the same total
charge waglelivered to the sampland the reduction in the dye concentration was
similar. Thisreductionin the indigo carmine concentration was not veighhFor
example, theoncentratiorof indigo carminewas decreasetb 0.210.23 g/L by 10
minutes of theositiveindirect discharge treatment, which was less than 0.2 reduction

in the normalised concentration.

Thefirst-order kineticequation(4.12)wasappliedto the experimentesults inFigure
4.11,and the rate ahedecolorisatiorprocessy, wasfound to be 2.79 €in this

case.
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b) NegativeEnergisation

The high-voltage power supply was then switched to negative polanig,thesame

5 ml indigo carmine solution sampewereplaced into the indirect corona discharge
testcell and exposed to negative corona dischanig@her ozone concentratiowas
observed in the case of negative dischargd® ppm. The differential transmittance
wasmeasuregdand the concentration othe dye inthe solution samplevasobtained
Theresultsof this analysisre shownn Figure4.12
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Figure 4.12.Concentration of indigo carmine solution sample as a function of
exposure timafter expoareto indirect negative steaeltate corona dischargeach
point in thisfigure represerdan average ahreeindependentests The errorbars

show standard deviation valu&alid lines are for visual guidance only.

As show in Figure 4.12 the concentration of thendigo carmine soltion was
decreased after exposupenegative indirect corona dischardgehigh decrementvas

achievedafter 10 minutef exposure particularly in the case obottled airtests.
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After 10 minutes of treatmenthe concentrationof indigo carmine decreased to
~0.155¢/L (bottled airtests) and ~0.19 g/L (atmospheric tests).

The normalised concentration of exposed indigo carmine solution saimsleown

as a function of charge deliverediigure4.13.
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Figure 4.13.Normalised concentration of indigo carmine as a function ofhlaege

delivered after treatment with negative indirect stestdye corona dischargdsach

point in this graph represents an individual test. The straight linesghewitting by
equation (412).

As shown inFigure 4.13, in the case of negative indirect corona treatmehigta
degree of reduction in normalised concentration was achieved. Hovwsewauch
higher charge dose was delivered during the negative treatment cdnaptrehe
case ofthe positivedischarge treatment. By applying thestorder kinetic equation
(4.12, the fitting curves obtained. lis show as asolid line in Figure4.13,andthe

rate ofthedecolorisatiorprocess is 4.35 €
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4.3.2 Direct Steady-State Corona Discharge Treatment

Direct deadystate corona discharge treatmeatgo was examinedin this seris of
experiments. The direct corona discharge treatitesttell wasdescribedn Chapter
3.2. The target samplewas placed betweethe discharge electrodes and directly
exposed tdhe steadystate corona dischargdonsand charge particles were able to

reach the sample surface, ahddischarge currergropagatd through the sample.

a) PositiveEnergisation

Initially, the indigo carmne solution was treated by the direct stestife corona
dischargesvith positive polarity The concentration afye in thetreated samples was

obtainedas a function of the exposuime. The results are shown Figure4.14.
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Figure 4.14.Concentratiorof indigo carmine solution sample as a function of
exposurdime after exposuréo direct positive steadystate corona discharge. Each
point in thisfigure represerdan average ahreeindependentests Theerrorbars

show standard deviatioralues.Solid lines are for visual guidance only.
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The decreasen the concentration of indigo carmine in the treated solution samples
was observedafter exposure to positive direct corona dischardgéswvever, this
decreasavas slightly lower than that in the casieghe positive indirect treatmernithe
concentration was still above 0.88., even after expage to positive direct corona
discharge for 10 minutes in dry or atmospheric air.

The normalised concentration of tdge in treated solutions presentedn Figure

4.15as afunction of total delivered charge.
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Figure 4.15 Normalised concentration of indigo carmine as a function ofhlaege
delivered after treatment with positj\direct, steadystate corona dischargdsach
point in this graph represents an individual test. The straight linesshewitting by
equation (412).

Low ozone concentration (4%m)was observeduring the discharge treatment. The
normalised concentratioof dye wasabove 0.93even after 10 minutes of treatment.
By applying the firstorder kinetic fitting as in equatio(d.12, the rate ofthe
decolorisatiorprocessp, wasobtained a8.22 C*. Althoughlower reduction indye

concentrationwas achievedthis rate was still higher than in the case of positive
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indirect corona discharge treatmemhis is because the charge delivered was much

lower in thiscase as shownn Figure4.15.

b) NegativeEnergisation

Indigo carmine solution sampledso wereexposed to negative corona discharges in
the direct testell. The @onelevel was 2660 ppm during the discharge treatment.
The differential transmittance tiietreated and untreated sangeas measured, and
the concentration of indigo carmine thetreated samplswascalculated Theresults
are shownn Figure4.16
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Figure 4.16 Concentratiorof indigo carmine solution sample as a function of
exposiretime after exposuréo direct negative steadystate corona dischargéach
point in thisfigure represerdan average ahreeindependentests Theerrorbars

show standard deviatioralues.Solid lines are for visual guidance only.
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Obvious reduction in the dye concentratiwwas achievedn boththe bottled airtest
and atmospheric testafter 10 minutesof treatment, the concentration decreased to
~0.19 g/L (atmospheric tests) and ~0.17 dpbt(ed airtests).

The normalisd concentration of the dye in treated samplas obtaines a function
of the charge deliveredhe results arehown n Figure4.17. Thefirst-order kinetic

equation (4.12)vas applied to provide a fitting curve as the solid.line
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Figure 4.17. Normalised concentration of indigo carmine as a function of the charge

delivered after treatment with negatidérect steadystate corona dischargdsach

point in this graph represents an individual test. The straight linesghewitting by
equation (412).

As shown inFigure 4.17 the reduction in theoncentratiorof indigo carmine was
proportional to the chargidiveredduringthe discharge treatmem.charge o45-50

mC was deliveredby 10 minutes of discharge treatment, and the normalised
concentrationwas decreasetb 0.680.72. By applying the firsbrder kineticfitting

for bothbottled airtests and atmosphc tests, the rate difie decolorisatiorprocess

U, is determinedo be 7.36 C.
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4.3.3 Acidity of Solution Sample after Treatment By
SteadyState Corona Discharge

As mentioned in the literature review (Chaptes.2, it has been prowkethat the
acidity of liquid samples may be changed afterttbatmentby nonthermal plasma
discharges. In this series of experiments, the pHh@indigo carmine solutions was
obtained as a function of treatment time for different plasma treatment regimes. The
initial value of pH of theuntreatedsample solutions was between 4r&i5.2. The pH
measurementsvere conductedising the Hannah pH210 Migrmocessor pH meter

with Sentek miniature probe. The pH tfe solution samples as a function of

treatment timareshownin Figure4.18
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Figure 4.18.ThepH of theindigo carmine solution sample afteeamentby indirect
steadystate corona discharge with (a) positereegisationand(b) negative
energsation Each point in thidigure represent an averagetbfeeindependentests

Theerrorbars show standard deviatigalues.Solid lines are for visual gdance
only.
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In both positive and negativeenergsation case, the pH of treated solution samgle
decreases with an increase in the expsme. In the case of negative energization, a
higher degree of decrement was observed. This pH decrease corresponds to the
decolorisatioreffect of the corona discharge treatment, as the negative indirect corona

discharge treatment produced a higher degreleadlorisation

In the case of direct corongsdharge treatment, the pH bk solution sample was

also measured and presenteéFigure4.19.
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As shown inFigure 4.19, the pH ofthe indigo carmine solution did not decrease
significantly after direct positive corona discharge treatment. The decrarasldss
than 0.2 after 10 minutes @xposure. However, after exposure negative direct
corona discharges, the pH dhe indigo carmir solution sample decreased
significantly. This change in pkorresponds$o thedecolorisatioreffect: the positive
direct corona discharge treatment results meareasen concentratiorof less than
0.02 g/L; negative direct corona discharge resultsa imuch higher decrease in
concentratior{0.040.09g/L).

4.3.4 Summary

In this section, thanvestigation into theoxidation effects of steaestate corona
dischargeswas discussedDecolorisationof indigo carmine water solutiongas
achievedusing bothindirect and direct corona discharges with positive or negative
energisatiormode. The concentratisrof indigo carmine dye in the treated solution
sampleswere calculated using the differential optical transmittangletained by the
spectrophotometer.

Discharges inbottled air and atmosphericair were investigated Although a
nonsubstantiatifferencewas observeth oxidation effects foboth types of gaghe
obtained results show that humidity of the air does not significantly affect the degree
of decdorisation produced bythe steadystate corona discharges. As the electrical
characteristics of the discharges are almost the saiettled and atmospheric air,
the humidity difference between these two types of air, 40% and 1RB%was
considered amsufficient toresult ina significant difference in the production of the
reactivechemicalspecies. Condensation inside testcell may compensatdor the
difference in air humidity.

A reduction in the concentration of the dye in the treated soluti@s®bservedn

the direct and indirect corona treatment with buodktled airand atmospheriair, and

a stronger effeavas observeth the negative direct and indirect treatment tests.
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Theresults shovthat the oxidation capabilityf the steadystatecorona dischargeds
proportional to the charge dose deliver&dr longer exposire time, during which

higher charge idelivered to the sample, laigher degree ofdecolorisationwas
observed. Normalised concentratioindye in the solutioras a function othe charge
delivered wasused to indicate the decolorisation/oxidation efficiency of corona
discharges By applying the first-order kinetic equation(4.12) the rate of
decolorisationwas obtained This fitting procedure was implemented @rigin Pro
software. Table 4.1 summarises the decolorisation rate for different types of corona
discharge treatment.

Table 4.1.Decolorisation rate (&) for indirect and direct steaestate corona

discharge.

Indirect corona discharge Direct corona disharge
Positive Negative Positive Negative
2.79 4.35 3.22 7.36
(2.5471 3.04) (3.83i1 4.87) (2.927 3.52) (6.917 7.81)

Values in brackets indicate a 95% confidence interval.

As shownin Table4.1, thedecolorisatiorrates in thecase ofdirect corona discharge
treatment are higher tham the case oindirectcorona discharge treatment. The main
reason for this difference is considered to be the distance betheé&tV stressed
electrodeand the sample surfacelhe dscharge current wakwer in the direct
treatment casdhe charge was lesandthe energydeliveredwas low Also, chargd
particles may contribute to theecolorisationof the treated indigo carmine solution
sample in direct corona discharge treatment.

When positiveenergisation was applied, thigecolorisationeffect in both cases,
indirectanddirectcorona discharge treatmentas similar. Thedecolorisatiorrates in
both casesveresimilar, as showrin Table4.1: 2.79 C' in theindirect treatment case
and 3.22 C! in the direct treatment case. Howeves much more intensive
decolorisatioreffect was observed in the caselud negative energisation mode. The
rates ofdecolorisatiorare higher than in the case of positergerggsation especially
in the case of negative direct corona discharge treatfioerwhich the number is up
to 7.36C™". This canbe explainedby the difference in the production of reactive

speciesAlthoughthe exact mechaniswf the chemical (oxidation) and dedcidal
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effects of corona discharges require further investigation and analysis, as different
reactive oxygen and nitrogen species make their contritsuiiothese effects, ozone
can potentially be used as an indicator of the production of ROS anddtezitidal

and oxidation efficiency of corona discharges. As monitored during the discharge
treatment, ozone level was p@m in the case of positive corona discharge with direct
or indirect topology. The ozone level was much higher in the case of regativ
energisatiormode ~40 ppm inindirectcorona discharge treatment and&Dppm in
direct corona discharge treatment.

The acidity of thesamplesolutionwasincreasedfter expoareto steadystate corona
dischargs, whichis in line with the resultseported in many studig¢g3], [169], [213]

The tendency of thidecreaseorresponds$o thedecolorisatioreffect brought by the
corona discharge treatment.
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4.4 Transient Plasma Discharge Treatment for

Decolorisationof Indigo Carmine

Plasma discharges with pulsed energisation mode have been studied in chemical
oxidation processing29], [214]i[216]. The transient spark dischargwith its
selfpulsing featureis consideredas a novel approachfor generating noithermal
plasma. Transient sparkan generate a highly reactive nivermal plasma in
atmospleric air with low energy consumptioof 0.11 1 mJpulse[62]. It has been
shown in[68], [86], and[217]i [219] that ROS, RNSand otherchemical species can

be produced by transient spark dischargevhich lead to theirstrong oxidation
capabilityand abilityto decompose chemicals and inactivate bacteria. However, there
is still a gap in understanding of the transient spark discharge oxidation mechanisms.
Furthermore parameterssuch as electrode configuration and voltage levels could
have a strong influence on the oxidation effect. Therefore, it is important to
investigate the oxidation capability of transient plasma discharge under different
conditions. Inthis secton, anexperimentalstudy on the oxidation capability dfie
transient plasma discharge is presenfédds impulsive transient plasma discharge is
similar to transient spark discharge as describdtiatiterature review. mformation
acquired from this study can be uded optimisation ofthe oxidation efficiency of

thetransient plasma discharges.

Water solutions of indigo carmine dwéth aconcentratiorof 0.25 g/L weraused ag
chemical imicator for analysis of the akation capabilities of the transient plasma
discharges: dependiman thedecolorisationdegree of these solutionthe oxidation
capabilityof transient plasma dischargeasevaluated As described irChapter3.3,
two types oftopologieswere used to preide surface discharggwhich propagate
across a liquid samplsurfacg and direct discharggthrough the bulk of a liquid
sample).The surface dischargevere generatedising nonconductive samplelates,
while conductive samplelates were usedto geneate direct transient plasma
discharge in thetest cell. Three different breakdown voltage levels with both
polaritieswere used20 kV, 24 kV, and 28 kV (0.2 kV). The repetition rate of the
high voltagepulses was setto 20pulsesper secondThedischarge weregeneratedn

an atmosphericenvironment with humidity of -RH 40% and temperature20C .

Indigo carmine solution samplegere exposetb transient plasma discharge for 1, 3,
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5, and 7 minutes. During thieansient plasmadischarge treatmentzone production

was not deteable

The change ithe concentration of indigo carmine the plasmatreated solutions was
obtainedand presented as a function of the chadgévered An analysiswas
conducted to compare the oxidation capabilitiegheftransient plasma dischage

under different conditions.

4.4.1 Decolorisationof Indigo Carmine Using Surface Transient

PlasmaDischarges

A 5 ml indigo carmine sample solution was placed onrnbeconductivesample
plate and exposed to transient plasma dischargs. described inChapter 3.3,
transientplasma streamermgropagatd from the tip of HV needle electrode to the
sample/air interfacethen the streamers propagatelong the sample surface to the
side of thesampleplate, where they readd the grounded metal plate. The discharge
currentdid not pass through the sample directly.

a) PositiveEnergisation

First, the high-voltage pulsed generator was switched to plositive mode and
connected to theest cell. Transient plama discharges with positive polarity were
generatedand sample of dyesolutionwere treated by these discharg®g adjusting
the distance between the HV needle electautthe sample surfacé)e breakdown
voltage level was set as 20 kV, 24 kdhd 28 kV. The concentration tfe dye in
solutiors after expoare to surfacetransient plasmalischarge was obtained ands

presentecs a function ofthe exposuréime inFigure4.20
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Figure 4.20.Concentration of indigo carmine in solution aftepesure tgositive
surface transient plasma discharge. Each point iditjuge represersan average of
threeindependentests Theerrorbars show standard deviation valusslid lines are

for visual guidance only.

As shownin Figure 4.20, the concentration of indigo carmine dye decreased after
exposure to theurfacetransient plasma discharges with positive polarity. Although
three different voltage levelwere testedno difference indecolorisationrate was
observed for differenvoltage levels After 7 minutes of exposure tie transient

plasmadischarges, theoncentratiorof indigo carmine decreased to ~0.215 g/L for
all three energisation voltages.
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The normalisd concentration K(D) of indigo carmine in the treated solutisns

presenteds a function of the charg®sein Figure4.21.
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Figure 4.21.Normalised concentration of indigo carmine as a function ofhlaege
delivered after treatment wittositivesurface transient plasma dischargach point
in this graph represgs an individual test. The straight line stsdhe fitting by
equation (412).

By applying the first-order kinetic equatiorf4.12) the fitting curve of normalised

concentration as a function of dosas obtainedThe curve isshown as the solid line
in Figure4.21, and the rate ofecolorisatioru is 5.42C " in this case.
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b) NegativeEnergisation

The high-voltage pulsed generatwras then switchetb negativeenergsation mode,
and negativesurfacetransient plasmalischarge was generated and treaédhe
sample surfacél'he concentratioof thetreated solution sample was calculated based
on the differential optical transmittandbe resultsare shownn Figure4.22.
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Figure 4.22.Concentratiorof indigo carmine solution sample as a function of
exposure timafter exposur#o negativesurface transient plasma dischargach
point in thisfigure represerdan average ahreeindependentests Theerrorbars

show standard deviatioralues.Solid lines are for visual guidance only.

As shown inFigure4.22,reduction in the concentratiari the dyein thesolution was
achieved bytreatment with negative surface transient plasmadischarge. Tis
reductionwas slightly lower than in therevious positive discharge treatment case.
After 7 minutesof exposure, the concentration decreased t0-0.22 g/L. The
normalised concentration as a function of the charge delivered obtainedisand
presentedn Figure4.23
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Figure 4.23.Normalisedconcentration of indigo carmine as a function of¢harge
delivered after treatment witlhegativesurface transient plasma dischargach point
in this graph represents an individual test. The straight linesthexitting by
equation (412).

The results shown inFigure 4.23 indicate that thelecolorisationof the sample
solutionis achargedependent process and does not depend on the breakdown voltage
level. Thefirst-order kinetic equatiorf4.12) was used to fit the experimental data
points. Thefitting curve is shownas the solid line inFigure 4.23 The rate of
decolorisation, in this casés 5.77 C'. Although a smaller amount of charge
delivered this rate isslightly higher tharthat for thepositivesurfacetransient plasma

discharge treatment.
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4.4.2 Decolorisation of Indigo Carmine Using Direct Transient
PlasmaDischarge

Direct transient plasmaischarge were generatedn thetestcell usinga conductive
sampleplate As described inChapter 3.3, the transient plasmalischargeswere
produced from the needle electrode and propddatéhe sample surfac@hen the
discharge currergas&dthrough the sample and reactthe ground. As in the case of
surfacetransient plasmalischarge, the distance from the needle tight® sample
surfacewas adjusted to achieve 2V, 24kV, and28 kV breakdown voltage levels

for both polarities.

a) PositiveEnergisation

In the positive energisation mode, thigh-voltage pulsed generateuppliedpositive
pulses to the testell, which drove positive diredtansient plasmdischarges used to
treat the indigo carmine solution samples. The differential optical transmittance was
measured and used to calculate the changerinentration Theresults are showim
Figure4.24.
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Figure 4.24 Concentratiorof indigo carmine solution sample as a function of
exposure time after exposure to positieect, transient plasma discharge. Each
point in thisfigure represerdan average ahreeindependentests Theerrorbars

show standard deviation valu&slid lines are for visual guidance only.
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As in the previous case of the indirect TS discharges, the concentratioirdigo
carmine in water solution decreased with the exposure tiogever, when the
breakdown wltage increased to +28 kV, the concentration was lower than the
concentration in the case of +R¥ and +20 kV.This is primarily due toa higher
chargethat was delivered in the +28 k¢asein the sameperiod The normalised
concentration was plotted as a function of the charge dose to show this tefidency

resultsare presenteih Figure4.25
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Figure 4.25.Normalised concentration of indigo carmine as a function of the dose

after treatment with positivelirect, transiem plasma discharge. Each point in this

graph represents an individual test. The straight line sboafitting by equation
(4.12).

It is clear that the higher dossas deliveredwithin the same period under a
breakdown voltage of 28 kV. However, the general tendency otlécelorisation
processis not highly depenent on the breakdown voltage level. Thendencyhas

beenobtainedby applying thdfirst-order kinetic equatigrthe fitting curveis shown
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as he solid line in thisfigure. The rate othe decolorisationprocess is found to be
7.59 C.

b) NegativeEnergisation

With negativeenergisationthe directransient plasmeischarges were used to treat

indigo carmine solutions. The obtained change in concentration of the sh@agin
Figure4.26

T T T T 1 T
025k —a— - 28 kV|
—e— -24 kV
—Aa— - 20 kV|
30.24 - i
~~
2 A
S
.E 0.23+ E
1<
@
<
o) 0.22 | -
@)
0.21+ E
0.20 L . ' . L . '
0 2 4 6 8

Exposure Time (minutes)

Figure 4.26.Concentratiorof indigo carmine solution sample as a function of
exposure timafter exposuréo negativedirect, transient plasma dischardeach
point in thisfigure represergan average ahreeindependentests Theerrorbars

show standard deviatioralues.Solid lines are for visual guidance only.

The concentration athe treated sample solutiomas decreasedvith exposureitne.

However, thedecrement, in this cases slightly lower tharfor the case of positive
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energisationSamplesexposed to discharge with a breakdown voltage at 20 kV had a

higherconcentration; thigs considered to be causedthg lower charge delivered

The normalised concentration as a function of chaejareredis shown in Figure
4.27. By applying thdfirst-orderkinetic equatior(4.12), the rate oflecoloriséion was
4,72 C.
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Figure 4.27.Normalised concentration of indigo carmine as a function of the dose

after treatment with negatiydirect,transient plasma dischardgeach point in this

graph represents an individual test. The straight line sboafitting by equation
(4.12).
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4.4.3 Acidity of Solutions Treated by Transient Plasma

Discharge

The acidity of indigo carmineolutionsalso decreased after exposto the transient
plasma discharge The initial pH of theindigo carmine sampke before surfae
transient plasméischarge tréaent wa in the rangeof 5.2 to 5.7 After 7 minutesof
exposureto the transient plasma dischargéise pH ofthe solution decreased to
3.223.42 in the positive energisationcase andto 3.26:3.38 in the negative
energisationcase, as showm Figure 4.28. This pH deciese correspondgo the

results of thelecolorisatiorexperiment.
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Figure 4.28.ThepH of theindigo carmine solution after the surface transient plasma
discharge treatment with (a) positive energisasiod(b) negative energisation. Each
point in thisfigure represergan average ahreeindependentests Theerrorbars
show standard deviation valu&alid lines are for visual guidance only.
In the case ofdirect transient plasma dischargeeatment the pH ofthe treated

solution samples as a functiontbétreatment time is shawin Figure4.29.
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Figure 4.29.ThepH of theindigo carmine solution aftetirect,transient plasma
discharge treatment with (a) positive energisaéiod(b) negative energisation. Each
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show standard deviation valu&alid lines are for visual guidance only.
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The initial pH ofthe indigo carmine solutioris in the rangeof 5.20 to 5.65Figure
4.29 revealsthat after directtransient plasmalischarge treatment with positive
energgation, the pH reduction is higher than the case of negative enegisn.
Onceagain, this result corresponds to trexolorisatiorresults.

4.4.4 Summary

The oxidation capability othe transient plasma dischageas investigatedn this
chapter By exposing indigo carmine solutions to transient plasma discharges, the
degree ofdecolorisatiorof the treated samples was obtaindthis indicaes a strong
oxidation effect developed e transient plasma discharges, which is in line with
previouslypublishedresults[69], [195], [220].

Both positive and negative polaritiegere testedwvith different breakdown voltage
levels in the case o$urface and directransient plasmalischarge treatment. A
decrease in the concentratiofithe dye in the solution sampless observeébr both
polarities According to the experiment results, tliegreeof decolorisationis
proportional tothe charge divered during the discharge treatment. Although some
differencesare seenn the samples treated by discharge with differenéakdown
voltages, itcan bestatedthat the breakdown voltage level does not significantly affect
the decolorisationprocess However, a noticeable differenda the decolorisation
results was still observed betweesurfaceand directtransient plasmalischarge
treatment This is reflectedin the rate ofdecolorisationpu. This rate is obtainedby

fitting experiment data witthefirst-orderkinetic equatior(4.12).

Table 4.2.Decolorisation rate (€) for surface and direct discharges.

Surface discharge Direct discharge
Positive Negative Positive Negative
5.42 5.77 7.59 4.72
(5.021 5.82) (5.441 6.10) (7.117 8.07) (4.4671 4.98)

Values in brackets indicate a 95% confidence interval.
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Table 4.2 summarises the decolorisation rates obtained in this study: ke c@en
that in the case ddurfacetransient discharges, the difference in the decolorisation
rates for positive and negativeenergisationis less than 1%. Negative surface
dischargeesulted inadlightly higher rate.

However, positive direct dischargessulted in ahigher decolorisation efficacy as
compared with negative directdischarges: the difference between these two
decolorisation rates 1837%. The main reason for this is the difference in production
of chemically reactive species. As mentiearlier, the ozone level during both
positive andnegativedischarge is undeteatle. Therefore, it may be assumed that
otherchemicalspecies were playingn important rolen the decolorisatiorprocessit
wasshown in[221] thatpolarity could have amfluenceon the production of reactive
species during nethermal plasma dischge. In[221] and[222], the OH density is
almost the sameegardles®f the discharge polarifyout positive discharggproduce
more NO molecules than negative discharges.

The distance betwedhe HV needle electrodandthe sample surface is alseed to

be consideredlhe longergap meanshatthetransient plasma dischargeopagates a
longer distance iraird this may have annfluenceon the production of reactive
speciesHowever, as the distance is longer, reactive spetciegenerated irthe air
abovethe sample surfageand it may bemore difficult for themto reachto the liquid
sampleThis distancevas listedn Chapter 3,Table3.2.

It was established thahé acdity of indigo carmine solutiorhas decreased after
exposureto thesurfaceand directransient plasmdischarges. The de@sein pH is

not significantly differenffor the surfaceand directtransient plasmadischarges with

both positive anchegative polarities.
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4.5 Discussion andConclusiors

In this chapter, the oxidation capabilities of steathte corona discharges and
transient plasma dischargesere investigated. Discharge polarities, voltageels

and different topologiesvere testedn this series of experiments. Indigo carmine
water solution was used as @nemicalsensor to be treated by ntrermal plasma
discharges, andecolorisatiorof the solutionvas measured’he concentratioof the

dye in the treated solution was obtained using the change in optical transmittance of
the treae¢d samples. Thdecolorisatiornprocess of the nethermal plasma discharge
treatmentfollowed the first-order kinetics The rate ofdecolorisationwas obtained

and used to evaluate the efficiency of oxidation.

In the study of steadstate corona discharges, both direct and indirect discharges
resulted in a strondecolorisatioreffect. A higherdecolorisatioreffectwas observed

in the samples treated with the negative corona dischagpsciallyin the case fo

the negative direct corona discharges. For such discharges, the deeobdrisation

was 4.35 C for indirect treatment and 7.36 € for direct treatment. The
decolorisationeffect achieved was similar for positive direct and indirect discharge
treatrrent the rates oflecolorisationwere 2.79 C and 3.22 C, respectively. Ozone
concentration is considered to be the main redsorthis result,because similar
ozone concentrations of gpm were observedh positive discharge for both direct
and indiect treatment. Higher ozone concentrations wayservedin the case of
negdive indirect treatment (~40 ppmand 2060 ppmwas observedin the direct
corona dischargéhis is in line with the resulieportedn [223]: 100% decolorisation

of indigo carmine was achieved by plasma discharges in oxygen with a pulse
repetition rate of 10 pps for 4 minutes (high ozone level); while 16 minutes of plasma
discharge treatment in air withe same pulse repetition rate (low ozone level) only

resulted in 80% dmlorisation.

In the case of transient plasma dischargesplorisationof the indigo carmine was
also achieved. However, thdecolorisation effect is lower compared tothe

steadystate corona discharges. One of the potential reasons for this cablellte
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(undetectable) ozone levels produced by all types of transient plasma discharges in
this study.Different breakdown voltage levels did not havsignificantinfluence on

the decolorisationtests results. The degree @écolorisationis proportionato the
charge delivered to the sample surfaldee obtainedates ofdecolorisatiorshow that

the efficiency ofdecolorisatiorin thesurfacedischarge treatment isrtually identical,
regardless of discharge polarities. In the case of the direct discti@atmenta
higherdecolorisatiorrate was obtained:his couldbe caused by a higher production

of reactive species bpositive discharge, such as NO and other reactive nitrogen

species.

The maximum energy efficiency ofecolorisationof the indigocarmine obtained in

the present workvith the transient plasma treatmast~5pmol/kJ for the positive

direct dischargedn the present tests, the concentration of indigo carmine is 0.25 g/L
In the case of negative direct corona discharge treatment, the maximum energy
efficiency of decolorisatiorwas muchhigher, itcould reach to ~11gmol/kJ. This

value is higher than the efficiency oflecolorisationof the indigo carmine dye
achieved in192], which was 3.7 pmol/kJThe concentration of indigo carmine used

in their tests wa®.05g/L, which is lower than theoncentratiorused in this study.

In both corona discharge and transient plasma discharge treatmenthtesps] t
measurements of theeated solutions shothatthe pHdecreasewith the treatment

time, which corresponds to the decrease of the concentration of the dye in the treated
indigo carmine solutionsThe pH of all solutions treated with plasntischarges
demonstrated a tendentty decreaselt is believed that the decrease in pH correlates

with the degree of thdecolorisatioreffect.

Compare with otherstudies, thelecolorisatioreffect couldbe increasetdy changing
several parameters of plasma discharge treatment. In this study, the maximum
decolorisatiorof indigo carmine is less than 40%s reported if223], 16 minutes of
plasma discharge treatmentaim with a pulse repetition rate of Jpsresuled in 80%
decolorisation; while 8 minutes of plasma treatment witlpp&pulse repetition rate
achieved 100% decolorisation. However, the discharge current in their discharge

149



system has a peak of ~500 A, which is much higher than in our case (maximum
current peak less than 30 A). On the other hand, in anotsteidy [224], plasma
discharge was used to treat liquid spray and achieved te@#orisationof indigo
carmine in only 2 minutesThe use of liquid spray increased the probability of
reactive speciegespecially the shotitved, chemically active species) generated by
the plasma discharge to react with the indigo carntfmevever, thespray treatment
system is a complex system, and the problem of electrode erosion is more serious in

this case.

In this study, the oxidation capability of steashate corona discharge and transient
plasma dischargevas investigated undewarious conditions including different
polarities, electrode topologiesnd voltage levels. The rate adcolorisatiorfor each
growp of testswasobtained The esults and analysigrovide information thatanbe

usedto optimisethe oxidation capability of nethermal plasma discharges.
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CHAPTER 5

Bio-Decontamination Capability of Non-Thermal

Atmospheric PlasmaDischarges

5.1 General Introduction

It hasbeen provedhat nonthermal plasma discharges produce a significant bacteria
decontaminatiomffect[225], [226]. Multiple practicalapplications in a wide range of
area including food industry, medicinge medical device manufacturing and
environmentapplicationsare being investigatedased on this effecAlthough the
mecharnsm of the inactivationprocessare not fully understoqdthere are several
factorsthat make a significant contributionto bio-decontamination byonthermal
atmospheric plasmagroduction of chemically active oxygen and nitrogen species,
emission of UV lightand strong electric fiekl As suggested if69], [86], and[97],

the chemically reactive species are responsibletiferdecontamination effect of
nontthermal plasma discharges in atmospheric air. Chemically active species
generated by nethermal plasma dischargese able tanduce oxidation damage to
biomoleculesand alter the functioning of biologicalmembranes which impose
lethally damage on bacteria cells [227], [89]. For example, the reactive species
generated ¢ OH radicals NO,, and NOby corona dischargehey play a leading
role in the bacterianactivation as reported ifi100], [78]. Otherreactive oxygen and
nitrogen species such as hydroxgadicals, nitric dioxide and singlet oxygen also
havea strongeffect on bacteria and should not be ignored.

In this study, the Dbiadecontamination capability othe nonthermal plasma
dischargs in the atmosphericair were investigated. Two types of discharges
steadystate corona and impulsive transient plasma dischangge testedhrough a
series ofcomprehensivénactivation experimentslhe primary objectiveof this part

of the studywasto exposethe bacterid sample tononthermalplasma dischargan
atmospheric airand to observe an inactivation and its dependency on plasma
discharge parameters. As a resilig inactivation capability of plasma discharge was

obtained and analysed.
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In thecase okteadystate corona discharge, both positive and negative polarities were
used Negative ions are the main charge carrierthe plasma ohegativedischargs,
while positively charged particles are the main charge carimeithe plasma of
positive discharge This couldresult in a difference in generation of chemically
reactivespeciesby discharges with different polaritieblence the decontamination
effect produced by plasma dischargesuld be differentln addition two different
topologies were investigatedn this study As described inChapter 3.2,
nonrconductive samplplates were used itheindirect corona discharge treatmeint
this caseions and charged particlesgrescreened by the grounded @&t meshand
could notreachthe sample surfacdn the case othe direct corona discharge
treatment, conductive sampbéates were used,andions and charged particlegere
able toreach the sample surface goebduce a direct bactericidal effettpulsive
transient plasma dischargef both positive and negative polaritisre also tested
By using conductive and norconductive platesthe surface and direct transient
plasma discharges were generatexhd their decontamination effext were
investigated Two types of bacteriaEscherichiacoli and Staphylococcusaureus
were used as mod@ramnegative andsrampositive bacteria respectivelyjn the
plasma biedecontamination study

This chapterprovides a detailed description of tlexperimerdél procedurs and
research methodologyhe obtainedinactivation resultare presentedndanalyd.
Discussion on the inactivation capabilities of both stestd{e corona anmnpulsive

transient plasma dischagje presented
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5.2 Methodology

Bacterid samples oE. coli andS. aureuswere usedn this series oflecontamination
tests In this section, the microbiological test procedures and experimental

methodology are presented and discussed.

5.2.1 Microorganisms Selectedfor the Test

Bacteria carbe categorsed by their reaction to the Gram stain @sampositive and
Gramnegative bacteria (Grajpositive bacteria become purpknd Gramnegative
becomepink after Gram staining)This difference is related to the difference in the
cell structureof these two categories of bacterias Mescribed inChapter2.4.1,
Grampositive bacteria hae a thick peptidoglycancell wdl outside of their
cytoplasmic membrane. In contrast, Gramnegative bacteria hae a thinner

peptidoglycan cell wallOutsidethis cell wdl is an outer membrane

The differencein cell structure,and especially in the membranenay resultin a
difference in inactivatioty nonthermal plasma discharges. Oxidation, light, or a
strong electric field produced by ndimermal pasmadischarges may cause damages
to bacteriacells With different cell structures, the effect on the membiaoeuced

by discharges may be differemnd the probability otausingcell damagemay be
different. Hence, the inactivation effect also may varylTo investigate the
decontamination effect of the ndnermal plasmalischargesboth types of bacteria
should be testedE. coli was selectedto representGram-negative bacteria, and

S aureuswas selectedo represeniGrampositive bacteriain plasma inactivation

tests

Escherichia coli

Escherichia coli(E. coli) is a type of bacterighat commonly exist in the lower
intestine of human and animal bodiést as a Ar Mabbof teelk.acplie c el |
bacteriaare nompathogenic and even benefit their hdstr example,E. coli can
producevitamin B andK [228], and theexistenceof E. coli in the intestinecan

prevent colonization of some pathogehacteria However, some special types bf
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coli are pathogenic and may cause gastroenteuitisary tractinfection and serious
food poisoningFor exampleE. coliO157 is a verglangerousype of bacteriaywhich

caussillness and even deattorldwide[229].

Alternatively, E. coli also is one of the most popular microorganismssed in
laboratory experimentsn this research. coli NCTC 9001 (National Collection Of
Type Cultures, UK)was chosen as sample of Gramnegative bactewim to
investigatethe effect of nofthermal plasma discharges. The reagonshoosingE.

coli in this study are:

1) Safety consideratios1theE. coli strainused inthis studyhaslow pathogeniity.
2) It grows fastandformshighly recognsable colonies
3) It grows easilyanddoes notequireaspecialgrowingenvironment or conditions.

4) Itisvery common and representativiebacterum.

Figure 5.1.E. coli colony-forming units (CFUxulturedon agar plate

E. colicolonies are white in color and grdw approximatel\8-6 mm diameter, when

cultured on nutrient agar for 2é¢trsat 37C .

Staphylococcus aureus

Staphylococcus aureyS. aureug is another commotype ofbactera. This typecan
be foundin air, water, dust, human or animal skimd waste.S. aureusis a
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Grampositivebacterum andhasaroundshapé cell structure. Althougls. aureusis
not always pathogenic, lkads toa wide spectrum of infections including minor skin

infectionandrespiratory infectioa

S.aureuscanalsoproduce toxins antiascausé manyserious food poisoningases
pneumoniaand other lifethreateningdisease [230], [231]. According to[232], S.
aureuscauses nearly 241,0@ases ofliness in theUnited Stategvery year and has
been listedas one of the majopathogeng233]. S. aureusis also famous foiits
adaptive evolutiomabilityd it can build up resistance®® humandefence and the
effects of antibiotics. It hasbeen reporteth [234] and[235] that S. aureusan even
have a quick response andlevelop resistance to some new antibistisuch as
linezolid and daptomycin Therefore,a different and effective decontamination
methodmust be develope@nd northermal plasmalischarge technology could lae
very promisingand novel methotb fight these bacteria.

Figure 5.2 S. aureusolony-forming units (CFU) culturedn agar plate

S. aureusdNCTC 4135 was usefbr these series of testk grows fastand does not
need special growing conditionS. aureuscolonies are yellown color and have a
typical size of 0.5~1.0 mm on agar platgsen cultured on nutrient agar for 24 hours
at 37C (see Figure 5.2)
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5.2.2 Microbiological Media

To culturebacteria for experimental use, several types of media were used to provide
appropriateconditions anchutrition at different stagesof the experimental protocol

The media used andow they are preparededescribedelow:

Broth

Nutrient broth is a liquianedia forculturingbacteria.

Preparaion: Nutrient Broth powder(xoid Ltd, UK, CM0001) wasweighedon a
digital aralytical balancg{Ohau§ Adventuref balance AR 153 andthendissolved
in distilled water and mixed welR total of 13 g of powder should be dissolvéa 1 L
of distilled water as stated by the manufacturérquid broth was sterilized by
autoclaveand cooled down before usks standardthe aitoclavewas setat 121C
and100 kPd&or 15 minutes.

Diluent

Phosphatduffered saline (PBS) is a commonly used buff solutidmt
containssodium dihydrogen phosphaa@dsodium chloridelt was used aa diluent
for dilution of bacterial populatios

PreparationPhosphatduffered salingablets (fromOxoid Ltd, UK, BR0014G) were
completely dissolvedn distilled water to make PBS solutio®ne tablet was
dissolvedin 100 ml distilled water as stateffter sterilizationby autoclavingthe pH

of the PBS solutions was in the range of 7.1 to (’Measured at X5). Several 9 ml
volumeswere preparedior series dilutionby using a bottléop dispensel(VITLAB

simplex).Solutionsof 100 mlvolumewere also preparddr experimental use.

Agar

Nutrient agar is a jellike of media which is commonly used to grow
microorganisms for microbiological study.

Preparation: Nutrient agar powder (fra@xoid, Ltd, UK, CM0003)was weigheddn
the digital analytical balance andissolvedin distilled water.Powder (28 g) was
dissolvedin 1 L distilled water as statedhis solution wady autoclaving andhe
molten agawith the bottle wasthenplacel in a waterbathat a temperature of 43
for cooling.Next, themolten agar was poured indcsterilized petrplatdcontact plate
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or tube to make agar plates or agar sfofreepared agar plates and slepeere

incubatedovernight tomake sure they are free frasontamination before use.

5.2.3 Microbiological Techniques

The standard procedure to obtain the bacterial population is to count bacterial colonies
on the agar plates. In thmicrobiological study, ColonyForming Unts (CFU) are

used to describe the population of bactefimachieve accurate counting of bacteria,
several microbiological methods and techniques were employed for preparing and

enumerating bacteria samples. These methodsr@sentedh this section.

Bacteria Culture

E. coliandS.aureuswere stored frozen ddicrobank beads (Prbab Diagnostics).

When required, a beadas takerfrom the freezer and streaked onto an agar plate, and
incubated at 37C overnight. A bacterial colony from the agar plate was
sub-cultured to an agar slope, grown overnight at 37C and then stored at 4€C. This
bacterial culture on the agar slope was wusethe stock culture for experiments. A
fresh agar slope was prepared every 4 weeks.

To prepare a bacterial culture for experimental use, a loopful of bacteria was
transferred from the agar slope and inoculated into 100 ml nuietit.  This broth

was cultivated in an incubator shaker (New Brunswick Scientific ®@., model C24,

as shown in Figure 5.3) for 481 hours.The temperaturevas setto 37C, and

shaking frequency was 120 rpm.

Figure 5.3.New Brunswick C24ncubatorshaker.
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Dilution

After incubation, the broth was centrifuged Heraeu Labofuge 400R Centrifuges)
4300 rpm for 10 minutes. Theell pelletswere then resuspendedn 100 ml PBS,
giving a population density of ~10CFU/mI. The bacterial population density
required for experimental use was 210FU/ml. To prepare suspensions with this
population density the suspensions were serially diluted as follows:

Step one: 1 ml of the $@FU/mI bacterial suspension wpkpettal into a volume of

9 ml PBS and mixed well. This gave a 10 ml volume with a population density of 10
CFU/ml.

Step two: 1 ml of the FOCFU/mI suspension was transferred to another ®BS,
giving a 10ml volume of 10 CFU/m.

This dilution processvas ontinueduntil a bacterial population of 3@CFU/mI was
obtained.

This serial dilution process is shown as in Figure 5.4.

100ml
10°CFU/ml

Step 1: 1ml

e

10ml
91
PBS B> | 105CrUm

Iml

]
jl

Step 2:

9ml 10ml
PBS ‘ 10’CFU/ml

10ml
103CFU/ml

Figure 5.4.Diagram of the serial dilution method.
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Plating

Using the 16 CFU/m starting populations, volumes of iDwere pipetted onto the
55mm agar plates, and spread evenly across the agar surfaceanslaghaped
spreader. The plates were then put into the discharge reactor and treated by

nonthermal plasma discharges.

Incubation

After exposure, the agar plates seeded \Eittcoli or S. aureuswere incubated at

37€C for 18-24 hours. Coloniewere formedn the agar surface after utzation.

Enumeration

The number of bacterial colonies formed on the agar plaes manually coued

using the colony countéBioCote, shown in Figure 5.5.

Figure 5.5.BioCote colony counter.

To establish the population density in the starting suspension, the number of
colony-forming units per plate per plate grown from a jObacterial samplevas
multiplied by 20 to get the CFU count per mililitre (CFU/mI).

In experiments, 50 U samples were seeded onto the agar plates and exposed to plasma
discharges. These results were reporte€Rd/plate The number of colonies in
each tested sample (sples treated by plasma discharges) can be compared directly
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with the samples which were not treated by plasma discharges (0 minutes of plasma

treatment) to present the decontamination capability.

In the present work, the inactivation resultgere defined in terms of normalised
population, S, which represents a ratio of the survived bacterial population to the
initial bacterial population:

Y o— — (5.1)

where S is the normalised bacterial population
P, is the survived bacterial population, !
Py is the initial population of bacteria, thi
N, is the number of bacterial colonies on the plasreated sample plate (CFU)

No is the number of bacterial colonies on the control plates (CFU)
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5.3 Steady-State Corona Discharge

The deadystate corona dischargverefirst used to inactivat&. coli andS. aureus
bacteria Bacteriaseeded agar samplglates were preparedas described irthe

previoussection

In Chapter 3, the steadystate coronaischargesystemwasintroduced.This system
alsowasusedin this part of the presergtudy bacterid samples were placed intbe
dischargdest cellandtreated bythe corona dischargewith different exposure tinge
Then the treated samples were incubated and enumerateidhe changean the

bacterial populatiomasobtainedas a result gbplasmainducedinactivation.

The plasma inactivationxperimentswere conductedunderdifferent conditions.As
mentiored in Chapter3.2, using norconductive and conductive samates, two
types of corona discharge were generatatirect and direct dischargeBased on the
characteristics ofthe steadystate corona dischargeand practical experimental
environment sample exposuréme intervals were set to bendin, 1.5min, 2 min, 3
min, 5min, and 10 minBottledair (~12.5%RH) wasfed into thetest cellto create a
dischargeenvironmentwith different humidity.The pessureanside thetest cellwas
keptat 0.2 bar gaugeBoth positive and negative corona dischageeregenerated
and tested at a constant voltage of 30 kV.

Both dischargecurrent and voltageaveformswere monitoredluring the inactivation
experimentIn addition the concentration of ozone in ttest cellduring dischargs

was also monitored.

In this section, theesults ofthis study in which the populatiors of E. coli and S.
aureusbefore and after expoee to steadystatecorona dischargewas obtainedare
presentedThe dependence of the surviving population ontthal charge delivered
duringthe discharge treatmealso isdiscussed
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5.3.1 Decontaminationby Indirect Corona Discharges

E. coli andS. aureusseeded agar samplesthe non-conductiveplates wereexposed

to the steadystatecorona discharges in the indirect treatment test Th#. change in

the bacterial populatiordue to plasma treatment was monitordtese results are
shown and discussed in this section.

a) PositiveEnergisation

Positive high-voltageDC voltage supplyGlassman WRseries was used to energise
the HV electrode in thandirect treatmentest cel) and tocreate positive steaeltate
corona discharge Ozoneconcentration wameasured during these teand found to
be~2 ppm The populationof survivingE. coli after exposuréo the indirect positive
corona discharges presenteth Figure5.6 as a function of the exposure time.
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Figure 5.6.Surviving E. coli populatiors as a function of exposure timgositive
indirect steadystate corona dischargeatmentAll tests were conducted in triplicate
and each data point in tHigure represents an average valkeror bars show the

standard deviatiorsolid lines are for visual guidance only.
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The initial population bef@ exposurego the plasma dischargesas~181CFU/plate
Generally, with longer exposure time, less surviviagterial coloies were observed.
After 10 minuteof plasma treatmensurviving E. coli populatiors weredown to less
than 40CFU/plate In somecasesfewerthan 10 CFU/platevereobserved

The surviving E. coli population was converted intthe normalised population
according to Equation 5.1t is presentedn Figure 5.7as a function othe total

charge delivered
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Figure 5.7. Normalisedpopulationof E. coli as a function othecharge delivered
positive indirect, steadystate corona dischargeatmentThe solidline is analytical

fitting by equation (5.2)Each data point in this graph represents an individual test.

As can be seemdm Figure5.7, a higherlevel of deliveredcharge during the plasma
treatmentresulted in a lower normalisetiacterial population When the total
delivered chargavas~25 mC, the normalised populatierasreducedo (0.40'0.55);
the highesdeliveredcharge inthis group of testsA45-50 mGresuledin an average

normalised population as low as 0.09.

The normalised population @&. coli as a function otlelivered chargeanbe fitted

with afirst-order kinetic function:
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S(DF exp(-/ D) (5.2)

whereD is thedelivered charge (mC)
S(D) is thechargedependenhormalised population

/ is the rate of the inactivation procegaC?)

In this casgthe inactivation rate/, was found to be .81A0" mC* (0.2540*
-0.37A0" mC*?, within a confidence level of 95%The ftting curve according to
equation (5.2)as indicatedy the solid linein Figure5.7. The fitting procedure was
conducted using the graphing software pack@gmgin Pro 2015

In the case ofGram-positive bacterium S. aureus was exposed tdhe indirect
steadystate corona dischargender the same conditions. The surviving population

S. aureuss a function otheexposure timés shown in Figure5.8.

H%\IJ |

100 | —

50 -

Surviving Bacteria (CFU/Plate)

0 2 4 6 8 10
Exposure Time (minutes)

Figure 5.8.Surviving S.aureuspopulatiors as a function of exposure timgositive
indirect, steadystate corona dischargeeatmentAll tests were conducted in triplicate
and each data point in tHigure represents an average valkeror bars show the

standard deviatiorsolid lines are for visual guidance only.
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The initial population ofS. aureusin this group of tests was170 CFU/plate The
surviving bacterial populationrwas not decreasedbviously after expoare to the
positive indirect corona disalnges for a short perio@f less than 3 minuteé\s can be
seen fronFigure5.8, survivingbacterial populatiomemainsat~162CFU/plate After
longer exposure time, the inactivation effstars to become mor@ronouncedThe
surviving bacterial population was down to~95 CFU/plate after 5 mimtes of
exposureand furtherreductionto ~19 CFU/plateafter 10 mimtes ofexposurewas
observed

The normalised population @&. aureusas a function othe total chargedelivered

during exposuréo the positive indirect corona discharges presenteth Figure5.9.
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Figure 5.9. Normalisedpopulationof S.aureusas a function othedelivered charge
positive indirect, steadystate corona dischargeatmentThe lid line is analytical

fitting by equation (5.2)Each data point in this graph represents an individual test.

When the delivered charge reached ~25 mC, the normalised populatoawéus
was in a range from 0.52 to 0.6&s the delivered charge increased to ~45 mC, the
normalisedpopulationreducedo ~0.11.

By applyingfirst-order kinetic fitting as irequation equation (5.2)the fitting curve
was obtained usingDrigin Pro2015 softwareThis fitting is givenasa solid line in
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the figure The inactivation rate was 0.A®"' mC™ with a 95% confidencenterval
(0.1680™ - 0.3040* mC).

b) NegativeEnergisation

In this section the results of inactivation obtained using negative indirect corona
discharges are presentddhe DC power supply was switched to negaéwergisation
mode. The ozone concentrativas monitorediuringthe treatment with the negative
corona discharges and found to 13 30 ppm, which issignificantly higher than in

the positiveenergisatiorcase.

E. coli was exposedto the negative indirect coronalischarge. The surviving

populatiors of E. coliare a function of the exposure tinasshown in Figure5.10.
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Figure 5.10. SurvivingE. colipopulatiors as a function of exposure timeegative
indirect, steadystatecorona discharggeatmentAll tests were conducted in triplicate
and each data point in tHigure represents an average value. Error bars show the

standard deviatiorSolid lines are for visual guidance only.
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The initial population ofE. coli was ~162 CFU/plate A significant reduction in
E. coli populationwas observedwvhich indicates a strong inactivatiaifectachieved
using negative indirect corona dischagAfter 1 minute of exposure, surviving
E. coli population wasonly ~1i 2 CFU/plate Complete inactivabn of E. coli was

achievednthemost of the sample plates
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Figure 5.11 Normalisedpopulatiors of E. colias a function ofhedelivered charge
negativeindirect, steadystate corona dischargeament The solidline is analytical
fitting by equation (5.2)Each data point in this graph represents an individual test.

In the case othe negative indirect corona discharge treatmeh& normalised
population ofE. coli was reducedto 0.01 at a delivered charge level 6f87mC?,
which shows tha®9% inactivation ok. coli was achieved

By applying thefirst-order kinetic fitting to this group of results, the inactivation rate
was obtainedrom experimergd resultsand found to bed.58 mC* with a 95%
confidence level (0.4®.72mC™).
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The ame proceduresereapplied toS.aureussamples, and the surviving population

of these bacteriafter exposur#o plasma dischargesshown in Figure5.12
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Figure 5.12. SurvivingS. aureugpopulatiors as a function of exposure time
negative indirect steadystate corona dischargeatmentAll tests were conducted
in triplicate and each data point in tHigure represents an average value. Error bars

show the standard deviatio®olid lines are for visual guidance only.

The initial population ofS. aureuswas ~120 CFU/plate This population decreased
significantly after only 1 minutef plasma treatmentesulting in 8.7 CFU/plate
Surviving S. aureus population was decreasddrther to 01 CFU/plate after 3

minutesof exposure tahe negative indirect corona discharges

168



Normalised populatiors of S.aureusas a function othe total charge delivereafter
exposire of the microorganismgo the negative indirect corondischargdas show in
Figure5.13.
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Figure 5.13 Normalisedpopulatiors of S.aureusas a function ofhedelivered
charge negative indirect steadystate corona dischargeatmentThe solidline is
analytical fitting byequation (5.2)Each data point in this graph represents an

individual test.

The normalised populatigrof S.aureusvas decreasei below 0.2 afteexposure to
thenegativeindirect steadystatecorona dischargeith adelivered charge @.1mC.
As the charge deliverediuring thedischarge treatment increased t83~mC, the
normalised population was close to Dhe average normalisedopulation after
exposlire to the negative corondischargs at the minimum delivered charge of ~8
mC was 0.072.

By applying the first-order kinetic fitting to this group of results, the raté
inactivation was found to b®.26 mC* with a 95% confidence level0(22;0.31

mC™H).
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5.3.2 Decontaminationby Direct Corona Discharges

The drect corona discharge test cell was used to perform inactivation experiments
andthe results are presentedthis section(The direct corona discharge systemas
discussed in Chapter) In this systembpacterid samples on agamwereplaced in the
conductive samplplates and directly exposed to corona discharge

a) PositiveEnergisation

A positive high-voltage DC power supply wassed to energise the corona electrode
and to createhe positive corona dischargen the direct dischargeest cell During
the discharge treatment, ozone concentratias monitored and found to be? ppm.
E. coli was exposeto the positive direct corona dischagyd he surviving population

of E. coliarepresented ifrigure5.14as a function of exposure time.
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Figure 5.14. SurvivingE. colipopulatiors as a function of exposure timgositive
direct steadystate coronaischargdreatmentAll tests were conducted in triplicate
and each data point in tHigure represents an average value. Error bars show the

standard deviatiorsolid lines are for visual guidance only.
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The initial population oE. coli was~122CFU/plate After exposireto positive diret
corona dischargefor 1 minuteand 1.5 minutesj)o obvious decrease the surviving
populationwas observedHowever,a minorinactivationeffect was achieved after 2
minutesof exposurethe survivingbacterid populationwas down to ~10€FU/plate
With longer exposure timeg higher degree of inactivation was observed: after 10
minutesof exposure, the surviving. coli population was reduced to ZDFU/plate
average.

Convering the surviving population intthe normalisedpopulation theresultsof

these tests can be preserasd function ofhe total delivered chargasshown in
Figure5.15
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Figure 5.15 Normalisedpopulatiors of E. colias a function ofhe charge delivered
positive direct steadystate corona dischargeatmentThe solidline is an analytical
fitting by equation (5.2)Each data point in this graph represents an individual test.

As show in Figure5.15 the normalisegopulatiors decreasd with anincreasen

the total delivered chargeThe average normalised population was ~0.15 at the
maximum delivered charge of ~&aC.

By applying thefirst-order kinetic fitting to the results, the rate tbe inactivation
processcan be obtained. For the results presented in Figl&e &is rate is found to
be0.29A0" mC™*, with a95% confidence interval (09A0* to 0.3940" mC™).
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S. aureussamplesvere exposetb the positive direct corondischargeThesurviving

populatons wererecordedandarepresentedn Figure5.16
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Figure 5.16. SurvivingS. aureugpopulatiors as a function othe exposure timg
positive direct steadystatecorona discharggeatmentAll tests were conducted in
triplicate, and each data point in tHigure represents an average value. Error bars

show the standard deviatio®olid lines are for visual guidance only.

The initial population ofS. aureusin this group of tests wasl151 CFU/plate After
exposureto the positive direct corona discharge for a sharie, the population of
S.aureusslightly decreasedAfter 3 minutesof exposure, the surviving population
was in a range from 116 to 13@FU/plate Longer treatmentcaused futher

inactivation, the surviving. aureuspopulationdecreasindo ~22 CFU/plateafter 10
minutesof exposure.
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Normalised population and delivered charge were used to present the inactivation

results, as showin Figure 5.17.
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Figure 5.17. Normalisedpopulatiors of S. aureuss a function ofhecharge
delivered positive direct, steadystate corona dischargeeatmentThe solidline is
analytical fitting byequation (5.2)Each data point in this graph represents an

individual test.

As shown in Figure 5.17a higher charge deliveredesults in a higher degree of
inactivation.As the delivered chargencreagdto ~30mC, the normalised population
decreasetb ~0.15

First-order kinetic fittingwasappliedto this group of results, and the inactivation rate
wasfound to bed.37A0" mC?, with a 9846 confidence interval (0.Z70" to 0.4640*
mC™).
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b) NegativeEnergisation

The high-voltage DC power supply was switchedte negativemode and connected
to a direct treatmentest cell Bacterid sampleswere exposedo the negative direct
corona dischargein this caseOzone concentrationnside thetest cellwas 2@60
ppm during the discharge treatment.

E. coli samples were first exposed tbe negative direct corona dischargéhe

population ofthe surviving bacteria as a function tfe exposure timas shown in
Figure 5.18
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Figure 5.18. SurvivingE. coli populatiors as a function otheexposure timg
negative direct, steadystate corona dischargeatmentAll tests were conducted in
triplicate, and each data point in tHigure represents an average value. Error bars
show the standdrdeviation.Solid lines are for visual guidance only.

The initial population oE. coliin this group of tests wasl23CFU/plate Significant
inactivation was observedafter exposureto negative direct corona dischasge
Surviving bacterial populatiorwas close to 0 after only 1 mite of exposure,

completenactivationwasachievedn sample plates after longer time exposure
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In this casethe normalisedpopulatiors of E. coli as a function ofhedelivered charge

is show in Figure5.19
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Figure 5.19 Normalisedpopulatiors of E. coli as a function ofhedeliveredcharge
negative direct, steadystate corona dischargeatmentThe solidline is analytical

fitting by equation (5.2)Each data point in this graph represents an individual test.

The mnimum delivered chargén this group ofexperimendg is 5 mC. It resultedin
more than 99% inactivation &:. coli as thenormalisedpopulation was decreased to
0.1 and less.

By applying thefirst-order kinetic fitting, theestimatedinactivation ra¢ was 0.98
mC™ with a 95% confidence intervad.(31.23mC™).
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S. aureus was exposedo the negative direct corona dischasgelhe srviving

populatiors of S.aureus as a function ofhe exposure times shownin Figure5.20.
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Figure 5.20.SurvivingS. aureugpopulatiors as a function othedelivered charge
negatie, direct, steadystate corona dischargeatmentAll tests were conducted in
triplicate, and each data point in tHigure represents an average value. Error bars

show the tandard deviatiorSolid lines are for visual guidance only.

It canbe seerfrom Figure 5.20complete inactivation of S. aureus on the agar surface

was achieved by-2 minutes of negative direcbronadischarge treatment.

176



The inactivation results were convertednto the normalisedpopulatiors and are

shownin Figure 5.21as a function othe total delivered charge
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Figure 5.21 Normalisedpopulatiors of S. aureuss a function ofhedelivered
charge negative direct, steadystate corona discharggeatmentThe solidline is an
analytical fitting byequation (5.2)Each data point in this graph represents an

individual test.

The normalised populatisrof S. aureuswerereducedo zero completeinactivation
was achiged) after treatnent with the negative direct corona dischasgwith a

minimumdelivered chargef ~5mC.

Thefirst-order kinetic fittingwas appliedo this group of resultsThe estimatedate
of the inactivation process wadeterminedio be 1.44 mC* with a 95% confidence
interval (@z4.86mC™H).
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5.3.3 Summary of Bacterial Inactivation by Steady-State Corona

Discharge

In the experiments conducted and presented inctépter it was shownthat the
steadystatedirect and indirectorona dischargehave the ability to inactivate. coli
and S. aureuson surface The degree of inactivation may vaand depends on
topologiesof the treatment celland polarities othe corona discharge Howevey it
was shown thatlecontamination obacteria oragarsurfacewas achievedby all the
types of steadgtate coronalischarge used in this work The chargedependent

character ofnactivationcurves for both tested microorganismesreestablished.

Two types of corona discharge treatment test cells wereinigbis work direct and
indirect. In the case othe indirect corona discharge treatment, most of the charged
particles were screened along witte high electric field by the groundeaetallic
mesh above the samplius the charged particles were ndll@toreach the sample
surface.lt canbe assumethatin this caseneutral chemic#y active species such as
ozone passdthrough thegroundedmesh andctedon the bacterian the agar surface

resuling in a decontamination effect.

During the positivecorona discharge at +30 k¥he ozone concentration was ~2 ppm.
At the maximumdelivered chargef ~47 mC, a noticeabldanactivation effect was
produced bythe positive indirect corona dischargtie normalisedpopulatiors of

E. coli and S. aureuswere decreased t60.09 and 0.11respectively which means

that~91% inactivation oE. coli and ~89% inactivation d.aureuswas achieved.

In the case ofthe negative corona dischargdreatmentat -30 kV, the ozone
concentration wa&2¢30 ppm muchhigherthan in the case of positive energisation
The inactivation effecivas also higher according to the obtained reséfser 1
minute of exposure tothe negative indirect corona dischasgeahe normalised
populatiors of E. coli and S. aureuswere deceased to 0.01 and 0.0iespectively
which meanghata 99%inactivationof E. coli and 93% inactivation db.aureuswas
achievedusing negative indirect corona dischaz@ge a delivered charge level of 8
mC. As the delivered charge increased to ~16 8@ inactivation o5.aureuswas

observed.
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In the case othe direct corona discharge treatmetite charged particlesould be
delivered tothe samplesurface When positiveenergisatiorwas appliedthe ozone
concentration inside th&est cellwas 1i2 ppm, similarto the case othe positive
indirect coronareatment The inactivation effect produced by positive direct corona
dischargs was also similar to the effegroducel by the positive indirect corona
discharge treatment. The averaggrmalizedpopulatiors of E. coli and S. aureus
werereduced to ~0.15 after expos to the positive direct corona dischagtor 10
minutes. However, the maximum charge delivered at this point wam€E3Which is

much lowerthan inthe case ofheindirect positivedischarge ~47 mC.

Whenthe negative direct corona dischasgeere usedto treatthe bacteria samples,
the ozone concentration was higher,i@0 ppm and significant inactivation effect
was observed The dscharge treatment with relatively low chargedeliveredof ~5

mC resultedn 100% inactivation of botk. coli andS.aureus

By applyingthefirst-order kinetic fitting to the normalised population as a function of
the total delivered chargthe rate otheinactivation process wasbtainedn different

casesThese rates are givenTable5.1.

Table 5.1.Inactivation rate (m&) for indirect and direct corona discharges.

Indirect discharge
Positive Negative
E. coli S. aureus E. coli S. aureus
0.310 * 0.230 * 0.58 0.26
(0.280 *i (0.160 i (0.430.72) (0.2210.31)
0.370 % 0.300 %
Direct discharge
Positive Negative
E. coli S. aureus E. coli S. aureus
0.290 * 0.3710 * 0.98 1.44
(0.190 *i (0.270 i (0.7311.23) (074.86)
0.390 h 0.460 7

Values inbrackets indicate a 95% confidence interval.

In the case of positivenergisationthe inactivation effect ofhe indirect and direct
corona dischargavassimilar for bothE. coliandS. aureusThe inactivation ratefor

these two bacteriaeresimilar.
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Negative energisation in both indirect and direct corona dischggmiuceda
stronger inactivatioreffect comparedo positive energisationThe inactivation rates
in the case of negative energisatiare much higher than in the case of positive
energsation The negative directlischargs producethe strongest inactivation effect

5 mC charge resulted in ~99.9% inactivation®fcoli. Comparel with the indirect
negative corona dischargehe direct negative corona dischasgeroducea higher
ozoneconcentrationduring thetreatment 20/ 60 ppm instead of 1P30 ppm.This
could be the main reason that direct negative discharge treatewiited ina higher

inactivation rate.
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5.4 Impulsive Transient Plasma Discharges

To comparedecontamination efficiencies of different types of discharges
decontamination capability of impulsiydasma transierdischarges wasvestigated
The impulsive discharge systemtnich was described in ChapteB&anproducetwo
types of dischargesurfacetransient plasmdischarge Which propagates acroske
sample/air interface) andirect tiansient plasmdischarggwhich propagates through
the bulk of the liquid or agar sampléi this part otthe presentesearchboth types
of transient plasmédischargevere testedpositive and negativenergisatiorwas used
to develop thdaransientplasma dischareg#s in Chapter 4the breakdown voltages
were selecteds 20kV, 24k V, and 28kV. Treatmentime intervalswerel, 3, § and
7 minutes Pulse repetition ratevas 20 pulses per second. Bactesiare seededon
agar plates (conductive or neonductive) and these agar platesreplacedinto the
discharge reactorand treated bythe nonthermal plasma dischargeThen the
bacterial samplesvere incubated for 1824 hours at 3, and bacterial colony
numbers wereenumeratedDuring the discharge treatmetihe ozone concentration
was measured and found to less than 1 ppmt was notdetectableby the ozone

analyser

5.4.1 Decontamination bySurface Transient PlasmaDischarges

a) PositiveEnergisation

Positive energisationwas applied to thdransient plasmalischarge system with
norrconductive sampllates to create surfacgansient plasmalischargesE. coli

wastreatedby this dischargeThe inactivatiion curves ahown in Figure5.22
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Figure 5.22.SurvivingE. coli populatiors as a function of exposure tinuging
positive surfacéransient plasmeischargdreatmentAll tests were conducted in
triplicate, and each data point in tHigure represents an average value. Error bars

show the standard deviatio®olid lines are for visual guidance only.

The nitial population ofE. coli in these tests/as in a range of 7000 CFU/plate An
obviousdecrease in populatiowas achievedor all threeappliedvoltages.After 1
minute ofexposurdo the surfacetransient plasmdischarge with breakdown voltage
of 24 kV and 28 kVE. coli populatiors weredecreasetio ~(43i 46) CFU/plate The
decreasewas also observedn the samples exposedo the dischargse with a
breakdown voltagef 20 kV: the populationwasreducedo ~77CFU/plate A further
decreasén the population oE. coliwas achievedfter 3 minute®f exposure for all
breakdownvoltages the populationwasreducedo less than 1CFU/plate It can be
seen fronfFigure 5.2Zhat all bacteriavereinactivatedafter 5 minutes aofreatment

The survivingbacterial populatioswere converted intothe normalised population

andarepresented as a function of delivered chargeshowrn Figure 5.23
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Figure 5.23 Normalisedpopulationof E. coli as a function ofhedeliveredcharge
usingpositive surfacéransient plasmdischargeareatmentThe solidline is an
analytical fitting byequation (5.2)Each data point in this graph represents an

individual test.

It is clear that the decontamination effecpieportionalto the delivered chargas
more charges delivered to the sample surfadessE. coli survivedon the plate
treated bythe discharge The rormalisedpopulation was reduced to ~0.01 as the
delivered charge reached ~10 mi@. the case othe dischargetreatment witha
delivered charge higher than 13 mCthe normalis& population of E. coli was

decreased to GFU/plate Completeinactivationwas achieved

The rate of inactivation/, was found to b®.26 mC™. Thisfitting is presenteas the

solid line in Figures.23

As with E.coli, S. aureuswas treated by surfadeansient plasmalischarges with
positive energisation The survivingbacterial populatioras a function of exposure

timeis presented in Figurg.24

183



200 T T T T T T T
— —a— +28 kV/| 1
% —o— +24 kV
o 150F —a— +20 kV/]
-
LL
L
8 100+ .
9
(&)
©
om
(o]
£ 50k ]
S
e
>
%)
0k .
1 1 L 1 1
0 2 4 6 8

Exposure Time (minutes)

Figure 5.24 SurvivingS.aureuspopulatiors as a function oéxposure timesing
positive surfacéransient plasmeischargdreatmentAll tests were conducted in
triplicate, and each data point in tHigure represents an average value. Error bars

show the standard deviatio®olid lines are for visual guidance only.

The initial populatiorof S.aureusin theseexperiments was 13076 CFU/plate This
number wageduced to40-50 CFU/plateafter 5minutes ofexposure tdhe positive
surfacetransient plasmalischargs. Further decreaséen S. aureuspopulationwas
observedwith an increse in the treatment timewith less thanfive colonies of

S.aureuswereobserved on agar platafter 7minutes ofexposure.

As in the case oE. coli, the surviving populatisof S. aureuswere converted into
the normalisedpopulatiors and are presentedn Figure 5.25as a function ofthe
delivered charge.
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Figure 5.25.The rormalisedpopulatiors of S.aureusas a function ofhe delivered
chargeusingpositive surfacéransient plasmdischargdreatmentThe ®lid line is
analytical fitting byequation (5.2)Eachdata point in this graph represents an

individual test.

The rormalisedpopulation ofS.aureuswasreduced to 0.8 aftehe plasma discharge
treatmentwith atotal delivered charge of 2.5 mEurtherdecreasgin the population
of S.aureuswas observedavith an increase ithe delivered chargeas thedelivered
chargencreased to 20 mG thenormalisedpopulation decreased to O.

Applying the first-order kinetic functiorin (equatiorb.?) to fit the experimental data
(thenormalisedpopulatiors of S.aureusas a function oflelivered charge}he fitting
curve is obtained and showms the solid line inFigure 5.20 The rate of the

inactivation /, was found to b&.11 mC*.
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b) NegativeEnergisation

The negativeimpulsive mwer supply(SamtechSwitching Generatorjvas usedto

energise thehigh-voltage electrodes in the dischangmctor The surfacetransient
plasma dischargesere generated to treat bacteria samples.

E. coli was seeded on agan thenonconductiveplastic plates andhenexposed to
the transiensurfaceplasmadischargs. Surviving bacterial populatiocawere counted

andarepresenteds a function ofhe exposure time ifrigure5.26.
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Figure 5.26.SurvivingE. coli populatiors as a function of exposure tinuging
negative surfactransient plasmedischargdreatmentAll tests were conducted in
triplicate, and each data point in tHigure represents an average value. Error bars

show the standard deviatid®olid lines are for visual guidance only.

The initial pgulation ofE. coli in these tets was in a range ofL33i 189 CFU/plate

After 3 minutesof exposure, the average surviving population was less than 50
CFU/platefor all three breakdown voltagethis numberwas reducedurtherto less

than 5CFU/plateafter 5 minute®f exposureAfter 7 minutesof exposure, 0 colonies

were observed on most of the agar plates
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The rormalised populatiasof survivingE. colias a function of total delivered charge

is shown in Figur&.27.
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Figure 5.27. Normalisedpopulatiors of E. coli as a function ofhecharge delivered
usingnegative surfacgansient plasméischargdreatmentSolid line is analytical

fitting by equation (5.2)Each data point in this graph represents an individual test.

The normalised popation of E. coli wasreducedto 0.01 when the delivered charge
reached ~15 mQdnactivationwas achievedt the maximum chargef ~20 mC.A
first-order kinetic fitting curve waebtainedaccording to equatio(b.2) using Origin
Pro 2015, and the rate of inactivati@aywasfound to bed.19mC™.
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S. aureuswvas then exposetb the surfacetransient plasmadischargs with negative
polarity. The sameexperimenal procedurevas applied as in the previously described

E. coli tests Theresultsare shownn Figure5.28.
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Figure 5.28.Surviving S.aureuspopulatiors as a function of exposure tinuging
negative surfactansient plasmedischargdareatmentAll tests were conducted in
triplicate, and each data point in tHigure represents an average value. Error bars

show the standard deviatio®olid lines are for visual guidance only.

The initial population ofS. aureuswasin a range o203 278 CFU/plate After 3
minutesof exposurego thenegative surfac&ransient plasmaischargs, the average
number of survivingS. aureus population was less than 130DFU/plate After 5
minutes of exposure, the survivingacterial populatiorwas below 60CFU/plate
After the longesexposure7 minutes, complete inactivation was achievedanast of

the platesonly 1 or 2 coloniesvere observed on the remaining plates
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Thenormalised populationf S.aureusis presented as a function of charge delivered
in Figure5.29.
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Figure 5.29 Normalised populaticsiof S.aureusas a function ofhedelivered
chargeusingnegative surfactransient plasmdischargedreatmentThe ®lid line is
analytical fitting byequation (5.2)Each data point in this graph represents an
individual test.

Thenormalised populati@reduced withan incrementin thedelivered chargdn the
case ofthe maximum delivered charg®4 mC, the normalisedpopulatiors were
decreasedo less than 0.01The first-order kinetic fitting curvedwvas plottedper
equation(5.2) and givena solid line in Figure 5.24 The rate of inactivatign/ , is
0.97A40" C™.
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5.4.2 Decontaminationby Direct Transient Plasma Discharges

E. coli andS.aureuswere seeded on agartheconductive sample plateandtreated
in the dischargereactor. In this case, bactdreamples were exposed tioe direct
transient plasmalischargesOzone concentration duringhe direct transient plasma
dischargereatmentwas measured and found to begligible (less than 1 ppmJhe
waveforms ofthe bre&kdown voltage and currenwere recordedor the delivered
charge calculation. Bacteriaon the tested sample plates were enumerdtetbre

(control) and after exposur@he results of tese testsare presentedn the next
section.

a) PositiveEnergisation

The surviving populatios of E. coliarepresented as a function thie exposure time
in Figure5.30
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Figure 5.30.SurvivingE. coli populatiors as a function of the exposure timesing

positive direct transient plasma discharge treatmédittestswere conducted in

triplicate, and each data point in this figure represents an average value. Error bars
show the standard deviatid®olid lines are for visual guidance only.
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The initial population ofE. coli on the agar plates a8 in a range 0f203 265
CFU/plate After 1 minuteof exposure tdhedirect transient plasma discharges with a
breakdown voltage of 28 kV, the survivirk§ coli population waseduced to150
CFU/plate For thedirect transient plasma dischasgeith a breakdowrvoltage of 24
kV and 28 kV, the average surviving populasonere 190CFU/plateand 170
CFU/plate respectively Further exposureesultedin a decrasein the surviving
bacterial populationt wasobservedhat the survivinge. coli population wasedwced

to less than 2CFU/plateafterexposurdo thedirect transient plasma discharges with
different voltage levelsinactivation was achieved e direct transient plasma
discharge treatmenthowever, unlikein the case ofthe surface transient plasma
dischargs, no completeinactivation (0 CFU/platg was observedeven after 7
minutesof exposure.

The survivingE. coli populationwas convertednto the normalised populatiors, and
the delivered chargevas obtained Figure 5.31 shows the normalexl populatios of

E. coli after exposire to positive direct transient plasmaischarges as a function of
delivered charge
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Figure 5.31 The rormalisedpopulatiors of E. coli as a function othecharge
deliveredusingpositive direct transient plasmdischargdareatmentThe solidline is
an analytical fitting byequation (5.2)Each data point in this graph represents an

individual test.
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It is established thathé normalised populatisnof E. coli is a function ofthe
delivered chargeThe highestdelivered chargevas 22 mC, and it resulted in a
reduction of thenormalisedE. coli populationto 038A0". Different breakdown
voltages do not resultin a differencein the relationship between delivered charge and
normalised population.The first-order kinetic fitting curvewas obtained using
equation (5.2 Thecurve is shownn Figure5.31; the rate otheinactivation process
/,is0.13mC™.

S. aureuswvas then treatedith the positive direct transient plasmadischargs. The
surviving bacterial populationis presentedn Figure 5.32as a functia of the
exposure time
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Figure 5.32.Surviving S.aureuspopulatiors as a function of exposure tinuging
positive direct transient plasmédischargdreatmentAll tests were conducted in
triplicate, and each data point in tHigure represents an average value. Error bars

show the standard deviatid®olid lines are for visual guidance only.
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The initial population ofS. aureuswasin a range ofl94i 196 CFU/plate After 3
minutes of exposure tthe direct transient plasma dischargesth a breakdown
voltage of 28 kV, the surviving population wagduced to~94 CFU/plate Higher
surviving populatiors of S. aureus were observedafter exposure tahe direct
dischargs with a breakdownvoltage of 24 kV and 20 kV147 CFU/plateand 162
CFU/plate respectively After 7 minutes of exposure the direct transient plasma
discharge witha breakdownvoltage of 28 kV, the surviving population was 19
CFU/plate In the case of "minutesof exposure to thelirect transient plasma
dischargs with a breakdownvoltage of 24 kV and 20 kV, the survivirzacterial
populatiors were82 CFU/plateand 88CFU/plate respectively

The surviving populatiors of S. aureusvereconvertednto thenormalisd population

andareshownin Figure 5.33s a function otharge delivered.
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Figure 5.33.Normalised populatiaof S.aureusas a function ofthedelivered
chargeusingpositive direct, transient plasmeischargdreatmentSolid line is an
analytical fitting byequation (5.2)Each data point in this graph represents an

individual test.
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At the maximum delivered chargé ~20 mC*, 0.05 0.15 normalised populationas
observedThefirst-order kinetic fitting curves givenin Figure5.33 The inactivation
rate | , is0.57A0" mC™.

b) NegativeEnergisation

Negative pulsesvere generatedby the pulse power supply and delivered to the
discharge reactor to generatBe negative direct transient plasmadischarges.
Bacteria samples were treatby the negative direct dischargesd the surviving

bacterialcolonywereenumerated.

Figure5.34 showshe surviving populationof E. coli after exposuréo the negative

direct transient plasmeéischarge.
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Figure 5.34.SurvivingE. coli populatiors as a function of the exposure timgng

negative direct, transient plasmedischargdareatmentAll tests were conducted in

triplicate, and each data point in tHigure represents an average value. Error bars
show the standard deviatid®olid lines are for visual guidance only.
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The initial population oE. coli wasin the range 0.01-123 CFU/plate Inactivation
was achieved bgxposure of thesamples to direct transient plasma discharges.
shown in Figure5.34 after 5 minute®f exposure, the survivinigacterial population
was less than 6CFU/plate The difference in breakdown voltage did not make a
significant difference in the inactivation effegtfter the longest exposure, 7 minutes,
the survivingbacterial populationwas less than 3&FU/plate Someplateshad a

populationlower than 10CFU/plate however full inactivation was not achieved.

The normalised populatisof E. coliwerecalculated andrepresented ifrigure

5.35 as a function of thtetal delivered charge.
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Figure 5.35 Normalised populatiaof E. coli as a function ofhedeliveredcharge
usingnegative direct transient plasmdischargeThe solidline is an analytical
fitting by equation (5.2)Each data point in this grapépresents an individual test.

The nomalised population was reducedt04i 0.10 afterthe direct transient plasma

dischargdreatmentwvith adelivered chargef ~21 mC.

Thefirst-order kinetic fittingwas appliedo theresults Thefitting curveis shownas

asolidline in Figure5.33 The inactivation rate was found to ®6740* mC™.

195



The surviving populationof S. aures & a function of the exposure time in the case

of treatment with negative direct dischargesshownin Figure5.36

200 T T T T T T T T
—a— - 28 kV |
© e 24KV

8 10l —a—-20kV/]
>
LL
e

S 100 .
g
(&)
©
m
(@)

£ sof -
=
c
=]
@

ol ]

1 1 L 1 1
0 2 4 6 8

Exposure Time (minutes)

Figure 5.36.Survivingpopulatiors of S.aureusas a function oéxposure timeising
negative direct transient plasmedischargdreatmentAll tests were conducted in
triplicate, and each data point in tHigure represents an average value. Error bars

show the standard deviatid®olid lines are for visual guidance only.

The initial populatios of S. aureusvasin a range ofl56 187 CFU/plate a decrease
in population was observedwith an increase in treatment timélowever, the
inactivation effect ors. aureusvas not as significant as in the caseeotcoli. Even
after 7 minutes of exposure the direct, transient plasmalischarges, the surviving
bacterial populatiomvas stillhigher than70 CFU/plate Different breakdown voltage

did not result in aifference in the inactivatioaffect
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The rormalisedpopulation ofS. aureuss presented irFigure5.37 as a function of

thedelivered charge
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Figure 5.37. Normalised populatiaof S.aureusas a function ofhedelivered
chargeusingnegative direct transient plasmeischargeThe solidline is an
analytical fitting byequation (5.2)Each data point in this graph represents an

individual test.

As shown inFigure 5.37, the normabsl population ofs. aureuswas higher than in
any other case#fter the exposure to théischarge witithe highestdelivered charge
(~25 mQ, the normalied population was still itherangeof 0.34 0.43.

By applyingthefirst-order kinetic fitting to tk experimentabf resultsthe rate othe

inactivation proceswas found to beery low,/ = 02540 mC™.
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5.4.3 Summary of Bacterial inactivation by Impulsive Transient

Plasma Discharge

The primary focus of thissection ofChapter 5was investigation of the inactivation
capability of the transientatmospheric plasma dischargés.was found that the
impulsivetransient plasmdischargs produce a significantinactivation effect orthe
target bacteriasampleson surface Both the surfacetransient plasmalischarge
treatment andhe direct transient plasmadischarge treatment resulted imaticeable
decrease ibacterialpopulation The tendencies of thehargedependeninactivation

wereobserved

In the case dthe surfacetransent plasmalischargs, the dischargedevelod across
the sample/air interfacéAfter exposire to the positive surface transient plasma
discharges with a delivered charge of ~13.5 mi@nplete inactivation oE. coli was
observed (the normalisg@bpulationwas decreased to)0The total charge of19.5
mC was required d achieve complete inactivatioof S. aureus When negative
energisatiorwas appliedo the HV electrodethe complete inactivatioof E. coli and
99% inactivatiorof S.aureuswere achieved dhe totaldeliveredchargelevels of 21

mC and 25 mCrespectively

In the case ofhe directtransient plasmaischargetreatment more than 85% athe
S.aureuspopulationwas inactivatedafter expoare to the positive direct transiem
plasmadischargetreatment withthe delivered chargef 21 mC.E. coli was also
exposedto the positive direct transent plasmadischargs: 96% inactivation was
achieved athe maximumdelivered charge of ~22 m@Vhen negativeenergisation
was applied tahe direct, transient plasma discharge system, the maxirdahvered
charge inE. coli tests was-21 mC The normalisedpopulation was in a range of
0.04/0.10, which meanthat90%to 96% inactivationwas achievedin the case 08.
aureus the normalied population was decreased to 0.844 at a maximum

delivered chargef ~25 mC,with only 58% to 66% of bacteria inactivated.

First-order kinetic fittingwasused to fit the experimental datapoirifse inactivation
rateswere obtained usmthis fitting and theresultsfor all testsarelisted in Table
5.2.
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Table 5.2Inactivation rate (m€) for surface and direct transient plasma discharges.

Surface discharge
Positive Negative
E. coli S. aureus E. coli S. aureus
0.26 0.11 0.19 0.9710"
(0.237 0.30) (0.1070.13) (0.170.22) (0.88107*
10.11)
Direct discharge
Positive Negative
E. coli S. aureus E. coli S. aureus
0.13 0.5710™ 0.6710™ 0.2510™
(0.11710.14) (0.5110 %7 (0.5710 %7 (0.22107% 7
0.63107Y 0.76107Y 0.2810°%

Values in brackets indicate a 95% confidence interval.

The results obtained fromebe testsshow that the inactivation capability the direct
transent plasmadischarges is substantially lower than thattted surfacetransient
plasmadischarges As listed in Table 5.2, the inactivation rates ofhe surface
dischargs are twice as high as the inactivation rateshafdirect transient plasma
dischargs, for both types of bacteria and both polarities of energisatfos.
mentiored earlier, the direct transient plasma dischasgaopagatehroughthe bulk

of the agar sample, whil¢he surface dischargepropagateacross the agar/air
interface.Therefore the surface dischargdreat a larger surfacreaand demonstrate
a substantially highemmactivationrate.However, the inactivation effect demonstrated

by thedirect transient plasma dischasge alsonoticeable

This study also showed th&t coli has a higher sensitivity tihe impulsivetransient
plasmadischarge compared withS. aureus The inactivation rate obtainedfor E.
coli are twiceas high ashe inactivation ratefor S.aureus This higher sensitivity of
E. coli to thetransientplasma treatmens potentiallycausedoy the difference irthe
cell structue of Grampositive and Grammegative bacteria. The thicker
peptidoglycan layer of Grafpositive may help to protedchese bacteria fronthe

lethal damageaused by th&ansient plasmédischarge treatment.

The difference inthe breakdownvoltage levels of the impulsive transient plasma
discharge did not produce aoticeabledifference intheinactivationresults.However,
it was found that the inactivation effect is a function of the total delivered charge

199



Underthe same experimental conditioffthe samebacteria typedischarge polarity
and topology, thetransient plasmédischargdreatment witha higherdelivered charge

resulsin a higher degree dfacterialinactivation

The nactivation capability of the impulsive transient plasndischarge was
investigated.The experimentalresults will help in further study dahe nonthermal
plasma for decontamination applicaspespecially irnthe design and optimégion of
theplasma treatment systems basedhatransient discharges in atmosphexiic

5.5 Discussion andConclusions

In this chapter, the decontamination capabilities of the ststadg corona discharges
and the impulsive transient plasma dischargeere investigatedAn experimental
study of the decontamination efficiency of the trami plasma dischargewas
completed and the obtainedresults were presentedand discussedE. coli and S.
aureus were usedin the inactivation experiments as target microorganisms
representing Gramegative and Graspositive bacterigrespectively

It was shown thatdith steadystate corona dischargand impulsiveransent plasma
dischargs produce anoticeablebio-decontanination effect, which is in line witthe
previousy publishedresults[32], [100]. The original experimentaksults also show

that the degree dhactivationis chargedependanthigher deliveredcharge always
resuls in a higher degree of inactivatidior the same type of dischargesigher
delivered chargeis normally achievedfrom an increasing discharge curremr
exposure timeA similar resultwas obtainedn [226]. In this research, Dobryngt. al

used DC corona dischagéo inactivateE. coli, and they presented the surviving
bacteria colonies number as a function of dose (chpeg¢ r e at e d/cmd.r e a ,
Their results showed that higher charge delivered to the sample could result in a more
pronounced bi@lecontamination effect: 1 log decredsebacteria population was
achieved by the plasma treatment with a dose ofe~¥Bn? (total charge delivered
during the treatment was ~2.5 mC), while plasma treatment withe 30’ (~10

mC total charge) resulted in more thatog reduction in bacterigoopulation.
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In the study of the steaedstate corona discharges, the negative corona dischage
shown toprovide a significant inactivation effect. In the case ofititerect corona
discharge treatment, the inactivation ratese0.575mC™ for E. cdi and0.264 nC™

for S. aureusin the case othe direct corona dischargeeatment the inactivation
rateswere even higher, 0.978 m&for E. coliand 1.441 m€ for S. aureus In the

case of the negative direct corona discharge treatment, a minimum charge delivered to
the bacterial sample resulted in a 0.99 reduction inntrenalisedpopulation.In

[226], a slightly higher charge (~7.3 mC) was required to achieve similar résults

using negative corona discharges.

In addition the corona discharge treatment used in this thesis demonstrated high
bio-decontamination efficiency compared with other similar inactivatiethods 99%

of S.aureuswere inactivatedby the negative direcoronadischarge treatment with a
duration of 1 minutedn contrast, more than 20 hours are required to achidvegs
reduction inS. aureuspopulation in the series of corona discharge treatment tests
described i236].

Ozore production during the dischargeeatmenthas been investigated, andwas
consideredto be one of the most importarfactors that causedhe differencein
inactivation results forpositive and negative corona dischaxg&he ozone
concentration was machigher duringhe negative corona discharge treatmer& 30

ppm and 2060 ppm in the case of indirect and direct dischgrgespectively than
during the positive corona discharge treatment Z1ppm). Although a noticeable
degree of inactivation was also achievedttwypostive corona discharge treatment,
faster and more intensive bicontamination effect was achieved by the negative
corona discharge treatment with a higher ozone concentrdtioconfirms he
dominating role of ozone in the baecontamination process by the corona discharge
treatment. As reported if237], air plasma treatment and ozone treatment with the

same concentration resultedanery similar reduction in bacterial population.

In the study otheimpulsivetransient plasma dischagyénactivation ofE. coli andS.
aureuswas also achievedsing different topologies anenergisationmodes.The
resultsdemonstratedhat the different breakdownvoltages @ not produce different

inactivation effet. Results showedhat not onlythe chargedelivered by the
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discharge treatmentut also theenergisation polarities and discharge topologies
affectthe inactivation resudt The positive impulsivetransientdischarges resulted in
slightly higher inactivation rage More importantly,the surfacetransient plasma
discharge producel a greater inactivation effect. This is becausethe surface
dischargs propagate through the sample/air interfatteerefore they act upon a

larger sample areshich resultsn a higher inactivation rate.

Also, it was shown thaGramnegative bacteriare more sensitive tothe transient
plasmadischarge than Granpositive bacteriaThe thicker peptidoglycan layer of
Grampositive baceria may protecs those microorganisms against tet#hal damage
caused by the transient plasmigchargs. This hasbeen confirmed by the results
presented iH{237]: 99% inactivation ofPseudomonagseruginosa(Granmnegative)
was achieved by 60 seconds of plasma treatment, while 80% inactivagommfeus
(Grampositive) was achievedby the same type of plasma treatmehtstudy [236]
also reported thakE. coli (Gramnegative) were more susceptible to the gdma
germicidal effect thanS. aureus(Grampositive), as 3.80g and (2.62.5)}log
inactivation was achieved using the same plasma discharge treatntertairandsS.

aureusrespectively.

The @one concentrati@measureduringthe transient plasma aamentwas Oppm
This indicates that other reactivaxygenspecies such as OH radicals amttogen
reactive species contribute the inactivation proces#\s reported in [68], [218] and
[219], the concentration of 4@, and NQ' in water solution increased after the plasma
discharge treatment. The pH and conductivity of water soluti@re also increased
after the treatment. All thedactorscould lead tathe bio-decontaminatioreffect of

the transient plasma discharge treatmen

Two types of dischargesvere investigatedin this chapter and the obtained
decontamination resultgerepresente@nd analysedSeveral important factorghich
affect inactivation efficiency of the plasma dischargesh asnergisatiorpolarities,
discharge topologiesind delivered chargeerediscussedThese resultsvill help in
further study of notthermal plasma decontamination atied optimisation of this

process.
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CHAPTER 6

OH Radicals Producedby Atmospheric

Non-Thermal Plasma DOscharges

6.1 General Introduction

The oxidation capabilitiesof the nonthermal plasma dischargevere evaluatedin
Chapter 4, andhe decontamination capabikits of nonrthermal plasmadischargs
were examinedin Chapter5. As mentioed previously strongelectric fields, UV
emissiors, and production ofchemically reactive speciesy nonthermal plasma
dischargs areresponsiblefor the oxidationand decontaminatioreffecs. Although
the exact mechanisms of batecontamination of the transient plasma disgésstill
are not well understood, it is believed th#te reactive chemical species are
considered to be the main contribwtaio bacterid inactivation and chemical
oxidation by air-based notthermal plasma dischargg¥?], [142]. Optimisation of
production of the reactive species byhe nonthermal plasma dischargewnas
identified as the main challenge related tbhe successfuldevelopmentof practical
applications of the transientplasma dischargein environmentaland medical
fields[238].

It was demonstrated thtte reactive oxygerspeciesare the main contributors the
oxidation and decontamination capabilities of #tlbermal plasma dischargf’3],
[107], [197] This was establishedn Chapter 4 and Chapter the negative corona
dischargs resulted in bettedecolorisationand decontaminatioreffects with higher
production of ozoneThe gpearancef ozoneindicates the presencef the reactive
oxygenspeciegjeneratedy plasma dischargeklowever the role ofeachindividual
chamical speciesn the decontamination processsnot determined.

It hasbeenreportedthat hydroxyl radicalsre detectedn nonthermal atmospheric
plasma dischargdg239], [240]. OH radicals arehighly reactive species, and these
species can make significant contribution to the oxidation and decontamination
processes. IN241], OH radicals generated in humid air bylielectric barrier
discharges are primarily responsible for the inactivation of

Geobacillusstearothermophiluspores. Papgi44] suggested that OH radicals
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produced bydischargesn humid air quickly take part in chemical reactions and
generatea significantamount ofperoxides to inactivatBacillusatrophaeusporesin
researchpublicationssuch ag87] and[242], it wasalso reportedhatthe OH radicals
arethe main reactive oxygen species thantributeto oxidation reaction and then
inactivation of bacteria during atmospheric plasma discharges.

The OH radicals cabe generateth multiple waysduring nonthermalatmospheric
plasma discharge including direct electronic excitation of water molecules and
dissociative recombination ekcited water molecule§l61], [162}

HO+¢€Y OH + H + e (6.1)
HO"'+€Y OH + H (6.2)
HO"+ H,O Y *(H4O) + OH (6.3)

Othermechanisms of hydroxyl radical formation in plasma treated liquid sotdi@n
possible For exampleas discussed 8], the brmation of OH radicals involvate
formation and subsequent dissociatiopefoxynitrousacid

As discussedin [243] and[244], ozone molecules can bdecomposed in water
through a chain reaction catsdgl by hydroxyl radicals. Ozone reacts with OH
radicals resulting inthe productiono f .. AH&n an electron will be transferred &m
ozone mol ecg.l gAidtorn reacswith watér molecules to form OH
radicals Although the complex process of OH radical formation is &ilgely
unexploredfurther investigation on the reactions is not in the scope of this research.
Consideringthe nonthermal plasmadischargessystem used in this research (as
describedin Chapter 3), OH radicalsan be produced irthe air above the sample
surface andhen diffuseinto the liquid (if their halflife is sufficient), orthey can be
producedlirectlyin the liquid sample whedischargepropagate to the liquid surface.
It has beerdiscussedn Chapter 23 that most of the OH radicals are generatethet

air/liquid interface in the case of transient spdidcharges

204



Hydroxyl radicals have a short hdifie (estimated haffife in nanosecond§245]),
and theyalsoarehighly reactive andypically have dow concentration in théquid.
Due to thesecharacteristicshydroxyl radicals may not be detecteasilyin optical
emission plasma spectras reported if246], OH radicalsnvere not detectedt 308.9
nm in the case of nethermal plasma discharges until a muctore intensive
transient sparklischarge in theatmospheriair wasused. Multiple approaches have
been used to detect OH radicals produced by plasma discharges, including
laserinduced fluorescence techniqye89], light emission spectroscop347],
electron paramagnetic resonanapectroscopy[248], and use of chemical
probeg249]. A terephthalic (TA)acidbasednethodwasproposed andsed to detect
OH radicals if250] and[251]. TA as a highly selective OBcavengemwould react
only with OH radicalsto form 2-hydroxyterephthalic acidHTA). HTA provides
fluorescence emission wheaxcited with light at 310 nm. Measurement of
concentration ofOH radicals was based dhe detection othe fluorescence signal

emitted by HTA molecules after plasma treatment

In this chapter, measuremertdf the concentration o®OH radicas produced in the
liquid by atmospheric nethermal plasma dischargegere conductedTo coordinate
these measurement withe results obxidation and decontamination stesl reported
in previouschaptersthe steadystate coronalischargesand the impulsive transient
dischargesveretested.The factors that magffectthe OH radical production, such as
dischargepolarity, voltage,total charge delivered, ainumidity, and discharge path
are discussed Through this research work, information for optimisatioh OH
production by plasma discharges vpasvided
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6.2 Methodology of OH Radical Detection

6.2.1 Terephthalic (TA) Acid and 2-Hydr oxyterephthalic Acid
(HTA) for OH Radical Detection

To investigate the production of hydroxyl radicals by #tbermal plasma discharges

in atmospheric aifTA was selected e OH scavengein this series oéxperimens.

TA is a white solid in powdeform, widely used in the industry process of making
polyester.lt is a low toxigty chemicalwhich is hard todissolve in water oalcohols
The formula ofTA is CsHs(COH),; the mdecular weight is 166.18/mol, and its

structurels show in Figure6.1.

O

OH
HO

O

Figure 6.1.Molecular structure of terephthalic acid

Several chemic#dy active speciesxan be produced by ndhermal atmospheric
plasma dischargesjcludingthe reactive oxygen species (RQ®BH reactive nitrogen
species (RNS)Typical oxidation indicators would react with most of the ROS, not
only with hydroxyl radicals. TA was selected because it specificalgacs with
hydroxyl radicalsonly; it does not evenreact with ozone which also is highly
oxidative This reaction transforeiTA into 2-hydroxyterephtalic acid (HTA) through
theadditionof OH to its aromatic ring.

HTA (2-hydroxyterephthalic acigd)CgHsOs, is achemical inpowder or crystaform
that typically has avhite or yellowcolor. It has a molecularveightof 188.13 g/mol.
One of the most importarieatures of HTA is that it can give fluorescence under its
excitation conditions. The fluorescenceemissionintensity is in proportion to the
concentration of HTAinderthe excitationcondition. The molecular structure of HTA

is shownin Figure 6.2
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OH

"o OH

O

Figure 6.2.Molecular structure of-hydroxyterephthalic acid

The ecitation wavelength for HTA is ~315 nm, and the peak of its fluorescence
emission is ~425 nmThe hydroxyl radicals generatdoy nonthermal plasma
discharges Wl react with TA, and HTAwill be the only product of this reaction.
Therefore, the intensity dhe fluorescenceignalindicates the concentration of HTA,
andusing theyielding ratewhich can be obtained by calculatjdhe concentratiorof

OH can be calculatedt hasbeen reportedhat the OH yield fromthe oxidation of
HTA by oxygen is 3% [249]i [251], and this rate can be usedto calculateOH

concentration in the conditions of this experimental work.

The generalmethodologyof using TA and HTA to measurbydroxyl radical

prodiction by nonthermal plasmaischargess explainedn Figure 6.3

Non-thermal Plasma Discharges Excitation ~315am

on- ¥
Measurement and
TA I > HTA Calculation

Fluorescence ~425 nm

Figure 6.3. Generalschemati®of OH radicalmeasuremestusing TA and HTA
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TheTA solution was prepared and then exposed to thetlmermal plasma discharges.
After the treatment, the sampleas placd into a spectrofluorophotometean which
315 nm light was used as excitation light, and the fluorescence signal at 425 nm was

measured

6.2.2 Preparation of TA and HTA Samples

Terephthalic acid(TA) sample

The erephhdic acid powder purchasedrom Acros Organicshasa high purity of

99+%. Because the TA poorlglissolves in water directly, NaOH water solution was
prepared athe solvenfor the liquid samplefirst, 10.2 gof sodiumhydroxidepellets
(SigmaAldrich Ltd., purity>98%) was dissolveth 250 ml distilled water to make a
NaOH solution witha concentrationof 1 mole/L. Then5 ml of this solution was
extracted andnixed with 95 ml of distilled water to make 100 ml solution with
NaOH concentratiorof 5 mM. Then, 34 m@f terephthalic powdewas weigled on

the digital analytical balarqOhau$ Adventuref balance AR 1530and put intche

NaOH solution toobtain thedesired sample solution (2 mM TA aBdnM NaOH)

Figure 6.4 a, b, and c show the terephthalic acid, NaOH pellets, and sample solution,

respectively.

(b)

Figure 6.4. (a)Terephthalic acid (b) NaOH pellét (c) 2 Mm TA, 5 mM NaOH

sample solution
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The sample solutiorwas teld in a 250 ml bottle and kept imcool, dark place.The

pH of the sample solutiowas~10.9, measured by thpH meter (Hanna Instruments

PH210) Then 6 ml of TA solution was placed onto neonductive(seeFigure 6.5a)

or conductve (seeFigure 6.5bplateesandexposed to nothermal plasma discharges

for different time intervals. After exposure, samples were transferred into plastic
cuvettes(seeFigure 6.5c)and measured again fqoH. More importantly samples

were placed intothe spectrofluorophotometerand the fluorescence signal was
measuredClean plastic tansferpipettes( Ther mo Sci e ntwerkisedE St er i

to transfethe sample solution.

-
L »

u':'_z‘ &,«
\(c)‘c‘

Figure 6.5. Terephthalic solution sample {g) non-conductiveplates,(b) conductive

plates and(c) in plastic cuvettes

2-Hydroxyterephthalic acid (HTApample

In this researchHTA solution samples with differeicbncentrations weresed HTA
powder with purity~97%was purchasettom SigmaAldrich Ltd. (see Figure 6.6a)
A total of 38 mg of this powder wasweighed using the digital analytic balance
(Ohau$ Adventuref balanceAR 1530 anddissolvednto the prepareds mM NaOH
solution toobtainan HTA solution with a concentration of 2 mMhis solutionhas a
light yellow color. It was stored ira 250 ml bottle(see Figure 6.6Bnd kept inacool,
dark placeAfter this stepp mM of the NaOH solution was used again to dilute the
sample solution down to have samples with lower HTA concentrdhdhis way, all
HTA samples were kept inthe same NaOH concentration @M) but with 11
different HTA concentrationsfrom 0.1 mM tol.1 mM, increasedy 0.1mM. HTA
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samples were transferred into plastic cuve(te®e Figure 6.6cand placednto the
spectrofluorophotometgiShimadzu RF5301PC)to have theirfluorescencesignab

measured.

Figure 6.6. (a) 2-Hydroxyterephthalic Acid(b) 2 mM HTA, SMm NaOH solution in
250ml bottle (c) HTA with different concentrations plastic cuvetts.

6.2.3 Optical Measurement

TA solution samplesvhich wereexposedo nonthermal plasma discharges (or HTA
sample solutionere transferred into plastic cuvettes and placed int®hanadzu
RF5301PC spectrofluorophotomet&tuorescace emissionvas measuredsing this

spectrofluorophotometeandspectruns wererecorded

RF-5301ec

Figure 6.7. Shimadzu RF5301PCspectrofluorophotometé252].

The spectrofluorophotometeBifimadzu RFB301PJ usesa 150 W xenon lampyith

ozone resolving type lamp housings the light source.The excitationwavelength
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peak was setto 310 nm; the default slit width is 1.5/3.0 nm.The neasurement
scanningange was from 250 to 800n (the effective measurement range is from 220
nm to 900 nm).n this series of experimentt)e expected fluorescence emission
wavelengthpeak is at 425 nnThe measuredntensity ofthe fluorescence signavas
recordedn arbitrary unit (a.u.) and the measurement lower and upper limits are.0 a.u
and 1000 a.u.

First, the fluorescence emission sigfraim unexposed A solution was measuretts

fluorescence spectrumasrecordedandis shownin Figure 6.8
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Figure 6.8.Fluorescence emission spectrum of unexposed TA sample soRé&dn

line indicates wavelength at 425 nm.

It can be seenlearlyin this figurethat no strong fluorescensgnalwas observeth
the unexposed TA sample solutiohis result is as expectedecause HTA
concentration irthe unexposed TA sample solution isytM. At 425 nm, a very low
reading was recordedt0-50 a.u. This numbewas then useds the baselinefor
fluorescence signal measuanent othe exposed TA solution sample.

In the case of measuringe fluorescencesignal fromthe TA solution whichwas

exposedto nonthermal plasma discharges,the same procedure wasused The
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fluorescencespectrumwasrecorded in a wavelength rangerfr®50 nm to 600 nm
This is becauseahe lamp (excitation at 310 nm) would brirsgpmenoise to the low
wavelength rangef thespectrum(< 350 nm) and less informatiois containedn the
high wavelengthrange(> 600nm). In the recorded spectrum, thejor fluorescence
peak at 42%m was used for detection of the fluorescence signal laveéxampleof
the spectrums givenin Figure 6.9,which showsthe spectrumof TA solutiors that
havebeen exposetb 20 kV impulsive transient plasma dischargeslfo8, 5,and7

minutes.
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Figure 6.9.Fluorescencemissionspectrunfrom the sample inielectricplateholds

sample after 2@V positivedischargdreatmenfor 1, 3, 5, and 7 minutes.

Severalpeaks carbe observedh thespectrumn Figure 6.9 Thereis anincrement in
the peak of magnitude at 425 ram the exposure timacreasesThe fuorescence
peak intensity of eachpectrumwas recorded and comparqatoviding an indirect
comparison of OH radical productidor each energisation levefnalysis of the

fluorescence related experimevitl be presenteds result$n the nextsection.
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6.2.4 Calculation of OH Concentration

As discussed ithe previous section, thatensityof thefluorescence signahdirectly
shows a tendency of OH radicg@roductionby nonthermal plasma dischargdsigh
fluorescence signal intensitglated tothe high concentration of HTA irthe sample
solution as a result of high OH radical productibtfowever, the amount of OH
radical produced can also be calculal¢éds necessary to quantithe amount ofOH
radicals producedby nonthermal plasma dischargeBased on theluorescence
emission intensitya calculation method was developed.

First, a calibration curve wasdotted HTA sample solution with a concentration2f
mM was dilutedinto 11 different HTA concentrations from 0.1 to 1.1 mM
(concentration of NaOHvas keptat 5 mM). Then HTA samples were transferred
into plastic cuvettes andtheir fluorescence signalswere measured by
spectrofluorophotometarsing thesameprocedure as the case othe exposed TA
solution sampleEach spectrunmwas integrated fron125nm to 600nm, and this
integral value wasnultiplied by a factor otwo to recoveran integrationover thefull
range of axisymmetric fluorescence speotn with a centre at 425nm). This
procedure allowed minimisation of noise time low wavelength range from 250 to
400 nm. Each integral value was related to the corresponding HTA concentration.

Thus, the calibration curve was plot@sshown in Figure.10.
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Figure 6.1Q HTA concentration as a function of the integral intensity of fluorescence
signal. Each point in this graph represents an individual test. The straighs kine
calibration curve, shosithe fitting by equatior(6.4).
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For the integriintensityof fluorescencsignalfrom 0 to 16 a.u the calibration curve

can be fittedwvith a linear function as:

( Mrimww ve T 9 (6.9

whereH is the concentration of HTA

(rM)Y is theintegral intensity othefluorescence signal (a)u

If the integral intensity othe fluorescence signal is knowthe concentration of HTA
in the samplesolution can be calculated. &lvalid range ofconcentration fotthis
calculationof HTA is from 1 mM to 1 mM; this range corresponds tihe integral
intensity ofthefluorescence signal rang@m 0 a.uto 1000 a.u.

Oncethe concentration of HTA ithe samplesolutionis obtained this concentration
can be usedor the calculation ofOH radical concentratiorAs mentiomed in the
previous section, TAreacs with OH radica$ to produce HTA.In this reaction,
formation of a singleHTA moleculerequires a singl®H radical to be added ®©TA
molecule.Therefore the ratio ofl:1 is held for every HTA moleculeformed by a
single OH radical.However, notall OH radicals are capturdry TA molecules in the
solution Underthe ambientconditiors, oxygen isacting asa catalystin thisreaction
and theOH radical yielding rate is 35%sestablishedn [249]i [251]. Therefore the
yielding rate of 35% should beonsideredvhen calculatinghe concentration of OH

radicak.

To establishthe efficiency of OH radical productiomy nonthermal plasma
dischargesthe totalcharge deliveretvas alsoobtainedand presented along withe
OH radical concentratiolhe charge delivered is calculategltaking theintegral of
thedischarge current over exposure time. This procedure is simitae fwrocedure of
calculating the total charge delivered in tineligo carmine decolorisatiotestsin
Chapter 5
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6.3 OH Radical Produced bySteadyState Corona

Discharges

In the previous chapters, the oxidation and decontamination capabilities of
steadystate corona discharges have bebtained ina series of experiment®©zone
level was monitord during the plasmalischargesHowever it is alsoimportantto
investigate the production of hydroxyl radicddg corona dischargess they may
play a critical role in the binactivation and oxidation effects.

It was reportedhat hydroxyl radicalscan be produced by corondischargesver a
liquid surface[8]. As hydroxyl radicals are@ne of the most important and highly
oxidative chemical reactive species generated Hlye corona discharges their

productionwas investigated through a series of ekpents

To link the results ofthe oxidation and decontaminatianvestigationspresentedn
Chapter 4 and Chapter the ame steadgtate corona discharge system was udsed
the testing discussed this chapter Both positive and negative dischargesre tested
andthe voltage levelas keptat 30 kV. TA was used abe target samplendwas
treatedn thetestcell. Direct and indirect steaestate corona dischargéas described
in Chapter 3)were used to treat theamples.Both bottled airand atmosphericair
wereused to providehe gasenvironmentand the pressure inside ttestcell was
kept at 0.2 bar gauge. The treatment tinas selecteds 1, 3, 5and7 minutes.The
fluorescencemission was measuregahdthe results arpresentedn this chapterThe
concentration of hydroxyl radicals was also calculated and presented as a function of
the total charge deliveredhe acidity of TAsolutionswas monitoredby measuring

thepH of plasmatreated samples.

6.3.1 Hydroxyl Radical Production by Indirect Steady-State

Corona Discharges

The ®ncentrationof OH radicalsin sample after exposure to thedirect corona

dischargesvas obtained firstTA sample wereplacedin thetestcell. The grounded
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metallic mesh wadocated 25 mm abovethe sample to screen ions and charged

particles.

a) PositiveEnergisation

The DC high-voltage power supplyas switcled to positivemode positive corona
dischargeswere generated to treat the TA samphefter the coronatreatment, the
fluorescence spectrum of the treated sample wasmeasured using the
spectrofluorophotometerAt the wavelength of 42Bm, the fluorescence light
emission peak was observéte intensityof this peakas a function of the exposure

timeis presentedn Figure 6.11
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Figure 6.11.Fluorescence light intensity of samples treated waitive indirect
steadystate corona discharges as a function of treatment Eawh point in this
figurerepresergan average ahreeindependentests The errorbars show standard

deviation valuesSolid lines are for visual guidance only.
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It can be seenfrom Figure 6.11 that thefluorescencdight emission integity of
treated sampteincreass with an increase ithe treatment timeAlthough thereare
slight differences, the light enission intensitiefrom sampledreated inthe bottled air
and in atmosphericair are similar. After 10 minutesof exposure tothe positive
indirect coronadischargesthe light emission intensitat 425 nmwas 570 650 a.u.
for bottled airtestsand 660730 a.u. for atmospheric tests.

The light emission spectrum was used to convert the digtigsionintensityinto OH
radical concentration using the calibratiequation(6.4). The concentrain of OH
radicals after expaseto postive indirect coronalischargess show in Figure 6.12

as a function ofotal charge delivered
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Figure 6.12.The oncentratiorof OH radicals as a function of charge delivered after
exposireto positive indirect steadystate corona dischargésachpoint in this graph
represents an individual test. The straight line Stbe fitting byequation(6.5).

As shown in Figure 6.12, OH radicals were detected in the TA solution after axpos
to positive indirect corona discharg#¥ith longer exposre times, more charge was
delivered which resulted in a higher concentration of OH radicélewever the

concentration of OH radicaisaslow, less than 2.2fM, as detectedfter theplasma

217



treatment in both dry and atmospheric A&irlinear fit wasapplied using Origin Pro

software thefitting equationis the following

Cow=2¥ D (65)

whereCoy is the concentration of OH radicgidV)
D is the charge delivered by tHeschargdreatmen{mC)
And o is the production rate of OH radicgdv/mC)

In thecaseof positiveindirect corona discharge treatment, the production rate of OH
radicals was found to be 089" uM/mC.

b) NegativeEnergisation

In the case othe negative indirect corondischargesthe DC high-voltage power
supply wa switched to negative polaritf A solutions were treatedwith negative
corona dischargesand the fluorescence signals were measureding the
spectrofluorophotometeln these testshighly intensefluorescencdight emission
was observed, and the intensttiythese fluorescence signasceeded the rangs
the spectrofluorophotometeiherefore a 20fold dilution wasmadeto ensure that
the light emissionintensity was within a measurable rang&hen the fluorescence
signals fronthe dilued samplesveremeasuredThefluorescence light emission peak

intensity at 425 nm as a function of exposed tisrghown in Figure6.13
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Figure 6.13.Fluorescence light intensity @D-fold dilution of thesamples treated
with negative indirect, steadystate corona discharges as a function of treatment time
Each point in thigigure represergan average ahreeindependentests Error bars

showthestandard deviation valueSolid lines are for visuajuidance only.

As show in Figure 6.13, the peak intensity of fluorescence light emission insrease
with the exposureéime. No significant differencavas seerbetweenthe intensity of
fluorescence signals obtained lttled airtestsand in atmosphericair tests By
applying the calibration equatiof6.4) and considering the dilutiomatio, the
concentration ofOH radicals in thetreated solution samples was calculated and

presentedn Figure 6.14as a function ofotal charge delivered
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Figure 6.14.The @ncentratiorof OH radicals as a function of delivered charge after
theexposireto negativeindirectsteadystatecoronadischargesEach point in this
graph represents an individual test. The straight line stieaitting byequation

(6.5).

It can be seerirom Figure6.14thatsignificantlyhigher concentratiaof OH radicals
were detecteccompared with the positive corona treatment te&tthough more
charge was deliveredduring the negative discharge treatment, the @idical

production ratdor the negative indirect corona dischargeasstill much higher than
for the positive casd.inear fittingby equation(6.5) was appliedo the results using

Origin Pro software the OH production rate was found to be &0? pM/mC.
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6.3.2 Measurementof Hydroxyl Radicals Producedby Direct

SteadyState Corona Discharges

The oncentrationof OH radicals was alsmbtained m the case of the direct
steadystate corona dischargeAs in the caseof the indirect corona discharges
discussedn the previoussedion, sample of TA solution were treatedwith corona
dischargesand the intensity ofhe fluorescencéght emission was measuredsing

thesemeasuredntensities, the concentratisof the OH radicalsverecalculated.

a) PositiveEnergisation

TA solution sample wereexposedto the positive direct corona dischargeAfter
coronatreatmentthe fluorescence light emission wabtained.The peak intensity of

this light emissions show in Figure 6.5as a function oéxposuretime.
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Figure 6.15.Fluorescencéght intensity of samples treated wiplositive direct
steadystate corona discharges as a functiothetreatment timeEach point in this
Figure represent an average of 3 indepentsts, errobars shovthe standard

deviation valuesXolid lines are for visual guidance only.
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As show in Figure 615, the fluorescence ligkmissionincreases with an increase in
the exposure timeThe peak intensiés of sample treated inbottled air and
atmospheric air are vemiose no significant differencevas observedHowever the
peak intensity ofluorescencdight emission was lowess than 450 a.uevenatfter 7
minutes of exposure.

The OH radical concentration thetreated solution was calculated by equafi®d).

The conentrationof OH radicals as a function of the total charge delivered is shown
in Figure 6.16.
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Figure 6.16.The oncentratiorof OH radicals as a function of charge delivered after
exposireto positive direct steadystatecoronadischargesEach poinin this graph
represents an individual test. The straight line stbe fitting byequation(6.5).

As show in Figure 6.16, the concentration dhe OH radicalancreases with an
increase in the total charge deliver@the charge deliveredn this casewas lower

than theindirect corona discharge treatmemtnd the concentration of OH radicals
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waslower as well After 7 minutes of exposure, less than 25 mC was delivaret,
the concentration of OH radicalgas lower than 1.4uM. By applying the linear
fitting equation, the rate of OH radical productionwas found to be0.67A40"
HM/mC.

b) NegativeEnergisation

Negative diret corona dischargewere used to treathe TA solutiors, and the
fluorescencdight emission intensity wasbtained Similar to the negative indirect
corona discharge case, the light emission interfity thetreated sampteexceeded
the measurement range tbe spectrofluorophotometeimherefore, d@enfold dilution
was made, anthe fluorescencéght emisson intensity was measure@he peakof
the fluorescence signal obtained in the diluted samples is presefigdre 6.17as a

function of exposure time.
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Figure 6.17.Fluorescence light intensitf thetenfold dilution of thesamples
treated withnegative direct steadystate corona discharges as a function of treatment
time. Each point in thidigure represergan average dhreeindependentests Error

bars showhestandard deviation valueSolid lines are for visual guidance only.
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The peakintensity ofthe fluorescene signalwas higher than in the case of positive
erergisation This intensity ofthe fluorescence signal the diluted samplecreased
up to 1000 a.u. after expao®to the negative direct corona discharg@gain, similar
intensityof the fluorescence signatas observed fromample exposed tdhe corona

discharges imottled airandin atmospheric air.

Next, the OH radical concentratiom the original exposed sammeavas calculated
The OH concentratioms presented irFigure 6.18as a function of the total charge
delivered.
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Figure 6.18.The oncentratiorof OH radicals as a function of charge delivered after
exposireto negative direct steadystatecoronadischargesEach point in this graph
represents amdividual test. The straight line shewhe fitting byequation(6.5).

High concentratios of OH radicalswere obtained as show in Figure 6.18.The
negative direct corona discharges delivered more charge than the pdisiciverges
and resulted in a much higher concentration of OH radicatbarnreated sample
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solution. The linear fitting was again used to evaluate the production rate of OH

radicals, and theatewas found to be 8.810* pM/mC.

6.3.3 Changein Acidity of Treated Solutions

It wasreportedin the previouschapter that the acidity diie indigo carmine solution
decreased afteexposire to the steadystate corona discharge$his decrease is
considered to be related to tldecolorisationeffect producedby the nonthermal
plasma discharge3he pH of the TA solutionsalsowas measured before and after

exposurego corona discharges.
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Figure 6.19.ThepH ofthe TA solution sample after expaeto indirect steadystate
corona discharges with (a) positive polagatyd(b) negative polaritySolid lines are

for visual guidance only.

The initial pH of the TA solution sampleas found to be-11.2 pH of the treated
solutionsdecreased to 9.0 after expoareto the steadystate coronaischargedor

1 minute regardless oforona dischargpolarities.Generally, in the case of negative
energisationthe pH of the TA solutionswasfound to beslightly lower than in the
case of positive corona disarges After longer expagre times, the pH of the TA

solution sample did n@how arobviousfurther decrease.
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Figure6.20.ThepH ofthe TA solution sample aftezxposireto direct steadystate
corona discharges with (a) positipelarity and(b) negative polaritySolid lines are

for visual guidance only.
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The initial pH ofthe TA solution samplewvas ~11.1 in this group of testsAfter
exposireto positive direct corona discharges for 1 minthie,pHdecreased t0i®.5,
andfurther decreasevas not observedfter a longer exposurén the case of negative
direct corona discharges treatmetite pH decrement was similaio that of the
positive caseHowever, a slight further decrease was obsergelddecreasedo ~8.9
after 7 minués of exposure.The pH of solutions after direct corona treatmevds

slightly lower tharthe pH of solutions after indirect corona treatment.

6.3.4 Summary

In this section, the OH radical productiomthe TA solution treated witlsteadystate
coronadischargesvasinvestigatedTA solution was used as81OH radical scavenger
to trap OH radicals generatbgl coronadischargesConcentratiorof OH radicalsvas
obtained usinghe fluorescence light emission signal froine treated sampte Both
positive and negative polaritiesvere used in generanhg steadystate corona
dischargesTA sampleswere exposedo 30 kV coronadischargedor 1, 3, 5 and 7
minutes inbottled airor atmospheric air. Two typesf corona dischargé&reatment
were testedin this series of experimentglirect and indirect coronalischarge
treatmentThe netallic mesh was used itne case of thendirecttreatment to scen
ions and charged particleBor the direct treatmenta conductive sampl@late was
used charged pdicles and ionswere able to reach the sample surfaaed the
dischargecurrent propagatethrough the sample.

The fuorescence emission signalas obtained from the samples after corona
dischargetreatment with different conditionsThis meansthat OH radicals were
produced by corondischargeswith different polarities andn air humidity. It was
also foundthat the humidityof air tested in these experimetd.2.5%RH for bottled

air and ~40%RH for atmospheric air) did not result in a significant difference in OH

production by corondischarges

Negativecorona discharggeatmentesulted ina significanty higher OH production
ratein both direct and indirect treatment tedthis isconsideed tobea result ohigh

production of reactive chemical species that have an effeoh the OH radical
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production.lt was found that thezone level was much higher in tbase oihegative
dischargeg40 ppm and 2060 ppm inthe indirectand direct treatent) thanin the
case opositivedischarge$~2 ppm)..

The concentration of OH radicals calculated in this research is considered to be
consistentwith the results obtained from oxidation and decontamination tasts
presentedin Chapter 4 andChapter 5. For example, a higher degree of
decontamination/oxidation was achieved using corona discharges with negative
polarity. Similarly, a higherOH concentratiorwas observedh the samples exposed

to negative corona discharges compared to positiverona discharges

The production rate of OH radicals is found to be proportional to the total charge
delivered by the dischargddigher concentrations dH radicals wer@btainedafter
exposire to the discharge which delivered a higher total charge. OHradical

production ratewereobtainedandarepresented ifable6.1

Table 6.1 OH pryd/mh@)éot steadpstate eotora dischatges.

Indirect Direct
Positive Negative Positive Negative
0.59 5.17 0.67 8.81
(0.54- 0.63) (4.87- 5.46) (0.62-0.73) (8.26-9.37)

Values in brackets indicate a 95% confidence interval.

As show in Table 6.1, the direct corona dischargessulted in ehigherrate of OH
radical productionNegativeindirect treatment digroducethe highestamount of OH
radicals (up to 48M after 7 minutes), bualsomore chargevas deliveredn this case
Therefore the rate of production is lower than the case othe direct negative
treatment.In the case oflirecttreatment charged particles and ionsach the liquid
surface and OH radicalsare generategin the case ofndirect discharges, charged
particles and ionsarescreenegdandonly neutral reactive specieancontributeto OH

radical generation.

Comparingthe obtained resultwith the resultsreportedby other researchit was

found that the present treatment generatese OH radicalsin this study,the
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negative indirect corona discharggsoduced OH radicals with ratesp to
6.1480"°mol/s, while a similarOH radical productiomate of (2i 9)A0*° mol/s was

reportedn [240] using 20 kHz DBD plasma jet

Increase in acidity was also observed in the TA solutions after direct or indirect
exposure to corona discharges. This result corresponds to results presented in Chapter
4 which showed a decrease of acidity in indigo carmine solution after corona

dischargdreatment.
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6.4 OH Radical Production by Impulsive Transient

Plasma Discharges

In Chapter4 and Chapter 5, the oxidation and decontamination capabilitiéfseof
impulsivetransient plasmdischargs wereinvestigatedThe results showed thahe
indigo carmine solutiom can be decolorised and bacterid samples can be
decontaminatedby these discharge$nlike the steadtate corona dischargethe
ozoneconcentrationproduced bythe transient plasma dischargeas undetectably
low. Therefore, OH radicalappearto beof high importarce in this caseThus,the
measurement of Oldoncentrations angroductionratesare necessaryo understand
the oxidation and decontamination effeadbf the impulsive transient plasma
dischargesind to ofimise atmospheric plasma systems for practical applications

It wasshown in[65] thatOH radicals can be generatedtlgnsient plasmdischarges
across water surfaces under ambient atmospheric conditiotie presensection,
the measurement®of the concentrationof OH radicals generatedby impulsive
transient plasma discharge®re conducted TA solution samples were placed onto
conductiveand nonconductive samplglates and treatedwith the direct transient
plasmadischargesnd surface transientgsma discharge8oth positive and negative
energisatiormode and three different voltage levels: 20 kV, 24 &vd 28 kVwere
tested The conditions for thiseriesof the experimentare the sames for the
previous decolorisationand decontaminatiorexperiment The fluorescencelight
emission of treated samgleeremeasuredising thespectrofluomrmeter Results were
used to calculate the concentration of OH radicals. The plhefolution was

monitoredas well

6.4.1 Hydroxyl Radical Production by Surface Impulsive

Transient Plasma Discharges

The TA sample was placetto the nonconductive samplglate (55 mm plastic
contactplate)and treatedvith impulsive transient plasma discharg@s.described in
Chapter3.3, in the case othe nonconductive samplglate the transient plasma
discharges propagatalongthe sampl&ir interface
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a) PositiveEnergisation

First, the positiveenergisationrwas usedandthe TA solutions weretreated bythe
positive transient plasmdischargesFluorescencdight emission wasneasuregdand
the peak intensityf the fluorescence signat 425 nmwas obtained. This peak

intensity is presented in Figure @& a function of exposetime.
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Figure 6.21.Fluorescence light intensity tfie samples treated witime positive
surface transient plasnaischarges as a function of treatment tiléach point in this
figurerepreserdan average dhreeindependentests Error bars showthe standard

deviation valuesSolid lines are for visuajuidance only.

As show in Figure 6.21, the peak intensibty the fluorescence signadcreased with
the exposuréime. Different voltage levelsdid notresultin a noticeabledifference in
the fluorescence light emissioAfter the longest exposura® 7 minutes, the peak
intensity increased to 56860 a.u.The light emission intensity waén converted
into the OH concentrationwhich is shown in Figure 6.22as a function othe total

charge delivered
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Figure 6.22.The oncentratiorof OH radicals as a function of charge delivered after
exposireto surface positive transient plasmiachargesEach point in this graph
represents an individual test. The straight line stbe fitting byequation(6.5).

As shownin Figure6.22, thetotal charge delivereduringthe treatment witlpositive
surface transient plasma discharges was.Highto 21 mC was delivered after 7
minutes of treatment, but the concentration of OH radiwalsless than 2.21M. By
applying the linear fitting as thseolid line show in Figure 6.22 the rate of OH
production was found to be 148" M/mC.
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b) NegativeEnergisation

Negative energisatiorwas alsoused to generatethe surface transient plasma
dischargesThe TA sample were treatedwith these negative transient discharges
The fuorescence light emissiamas detectedrom the treated solution samples, and
the intensity of thdluorescence signgleak at 425 nnis shownin Figure 6.23as a

function of the exposure time.
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Figure 6.23 Fluorescence light intensity of samples treated nébhativesurface
transient plasmeischarges as a function of treatment tilbach point in thigigure
represergan average dahreeindependentests Error bars shovthe standard

deviation valuesSolid lines are for visual guidance only.

The peak intensity was higher thfmm the case of positivenergisation720' 920 a.u.
was observed after iminutesof treatment withnegative surface transient plasma
dischargeslIt was also observed th#te voltage levels did not make a noticeable

difference in theight emissionintensity.
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The concentration of OH radicalascalculated based on the light emission intensity.

The esultsare show in Figure 6.24as a function of charge delivered
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Figure 6.24. The oncentratiorof OH radicals as a function tital charge delivered
after expoareto negativesurfacetransient plasmeischargeskEach point in this
graph represents an individual test. The straight line stimitting byequation

(6.5).

As shown in Figure 6.24, the charge delivered by negative surface transient plasma
discharges was similar tthat of theprevious positive energisation case, but the
concentration of OH radicalsashigher.This concentrationvas measuretb be2.2
2.9uM in thesampletreated bythe negative surface transient plasma discharges for 7
minutes with 1¥20 mC chargeUsing linear equatio(6.5) to fit the resultsthe solid

line in Figure &4 represents this fittingThe rate of OH radical productipn, was
found to bel.4040" pM/mC.
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6.4.2 Hydroxyl Radical Production by Direct Impulsive
Transient Plasma Discharges

The drectimpulsivetransient plasmdischargdreatmentalsowasusedin this series

of experimers. As mentioed in Chapter3.3, the direct transient plasma discharges

are generate@henthe conductive sampleplates areused The transient plasma does

not propagatehroughthe sample surface in this case of direct discharges, but the
discharge current passes through the sample eexches the grounded conductive
sampleplate Oxidation and decontamination effects of the direct transient plasma
dischargeswere obtained andwere discussed in Chapterd and 5.Results are
considered to be related to OH radicals produced dtmadischarges. In this section,
measurement of OH radicals produced by direct transient plasma discharge treatment

is presented.

a) PositiveEnergisation

The TA solution was treated by positive dirdcansient plasmaischargesand the
fluorescence light raission was measured. As in the case of transient plasma
discharges, the ozone level was undetectably low. The p#ahksities of the
fluorescence signst 425 nmrecorded from the treated sampee shownn Figure

6.25

236



Py T T T T T T T T T
>
g 1000 -
e
5 A
ol 800 i
S
©
>
T 600 -
C
g
£
S 400F .
A —a— + 28KV |
= —e— + 24kV
L 200F i —A— 4+ 20kV ]l
e
K=
|

0 -

1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 1 2 3 4 5 6 7 8

Exposure time (minutes)

Figure 6.25 Fluorescence light intensity of samples treated miitivedirect
transient plasmeischarges as a function of treatment tilaach point in this Figure
represent an average of 3 independesiss, errobars showhe standard deviation

values.Solid lines are for visual guidance only.

Intensive fluorescence light emissiaras detectedrom the samplesreated bythe
positive direct transient plasma discharges. After 7 minatesxposure, the peak
intensity of the fluorescence signal in the samplesatedwith 24 kV and 20 kV
discharges was 88030 a.u. The fluorescence signal in the sampleated with
28KkV discharges has l@gherintensity, ~1000 a.u. after 7 minutes of treatment. This
differenceis primarily causedoy the higher charge deliveten the 28 kV discharge
case The concentration of OH radicals in treated samples egdsulatedand is
presented in Figuré.26as a function of the total charge delivered.
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Figure 6.26.The oncentratiorof OH radicals as a function of charge deliveaéidr
exposireto directpostive transient plasmdischargeskEach point in this graph
represents an individual test. The straight line stbe fitting byequation(6.5).

As can be seen from Figu@26 the charge delivered by direct transient plasma
discharges was lower than the case of surface transient plasma discharges. However,
the concentration 0OH radicals was higher compared wiltat ofsamples treated by

the positive surface transient plasthecharges. The linear equati($5) was used to

fit the results and the rate of OH radical production was found to2b&AQ*

rM/mcC.
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b) NegativeEnergisation

The direct transient plasma discharges with negative poleeitgused to treat the
target TA solution sample, and fluorescence light emission was detected. The peak
intensity of the fluorescence signal at 4#6was obtained as a function of exposure
time for different energisation levels and is shown in Figure 6.27.
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Figure 6.27.Fluorescence light intensity of samples treated nébhativedirect
transient plasmdischarges as a function of treatment tilach point in thigigure
represergan average dahreeindependentests Error bars shovthe standard
deviation values. The horizontal dotted line shows the sensitivity limit of the

spectrofluorophotometegolid lines are for visual guidance only.

The high-intensity fluorescence signalgere obtainedfrom the samplesreatedwith
negative directransient plasma discharges. As shown in FigL2& in the case of 20
kV discharges, the peak intensity of the fluorescence sigraalyreachedhe limit of
the spectrofluorometer, 1015 (auThe peak intensity athe fluorescence signals in

samplestreatedwith 24 kV discharges for 7 minutesxceededhis limit. For the
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sampls exposed to 28 kV discharges for 5 minutes, the peak intensity already
exceededthe limit.

The light emission intensitywas convertethto OH radical concentratiarnThe results

are show in Figure6.28as a function of charge delivered.
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Figure 6.28.The mncentratiorof OH radicals as a function tfe totalcharge
delivered aftethe expcsureto directnegativetransient plasmeischargeskach point
in this graph represents an individual test. The straight linesthexitting by
equation(6.5).

The dargedelivered by negative direct transient plasma discharges is slightly higher
thanthat of the positive case, but still lowdhan for surface dischargesA similar
tendency of increase in OH radical concentratieas observed The rate of OH
radical production was found to #2540" rM/mC by applying the linear fitting
equation(6.5).
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6.4.3 Changein Acidity of PlasmaTreated Solution Sample

As reported inSection 6.2.3 the acidity of the target solution decreases after
treatment with the steadstate corona discharges. In tlispect of theesearch, the
acidity of the plasmdreated samples was monitored. In the case of the surface
transient plasma discharges, the pHtla# solution demonstratea slight decrease
with an increase in exposure timiéhisdependence is shown in Figure 6.29.
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Figure 6.29.ThepH ofthe TA solution samplas a function of treatment time after
exposure to theurfacempulsivetransient plasma discharges with (a) positive

polarity and(b) negative polaritySolid lines are for visual guidance only.
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As shown in Figuré.29 the pHdecreasewith an increase in the treatment time for
sampla treated with the surface transient plasma discharges.d€higeaseés similar

in both positive and negativenergisatiorcases. The initial pH was 1080.9,andit
decreased to 10.20.3 after7 minutesof exposure.

In the case of the direct transient plasma dischathegpH valuesof the treated
samples are shown in FiguBe30. Aslightly higher decrease in pH was observed in
samples treated with direct transient plasma dischaftesnitial pH was also 1018
10.9, but it decreased to 926 after exposure to the positive direct transient plasma
discharges.In the case of negative direct transient plasma dischatbespH

decreased to 9¢8.9 after 7 minutes of exposure.
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Figure 6.30.ThepH ofthe TA solutiors after expoareto thedirectimpulsive
transient plasma discharges with (a) positive polarmiy(b) negative polaritySolid

lines are for visual guidance only.

6.4.4 Impulsive Transient PlasmaDischarge Treatment without
Air Gap

a) Hydroxyl Radical Productiorby Impulsive Surface Transient

Plasma Discharges

The direct and surface transient plasma dischaéege results were discusséua
Sections6.4.1 and 6.4.2The OH radicals produced in both casesredetectedTo
clarify the origin of the generation of OH radicalghethergenerated in air or at the
liquid samplesurface), aspecialcase was studied in this section. The stressed HV
electrode was lowed to make contact with the surface of tHejuid samplewhich

was placed in the neconductive sampl@late In this casethe transient plasma

discharges would propagate along the sample/air interface only. TA solution samples
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were treated with plasma dischargasd the intensity of fluorescence light emission
were measured The breakdown voltagkevel, in this casejs = 18 kV. The peak
fluorescence signal intensity at 425 mngivenin Figure6.31 as a function of the

exposure time.
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Figure 6.31.Fluorescence light intensity of samples treated suitiacetransient
plasmadischargegwithout air gaplas a function of treatment tanEach point in this
figurerepresergan average ahreeindependentests Error bars showhe standard

deviation valuesSolid lines are for visual guidance only.

As shown n Figure6.31, the fluorescence light emission is detected from samples
treated with the surface transient plasma discharges. First, it can be seen from this
figure that there is no difference in the fluorescence emission intensities for samples
exposedto the positive and negative surface transient plasma dischaiges.
intensity of the fluorescenaamission in this caseis much lower than in any other
cases with the existence of air gap betweenHWeneedleelectrode and th&quid
samplesurface. Forexample, in the case of negatie@ergisation 7 minutes of

exposure tsurface transierglasma discharges resultedaimeduction ohlmosttwice
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the fluorescence emission intensity than negative surface transient plasma discharges
for thesameperiod d treatment time.

The concentration of OH radicals in the samples treated with the surface transient

plasma dischargas shownin Figure 6.32as a function oflelivered charge.
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Figure 6.32.The oncentratiorof OH radicals as a functiorf oharge deliered after
exposireto impulsive surface transient plasmiachargegwithout air gap) Each
point in this graph represents an individual test. The straight linesghewitting by

equation(6.5).

As shown in Figure 6.32, the concentration of OH radicals produmedthe surface
transient plasma dischargesthout air gapis lower than the case dhe surface
transient plasma dischargegth air gap However the surface transient plasma
dischargegroducea noticeableamount of OH radicalsThe production rate0.085

MM/mC, is foundto be the samfor both positive and negative case
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This resultconfirms that in thecaseof the surfacedischarge treatmenthe reactive
specieswhich are responsible for production of OH radicals (including OH radical
itself) are generated in both sections of tfasientplasmadischargepath: vertical
propagationpath through the air and horizontalpropagabn on path across the

air/liquid interface.

b) Direct Transient PlasmaDischargeswithout Air Gap

The directtransient plasmdischargesverealsoused for sample treatmembder the
conditionin which the needle electrode was in contact with liquid sample. Conductive
sampleplates were usedn this caseThedischargesveregeneratedhn the liquiditself,
and thedischargecurrent propagated through the bulk of the liquid samptdy.
Pulses with voltagelevels at £30 kV were used to generadeschargesn the liquid
sampls. After suchtreatmentfor a specific period of time (up to 7 minutes), the
recordedfluorescence light emission sigealverevery low; no peakat 425 nmwas
observedThis meanghatthe direct discharges withoahair gapwereinefficient for
the generaibn of OH radicals in target liquid samgleA potential reason for this
inefficiencyis the relatively high conductivity of solutief~400uS/cm). Theprocess
of formation ofthe transient plasnmsin suchliquid samples stressed with the HV
pulses used in th@resentests is inefficientmost of thedischargecurrent dissipated

throughJoule conduction without generating OH radicals.

This result indicats that in the case ofhe direct transient plasma discharges, the
reactive species that are responsible for producing OH radicals (including OH radical
itself) are mostly generated in air ortlag air/liquid interface Discharges through the
bulk of the liquid do not make adetectble contributionto the production of OH

radicals.
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6.4.5 Summary

In this chaptey production of OH radicals in target liquid sangpley impulsive
transient plasma dischargessinvestigatedSpecifically, aTA solution was used as
the scavengeto detect OH radical8asedon the intensity ofluorescenceemission
signals detecteffom sample exposed taheimpulsive discharges, the concentration
of OH radica$ was calculated Experimentalwork presented in thishapterincludes
the used oftransient plasma discharges with differqrarametersthree different
voltage levelswere tested20 kV, 24 kV, and 28 kV)in both positive and negative

energisatiormodes.

Two different typs of dischargetreatmens were used surfacedischargereatment
(using norconductive samplglate dischargegpropagate vertically through air and
then across air/liquid interface), and dirdidchargereatment (discharges propagate
vertically in air to the sample surfagcand then thedischargecurrent dissipates

through the bulk of the liquid sample)

From theresults it was foundthat the concentration of OH radicass proportional
to the total charge delivered by the discharges, and this relaisalmost linear.
This defined the rate of OHoroduction bythe impulsive discharge treatment, and
enabled comparison tfie efficiencyof OH radical production for different cases

Another importantfinding from these experimers is that the productiorof OH
radicalsdoes notdepend on the voltaglevel whenthe sameamount of chargés
deliveredto the sampleAgain, this confirmns thatthe total delivereadharge defines

the OH productiomate.

Table 6.2.0H pr o d u c tipd/mC) fomstriace @nil dlir@ct transient plasma

discharges.
Surface Direct
Positive Negative Positive Negative
1.02 1.40 2.71 2.25
(0.97-1.07) (1.34-1.47) (2.57-2.84) (2.16- 2.34)

Values in brackets indicate a 95% confidence interval.
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Table6.2 presentdhe OH production ragfor surfaceanddirectimpulsive transient
plasmadischargewith positive and negative polaritiefheseresultswere obtained
using Origin Pro with linear equation(6.5). In some specific casean even higher
rate was achievedfor example,3.24A0" ¢ M/ m@r pdsitive diret discharges,
and2.5340" ¢ M/ mC nefjativedirect dischargs. It can be seenleaty from the
table that direct dischargbave a higher efficiencgf generatingOH radicals.

In the case athe HV needle electrode in contact with the sample surface, OH radicals
could still be producedvhen a norrconductive sampl@late was used Dischargs
propagatd along the liquid/air interface and genetht®H radicals.The rate of
production was found to b8.8580" pM/mC (with a 95% confidence interval
0.79A40" i 0.91 A0%. Whena conductive samplplate was useddischarges were
generated irthe liquid, and no OH radicalsiere detectedn the sample. The test
results indicated that most of theactive species which contriledtto the production
of OH radicalsweregeneratedn theair and at the air/liquid interface h€ HV pulses
used to generaidischargeslirectly intheliquid wereinefficientin the production of
OH radicals

The acidity of the solution was changedafter thetreatment withtransientplasma
dischargesThis isconsistentvith theresultsof treating liquid sampkewith plasman
Chapter4.
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6.5 Discussion andConclusions

It is recognisedthat OH radicals have the highest oxidation capability amongst all
oxygentbased reactive species. The redox potential of OH radicals is ~R34Y/
Thus OH radicals produced by nghermal plasma dischargpky an important role

in the oxidationof organic molecules and bacteria decontaminatibis.importantto
investigate the OH production during ntirermal plasma discharges, and the
information gained from this investigation will heip the optimisation ofthe
cleaning and decontamination apptiors of nonthermal plasma discharge

treatment.

This chaptediscusse€OH radical productiorby steadystate corona discharges and
impulsive transiendischargeshat wasinvestigated through a series of experiments.
TA solution was usedor OH radical scavengers and exposed to discharges. OH
radicak produced by notthermal plasma discharges resatwvith TA to form HTA.
Then the fluorescence emission from HTA waeasuredand the concentration of
OH radicalswas calculated The fluorescence emissiorighal was observedin the
sampla exposed to corona discharges as well as impulsive transient discfdnges.
meangthatboth types of discharges producealdetectableamount of OH radicaldn
addition the OH radical concentration the exposed sampleolution had a linear
relation with the total charge delivered by Atermal plasma discharge treatment.
This isin line with thethe resultgeported i255]: as the discharge current increased
from 15 mA to 50 mA, more chargeas deliveredo the sample solution with a pH of

10, the OH radical production rate was nearly three times as before.

In the case of steaghtate corona dischargeshigher concentratioof OH radicals

was observed in samples afexpogsire to direct corona dischargeas compared to
samplesreatedby indirect corona discharge&nother importanfinding is thatthe
corona discharges with negative polarity produaddgher amount ofOH radicals.

This is a result of the higher ozone concentration during negative aati@eharges.

The chargedependent production rate of OH radscaks calculatedfor indirectand

direct corona discharges with bothsfitve and negative polaritie. is obvious that
negative corona discharges with a higher ozone concentration resulted in a higher OH
radical production.As reportedin [153] and[159], the existenceof ozone does

increasehe productiorratesof OH radicals.
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After exposire to impulsivetransient plasma discharges, OH radical concentration in
the solution sample was measurBésults showed that the OH radical production is
in proportionto the charge deliveredt also wasconfirmedthat discharges in air as
well as at the liquid/air ierfaceproducereactive species that are responsible for OH
radical generatiarHowever, discharges directly in thquid sample withpulses used

in this research did not produce detectable OH radicals

As reportedin [153] and[159] and discussed in Chapt@r4.2, ozone and other
reactive oxygen species suabhydrogen peroxide could also have an effect on the
OH radical productionHowever in the present study, the ozone concentratiomg

the transient plasma treatmewas toolow to be detected (less than 1 ppusing
available sensordt is believedthat in this series dfansientplasma discharge tests,

ozone did not make significantcontributionto the OH radical production.

Regardless of the charge delivered to the $ardpring the plasma treatment, the
time-dependent  efficiency of OH production aw significant. For
example~0.8A0"° mol/s production ratewas achievedin the negativedirect
transient plasmalischarge treatment. This rate is higher than the efficiency of OH
radical production by the underwater discharges report¢d50]. Other studies
reported higher efficiencies, such &9) A0'°mol/s, [240], and 1.6A0°% mol’s,
[253]. However,continuous steadgtate plasma treatmewnith higher frequency or
higher voltage levelvas usedin those experimentsThe resultspresented in this
chapter were obtained using the impulsive plasma discharges with a pulse repetition
rate of 20pps Therefoe, it canbe statedhat higher timedependent efficiency of OH
radical production carbe achievedby increasing the pulse repign rate and

treatment time.

Comparing the results obtained using the stesdie corona discharges and
impulsive transienplasma discharges, may be concludethat thenegativedirect
corona dischargessulted in shigher OHradical production rate8.81A0" pM/mC,
These type of dischaeg also demonstrated a hiime-dependent efficiency7.14
A0%pM/s. This isprimarily due to the high ozone concentrations produced by these
discharges. Theorona dischargesdemonstrateca lower OH production rate as
compared with the impulsive transient plasma discharges when p@sigvgisation

mode was applied.
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CHAPTER 7

TiO, asa Potential Catalyst for Improving the

Efficiency of Non-Thermal Plasma Treatment

7.1 Introduction

In the previous chapters, the oxidation doalcterial inactivationcapabilities of
nonthermal plasma dischargesere investigated. The obtained results provide
valuable information for theptimisationof nonthermal plasma applicationds well

as changingthe discharge conditionspther methods can be usdd improve the
cleaning efficiency of the nethermal plasma discharges. As reportef2b6]i [260],
catalysts can be used to enhance the performance of pdgsteansfor exampleto
increaseheir energy efficiency. Also, by selecting a catalyst, pradnof unwanted
by-producst from the plasma cleaning process cambrimised Toxic byproducs
such as CO can evése completely eliminatedand this makes the plasroatalyst

method even more attractive for practical applications

TiO, is considereda be an efficient catalyst for plasma discharge processes. As
reported in261], [262], and[263], TiO, was used in the plasma treatment systems to
help to remove different chemical pollutants. Multiple applications in which W3
employed as a plasmatalyst havebeen reporte@nd include wastewater treatment,

soil remediatiorj264], and cleaning of air streafiL79].

TiO, is a photosensitive materjaholecules of TiQ can be excited by UV lighas its
band gap is 3.2 eV. Charged particles, UV phqtarsd strong electric fie&l
generatedby plasma discharges would act on the surface of;, Télectronsand
holespairs can be generatedand chemically reactive species such gsaf H,O,
can be ppduced under the action of the Atvermal plasma dischargf65], [266].
Hence, the cleaning and decontamination effetsuch discharges can be improved.

As suggested if179], TiO, can be introduceihto plasma systems one of two
ways either aonestageor atwo-stage configuration. Ithe onestage configuration,
the catalystis located in the discharge region and directly exposed to the active

species (including ions, chaxyparticles andshortlived radicals), photonsand field
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generated Y the plasmadischarges. In théwo-stage configuration, theatalystis
located away from the dischargegion and only exposd to long-lived chemical

species that flow frorthedischarge region, such as.O

In this chapter,the use ofTiO, as a catalysis discussedand the onestage
configuration of the plasma discharge systienaescribed This configurationwas
selected foexcitation of TiQ with UV light, andgeneration otharged products by

the plasma discharges to produce moretrneaspecies and to improve the cleaning
and inactivation ability of the plasma discharge treatment. The enhancement effect of
the catalystin the plasma discharge treatment system was investigated using two
approachesTheoxidation capability of the dis@rges was obtained by measuring the
decolorisationof indigo carmine and the biedecontamination capability of the
plasma discharges was evaluated bydibgreeof bacterial inactivationusingE. coli

and S. aureus as model bacteria Although only preliminary experimentsvere
performed and further research is still needed|uableinformation was obtained in

the course of this study

7.2 Methodology of Sample Preparation and Treatment

7.2.1 Sample Preparation

TiO, wasusedasa catalytic materiah this seriesof tests The oxidation capability of
nortthermal plasma dischargescombination withthe TiO, catalyst was investigated

by measuring the degree décolarisatiorof the indigo carminewater solution The
bio-decontamination efficiency of theonthermal atmospheric plasma discharges in
combination with TiQ was obtained using the same test microorganisms as
previously,E. coli andS. aureus However,the method of introduction &fiO, to the
nonthermal discharge systens the first methodologtal issuewhich required
attention. Based onthe practical experienceobtained during this project and
information found in the literatureseveralapproacks to introduce TiQ into the
plasma discharge systemereidentified andtested It was decidedhat TiO, porous

film can potentially be used for effective interaction and enhancement of the chemical
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effects of the atmospheric plasma discharges. In the case of the microbiological
samplesit was decided to add Tidine particles (20um in diameter)to the agar
nutritiousmedia used to grow the microorganisifibe results of these tests in which
chemical and biological asnples with TiQ were exposedto the nonthermal

dischargesire described ithis dhapter.

A. Preparation of Porous TiQFilm

It is believed thathe porous structuren nanometrescalecanchange somehemical
and physical properties of matedallhe properties ofporous TiQ film has been
reported in mantudies[267]i [269]. Compared witithe bulk structurethe porous
structure has a larger surface area which enhamidhe contact surface witthe
reactarsg andincreaseghe absorption of photonSynthesis otthe porousTiO; films
using nanometre size Ti®as been discussed[R70], [271], [272], and[273]. In this
research, i, porous film wagproducedon the glass slideusing TiQ powder The

following methodwas employed

TiO, powder(5.569) with an averageparticle size of 2um (AEROXIDE® TiO, P
25, Evonik Industrie§274]) was dissolvedh 50 ml distilled water to make a solution
with aconcentration of 10% by weight. Then this solution was transferrech jpetri
dish and placed ian ultrasonicbath (J100 UltrawaveLimited, UK) for 15 minutes.
After treatment in theultrasonic bath, the slurry was spread evenly oa glass
microscopeslide. The size ofhe glassslidewas 75, 25 mm and thickneswas 1i
1.2mm (Sail Brand 7101 Theslurry was dried on the slides to fothe first layer of
the TiO; film.

The slurrywas again dropped on thikdes on top of théfirst layer of TiO, and then
spread evenly to form the secolayer. After the second layeadried this step was
repeated to form a third layef TiO, on the slidesTo stabilise the porous filnthe
glass slides with three layers of TiQ were putinto the furnaceg(Carbolite® CTF
12/75)and bakedor 30 minutesat 400°C. After cooing, the slides withthe settled
and dred TiO, porous filmswere ready to usandwere stored ira dark dry, and

sterileplace.
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In thedecolorsationtestsin which the chemical activity of the plasma discharges
obtained 1 ml of indigo carminewater solution wasiropped orthe slide with the

TiO, porousfilm and treated by plasma discharges.

In the microbiological decontamination test§0 pL of PBS with a bacterial
population of 16 CFU/mI waspipettedonto the slide with the Ti©porousfilm

beforeand left to dry, the it wastreatedwith atmospheriplasma discharges.

Figure7.1 shows an original microscopic glass slide and another glass slide covered

with a dry, thredayer TiO, porousfilm.

Figure 7.1.Blank glass slide and slide with Tgporousfilm.

B. White Fabric with TiO,

In another series of tests, a different approach tprdgaratiorof samples with TiQ
catalys was usedA 10% TiQ, solutionwas preparecs described in Sectioh2.1.
Medical gauzewas cutinto pieces with a size of 28mx 10mm, and thenfully
immersed into the Ti@solution. TiO, saturatedabric pieces were transferred into a
petri dish,andstored in a drydark placeuntil they werecompletelydry. After this

processthe sample fabric was readyuse
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In the decolorisatiortests 1 ml of the indigo carmine solutiorwasdroppedonto the

samplefabric andthentreated by noithermal plasma discharges.

C. TiO, Topped Agar

In this approachTiO;fine particles were introduced directly into the top layer of agar.
To preparehe samples, firstnutrient agar plates were made as describe&eation
5.2.2.

TiO, water solutionwith particle @ncentratios of 1% (/w) and 10% (b/w) was
preparedand sterilsed by autoclavng. This sterilsed 5 ml TiO, solutionwas cooled

to room temperaturand then pipettedonto the top of each agar plate and spread as
evenly as possible usingn L-shape spreadeand allow to dry TiO, coatedagar
plateswereseeded with bacteria and treated by-tit@rmal plasma discharges.

D. TiO, Mixedin Agar

Another approach to treatment of microbiological samples with TiO2 was through the
introduction of TiO, particles into the bulk agar. In this cagey of nutrient agar
powder and2.7g of TiO, powderwere dissolvedn 250ml distilled water. In this
solution, the concentration of TiQvas 1% (b/w), and this samplemaintainedthe
required concentration of nutrient agar (88in 1L of water as instructed bthe
manufacturer)This solution was then cooled in a water btk 7°C. Then,3.75 mg
of TTC (2,3,5Triphenyltetrazolium chloride frorSigma Aldrich T8877)was added
into this molten agar/Ti©@mixture, mixedwell, andpouredinto 55 ml platescovered

with sterilealuminumfoil .

Bacteriawere seeded orthese plates and treated irthe plasmadischarge system
Figure 7.2 shows a 55 mm diameter plate lined &lttminumfoil and filled with

agar/TiQ mixture
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Figure 7.2 TiO,/agar sample

7.2.2 DischargeSystemfor Preliminary Experiments

In this chapterthe negative steadgtate coronalischarge were used todecolorise
indigo carmine solution sam@andto inactivatetestbacteria E. coli andS.aureus.
The corona discharge systemsedin this series ofexperimers is the sameas
described inChapter3.2. However, due to convenience and sample size, a different
plasma treatmenestcell was used. Thigest cellhasthe samesize and dimensi@as
the test cell used ithe transient plasma dischargsts described in ChaptgB. The
main bodyof this testcell was madef Perspexcylinder with a diameter of 156im
andheightof 80 mm.Two PVC flanges cover the top and bottom of ttydinder. A
metal plate with a 27 mm high rounded edges locatedn the bottom flangeg.he
thickness of the plateas 10 mm, and the internaliameterwas 100 mm.This plate
was grounded through the earthed connection port tre bottom flange. Six
gramophone needles (body diametieP mm tip radius ~36 um) were instakd on
the top flange through a screwto the metal bar. A DC high-voltage supplywas
connectedo the needles through this hdburing theplasmadischargereatmentsix

needles were stressed witle samenegative high voltageThe targetsamplewas
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placedon the metallic plate under the needle ele@sodhis test cellis shownin
Figure 7.3.

_ — 14
GE‘\E .

g -_ —

Figure 7.3. Six-needleplasmadischarge test cell fahetreatmenbf sample with
TiO..
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7.3 Experimental Procedures

7.3.1 Decolorisationof Indigo Carmine Solution

In the case of indigo carmirgecolorisation tests, Tigdn the porousfilm form or on
the fabric has direct contact with the dye solutiolifferent from the previous
decolorisan studydescribed in Chapter, 4n these tests some of the Fi€puld be
mixed with the indigo carmine solution, andould be impossible to provideeadings
in the transmittance measurement usthg spectrophotometerAlso, it was not
possible to separate these two substantass the degree oflecolorisationshould
bedeterminedn a differentway rather thameasuring the change transmittance as
in the previouschapter.A color analysis (RedsreenBlue/RGB analysispf pictures
of the treated indigo carmine solution samples the top of Ti@ porous films or
TiO, saturated tissyavas usedn the tests described in this chapterevaluatehe

degree oflecolorisatiorafter the plasma treatment

An example of RGB analysis is shownFigure7.4.

Figure 7.4.Blue tonal value of solutions with different concentrasiohdyewere
obtained using RGB histogram (Adobe Photoshop CS3)
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Samplefiao is the original indigo carmine solutipsamplea fibo and fico are indigo
carmine solution aftetreatmentby indirect corona discharges for 5 minutes and 10
minutes.The concentration of indgycarmine in sampl&ao is the highesttherefore

it has the darkest blue color. Sampied has the lowest indigo carmine concentration,
so it has the lightest blue color. Blue tonal range values for samplearaj bwere
obtainedusing RGB histogranfAdobe Photoshop CS3The tonality value is in the
rangeof 0 to 255 lower tonal value indicatedarker tonality of the object, while
objects with lighter tonality have higher tonality values. As showhiguire7.4, the
blue tonal value for sam@ea, b andc are 85, 127and 132 respectively.The blue
value of theindigo carmine solution increased after decolorisation by plasma
discharges. The incremewasthen used to quantify the level of decolorisation by
plasma discharges.

The test procedure was follows: 1 ml of dye solutionwas droppean the glass slide
with porousfilm (or on the fabric with TiQ) andspread as uniforiyn aspossible a
picture of the sample before plasma treatmerats takenalong with acolor map
(PhotoA). Then the sample was treated by negative corona disch&mge certain
time period. After the discharge treatment, anotpkoto (photo B) of the treated
samplewas taken with the&olor map under the samght conditiors aspicture A.
Both photcs, A and B wereanalysed using Photoshopoftware,andthe RGB values
of each picturevere recordedThen the changm the blue value in the sample area

was obtained usinfy.1):

Yo &6 6 (7.0

where Y0 is the change of blue valuetine sample area;

Bsa is the averageblue valueof the sample arean photo A (after the discharge

treatmeny, and

Bsg is the averageblue valueof the sampleareain photo B (before the discharge

treatmenk
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When takingthe pictures ofthe sample before and after the discharge treatmé,
light conditiors werekept the saméasfar aswasreasonably practicableand acolor
map was used focalibration As mentiored before,a photo of the sample andhe
color mapwas takerat the same timéefore and after the discharge treatmdrite

changean blue value in the chosen calibration area orctiler map is:

Y# 6 o) (7.2

where Y# is the change of blue valie the color mapcaused by the light condition

difference;

Bca is the blue value irthe calibration area irphoto A (after the discharge

treatmeny;

Bes is the blue value ithe calibration area iphotoB (beforethe discharge

treatmenk

Therefore, the actual changetire blue valuein the sampleaused byhe discharge

treatment is:

y' Yo Y# (7.3

where ¥" is the actual change in blue value causethbydischarge treatment

Y0 is thetotal charge of blue value in sample area

Y# is the change of bluealue caused by tHaght condition difference
Therefore the enhancement effect of Ti@n decolorisationcaused bythe plasma
treatmentan beobtained.

Figure 7.5 showsa picture of the sample (blue dye on the slide with the,a@ous

film) andapicture of thecolor map.
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Figure 7.5. Picture of thetreatedblue dyesample andhecolor map thesample and

calibration aresareindicatedby arrows

By comparing theY" value ofthe sampletreatedby plasmadischargeswith TiO,
and by plasmadischargesonly, the enhancemenh the degree ofdecolorisation
achievedusing TiG can be calculatedith (7.4):

-y (7.4)

where M is the enhancement degredetolorisatiorusing TiG

Y" s the actual change in blue value caused by discharge treatment with TiO

as catalyst

Y" is theactual change in blue valueusad by discharge treatment without

TiO, as catalyst.
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7.3.2 Biological Decontamination Tests

The methodology usedbr the bacterial inactivatioriestspresented irthis chapteris
the same ashat presentedn Chapter 52. However, instead of using agplates
seeded with bacteria dBe target sampkefor exposureto plasmadischargesfour
different approachesere employedin the present studies to establish gogential

effect of TiQ, on the plasma decontamination process

(1) Biological inactivation tests with Ti@porousfilm

In these testsnstead of seeding bacteria on the agdvacterial sample &0 pl was
takenfrom the suspension with tHeacterial populatiorof 10° CFU/ml and spread
over the glass slide with Tiporousfilm. Then this film wastreated bythe plasma
dischargesAfter the treatmentthe glass slide was placed ortee agarplate andthe
side with bacteria was fully in contact witte agar and incubatedfter 18 24 hours,

bacterial colores were counted.
(2) Biological inactivation tests with Ti@topped agar

A 50 pl bacterial suspensismvith a population of 7DCFU/mI| werespread evenly on
the TiO, topped agar plate. Thetine sample was treated by plasma dischayttsr
the treatment, sample plates were incubated aC Jér 18 24 hours. Surviving

bacterial coloireswere counted

(3) Biological inactivation tests with Tigmixed with bacteribsuspension

TiO, powder(1 g) was addedo 99 ml distilled water to make a solution with a 7iO
concentration of 19%b/w). Then this solution was used in the last step of badteria
suspension dilution (series dilution discussedn Chapter5.2.3 to havea bacterial
suspensiomwith 1% TiO,. A total of 50 pL of this bacteriasuspension was pipetted
and spreadnto the pureagar plategno TiO; in agar) These samples weexposed to
the negative corona dischargproduced with avoltageof ~11 kV; averagecorona
discharge current wasLOOpA. Air pressure inside th@lasma treatmenéest cellwas
0.2 bar gaugeThe teated agar sam@evere then incubated a87°C for 18 24

hours andthebacterial coloreswere counted
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(4) Bacterial inactivatiortests with TiQ mixedwith the bulkagar

In these tests, the bulkgarwas mixed with TiQ powder. Bcteriawere seededn
these TiQ agarplatesandexposed tdhe negative corona dischamg®r specifictime
intervals. hen the treatedsamples were incubated at°87for 18 24. As TTC was
used in the preparation of agdhe bacterid colonieswerein red instead of the
original colors (yellowish for E. coli and S.aureug. After the incubationpacterial

colonies werecountedand analged.

7.4 Indigo Carmine DecolorisationTestswith TiO, as

Catalyst

It has been reportedn several research papershat the gasma dischargein
combinationwith TiO, producesignificant decomposition ofrganic molecules in
water[275], [276], [277]. As mentioneckarlier, TIO, canincrease the production of
the reactivechemicalspecies duringhe plasma discharggeatment Hence it can

increasehe efficiency othe plasmainducedcleaning and decontamination.

In this section, the enhancement effect of Ti&s the catalystis investigated The
experimentalstudywas basean thedecolorisatiortests ofthe indigo carmine water
solutiors. Indigo carmine solution with dye concentration of 0.25 g/L was usedaas
targetsampleand exposed tthe plasma discharges with or without LiO hen the
degree of thelecolorisationwas obtained and comparethdthe enhancemerffect

of TiO; in the plasma treatmenias evaluated.

7.4.1 DecolorisationTestswith TiO, Porous Film

First, theindigo carmine solution was spread evenly over the glass slideth@ifiO,
porous film.Then it was treated byhe negative corona discharg@ the test cell.
After the treatment, theegree ofdecolorisationwas obtained andompared wittthe
degreeof decolorisation achieved in théischargetreated samples on glass sfide
without TiO,. For boththe blank slide andthe slide with the TiO, film, the same
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treatment conditions were applie@ihe treatment conditions thatere used in the

testsandpresentedh this chapterare listedn Table7.1

Table 7.1 Tested discharge treatment conditions

Treatment | Volumeof Negative Negative Pressure | Treatment
conditions dye Energisation | Discharge | insidetest| Time
solution StresgkV) Current cell (min)
(mli) (HA) (bargauge
Values 1,2,3 10,11,12,13, 80-140 0.1, Q2 0-10
14

The results of this studgre summarisedas follows athoughin some groug of the
tests,the decolorisatioreffect was observedhe enhancement idecolorisatiorusing
TiO, as catalystsvas not achievedFor example, 3 ml indigo carmine solution was
completelydecolorisebn boththe blankslide andthe slide with TiG film after 10
minutesof treatment with-14 kV corona discharge, as showm Figure7.6.

Before After

Figure 7.6. Completedecolorisatiorof indigo carmine byheplasma discharge

treatment on glass slides wahdwithout TiO; film.
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With a shorter treatment time or lesstensive discharge,a lower degree of
decolorisatiorwas achievedue to the influence dheevaporation and gas flowhe
liquid solution was no longer uniformly spread ovee entire slide decolorisation
wasobviousin some ares but noton the entireslide. It is difficult to quantify this
decolorisationeffect the results from visual observation showed no enhancement

from using TiQ. An exampleis shown in Figure7.7.

Without
TiO,

Figure 7.7. A solution of2 ml indigo carmine on slides witmdwithout TiO, and

treated by12kV corona discharge for minutes (test cell pressure at Obargauge.

As show in Figure 7.7, it is difficult to quantify the decolorisationeffect with or
without TiO, for the treated indigo carminesolution becausethe decolorisation
enhancemenin the case of usin@iO,was not achievedrliO; particles mixed with

theliquid andbecamesuspendedTherefore the solutiorbecamevisibly cloudy, and

thetransmittanceneasuremdn werenot accuratan this situation

In this approach, Ti@ did not produce a quantifable enhancement orthe
decolorisationeffect of the plasma discharges'he liquid sample on top of Ti®
possibly blocked chargednd neutral chemically activparticles and light from
discharges, sdhey were not able to excite electrons TiO, and to increase

bio-decontaminatiomnd chemical oxidation effects of plasma discharyeseover,
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an accurateaneasurement method is needed insteadswfg opticatransmittancdor

evaluation of the degred decolorisation

7.4.2 DecolorisationTestswith TiO, Fabric Samples

Another type of samptewas testedn this study White fabric (cut from medical
gauzé with and without TiQ wasused 1 ml indigo carmine was dropp&uhto each
fabric and exposed tthe plasma discharge#\fter plasmadischarge treatment, the
degree ofdecolorisationof the samples with and without TiQ was obtained and
compared.Decolorisationof indigo carmine was achieved on both fabrics after
treatment by the negative corona dischargevith voltage stress ofl3 kV for 5
minutes(discharge current80 pA; measuredzone levelwas 25 45 ppm) It was
observedthat the fabrics with TiQ produce ahigher degree ofdecolorisation An
exampleis presentedn Figure7.8.

Before

Without TiO » Ti02

Without TiO ,

3]

After

T102

Figure 7.8. Fabricsamplesvith andwithout TiO; treated by negative corona

discharge with13 kV for 5 minutes.
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As can be seen from Figure8,7/thesamplewith TiO, demonstrate@ slightly higher
degree ofdecolorisation Each picturewas analysedusing the RGBcolor mapping
method inPhotoshop, and thactual change in blue value causedthg discharge
treatment ¥", was calculated byEquatiors 7.1i 7.3 The resultsare presentedh

Figure7.9.

Il Sample without TiO,
B sample with TiO,
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Figure 7.9. Change intheblue valus caused byhe plasmadischarge treatmerfive
independent testéie test groupsjvereconducted.

Figure 7.9 shows thathe change in blueolor caused bythe discharge treatment is
higher inthe case of thesamples with TiQ which meansa higher degree of
decolorisationwas achievedising TiQ as catalyst.By applying equation(7.4), the
enhancement degree dafecolorisationusing TiQ was calculated The average
enhancement degree in this series of tissid =9.14+ 2.32. The average change in
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blue value is 8.0%2.76 for samples without TiCand 17.1% 1.11 forsample with

TiO,. To summarizethedecolorisatioreffectwas doubledby using TiQ.

7.4.3 Summary

In this section, preliminary investigation of using 7i@s a catalystto decolorise
indigo carmine samplesasconducted Two types of samplesere investigatedBy
using TiQ porous film underneath indigo carmine solution, the enhancement
decolorisationeffect was not observed. The liquid layer of indigo carmine solution
could potentiallyblockions and chargeparticles generated from ndihermal plasma
discharges, and therefore TLi@as unable to increase the production of reactive

species. Henge¢hedecolorisatioreffect was not improved.

In the tests with samples made of fabrics, the results using the sample with TiO
demonstrated an enhancement effeat@nolorisatiorof indigo carmine. The change

in blue value achieved with the use of Ti®as twce higher than in the case of the
sample without Ti@ Two possible reasons can explain this difference: 1) with dried
TiO, on the fabric, the poresn the fabric were filled with TiQ andthe area of the
sample was increased in this way and a higheregegfdecolorisatiorwas achieved,;

2) unlike in the case of the porous films, ions and charged particles were able to reach
TiO, surface,so the number of reactive species produced by plasamincreased

which also can produaehigher decolorisation &dct.

Although the enhancement effastas achievedn this series of preliminary tests,
several methodological issues require attention. For example, the {heked RGB
value comparison is able to show the degredeabdlorisationhowever, the change i
dye concentration cannot lmbtained Therefore further investigation of potential

effect of TiQ, on plasma treatment efficiency is required.
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7.5 Bacterial Decontamination Tests With TO, as

Catalysts

The lacterid inactivation effect ofthe nonthermalplasma dischargealso may be
improvedusing TiQ as catalystsAs mentiomd before, the production of reactive
species by nothermal plasma dischargesuld possiblybe increased due to the
presenceof TiO,. In this section, bactetialecontamination ability othe negative
corona discharge treatment with and without Jli€dexaminedAs in the preliminary
decolorisationtests, four approaches were testeth this section, each of the
approachsis discussedandthe obtainedesultsare presentedTwo types of bacteria
were used E. coli and S. aureus as representatives oGram-negative and

Gram-positive bacteria.

7.5.1 Bacteriaon TiO,Porous Film

E. coli and S. aureussamplas were prepared in the same way &bapter5.2 and
diluted to 18 CFU/ml in PBS solutionThen 50 pL of this bacterial suspension was
spreadevenly on the glass slide with and without Ti@drous filmandtreated bythe
negative corona dischargeith voltage leves of -9 kV, -10kV, -11kV, and-12kV.
Atmospheric air was fetb theplasmatreatmentestcell, andthe pressuranside the
test cell was ket 0.2 bar gaugelhe reatedglass slide wereplacedontothe agar
the side with bacteria was fully in contact witle agar. Sampleswere incubatedat
37 °C for 18 24 hours.It was found that bacteti@olonies formed in the slidagar
contact areawere too difficult to count. Also, samples wereasily contaminated

duringhandling Therefore, this approach wassuitablefor these tess.

7.5.2 Bacteria onTiO, Topped Agar

A 50 pL bacterial suspensionith a population of 16 CFU/ml was spread on TiO
topped agar plates (topped with 10% or 1% ,T8dlution) and exposed tthe
negative corona dischargévoltage leved of -9 kV, -10kV, -11kV, and-12 kV).
Atmospheric air was fed to thest cellto keep the pressure at 0.2 bar galayel.
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Thenthe treated samplewere incubatedit was foundthat bacterialcolonies were
unableto form correctlyon agar witha TiO, layer on top Therefore, this method was

not used.

7.5.3 Bacterial SuspensiorMixed with TiO,

As mentiordin Section7.3.2 (3) bacterial suspensiemixed with TiQ, werespread
on top of agar and treated by negative corona discharge wiattage of-11 kV. The
average corona discharge current wa®0JA. The ar pressure inside thiest cell
was 0.2 bar gaug®uring the discharge treatmerthe concentratiorof ozone was
measurecand found to b5 35 ppm The samples were treatedfor 30 second, 1

minute and3 minutesThe esults are shomin Figure7.10 andFigure7.11.

=y
N
o

T T T T T T T

100 —4— Sample without TiQ
—4— Sample with TiQ

[0}
o
T
1

Surviving bacteria population (CFU/Plate)
3
T
1

40 A T .
1 1
20 | .
ol A a
1 " 1 " 1 " 1 " 1 " 1 " 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Exposure Time (minutes)

Figure 7.10. E. coli populatiors as a function oéxposurdime usingnegative corona
dischargdreatmentvith andwithout TiO, asthe catalyst Bacteria samples were
prepared through bacteria suspension mixed with. ®B@ch point in thidigure

represergan average dahreeindependentests The errorbars show standard

deviation valuesSolid lines are for visual guidance only.
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The initial population ofE. coli in these tests was BY00 CFU/plate After the
treatment with negative corona discharges fos @ithout TiO,, E. coli population on

the agar plate was reduced to CEU/plate which meanghat 99% of E. coli were
inactivated However, a lower degree of inactivation was achieved on the samples
treated with TiQ, with anaverage 3ICFU/plateobservedafter 3 minutes exposure

By adding TiQ to bacterial suspension and then treating these samples with plasma
dischargs it was shown that no enhancement in inactivatiok.afoli was achieved.

On the contrarythe inactivation effeavasweakenedin the presence afiO..
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Figure 7.11. S. aureugpopulatiors as a function oéxposurdime usingnegative
corona dischargeatmenwith andwithout TiO, asthe catalyst Bacteria samples
were prepared through bacteria suspension mixed with E&zh point in thigigure

represerdan average dahreeindependentests The errorbars show standard

deviation valuesSolid lines are for visual guidance only.

Figure 7.11 shows the populatisnof S. aureus treated with negative corona
discharges withand without TiO, The initial population ofS. aureuswas 144/ 178

CFU/plateon theagar plate when bacterial suspensiaithout TiO, wereused This
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number decreased to less thanCFU/plateafter 30second of the plasma discharge
treatment.In the case of adding TiOinto the bacterial suspension, the initial
population ofS. aureuswas much lower~80 CFU/plate This populationwas also
reducedafter exposureto the plasmalischages However, the reductiowas much
lower, the populationof S. aureuswas ~36CFU/plate even aftertreatmentby the

plasma discharges for 3 minutes.

Again, the enhancement effect of using Ti@as not observed in thimethod The
difference in the initial populations of microorganisms showed that Ti& a
negative effect on thé&. aureuspopulation and resultedin a 50% lower initial

population.

7.5.4 Bacteria Seededbn Agar Mixed with Tio,

In this section TiO, was mixed withnutrient agar powder and distilled water
(concentration of TiQwas1% (b/w)), andsterilisedto make aspecialtype of agarA
total of 3.75 mgTTC was added to makhe mixture, which wametabolizedvy the
bacteria and made thHeacterial colores appear to be redhis allowed for easier
enumeration against the white background of Ja@ar mixtureasshown in Figure
7.12.

Figure 7.12. TiO, (1% (b/w)) mixedagar geded withS. aureus
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These testshowedthat thepresenceof TiO,does randomly influence the growth of
bacteria on agarThis type of agar is also very dgsdried during incubation.

Thereforejt was concluded thdt% TiO, mixed agar was not suitable for tisisidy

Again, problems with the presence of i@t these concentrations appeared to have a
negative impact on bacterial growth, making accurate experimental procedures

difficult. This method was therefore not suiab

7.5.5 Summary

In this section,the testing offour different methodds presentedo examinethe
bacterial inactivatiortapability of the plasma discharges enhanced using dsthe
catalyst The enhancement effect brought by using 7i@ the plasma discharge
treatmentwas not achievea this series of experiment§lethods used in this study
were proved not suitable for bacterial inactivation test, as the growth of bacteria were

affected by TiQ, and samples could be easily contamidatering handling.

Although no suitable methotbr testing of potential positive effects @iO, on
bio-decontamination efficiency of the plasma dischargess found, and the
enhancement effect of Tivas not achieved, valuable informatistil was obtained

in this series of preliminary tests. For example, it was established that it would be
beneficial to avoid direct contact between bacteria samples ang pEficles.
However, 8 mentiord in the decolorisationsection of this chapter, Tiparticles
should be in contact with electrons and ions generated by dischargeshieve
increasd production of chemically active specied-urther investigation on the
application of TiO, for enhancement of bidecontamination effects of plasma

discharges is rpiired
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7.6 Discussion andConclusiorns

In this chapterseveral attempte/ere made to investigate tipetential enhancement
effect of using TiQ asthe catalystin the nonthermal plasma discharge treatment.
Preliminary experiments were performed Hgcolorigtion ofindigo carminedye and

by inactivaton of E. coli andS.aureus

In thedecolorisatiortests theindigo carmine solutiorwas addean TiO, porous film
and onTiO, added fabric, these samples wergeated bythe negative corona
dischargs. No significantenhancemengffect was observeavhenthe TiO; film was
used Alternatively, by analysingthe blue valueon the images othe treated and
untreatedsamplesthe enhancement effect was obsenmedhe case of the treatment
of indigo carminesolution placedn TiO,-fabric samples.The increase irthe blue
value onthe images ofthe samplewith TiO, is twice that onimages ofthe sample
without TiO, after the plasma discharge treatmehtowever the results obtained at
this stageareinsufficientto provide information for optinsation ofthe nonthermal

plasma dischargeeatmentand further studies are required

Based orthe resultsobtainedin this study the following conclusions can be made.
First, the interaction betweethe plasna discharge and TiQ particles should be
increasedWhen using the Ti@porous film, indigo carminaolution on the top of
TiO, possibly block ions, chargedoarticles and even UV light produced by the
plasma dischargesHence no enhancementwas achieved A suitable test
configuration is needetb introduce TiQ particlesto the plasma discharge system,
such as thatlescribed n [278], where TiO, coated glass pellets were used in the
air-liquid-solid system to enhance thdecomposition of harmful chemical
componentdy the plasma discharge treatment. }i®@ the form of poroudilm or
powder couldoe mixedin the liquid sampleand presentdifficulty for separatiorof

the fine TiQ particles and liquidifter plasmatreatmentlt is not possible to measure
the optical transmittance ofthe sampls accuragly in this situation. Further
improvemerg in the experimental system and methodology are required to overcome
this issue One possible approach is given if279] and [280], whee an
electrochemical deposition method wesed tomake aTiO, thin film which cannot

bemixedwith theliquid solution.
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Decolorisation of indigo carminedye placedon TiO,-fabric was evaluatedby
comparing the blue value dhe pictures ofthe treated samples with the blue value
obtained from theictures ofthe untreated sampleglthoughthe comparisoshowed

an enhancement in the charafethe bluecolor numbers achieved in the casetlo¢
TiO, samplesthis method isnot accurateenoughto quantify the concentration of
indigo carminedye after the plasma treatmein. addition tomeasuring theptical
transmittancepther methodsould be used for evaluation of potential catalytic effects
of TiO,. For example High-Performance.iquid ChromatographyHPLC) was used

in [280] to measure the coantration of phenol inthe liquid sample afterthe

nonrthermal plasma discharge treatment.

TiO, was also used to enhance thecterial inactivatioreffect of the nonthermal
plasmadischargs. However the resultsshow that there was no conclusive outcome
in this study It was found thafTiO, particlescould interfere with the culture of
bacterid sampls. Also, itis difficult to introduceTiO, into the northermal plasma
treatmensystem whilekeepng both bacteria sample and Ti@irectly exposed tthe
plasma discharges.Using TiO, to enhance the bidecontamination effect of
atmospheric plasma discharge is a new topic, there are not too many published results
in this area. However, many papers have reported thai & enhanced the
bio-decontamination effect of UV radiatioifhe advanced methodology could be
used in the research of plasma/Ti€ystem. It was reported {255] that TiO, film
prepared through sgel method, chemical vapo deposition (CVP) and plasma
enhanced chemst vapaur deposition (PECVP) showed anhanced hkaericidal
effect during exposure to UV radiatiohe film they used in the study does not
interfere the growth of bacterién another researcf281], a plasmaspraying TiQ
coating method was used, theaterial coated with TiQ was merged into fungus
liquid and treated by UV radiation, fungus liquid was then withdramd used to
culture fungus on agaithe TiG, film and coating reported in these study could be
used in future research of Ti@h plasma discharge treatment. For example, coatings

could beapplied to grounded electrode (aluminum foil lined plate).

The experimental topology and methodology shouldvioved for future studies of

potential catalytic effects of Tidn combination with plasma discharges.
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CHAPTER 8

Conclusiors and Future Work

8.1 General

The atmospherimonthermal plasma discharge is a noymbwerful technology for
bio-decontaminationdisinfection andoxidation incleaningoperations Althoughthe
oxidation and micrébiological decontamination effexcbf atmospheric nothermal
plasma dischargehave beerstudiedby many researchg the mechanissof these
effects arenot fully understoodand the efficacyof plasma treatmeninay vary
depending orthedischarge parameterEhe currentesearctpresents amvestigaion
of the oxidation ananicro-biologicaldecontamination efficacy ahe DC steadystate
corona dischargeand transient plasma dischasg®ifferent discharge topologies
were used along with different discharge parameters includivngitage levels,

energgationpolarities andair humidity.

In theinvestigation otthe oxidation efficacy ofhe atmospheriplasma discharges, a
bluedye (indigo carmineyvatersolution with aninitial dye concentration of 0.25 g/L
was used as chemicalsensor The dye solution waslecolorsed by the plasma
discharge treatmenandchanges iroptical transmittancef the treated samplegere
measured and uséd obtain the reduction in dyeoncentration. fius,by comparing
thereduction in dyeoncentrationsaused by the different types of plasma discharges
thar oxidation capability wasbtained

The micro-biological decontamination capability ofthe plasma dischargesvas
investigatedhrough a series dfacterial inactivatioexperimens. Gram-negative and
Grampositivebacteria E. coliandS. aureuswere seeded on agar plates and treated
by plasma discharges. Bacténg@pulationwasenumerated, and it was found that the
plasma discharges redulcleacterial populationThus the decontamistion capability

of theplasma dischargavasmeasured

The concentration ofyroxyl radicals produced bthe plasma discharges water
solutionwas measuredising sample soluti@made with2 mM TA acid and5 mM

NaOH. Hydroxyl radicals produced lkie plasma dischargereaced with TA and
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formed HTA, which gives fluorescentsignals at 425 nm. The fluorescence signal
from the plasmatreated sample solutiowere obtainedand used to calculate the
concentration of OH radicals. The OH radical produrctiates by different types of
plasma dischargaesere obtainedand these results were compared with the oxidation

and biedecontamination efficiencies of plasma discharge treatment

In this study, an attempt was made to ugeatalystto enhance the oxitlan and
micro-biological decontamination effestof plasma discharge3iO, wasselected as
a potential catalyst and usedthe plasma discharge treatmésgts Several different
approaches of introducing TiOnto the plasma systemvere identified and indigo
carmine decolorisation tests ahdcterial inactivatiortests were performed with and
without TiO,. Comparing the results, the enhancement efigctTiO, in each

approach was evaluateahdthe resultaverediscussed.

This research confirmed theregt potential of nothermal atmosphericplasma
discharges in cleaning angio-decontamination. Methodologies arilde obtained
results with analysisre presentedn this thesis In this final chapter, conclusions
obtainedfor each aspeadaif this study a& presented, and directions for future wark

also discussed

8.2 Conclusions

8.2.1 Oxidation Capabilities of Non-Thermal Atmospheric Plasma

Discharges

One of the main findings of this research was the establishmetiiteobxidation
effect of the DC steadystate corona dischargiand transient plasma dischasgéhe
oxidation effects of the atmospheric nthrermal plasma discharges were studied

using indigo carmine decolorisation under the action of the plasma treatment

It was found thatn the @se ofthe steadystate corona discharges, tpelarity of
energisationaffectsthe oxidationcapability of the plasma dischargds all tested
electrode topologieslirect or indirecplasma treatmenit was established that higher
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decreasan the dye (indigo carminexoncentrationis achieved usinghe negative
discharge treatment rather thtre positive discharge treatmerithis effect is more
pronouncedn the case othe direct plasmaexposure 10 minutes of negative corona
discharge treatmemesultedin areduction of thelye concentratioto 0.17 0.19 g/L,
starting with the initial concentration of 0.25 g/Lhie in the case of 10 minutex
positive discharge treatment, the final concentration was only 0.23 g/L. It was also
established thiathe decolorisation process is a chadgpendent processalthough
the total charge delivered to tdge sampls was higher in the negativenergisation
case, the charggependent decolorisation rate (see Table 4.1) showedthikat
negative corona dischges produce digher efficiencylt is suggested that this is due
to a higher concentration of theactive species proded by thenegative corona
dischargs. For examplepzoneconcentration was much higher duritige negative
corona dischargeratherthan during thepositive corona dischargeThis confirms
that chemicallyreactive specieproduced by atmospheric plasma dischapgayg an

important role irthe process gblasmainduced oxidation.

The oxidation capability of corona dischasgse alsoinfluenced by theelectrode
topologies It was established thdtigher decolorisationrates were achieved in
sampledlirectly exposedo thecorona dischargess compared with indirect exposure
However this difference is not only caused thye charged pdicles thatcanreachthe
sample surface ithe case ofdirect exposure. The distance frahe stressed HV
electrode to the sample surface is shortethis case, which makeg easierfor
shortlived chemical specie® reachthe samplesurface Therefore, the direct corona
discharge treatment has highexidation efficiency. It was found that he
decolorisatiorrateof indigo carmine caused by positive corona dischargg@2&C?,
while the negative corona discharge treatment resulted inet@atisation rate of
7.36C™. In the case ofindirect exposure, thachieveddecolorisationrates were

2.79C* and 4.35 C with positive and negative polarjtsespectively.

Also of note it was found thathe humidityof atmospheric air affectetthe oxidation
efficiency of corona dischargdo a lesser degred@he humidity of air used in this
research wa$2.3% and 40% and it was found that this difference wasufficient to
cause ssignificant changen decolorisationof the dye solution. In the confined test
cell with liquid solution sample, this difference in humidity could be compensated by

watervaporproducedduringthedischarge.
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In the case ofhe transient plasma dischargese decrease in dye concentratigas
found tobe a function othe total delivered charg&he polarityof energisatioralso
had aninfluenceon the oxidation capability, but this influence is different with the
corona discharge casén the case of surface dischasgéhe negative discharge
treatmen resulted in a slightly higher decolorisation rate (5.42f& positive and
5.77 C* for negative) while in the case othe direct transient plasma dischargee
positive discharge treatment resulted in a much higher decolorisation rate ¢7#&9 C
positive and 4.72 &for negative)lt was established thete breakdown voltage does
not significantly affect thelecolorisation effect20 kV, 24 kV, and 28 kV discharge

treatmentemonstratedimilar chargedependent decolorisation effects.

Thereactive species are considered to be very important in the decolorisation of dye
solution bythe transient spark discharge treatment. Since the ozone concentration is
undetectably low during all experiments with transient spark discharges, other
reactivespecies such as OH radicals andNpPeciescould be responsible for the
decolorisation, especially NO, which has been reported to have a higher production
rate bythe positive dischargef221], [222]. In the case othe direct transient spark
discharge treatment, the distance between the needbindiphe liquid surface is
longerwhenthe positive energisatiormodeis usedto maintain the same breakdown
voltage with the negative dischardéis couldcause a difference ithe production of

NO and other nitrogespeciesthen additional chemicateactiors could betriggered

and could result in a different decolorisation effect. Generally, theoxidation
capability of the transient spark discharge treatment dependsiadivered charge,

polarity, and discharge topologies

This research also confirmed the plasm@duced acidification effeclThe decreasm
pH was observeih the samples treated by plasma discharges,ianas found that

the decrease in pH corresponds todbeolorisatioreffect.
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8.2.2 Bio-Decontamination Capabilitiesof Non-Thermal

Atmospheric PlasmaDischarges

The biodecontamination effect of both steaclyrona discharge and transient spark
dischargewasfound andinvestigatedn the studylt was established that tiptasma
discharge treatmemésulted in thenactivaton of bothE. coli (Gramnegative)andS.
aureus(Grampositive) It was found that fothe same type of discharge treatment,
the degree of inactitmn is a function of the total delivered charge. The
bio-decontamination efficiency wasobtained and characterisecby the

chargedependent inactivation rate.

In the case of steaestate corona discharge treatment, thierent polarity of
energisationresulted in a significant difference in the bia@lecontamination effect.
Using the negative direct corona discharge treatment, 99% or even complete
inactivation was achieved with only ~5 mC delivered charge. The estimated
inactivation rate othe negative diect corona dischargavas0.978 mC" and 1.441
mC* for E. coliandS.aurets, respectivelyWhenthe positiveenergisatiomodewas
used the inactivation ratevas 0.029 mC for E. coliand 0.037 mC for S. aureus
High inactivation ratealsowasachievedusingthe negative indirect corona discharge
treatment 0.575 mC* and 0.264 mC for E. coli and S. aureusrespectively The
inactivation rate was only 0.031 mGand 0.023 mC- for E. coliandS. aureusn the
case of positive indireciorona discharge treatment.

Ozone as a strong inactivation agenproduced bythe coronadischargs, and itis
believedthat ozoneamongst other chemical spegiesresponsible fooxidation and
bio-decontamination effest It was found thathe ozoneconcentration was much
lowerin the case opositive corona discharges?2 ppm as compared withh2i 30 ppm
produced by negativiadirect discharge treatment andi B0 ppm by negativedirect

discharge treatment

Comparingthese results oflirect and indiret corona discharge treatmerit was
established thaindirect topologyresulted ina slightly higher inactivation effect.
However,the obtainedlifferencein the case of direct and indirect treatmenhasg
significant,which proved that neutrathemicalspecies (ozone in this case) play the
dominant role in inactivation instead of chadgarticles
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It was found thatn the case ofthe transient spark discharge treatment, the
decontamination effect alswasaffected by the polarities dhe energisatia modes.
However,the positive transient spark dischargeducedhigher chargaelependent
decontamination rategspecially in the case dtfie direct transient spark discharge
treatment The decontamination rate diie positive dischargeis more than twie the
decontaminatiomate produced by thaegative discharge#@\s in thecase ofindigo
carmine decolorisation tests, the ozarencentrationwas undetectably low in all
tested transient discharge treatment cabkesefore other reactive species such@H

radicals and NQ@re considered to play the important roléatterial inactivation

To establish the effect of the voltage on-tecontamination capability of plasma
dischargesdifferent breakdown voltage levelsere testedHowever, it was found
that te difference inthe plasmainduced decontamination results was nwoéry
obvious Alternatively, it was found thaGramnegativebacteria veremore sensitive
to the transient spark dischargeatmentthan Grampositive bacteriaThe thicker
peptidodycan layer of Granpositive bacteriamay help to protectthem from the

lethal damage from transient spark discharge treatment

Higher decontamination ratevere achieved usinghe surface discharg&eatment.
Surface discharge propagatethrough the samplair interface Therefore these
dischargedreat a larger sample aredlajor chemicalreactions took place at the
sample/air interface, and tHmacteriawere seededon top of the agar. Therefore

surface discharggprovided ahigher inactivation rate.

In general,it was established that tteteadystate corona dischargevith negative
polarity provide high decontamination rate and both types of bacteria can be
successfullyinactivated in a very short tim&he decontamination raseobtained in

the cae of steadystate corona dischargase much higher thamhe decontamination

rates provided by theegative transient spark discharge treatmens. believed that
ozone with high concentration produced by negative corona discharges effectively
participaed in the bacterial inactivationprocess and resulted in such a high
inactivation rate; while in the case of negative transient plasma discharges, ozone

concentration is undetectably low.
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When positiveenergisatiormodewas usedthe transient spark disenge treatment
provided a higher decontamination rate than positive corona discharge treatment.
Unlike negative corona discharge, the positive corona discharge produces ozone with
very low concentration (~@pm).Although this concentration of ozonehigher than

in the case of transient plasma discharges, it is not enough to provide stronger
bio-decontamination effesthan positive transient plasma dischaigethis situation,

OH radicals play an important role iplasmainduced biedecontamination As
presented in Chapter 6, the positive transient plasma discharges provide a higher OH
production rate thanthe positive corona discharges. Thusa higher
bio-decontamination rate was achieu®d usingpositivetransient plasma discharges

rather than posive corona discharges.

In general, notthermal plasma discharges provide a novel alternative approach for
bio-decontamination. A comparison between Nlarmal plasma discharges and

commonly usedterilizationtechnologies are showed in Table 8.1.
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Table 8.1Comparison between ndghermal plasma and commonly used sterilisation technologies.

Process Mechanisms Material Advantages Disadvantages
compatibility
Non-Thermal Steadystate Straightforward Complex Compatible with | Straightforward Mechanism is not fully
Plasma corona dischargey exposure to plasma | mechanism most materials, | process. Laboratory | understoodRequires
Discharges Impulsive discharges, plasma agents including heat proved high efficacy. | high voltage system
transient plasma | Ambient cause irreversible| sensitive Environmendfriendly. | Further development is
discharges environment, damage to the ce| materials and Applicableto a wide | required for large scale
Short treatment time | wall, membrane, | liquids. range of treatment.
(minutes) DNA and its micro-organismsLow
internal temperature. No
components resistance of
microorganisms
reported.

Commonly Ethylene Oxide | Complex process, | alkylation Compatible with | Historically Toxic and flammable
Used Gas concentration | reaction with heat sensitive acceptableHigh gas Long quarantined
Sterilisation (450 to 1200 mg/l); | nucleic acid and | materials, efficacy.Can be used | time (714 days).
Technology at 37 to 63 ; functional incompatiblewith | for variety of material | Complex process.

Relative humidity 40| proteins, causing | liquids. at low temperature.

to 80%; exposure denaturation

time: 1 to 6 hours [285]

[286].
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Autoclaving 121€ at Causing Stainless steel Most commonly used | Require high
~100kPafor tens of | irreversible glass and other | sterilizationmethod. | temperature and
minuteswith denaturation of | materias. High efficacy.Simple | pressurelncompatible
saturated steam enzymes and Incompatible with| and fast procestow | with heat sensitive
[283]. structural proteing heat sensitive costand nonrtoxic. materials such as most

[284]. materials. of plastics.

Dry Heat 160€ for 2 hours, | Causing oxidation
or 170€ for 1 hour. | of cell
Dry environment constituent$284]

[283]
Electron Beam Exposure to high Damage to DNA, | Compatible with | Safe method with low | Limited penetration,

energy electrons.
Short treatment time
(minutes)

indirectdamage
through generate(
radicals[287]

most materials.

oxidation damage,
Compatible with most
of the materials, fast
process. [287]

expensive equipment,
Complexity of the
system.

Gamma Exposure to gamma| Breaking down | Compatible with | Complete penetration.| Require radioactive
Irradiation radiation usinghe DNA by high most materials, | Non-thermalmethod. | source. Expensive
radioisotope Cobalt | energy ionizing | incompatible with| Bulk process. Widely | system. Not compatible
60 as itenergy radiation material such as | used for many years. | with some materials,
source [288] inhibiting cell PVC, plyacetals causes degradation of
division [289]. Polytetrafluoroeth polymers.
ene[289].
uv Exposure to UV Damagsthe Compatible with | Low cost. Lack ofpenetration,
lights (especially nucleic acids, most materials, | Simple process, widely Safety issues. Cause
uv-C). disrups DNA incompatible with| applied in many areas| degradation of plastic
through UV polymers, may such as water, air and material  [290], [292].

photons [291]

cause degradatiot
of plastic

materials.

food decontamination.
[293].
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8.2.3 OH Radical Production of Non-Thermal Atmospheric Plasma

Discharges

Both steadystate corona discharge and transient spark discharge are prdeedtle
to produce OH radicals, antlwas found thathe OH radical productioby plasma

dischargess achargedependenprocess

In the case othe steadystate corona treatment, negative dischadgaonstrated a
higher OH radical production rate for both indirect and direct topologjies. is in
line with the results fromthe decolorisation tests whickdemonstrateda higher
oxidation capability othe negative corondischarges. Ozone productibg negative
corana dischargeis also higher tharby positive corona dischargewhich could

partly contribute t@higher OH production.

Another important facivhich was established in the present stiglyhat theair
humidity does not have significantinfluence on he OH radical production. Most of

the OH radicals were produced near the liquid/air interface or in the liquid sample.
There might be some OH radicals produced in air and induced inkigquitesample,

but due to the lowproduction in thair andthe shot-lived featureof OH radicals this

part isnegligible

It was found thathte chargedependent rate dheindirect corona discharge treatment
is 0.059 pM/mC for positive dischargand0.517pM/mC for negative dischargeln
the case of direct corona discharge treatment, this rate is higher, MI0®T for
positive and 0.881M/mC for negative.ln addition tothe effect of ozonegharged
particles produced by corona discharge and iagdheliquid samplesurface during

direct treatment could contribute to OH radical production.

In the case of transient spark discharges, the OH production efficiency is higher than
corona discharge whehe positive energisatiormodeis used the production rate

were 0.102 uM/mC for the surface dischargéreatment and 0.271 pM/mC fathe

direct discharge treatmentn the case of positive transient plasma discharges, OH
radicals are mostly generated at the sample/air interface or thtoedlulk of the

liquid. In the case of corona discharges, OH radicals are mostly generated in air and
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diffused into the liquid. Although positive corona discharges interact with water, this
interaction is less intensive than in the case of transient plasma dischauagdition,

the HV stressed electrode in the case of positive transient plasma discharges is closer
to the sample surface (distar0é¢1.06 mm) than in the case of corona dische{2

mm for direct treatment and 50 mm fodirect treatment) Thus, shdrved OH
radicals or species that are responsible for OH radical genecatweach the liquid
surfacemore easilyin the case of transient plasma dischardésnce a higher
chargedependent inactivation rate was achieved by upwgjtive transient plasia

discharges rather than positive corona discharges.

Whenthe negativeenergisatioomodeis used the production ratewere0.14 pM/mC
for the surface dischargetreatment and 0.225 pPM/mC fothe direct discharge
treatment, which are lower thdor the negative corona discharge treatmertis
difference is believed to be caused by different ozone concentratiegative corona
discharge produces much higher ozone, heéncesuls in a higher OH production

rate

Compaed with surface dischargwpology, OH radical production ratevas almost
doubledby usingthe direct dischargdreatment This couldbe a result of reactions
which produce OH radicals the bulkof liquid viathe O=NOOH pathwayAlso, the
direct transienfplasmadischarge treatnm¢ with positive energisationmode hasa
higher OH production rate thdhe negativeenergisatioomode.This canbe explained
by higher concentration dNO, produced in theositive energisation modelhese
chemical speciegarticipatein the reaction in the buléf liquid and producenore OH
radicals.

According to the resultsbtained inthis OH radical detection study, ti@H radical
production rates of steadyate corona dischargend transient spark dischasge
correspondo their oxidation and biedecontamination effest This providesstrong
evidence toprove the importance of OH radicals in plasma discharge related

applications
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8.2.4 TiO, as Catalystto Enhancethe Plasma Discharge Treatment

TiO, is considered to be able to enhance the oxidation andedaontamination
efficiency of the plasma discharge treatmemktowever the resultsobtained in this
experimental studgemonstratedhat an efficientway of introducing TiO, into the

plasma disch@e system isequired

In the dyedecolorisationtests,the TiO, layer underneath the dye solution was not
able to provide enhancement to tkiecolorisationeffect produced bycorona
discharge.This is believedto be because th&V radiation ions and eletrons
generatd by corona dischargevere blockedy the liquid sampléself and were not
able to contacthe TiO,. However, introduction ofiO; to the fabric resulted inan
enhancemerih the decolorisatioreffectproduced by th@lasma dischargeeatment.
Potentially, more reactive speciesere producedin this casedue to the existence of
TiO,. Furthermoredried TiQ covered the holen the fabricsample which enlarged

the area of treatment.

The enhancement effect by using 7i@ corona disbharge toinactivat bacteriawas
not achievedn this study. TiQ interferedwith the growth of bacteria on the agar
samples. Before making any conclusision whetheror not TiO, could enhance the
bio-decontamination effect of plasma discharges, further study is needed.

8.3 Future Work

A comprehensive study odxidation/biecdecontamination effestof nonthermal
atmospheric plasma dischargeas completed inthis researchproject. However,
multiple aspectsstill must be investigatedo provide a better understanding of the
mechanisms of plasmaoxidation and biedecontamination effectsand for

optimisationof plasma treatmergfficiency inpracticalapplications.

First, investigatiorof the reactive species generated by plasma discharge should be
continued In this research, ozone and OH radicalsre measured during the

discharge treatmen©zone and OH radicals have very strong oxidagbility, and
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they make asignificant contribution to the oxidation and bidlecontamination
processs of the nonthermal plasma discharge treatmedbwever other reactive
species generated by plasma discharges cannot be ruleohapietely For example,

in the transient spark stthargs which were studied in thisesearch, nitrogen species
produced by these dischargeould have aneffect on the oxidation and
bio-decontamination capabilits Also, those species could be involved in the
reactions of generating OH radicals in IduTherefore, further investigatiasf their
productionis necessary, including detection and measurement of the reactive species

generated by plasma discharge with different polarities and topalogies

Two types of bacteriavere testedn this researchE. coliandS. aureusrepresenting
Gramnegative and Graspositive kacterig respectively It will be beneficialto use
other types of bacterim future inactivation testsDifferent types of bacteria may
have different sensitivities to the plasma discharge treatmenth&ndifference may
be caused by the different cell structir&urther investigation ormsensitivity of
bacteria to plasmdreatment can helpin understaniohg the biedecontamination

mechanisraof plasma discharge

The nonthermalatmospherigplasma discharges weeeting primarily on the target
sample surface in this research. The surface area and sample \akisneall (55
mm diameter, 6nl volume), the dfect of plasma discharge may cover all of the
samplesurface It will be importantto investigate the effective area thie plasma
discharge treatmeniThis canbe doneby applying plasma discharge treatment to
samples withlarger surface area The effedve depth ofthe plasma discharge

treatment on sampledso musbe investigated.

In the present studgn attempt to us€iO, as catalystvasmade however it did not
show the desired enhancement effedthis is primarily due tolack of an efficient
approach taontroduce TiO;into the plasma systerilowever,this approach has merit
and further investigation with different topologies can potentially provide more

confident results.

The synergetic effect between ntrermal plasma treatment anather
decontamination technologieshould also be investigateAs in [294], Gaoet. al.
performed series of experiments disrupton of bacteria cell in waste activated

sludge they reported that higher efficiency could be achieved by using a combination
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of DC corona discharge and pulsed electric fieltl.is highly possible that
bio-decontamination and oxidation effect caso be increased byusing a

combination of plasma discharge and other technologle=efore, future research in
this area is also needed

In generalthe nonthermal plasma discharge technolobgisgreat potentiain many
practical applications. It is a novel technolggynd further investigation and
development is required before it will meet wider industrial standdi@®chieve a
bette understanding of thelasma oxidation and bidecontaminatiormechanisrg

and tooptimise the energy efficiencyf the plasma treatmerit,will be important to

continue to study the plasma chemical and biological effects
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