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Abstract

Plasma activated water (PAW) is part of the new non-thermal technologies, and

is under active investigation for its bactericidal properties and application in the

food and medical sector. PAW is commonly formed through plasma exposure of

water samples; in such treatment, the chemistry of the water exposed is modified

and enhanced in reactive species formed within the plasma and transferred to the

samples. In this work, various plasma reactors were developed to generate PAW

which was characterised and tested for its efficiency in biological applications; those

tests aim to define a standard method able to produce up to 1 L.min−1 of PAW with

concentration of species compatible for bio-decontamination. The study consisted

of three topics: (i) a comparison between direct and indirect formation of PAW for

bacterial inactivation, (ii) a study on the initial chemical influence of regional water

and their impact on the generation of PAW, and (iii) a proof of concept to generate

high volumes of PAW through cavitation.

Plasma-liquid interaction has been widely studied by the community with a plethora

of reactors designed for this purpose. However, the chemical properties of the PAW

can drastically differ from a configuration to another. The first part of this work

aims to explore the generation of PAW by either direct or indirect plasma treat-

ment. In the first case, the water sample is used as a ground electrode and plasma
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streamers are formed between the tip of the excited electrode and the water sample

surface. Whereas in the second case, the plasma formed is confined at the surface

of the excited electrode without interaction with the water sample. For the pur-

pose of the work, similar power and treatment time were kept constant; the results

showed that both PAW formed by direct or indirect contact had great potential for

bio-decontamination. When looking at their chemistry, the PAW obtained by direct

treatment had higher concentration of hydrogen peroxide which is known to be a

strong oxidiser commonly employed in healthcare settings. However, its efficiency

was found to be less significant compared the PAW obtained by indirect treatment.

Additionally, the PAW obtained through indirect treatment contained higher con-

centration of NO2
− and NO3

− which combined with a low pH could lead to the

formation of HNO2. This suggested that the PAW with higher concentration of ni-

trous acid could potentially lead to better bacterial inactivation, giving preference

for the indirect discharge configuration.

These results were also confirmed by the second part of the research, where five tap

water were selected (France, Norway, Palestine, Slovenia, and United Kingdom) and

plasma treated. All water samples had an initial pH in the range of 7.9 to 8.2, fol-

lowing plasma activation samples from the UK and Norway reached a pH below 3,

whereas water from France and Palestine remained stable at 8. It was found these

water contained higher concentration of bicarbonate encountering the acidification

due by the plasma treatment. The concentration of NO3
− increased in all samples,

reaching a maximum concentration of 3 mM after a plasma exposure of 25 minutes;

whereas the concentration of NO2
− showed a non-linear dependence with exposure
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time, reaching between 10 and 25 µM after 25 minutes exposure. To demonstrate the

impact of water origin on the antimicrobial potential of each solution, the inactiva-

tion of Staphylococcus aureus and Escherichia coli was considered. It was found that

activated water from the UK was capable of achieving > 6 log reduction, whereas

water from Palestine was only able to achieve a 0.4 log reduction despite both liq-

uids receiving an identical plasma exposure. The study demonstrate the importance

of initial water composition on the level of plasma activation, indicating that addi-

tional purification steps prior to activation may be necessary to ensure efficacy and

repeatability.

Nevertheless, industrialisation of this technology is highly dependent on the pos-

sibility to produce high volumes of PAW. In plasma-liquid interaction, one of the

main challenge is to increase the mass transfer during the process; it is commonly

accepted that increasing the surface-to-volume ratio could effectively enhance the

reactive species into the liquid. In the lasts section of this work, conducted as a

proof of concept, a plasma reactor designed on venturi tubes was developed. Venturi

tubes are often use to generate cavitation, allowing the formation of microbubbles.

The reactor was design with a plasma device placed on its aperture, the species

formed were then mixed where the cavitation occur allowing a fast dissolution of

the species into water. It was found that the reactor was capable to produce 1

L of PAW in 10 min with concentrations of species in appropriate range for bio-

decontamination. Therefore, the research presented here provide significant result

in terms of PAW chemistry, with possible future development and integration into

industrial settings.
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Chapter 1

Introduction

The present chapter aims to provide a brief introduction on general plasma physics

concepts with an emphasis on cold plasma at atmospheric pressure (section 1.1).

The chapter continues by a description on the aims of the work in section 1.2 and,

the outline of the thesis are presented in section 1.3 of the same chapter.

1.1 Cold plasma at atmospheric pressure

“Physics” is by definition the science “describing the world surrounding us under all

its forms”. It became a synonym of technological and social progress over centuries,

with the discovery of electricity and electronics for example. Plasma physics is an-

other discipline of Physics which remain less well-known by the public even though

its potential and importance is as strong as the two previous examples. Irving Lang-

muir (1881-1957) was the first one to introduce the word plasma in 1927 to described

an ionised gas formed in a low pressure discharge tube at his work in General Elec-

tric Co. [1]. However, the generation of luminous discharges between two copper

electrode was already reported by two French physicists, Hippolyte Fizeau and Leon
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CHAPTER 1. INTRODUCTION

Foucault in 1844 [2]. Since then, the discipline never stopped to evolve and complex-

ify, splitting into different research axes and application fields. In laboratories, cold

plasma are generally formed using devices powered by electricity and under various

pressure conditions. Those devices can use various electrical input (AC, DC, pulse)

at frequencies going from hundreds Hertz to several kilo Hertz. Thus, extending

strongly the chemical composition and properties of the plasma formed from one

setup to another. Cold plasma technologies have been widely used in several appli-

cations such as the modification of surfaces at low pressure, as thruster for space

propulsion, plasma cutting and treatment of gas. More recently, the technology

gathered an increasing interest for its potential in medical and biological applica-

tions due to its highly reactive chemistry notably in cancer treatment. Finally, the

plasma exposure of various liquids (such as biological solutions and water) in order

to form “plasma activated liquids” is also under active investigation; with plasma

activated water being the most studied for its capabilities in decontamination of

medical devices to the decontamination of food products.

Plasma physics is a complex topic combining different physics subjects such as

quantum physics, electromagnetism, fluid dynamics, particle physics and statistical

physics [3]. Plasma is commonly described as an ionised gas but electrically neutral

and where the the charged particles present a collective behaviour. In common lit-

erature, plasma is also referred as the fourth state of the matter in contrast to the

three dominant states found on Earth: solid, liquid and gaseous. Thus, plasma is an

ionised gas principally constituted of electrons, ions, neutrals (atomes, molecules),

radicals, but also photons. In term of increasing entropy, the relation between the
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different “states of matter” can be illustrated by:

Solid
E−→ Liquid

E−→ Gas
E−→ Plasma

Where E, represent the energy required to change the state of the matter. Similar

analogy can be done with the case of water, when heating up a block of ice to turn

it into liquid and by continuing the heating to turn it into water vapour. In space,

plasma represent 99 % of the universe under the form of stars and nebulae, on Earth

plasma are generally under the form of lightning, flames and aurora borealis. Fol-

lowing the recent progress in the field, plasmas are now commonly present in homes

and can be found in various devices such as plasma screen, lights and decorative

objects.

Due to the different conditions to obtain a plasma, the community developed various

criterion to categorize them. Figure 1.1 is an example of this representation.
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Figure 1.1: Classification of natural and laboratory plasmas in a logarithmic diagram
charges density/temperature

The first criteria concerns the degree of ionization α (1.1) which compare the density

of ions ni to the density of electrons ne and neutrals n0 [4].

α =
ni

ne + n0

(1.1)

In general, plasma properties are mainly governed by the charged particles. However,

the neutrals play an important role in the discharge through ionization and diffusion

processes. The degree of ionization can be found at different values from 10−8 for

really weakly plasma such as nebulae and interstellar plasma to 1 for completely

ionised plasma in stellar core or plasma formed in nuclear fusion. Secondly, the

4



CHAPTER 1. INTRODUCTION

plasma temperature can also be used as another criterion to categorize them. How-

ever, this parameter can be complex as both single and various temperatures can be

found for all the species present in the plasma. From a thermodynamic point of view,

the energy can be associated to a temperature following E ≈ KBT where KB is the

Boltzmann constant, E the energy density and T the associated temperature. Thus,

the categorization will be divided into two categories: plasma at thermodynamic

equilibrium where the particles present an identical temperature T = Te = Ti = Tn

(with Te, Ti and Tn respectively the temperatures of the electrons, ions and neu-

trals); and plasma in non-thermodynamic equilibrium, in this case the electric field

provided allows a thermal distribution where the electronic temperature is strongly

higher than the ionic and neutral temperatures. Cold plasma are part of this second

category and are generally weakly ionised, this property increases their versatility for

biological applications as their apparent temperature is close to room temperature.

Thirdly, the pressure is another criteria used to compare plasma types. However, in-

stead of being a property of the plasma, the pressure will be a parameter conditioning

the type of plasma obtained. At low pressure, collisions happening within the plasma

are low resulting in a low transfer of momentum between electrons and heavy species.

Thus, the plasma is in a non-equilibrium state with an electron temperature higher

than the temperature of ions and neutrals. By increasing the pressure, the mean

free path between the particles within the plasma decreases inducing an increase of

the collisions. Differences between Te, Ti and Tn are reduced leading the plasma to

a closer state of thermal equilibrium. In biological applications, plasma at thermo-

dynamic equilibrium is not recommended as it will lead to high temperatures which
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are non suitable with biological medium and treatments of liquids. The use of low

pressure plasma devices could find beneficial interests for decontamination of medical

devices but not in the case of chemical modification of water [5], [6]. Furthermore,

the complexity and cost of those system make them non-competitive to conventional

technologies. That’s why most of the reactors developed for the activation of water

are designed to work at atmospheric pressure and room temperature.

1.2 Scope of the thesis

1.2.1 Comparison between direct and indirect formation of

PAW for bacterial inactivation

A plethora of reactors, using both direct and indirect treatment of water samples,

are currently used to generate PAW in laboratories. The description of the plasma-

liquid interaction remains difficult and still under active investigation. The aim of

this work is to compare both direct and indirect formation of PAW by investigating

the transfer of chemical species from the gaseous to the liquid phase. This inves-

tigation will result in a better understanding of the PAW properties for bacterial

inactivation. For this, two plasma reactors reproducing both interactions were de-

veloped and tested. Optical emission spectroscopy (OES) and Fourier-transform

infrared spectroscopy (FTIR) were chosen as diagnostics of the gas phase where the

liquid phase was diagnosed using the protocol developed in chapter 3, section 3.3.

It should be emphasised that the research focus in understanding the pathways of

the PAW formation and its potential for decontamination rather than describing the
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physicochemical properties of the plasma-liquid interaction.

1.2.2 Study on the uniformity of PAW: influence of the ini-

tial water chemistry

In most studies, purified or distilled samples of water are commonly used to form

PAW. The project was developed with the ability of PAW to be incorporated into

an industrial prototype suitable for the decontamination of fresh food products. In

this scenario, PAW generated from tap water appears to be the favourite candidate.

The research aims to investigate the plasma activation of various tap water samples

collected from different regions of the world, and possibly underline a uniformity of

the plasma treatment over those samples. Thus, five waters were plasma exposed,

analysed and compared for the inactivation of two bacteria stains (Gram-positive

and -negative). The activation was performed using an SBD; the discharge was

modeled and compared to ozone measurement performed during the treatment. The

chemistry of the PAW was quantified using the protocols developed in chapter 3,

section 3.3.

1.2.3 Generation of large volumes of PAW: scale-up using

venturi

In most studies, generation of PAW remains restricted to small volumes usually under

100 mL. Limitations are mostly dependent on the size of the plasma reactor, as well

as the difficulty to reach high concentration of chemical species for a short treatment
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time. In this section, the aim was to develop an reactor based on a venturi design

connected to a plasma reactor. The cavitation formed will enhance the transfer of

the chemical species from the plasma phase to the liquid phase. Various design were

developed based on fluid dynamic principles and tested to at different pressure and

flow rate to reach the observe the cavitation phenomenon. The bubbles formed were

tracked using a high speed camera and measured by computer; the chemistry of the

PAW was quantified using the protocols in chapter 3, section 3.3. The research topic

investigated the use of several venturi as well as different plasma reactors to optimise

the production of PAW.

1.3 Outline

The outline of the thesis is as following:

• Chapter 2 reports a review of the relevant background literature for the re-

search topic. Focusing on the actual context of the study with actual concerns

in healthcare environment and food products. The review continues by de-

scribing the generation and mechanisms leading to the formation of PAW, and

the diagnostic tools to characterise both gaseous and liquid phase. Finally, the

review reports common applications of PAW for bio-decontamination.

• Chapter 3 reports the different plasma reactors designed for this work, and

the different techniques employed for the diagnostic of both gas and liquid

phase. The chapter reports as well the chemical protocol developed for this

work and used to analyse the PAW. Details on the procedure to follow, chemical
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interactions and calculus of the uncertainties are also explained. The chapter

will also details the main conditions of operation of the plasma devices.

• Chapter 4 reports the results obtained from the comparison between direct

and indirect treatment of water samples. Their efficiency for bacterial inacti-

vation is also presented.

• Chapter 5 reports the results and discussions obtained from the plasma ex-

posure of different regional tap waters. This chapter extend the work done

in chapter 4 by investigating the influence of the initial chemistry of the tap

waters and their impact on the PAW formed.

• Chapter 6 reports the results and discussions obtained in up-scaling the pro-

duction of PAW using a venturi. Several configuration were done with various

outcomes to generate high-volumes of PAW with suitable chemistry for bacte-

rial inactivation.

• Chapter 7 concludes the work achieved in this thesis by providing a summary

of the research topics, conclusions and future outlook.
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Chapter 2

Literature review

The chapter goal is to provide a context of the research topic and to motivate the

research objectives presented in chapter 1. The literature review starts with an actual

context of the research topic, followed by three sections: generation and properties

of the PAW; diagnostics of both gaseous and liquid phase; and, applications of PAW

and comparison to other non-thermal technologies.

2.1 Context of the study

2.1.1 Contamination in healthcare environment and food

products

Contamination of medical devices and food products remains one of the main con-

cerns of public health worldwide. Following the recent pandemic situation of the

COVID19 and the global warming crisis combined with the emergence of new mul-

tidrug resistant microorganisms; new techniques and technologies are more than

required to ensure a good level of sanitisation and disinfection. In Europe, over

10



CHAPTER 2. LITERATURE REVIEW

4 million people get a healthcare-associated infection (HAI) every year and around

37000 die as a direct result of the infection [7],[8]. HAI are defined as infections devel-

oped following a medical intervention or contact in a healthcare setting. The death

toll from HAI is comparable to the number of people who die each year in road traffic

accidents. In the United Kingdom, HAI are estimated to cost the NHS about £2.1

billion per year and healthcare organisations have a legal responsibility to reduce

their impact [9]. They are influenced by a complex combination of factors includ-

ing mainly gaps in policies and/ or infrastructure, knowledge, defects by health-care

workers’ behaviour and patient antecedents. In standard conditions, classic sterilisa-

tion and decontamination protocols of medical devices can easily prevent them and

ensure a good conduct of the health care services [10]. In a medical environment,

every equipment is divided into three categories depending on its interaction with

human tissues (i.e., skin, mucous, etc) as described in Table 2.1.

Categories Description Disinfection strategy
Non-critical
devices

Items in contact with intact or nor-
mal skin (i.e., stethoscope)

Cleaning and/or low-level of
disinfection

Semi-critical
devices

Items in contact with mucous mem-
brane or non-intact skin (i.e., flexi-
ble endoscope)

Cleaning and high-level of
disinfection

Critical de-
vices

Items that penetrate skin or mu-
cous membrane and enter normally
sterile tissue (i.e., needles, vascular
catheters)

Must be sterile at all times

Table 2.1: Spaulding classification and disinfection strategy [11]

These categories are not restrictive, and a medical device declared as non-critical can

become contaminated during patient care and must be correctly classified after use
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[12]. The equipment is then cleaned and sterilised following the appropriate strate-

gies ensuring elimination of any viable microbiota. The classification was originally

developed by Spaulding and based on microbial resistance to various disinfection pro-

cesses. However, microbes evolved to resist human approaches to their elimination

forcing an actualisation of the processes by governmental policies. One significant

concern is the lack of guidance concerning multi-drug resistance (MDR) bacteria and

the possible formation of MDR biofilms [13]. MDR is major threat of both patient

safety and public health; MDR develops through evolution of microbiota exposed to

sub-lethal levels of antibiotics without proper elimination of the whole population

[14], [15]. Devices with flexible element or mechanics which interact with microbiome

of the gastrointestinal (GI) system, bronchioles or urogenital system carry a high-risk

infecting patient when disinfection procedure are not correctly followed [10], [16]. For

example, GI endoscope or duodenoscope may promote the growth of MDR pathogens

due to the complexity of their structures and the difficulties encountered for proper

sterilisation. In Germany, a double-blind study of 14 different hospitals reported

that 57 % of the working staff hasn’t completed the basic sterilisation qualification,

50 % of the sterilisers and 57 % of the washer disinfectors were either obsolete or

not suitable to perform a validated process [17]. Various improvements were done

in this area over the last decade; nonetheless, the safety and applicability to repro-

cess medical devices such as endoscope or duodenoscope remain heavily questioned

especially when looking at new MDR outbreaks [18], [19].

The need for a better training of health care staff and a control of disinfection pro-

cesses has never been as urgently required than now when looking at the recent
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outbreak of the coronavirus disease (COVID-19). The COVID-19 turned into a

global pandemic in March 2020 and remained a major concern when this work was

produced. Aside the requirement for new sterilisation processes to counterbalance

this new disease, there is an increase demand in medical and personal protective

equipment (PPE). However, as supplies may take a long time to meet the demand,

reuse of PPEs appeared as a first response to the COVID-19 [20]. In medical envi-

ronment, classic disinfection processes include steam sterilisation, gamma or X-ray

irradiation, ultraviolet light [21], [22]. Yet, the most common approach remains the

use of chemicals such as hydrogen peroxide combined with peracetic acid or ethylene

oxide which can be used with all instruments (metal and non-metal) [23], [24]. Re-

cent studies demonstrated a good efficiency on adapting actual sterilisation processes

to the pandemic situation notably with N95 respirators, though further studies are

still required to ensure their viability [25]. Lastly, studies reported high numbers of

bronchoscope contamination mainly due by deficient reprocessing [26]. Knowing the

intricate complexity of the situation, possible transmission of COVID-19 or other

pathogens due by bronchoscope apparatus must be considered and treated with

appropriate disinfection strategies [27], [28]. Studies reported possible faecal-oral

transmission of the COVID-19 from endoscopic apparatus; endoscopy department

over the world were forced to adapt and set new procedures and techniques to avoid

any cross-contamination between patients and healthcare workers [29], [30]. Those

points in a time of pandemic situation, underline the urge to develop and standard-

ise new disinfection procedures with appropriate training of medical staff and health

care workers.
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Comparable to reprocessing of medical equipment, food safety is also a public health

priority where unsafe food poses global health threats. Especially for vulnerable

people including infants, young children, pregnant women, elderly and those with

medical conditions or illness. For example, every year 220 million children contract

diarrhoeal diseases and 96000 die. [31] In the last century, policies and regulations

have been taken to reduce the possible risks of food contamination which are detailed

in three categories: physical contamination, chemical contamination and biological

contamination as described in Table 2.2 [32],[33].

Contamination Description

Physical
Foreign bodies interacting with food products (hair,
pests, metal, plastics)

Chemical
Food in contact with natural or artificial chemical sub-
stances

Biological
Food products in contact with microorganisms (bacte-
ria, viruses and parasites) transferred through saliva,
pest dropping, blood or fecal matter

Table 2.2: Classification of contaminated food materials

Pesticides in environmental sources (air, water, soil) are part of the most common

chemical contaminants [34], with the development of new techniques in food safety,

cross-contamination have been reported due to the use of hazardous chemicals as

well as unapproved food additives and adulterants [35]. However in term of statis-

tics, bacterial contamination represents the most common cause of food poisoning

worldwide [36]. Agricultural raw products correspond to the production of fruits

and vegetables, their contamination will be mainly caused by fertilisers and/or pes-

ticides. Studies reported residues of pesticides in fruits and vegetables as well as the
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presence of derivatives, which can be harmful for the human health [37],[38], [39].

The European Food Safety Authority (EFSA) published in 2019 a report examining

pesticides residue levels in foods on the European market. Over 96302 samples were

analysed with 96.1 % of them falling below the maximum residue level (MRL), 3.9 %

exceed this level of which 2.3 % were non-compliant [40]. Compared to a previous re-

port, those results indicate that products following European guidance are unlikely

to pose any concern for consumer health. However, part of the samples (25.3 %)

came from third countries with 7.8 % found to have a higher MRL exceedance rate

and a higher non-compliance level (5.6 %) compared to food produce within the EU.

Pesticides residues can also be found in animal product such as milk, animal fat,

eggs. On the same report, over 16090 samples were analysed, 91.2 % were free of

quantifiable residues while 8.8 % contained one or several pesticides in quantifiable

concentrations. Another contaminant is under intense investigation and concern di-

rectly raw animal product. Within the meat industry, contaminations are commonly

due by residues of antibiotics used in excess and without control [41], [42]. Knowing

the importance of the food market and the actual state of the globalisation, vigi-

lance and international policies as well as new pesticides alternative are more than

required to avoid controverse situations like the one concerning the use of glyphosate

(withdraw from commercial use due to strong evidence of its toxicity and possible

carcinogenicity) [43],[44].

Even if chemical contamination of food products represents a huge part of the gov-

ernmental vigilance, most part of the contamination and their negative impact on

human health result from biological contamination. The world population is cur-
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rently around 7.8 billion, 7.69 % of people experience foodborne diseases and 7.5 %

(56 million) as a consequence of those diseases [45]. Majority of the patients are

affected by norovirus, Campylobacter and Listeria monocytogenes being the most

fatal. In the United States, cases of foodborne diseases did not decrease between

1997 and 2017 (except for the case of Campylobacter) and the percentage of illness

caused by animal product increased from 10.4 to 14.1 % over this period. In Eu-

rope, 23 million of people are affected every year with approximatively 5000 deaths.

Foodborne disease affect countries unequally with more cases of Campylobacter and

Salmonella in European countries compared to the rest of the regions. Australia

reported higher case of Campylobacter followed by Salmonella. In Asia, Korea had

more cases of Escherichia coli followed by norovirus where Japan reported similar

number of cases of Campylobacter and Clostridium perfringens. The study described

by Lee and Yoon, concluded that foodborne illness and outbreaks in the world are

due by the presence of Campylobacter, Salmonella, L. monocytogenes and E. Coli in

animal-source products [45]. Agricultural products are also subject to biological con-

tamination, recent studies reported the case of rice contamination by fungi, bacteria,

nematodes and viruses [46]. Countries in Africa and Asia which are high producer of

rice appear to be the most susceptible to fungal and nematode contamination, due

to the hot and humid climate of those regions. Furthermore, Bacillus cereusthat are

commonly detected in cooked rice suggesting a default on the storage and hygienic

conditions after cooking [47]. To conclude, chemical and/or bacterial contamina-

tion of food product remain a priority to avoid undesirable consequences on human

health. Even more knowing that some disease linked with foodborne pathogen are
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not, yet well understood and require further investigation as mentioned in the work

of Trevisan et al., about foodborne parasites [48]. With the increase of the world

population and the change in term of food consumption and habits, new measures

and techniques are required to ensure a good quality of the food products and reduce

the development of MDR microorganisms in the future.

2.1.2 Actual technological responses and their drawbacks

As described previously, medical devices and food safety are highly sensitive to ex-

ternal contamination resulting in severe affection to human health. Fortunately,

international policies and regulations are now well-defined and regroup several avail-

able techniques combining physical treatments (i.e., high temperature/ high pressure

processes, ultraviolet light) and chemical treatments (i.e., chemical oxidisers) to en-

sure an adequate disinfection. Nevertheless, developments in those areas are still

required due either to the emergence of new diseases or the resistivity of some bac-

teria strain to disinfectant processes. Furthermore, some techniques used to treat

contaminated food products or medical devices appear to have a negative impact on

human health as well as degrading the quality of the products itself. For examples,

decontamination of endoscope is done in washer disinfectors using chlorine dioxide

as high-level disinfectant. Martin et al., investigated bacteria isolated from those

washers and exposed them to peracetic acid, chlorine dioxide and hydrogen perox-

ide to study their resistance to these highly reactive oxidising biocides [49]. They

compared their results with two standard suspensions (Bacillus subtilis and Micro-

coccus luteus) and noted that the techniques mentioned were not always effective to
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provide a required disinfection efficacy within recommended exposure time. Ultra-

violet radiation is also used as a rapid disinfection process for surfaces in medical

environment [50], [51], the maximum bactericidal effect occurs at 240 – 280 nm with

inactivation of bacteria and viruses. However, it remains inefficient against bacte-

rial spores [52]. Even if several applications are used based on this technology, its

germicidal properties are influenced by several parameters which reduce its effec-

tiveness (i.e., organic matter, UV intensity, temperature, distance with target) [53].

Apart from the possible risks for bacterial resistance, studies reported alterations and

degradations of medical devices after sterilisation processes. Residues from chemical

decontamination agents have been found in manufactured devices where disinfec-

tants may be absorbed by plastics and leach out when used, resulting in chemical

burns or risk of sensitisation of the patient or user [54], [55]. Cleaning agents and

chemical sterilant may cause corrosion and/or changes in the material of the device

as well as mechanical stress during high temperature/pressure treatments reducing

the shelf life of the equipment/ food and the generalisation of a process suitable for

any applications.

Recent studies also reported negative impact on health after using strong oxidisers

as disinfectant. Casey et al., investigated the possible health hazard reported after

hospital staff members expressed health concerned following the implementation of a

surface disinfectant product containing hydrogen peroxide, peracetic acid and acetic

acid [56]. Their study revealed that the product was associated with mucous mem-

brane and respiratory health effect increasing potential risks of mucous membrane

irritation and asthma in healthcare workers. Within the emergence of the pandemic
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Cleaning strategies Drawbacks

Chemical oxidisers

Lack of efficiency and bacterial residues still present af-
ter reprocessing, presence of chemical residues which can
affect human health (membrane irritation or asthma for
example), deterioration of medical devices

UV sterilisation
Inefficient against bacterial spores, highly dependent on
UV intensity, temperature, distance with target

Hand-sanitizers
Possible carcinogene, extensive use can increase bacte-
rial resistance

Table 2.3: Summary on drawbacks of conventional cleaning strategies

situation due to the COVID-19 and the absence of therapies, health professionals

recommended frequent washing of hands using soap or common chemical sanitisers

such as alcohol or hypochlorite solutions [57]. Even if those compounds are afford-

able, have a low toxicity and easy to use, they remain a health hazard if frequently

used in healthcare centres for example. Studies reported tendency of ethanol causing

skin cancer by absorption and carcinogenicity [57], [58]. Common hand-sanitizers

are associated to minimal systemic toxicity which could lead to potential risks for

children becoming poisoned [59]. Furthermore, it has been reported that extensive

use of alcohol-based hand sanitizers enhances bacterial resistance [59], [60].

As described earlier, both healthcare and food industry are highly sensitive to ex-

ternal contamination and possible residues generated during the cleaning processes.

Even if those techniques are suitable for now and well-studied, some of the chemical

compounds used have a severe impact on the environment with recent studies ob-

serving a link between new foodborne pathogens and climate change [61], [62]. In

brief, effects of temperature, rainfall, wind, and dust events have been examined and

demonstrated variable impacts depending on geographic locations on the transport
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of pathogens into crops and livestock. These studies revealed that proper manage-

ment of water sources, soils, wildlife intrusion, combined with an awarness of the

effect of climate change on these elements, will be paramount to food safety over the

coming century.

During the pandemic, the increased need of disinfectant caused direct discharge of

high concentrations of chemicals into the wastewater system affecting the water re-

sources [63]. The use of such strong oxidisers and disinfectant processes which are,

for most of them, toxic for the environment have to be reconsidered. Considering the

objectives defined by the policies signed in the last United Nations Climate Change

Conferences, investigations for new eco-friendly technologies are urgently required

in order to maintain high quality and safety disinfection standards combined with a

better respect of the environment. In that way, non-thermal disinfection technologies

appear to have great potential for efficient and effective microbial inactivation, with-

out many of the drawbacks associated with conventional methods [64], [65].

2.2 Non-thermal technologies: Plasma Activated

Water

A plethora of plasma systems have been developed by the community for the gen-

eration of PAW. In this section, the literature review is organised as follows: (1)

description of the plasma-liquid interactions; (2) a basic introduction on DBD; (3)

an overview of the chemistry generated by DBD in air at atmospheric pressure; and

finally, (4) explanation of the mechanisms and pathways at the interface.
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2.2.1 Plasma-liquid interactions

As explained previously, “cold plasma” and more precisely the processes performed

at atmospheric pressure have been widely investigated for their potential in biolog-

ical applications. A sub-topic of this field concerns the interactions of non-thermal

plasma with liquids; the first report involving plasma-liquid interaction came from

Cavendish’s work, “experiments on air” in 1785, where he investigated the produc-

tion of nitric oxide using an electric spark [66]. Over the last 30 years, this topic

has been an active field of research with various configurations and designs tested

leading to numerous applications notably in environmental remediation and health

care. As a consequence, an extended number of chemical mechanisms and pathways

exist increasing the complexity of the process and the resultant chemistry of the

PAW obtained. From the literature, the plasma reactors used in those processes can

be reported into three main categories:

• Direct discharges within the liquid phase,

• Discharge in the gas phase over a liquid,

• Discharge in a multiphase environment.
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Figure 2.1 illustrates the different categories of plasma-liquid interaction listed pre-

viously.

Figure 2.1: Schematic of different discharges used in plasma–liquid interactions: (A)
direct discharge in liquid, (B)–(D) gas phase discharges and (E) and (F) multiphase
discharges. [67]

The first category is quite straightforward and concerns the generation of plasma

directly in the liquid phase. The second category can be divided into two sub-

category where the liquid exposed can be either used as an electrode or not. In the

last category, the plasma is generated in both gas and liquid phases to increase the

surface contact of the interaction through bubbles or fine mist.

2.2.1.1 Direct discharge in liquids

Direct discharges in liquids are limited by the considerable amount of energy they

require to achieved electrical breakdown. Figure 2.2 shows an example of two dis-

charges in water.
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Figure 2.2: Image of plasma discharge in water: (a) pulsed corona, (b) pulsed arc
[68]

Most atmospheric plasmas follow the Paschen curve which states the breakdown

voltage required to start an electric discharge; however, due to the high density and

the short mean free path of electron, breakdowns in liquids required an extremely

high electric fields E/n0. Nevertheless, this problem can be solved by using electric

field slightly exceeding the ones employed in atmospheric pressure gases. The electric

field produced will generate the formation of microvoids and quasi-“cracks” in the

liquids allowing the discharge to happen [68]. The discharges are usually sustained

using high voltage pulses forming streamers or corona discharges starting from a

sharp electrode immersed into liquid. If the streamer does not reach the second

electrode, the discharge is categorized as a pulsed corona. Where if the streamer

reach the second electrode the plasma will be categorized as a pulsed arc. Numerous

geometry have been developed to realise those discharge with the most common

being point-to-plane and point-to-point geometry. In a point-to-plane geometry,

the streamer formed usually does not reach the second electrode leading to the

formation of a pulsed corona where the point-to-point will lead to the formation of
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a pulsed arc. The mechanisms of breakdown for those discharges are reported into

two categories:

• In the first scenario, the breakdown is initiate through a sequence of a bubble

process followed by an electronic process. The bubble process starts from the

generation of microbubbles formed by the vaporisation of liquid induced by the

local heating of the intense electric field. The cavitation is not only dependent

on the intensity of the electric field but also on the pressure with time to form

the bubbles going from 3 to 15 ns [69]. Concerns could be raised about the

conductivity of the liquid which may influence the formation of the bubbles,

however this parameter has been reported to be minimum [69]. The evapora-

tion process can be estimated using the velocity, size of the streamer as well as

the heat of vaporization [70],[71]. When using a streamer radius of 31.6 µm, a

power of 2.17 kW was estimated to be released into a single streamer allowing

its propagation in the form of vapor channels [72]. If multiple streamers are ob-

served, the power required can be estimated by multiplying their number with

the power calculated for a single streamer. In the electronic process, two main

observations were done depending on the electrode considered. At the cathode,

electrons are injected and drifted into the liquid where hole injections through

a resonance tunneling mechanisms occurs at the anode [73]. Breakdown occurs

when an electron makes suitable ionizing collisions during its transit across the

gap region.

• The second scenario divides the process into a partial discharge and a fully

developed discharge (arc or spark) [74], [75], [76] . In the partial discharge, the
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current is mostly transferred by ions, intrinsically the conductivity will play

a key role for the breakdown to occur. For high-conductive liquids, a large

current flows is observed resulting in a shortening of the streamer length due

to the fast compensation of the space charge electric fields. Consequently, a

high power density occurs in the channel leading to higher plasma temperature

and UV radiation combined to the generation of acoustic waves (weak for the

case of corona discharges). In the case of spark or arc discharges, the current

is transferred by electrons. The heating produced by the high current between

the two electrodes generate a quasi-thermal plasma and most of the energy

is consumed to form the thermal plasma channel. The channel emits strong

UV radiation combined with the generation of intense shock waves within the

surrounding liquid [77].

As demonstrated previously, most of the discharges achieved in liquids are generated

using intense electric fields produced through pulsed power supplies. However, some

groups reported the formation of microplasma in liquids through sonoluminescent

bubble implosion [78],[79]; De Giacomo et al., also reported the generation of plasma

through ns-pulse lasers [80]. The plasma generated by these configurations has a

small area and is restricted to the geometry of the bubble with temperatures over

several thousands of Kelvin.

2.2.1.2 Discharge in the gas phase over a liquid

Here, the plasma reactivity is formed in the gas phase surrounding the liquid surface.

Figure 2.3 shows a discharge performed in air over a liquid done at the University of
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Liverpool.

Figure 2.3: Example of plasma discharge in air over a liquid achieved at the Univer-
sity of Liverpool

Depending on the configuration employed and if the liquid exposed is part of the

system as an electrode, the final chemistry of the solution will differ strongly. Two

main configurations are reported:

• The liquid exposed acts as an electrode and complete the plasma system al-

lowing the electrical conduction. Either corona, glow discharge or sparks can

be observed between the metallic pin to the water surface (depending on the

applied voltage and gap distance), this geometry is usually referred as a “pin-

to-water” configuration [81], [82]. When the pin is covered with a dielectric

material, the discharge produces streamers emitted from the dielectric and

reaching the surface of the liquid [83].

• Consequently, the second category concerns liquids which are not grounded and

set as floating potential. Generally, groups used atmospheric pressure plasma

jets (APPJs) fed with air or various gas mixture to form plasma activated
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water. The device can be either placed above the water surface forming a gap

between the plume and the water bulk [84] or directly immersed in the liquid

[85]. Knowing that plasma jet can be costly due to the use of noble gas (such

as Helium), groups replaced them by surface barrier discharge (SBD) which

acts as remote discharge diffusing the species generated within the gas phase

to the liquid phase through diffusion/dissolution mechanisms [86], [87].

In the first category, the liquid exposed can be either set as the cathode or anode.

For both, the liquid electrode stabilize the discharge preventing its contraction. The

glow discharge formed is usually powered by a DC excitation in atmospheric pressure

air ([88], [89]), operating conditions require a voltage around 1kV with current in a

range of 5 to 50 mA and gaps of few mm. Due to the resistivity of such systems, a

fraction of the discharge power is dissipated within the liquid leading to an evapo-

ration of the last. The electron energy distribution is non-Maxwellian and the mean

electron temperature can reach 1 eV in the positive column, the gas temperature

can exceed 3000K with an electron density around 10−19m−3 [90]. Used as an anode,

self-organised pattern are commonly observed on the surface of the liquid electrode

[91]. The type of discharge will depend on the input power; when using a low power

a corona discharge is observed where the increase of power will lead to the formation

of a spark in the gas phase. The large electric field generated at the cathode sheath

leads to the formation of instabilities at the plasma-liquid interface which enhanced

the transport of species from the gas to liquid phases [92]. In most corona discharge,

generation of ionic wind has been reported inducing a deformation of the liquid inter-

face [93], [94], however studies are still in progress to determine the possible outcomes
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for the mass transfer of species between phases. Another interesting configuration

concerns the use of metallic pin (respectively cathode and anode) in contact with the

water surface and separated by a gap; this geometry produces streamer discharges

on the surface of the liquid within the gap with propagation velocities from 1 to 10

km.s−1. This type of surface discharges was reported for enhancing the rate transfer

of the species from the gas phase to the liquid phase due to the generation of the

streamers directly at the interface.

When exposing a liquid to an atmospheric pressure plasma jet (APPJ), the species

generated within the jet are transported by the gas flow to the liquid surface. Con-

vection processes were reported which might enhance the transfer and generation

of reactive species [95]. A recent review on plasma-jet interacting with liquids can

be found in [96], most of those system are AC or DC powered or using pulse power

supplies at frequencies in range of kHz to MHz. Two main setups are reported

with variation on the electric field observed; when the anode is part of the jet, the

electric field appears perpendicular to the gas flow whereas it was observed to be

parallel with the gas flow when the anode used is the liquid bulk. This variation

induce strong variations on the final chemistry obtained for the liquid exposed; the

species produced are mainly ionic and neutrals which dominates the chemical pro-

cesses. Studies also reported the presence of photolysis mechanisms induced by the

UV photons produced by the plasma and absorbed by the liquid phase. Those mech-

anisms have been widely studied and modeled by simulations as reported in [67],[97].

Finally, recent studies reported the use of surface barrier discharge where the plasma

is formed remotely in the gas phase over a liquid bulk [98], [99]. The characteristics
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of such interactions are close to the APPJs with a transfer of the chemical species

following Henry’s Law and photolysis mechanisms dependent on the gap separating

gas and liquid phase.

2.2.1.3 Mixed phase discharge

As detailed previously, plasma-liquid interactions are highly dependent on several

parameters such as the strength of the electric field, the type of discharge produced

(corona, sparks or streamers) as well as the gap separating the gas and liquid phase.

Numbers of studies investigated approaches to increase the surface-to-volume ratio

between plasma and liquid to enhance the transfer of the plasma species into the

liquid bulk. One of this approach is to reduce the water into a thin mist and inject

it into a gas discharge also referred as an electrospay [100], [101]; electrostatic spray

are widely studied and used in several applications (i.e., electrospinning, electrospray

ionisation mass spectrometry). They can be used in continuous or pulsed mode

depending on the gas flow rate, the liquid surface tension, conductivity and viscosity.

Due to the size of the droplets (usually micrometers), the mass transfer of the species

generated in the plasma is increased by the large surface-to-volume ratio. Most of

those systems use sparks or arcs in noble gas or air. Another approach concerns the

injection of gas into the liquid, the resulting bubbles are drifted into the surface near

the interface which will see the formation of plasma. With sufficiently high voltage,

a plasma can be performed in the bubbles before reaching the interface. Figure 2.4

shows an example of discharge in bubbles.
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Figure 2.4: Example of a plasma discharge in bubbles [102]

The general properties of the plasma are close to the one performed at atmospheric

pressure, but the resultant chemistry is enhanced due to the direct dissolution of

the chemical species formed within the liquid phase [103], [104]. However, the size

of the bubbles is a paramount parameter leading to strong variation of the liquid

chemistry.

2.2.2 Dielectric barrier discharge

DBD are commonly employed for the generation of plasma in air at atmospheric

pressure. In this type of systems, the use of a dielectric material in the discharge

gap avoids the formation of sparks and current growth in the channels formed by
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streamers. The first introduction of DBD was done by Siemens in 1857 to produce

ozone [105], form this application several studies investigated this type of discharge

with descriptions of its physical nature done by Buss in 1932 [106] and Klemenc et

al. in 1937 [107]. They showed that the discharge occurs in a number of individual

small breakdown channels referred as microdischarge. From a physical point of view,

these microdischarges are actually self-organized streamers due to the accumulation

of charges on the dielectric surface. Classic parameters of the microdischarge can be

found in Table 2.4.

Lifetime 1-20 ns Filament radius 50 / 100 µm
Peak current 0.1 A Current density 0.1 / 1 kA cm−2

Electron density 1014 / 1015 cm−3 Electron energy 1-10 eV
Total transported
charge

0.1-1 nC
Total dissipated
energy

5 µJ

Gas temperature ≈ 300K Overheating 5 K

Table 2.4: Parameters of a microdischarge [108]

The charge accumulation on the surface of the dielectric barrier reduces the electric

field at the location of a microdischarge, furthermore their extinguishing voltage is

close to their ignition voltage; resulting in a very short lifetime of few nanoseconds

as reported in Table 2.1. Due to this short lifetime, the overheating of the streamers

channel and the general temperature of the device remains low. Studies reported

that the formation of new streamers were set at new locations due to the presence

of residual charges on the dielectric surface. This result in a reduction of the electric

field at the location where previous streamers were formed. For the same reason,

when the voltage is reversed, microdischarge are formed at the exact same posi-

tion. In AC-powered DBD, this memory phenomenon of the charge position is used
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to spread microdischarge over the dielectric surface. This is observed in DBD at

high voltage low frequency whereas the low voltage and high frequency DBD tend

to reignite the old microdischarge channels every half-period [109],[110],[111]. Mi-

crodischarge properties for most frequencies are not dependent on the characteristics

of the external circuit, but will be dependent on the pressure, composition and con-

figuration of the electrode. An increase of power will result in the generation of a

large number of microdischarge per unit time which ease their scale-up [108].

DBDs are categorised in two main classes: “volume discharge” [112] and “surface

discharge” [113]. In volume discharge, the streamers are formed in the gap between

two conductors (plates or cylinders) filled with gas, with one or both being covered

by a dielectric. This type of configuration and discharge is commonly reported for

the case of plasma jets. Figure 2.5 reports the main configuration found in literature

for both volume and surface discharge.
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Figure 2.5: Common electrode configuration for DBD

Looking closer at the surface discharge, the classic arrangement consists of two elec-

trodes separated by a dielectric. The main differences between them is not only the

removal of the gap between the electrode but also the geometry of the electric field

formed. The electric field appears to be perpendicular to the gas flow for volume

discharge where its along on or above the electrode plates for surface discharge. This

parameter plays a crucial role in the treatment of surfaces as volume discharge will

lead to electrons crossing the substrate which could result in an increase of the local

heating and deterioration of the substrate exposed. In the case of surface discharge,

the gap separating the reactor and the medium exposed will play a paramount role

in the final chemistry transferred to the medium [114].
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2.2.3 Gas phase chemistry of DBD in air

When generating a plasma in air, complex chemical mechanisms occur leading to the

formation of charged and excited species, dissociated molecules, and neutral species.

The electrons generated by the breakdown induced by the electric field have been

reported with a mean energy on the order of 1 to 3 eV. Knowing that air is mainly

constituted of nitrogen and oxygen with some rare elements, this electron energy is

sufficient for oxygen molecules to dissociate. Thus, leading mostly to the production

of reactive oxygen species (such as ozone and excited oxygen molecules) as well as

nitrogen species (under the form of nitrogen oxides for the most) [115], [116].

The mixture of the species formed varies spatially and temporally during the plasma

process. Short lifespans species (under 10 µs) are confined to the visible domain of

the plasma, where long-lived species will be able to diffuse and reach the water bulk.

As reported in Table 2.5.

Short lived species Long lived species

Neutral
species

N(2D),N2(A
3Σ),N2(B

3Π)
O(1D),H,N,O

O2(A
1∆),O3,NO,N2O,NO2

NO3,N2O3,N2O4,N2O5

H2,HO,HO2,H2O2,HNO
HNO2,HNO3,N2,O2,H2O

Positively
charged
species

N+,N2
+,N3

+,N4
+,O+

O2
+,O4

+,NO+,N2O
+,NO2

+

Negatively
charged
species

e-,O−,O2
−,O3

−,O4
−,NO−

N2O
−,NO2

−,NO3
−,H−,HO−

Table 2.5: Short- and long-lived species formed in a DBD in air [115]

The long-lived species will interact at the interface separating gaseous and liquid
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phase and recombined in the first layers of the water bulk. Resulting in a specific

chemistry with bactericidal properties for the PAW formed.

SBD in air and in confined environment have another property characteristic of this

discharge known as “ozone poisoning”. This type of reactor is known for the ease of

production of ozone; however, while increasing the power, the ozone generation rise

up to a maximum followed by a sudden decrease and disappearance. The mechanisms

under this phenomenon remains unclear; however, hypothesis stated that the tran-

sition may occur by the reaction between vibrationally excited nitrogen molecules

and singlet oxygen enhancing the formation of nitric oxide. Nitric oxide is known

for being a major quencher of ozone by producing by-products such as NO2 which

further reacts with ozone to form NO3 [117]. Furthermore, Pekàrek et al., reported

that the increase of temperature in such devices could also accelerate ozone quench-

ing, favouring the production of RNS species [118]. This hypothesis can be validate

by the considerable increase of nitrogen species referred as a transition from an ROS

mode to a RNS mode. Chapter 4 and 5, will investigate further this transition and

see its impact on the PAW generated through those regimes.

2.2.4 Mass transfer at the interface: from the gas phase to

the liquid phase

The plasma-liquid interaction results in a consequent number of interactions occur-

ring in the first layers of the liquid, and affecting the final chemistry of the treated

samples. The different mechanisms are complex to explain and remain under active
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investigation; however, thanks to numerical models, its description begins to be more

accessible. Figure 2.6 reports the main mechanisms observed in numerical models

and experiments [67], [119].

Figure 2.6: Mechanisms and pathways occurring between the gaseous and liquid
phase [67]

Previous section described the chemistry generated during an air discharge; here, the

section will focus on the transport of the RONS across the liquid boundary layers

and the interface as reported in [120]. In most plasma formed over a liquid, the

species will be transferred by diffusion and convection process. From Figure 2.6, the

dominant mechanisms occurring at the interface and in the first boundary layer of
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the liquid are reported in a, b, c, d, and e; where the one in the bulk solution are

reported in (f):

• (a) In the scenario where the plasma is in contact with the liquid, the excited

species are mixed at the interface with H2O which recombine into long-lived

molecules. Through this interaction, sputtering phenomenon are observed com-

bined with emission of photo-electrons.

• (b) The long-lived species formed in the gas phase reach the interface and are

transferred to the liquid layers by solvation.

• (c) Due to the heat generated during plasma treatment, a local elevation of the

temperature from the water bulk is observed; this leads to an evaporation of

the solution and enhance the concentration of water vapour in the gas phase.

• (d) UV emission generated by the discharge can reach the interface inducing a

decomposition of H2O.

• (e) Similar to the scenario described in (a), the plasma in contact with the

liquid can induce an electrolysis of the water solution at the interface.

• (f) The species transported within the first layer of the liquid are then recom-

bined in the bulk by diffusion and convection process.
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2.3 Analysis of the gas and liquid phase

The analysis of the gas and liquid phase has been widely investigated by the com-

munity with consequent development of suitable techniques. In this section, the

literature review reports the most common techniques employed to measure the

species formed in the gas phase and, the species dissolved in the PAW.

2.3.1 Gas phase diagnostics

As explained previously, a discharge in air lead to the formation of short- and long-

lived species. However, due to their short lifespans, short-lived species are domi-

nantly studied in numerical simulations. Long-lived species formed in the afterglow

are more accessible and can be easily compared to numerical simulations; the species

of interest includes O3, NO, NO2, N2O, N2O5, HNO2, HNO3, HO, and H2O2 [115].

FTIR spectroscopy is used to characterise and determine the concentration of IR

active species present in the gas phase during the discharge. The absorbed wave-

length is specific to the vibrational bonds of the molecule detected giving access

to the composition of the gas sample [121], [122]. Even though, the technique is

widely accepted; its efficiency is limited to discharge in a confined environment. In

the case of discharge in an open air environment, OES techniques are favored. OES

techniques scan the emissions generated in a discharge which refer to the emission of

excited states nitrogen and oxygen species [123], [124]. The technique provides only

qualitative information about excited states.
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2.3.2 Liquid phase diagnostics

Due to the extensive number of interactions occurring at the interface and in the

first layers of the liquid phase; mostly long-lived species can be detected and quan-

tified such as HNO2, NO2
−, HNO3, NO3

−, H2O2, O3. Most common techniques are

adapted from colourimetric assays used for biological medium. Their efficiency has

been widely approved by the community with consequent publications [67],[83],[125].

For the case of dissolved ozone, three main approaches were developed:

• Oxidation-Reduction Potential probe (ORP probe), when immersed into the

desired solution the probe measures the voltage generated by the oxidation of

ozone to a platinum electrode. The measurement taken is relative to a standard

reference electrode,

• Iodometric titration, the dissolved ozone reacts with a solution of potassium

iodide KI to form iodine I2 which is then titrated with thiosulfate in buffered

solution (pH = 2) [126],

• UV absorbance at 260 nm, the solution can be exposed to a UV light which

will interact with the molecule of ozone leading to a drop of intensity [127],

[128].

ORP probe are usually less employed due to the presence of other oxidative com-

pounds able to interfere with the measure. Iodometric titration and UV-spectroscopy

are commonly employed in laboratories for the quantification of ozone, with the

lastest being favoured.
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Regarding the presence of short lived-species such as peroxynitrite, fluorometric tech-

niques could be potentially used [129]. HO radicals can be also detected using UV-

spectroscopy in presence of terephthalic acid [130],[131]. Some groups have also

employed IC for the characterisation of the PAW; however, Tarabova et al., reported

no major differences between colourimetric assay and IC when using enzyme catalase

in the presence of H2O2 [125]. Recent studies reported the use of UV-spectroscopy to

quantify the species dissolved in the PAW; this techniques is non-invasive compared

to colourimetric assays or IC [127], [132], [133]. Nevertheless, this techniques still

under investigation to asset its efficiency.

For readers interested in analysis of short-lived species, electron spin resonance (ESR)

or electron magnetic resonance (EMR) spectroscopy is the most commonly used

technique for the determination of radicals densities; providing both qualitative and

quantitative data. However, direct measurement of many radicals can prove difficult

due to their short lifetimes [134]. ESR measurements can be enhanced by performing

spin trapping techniques in which the radicals are conjugated to specific spin trap

compounds to extend their lifetime [135]. As an example, 5,5-dimethyl-1-pyrroline-

N-oxide (DMPO) is a common spin trap used notably for oxygen radicals [136],

[137]. Nevertheless, care should be taken in the analysis since the spin trap could

potentially interact with media or facing instabilities when prepared [138]. The

technique is known to be complex with several variables required to be controlled

beforehand. Lastly, only the averaged concentration can be determined as both

spatially and temporally resolved measurement cannot be performed.

For the work presented in this thesis, colourimetric assays are used to measure the
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species dissolved in the PAW. In chapter 3, a standard operating protocol will be

designed combining previous publications in the field as well as techniques developed

in [139].

2.4 PAW applications for bio-decontamination

The particular chemistry of the PAW provides its incredible potential for bacterial

inactivation; due to the combination of high concentration of oxidisers with a low

pH. Groups across the world employed it for decontamination of various bacteria

and biofilms both in medical environment and food products.

In healthcare environment, various studies reported its bactericidal properties no-

tably against bacteria, fungus, and viruses. Studies reported its efficiency in the

disinfection of medical devices such as duodenoscope [140]; furthermore it has been

reported its efficiency in the removal of biofilms which are a dominant issue in health-

care environments [102]. PAW find also application in dentistry for disinfection of

apparatus as well as surfaces [141]. PAW can also be employed in cancer treatment

[142] and used as hand sanitizer [143]. Most recently, studies reported its efficiency

against COVID-19 [87]. Thus, its versatility and potential for this sector makes it a

perfect candidate for further investigation and industrial application.

In the food industry sector, PAW find also many applications going from the preser-

vation of food products when conditioned as ice [144] to the disinfection of various

vegetable and meat products [145], [146]. It has also been reported positive results on

the inactivation of fungal spores on food products [147]. Even if other non-thermal
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technologies such as as electrical pulses [148], UV radiation [149] and ultrasounds

[150] are already well adapted in this area; PAW has the ability to reproduce most

part of those techniques with more eco-friendly outcome.

2.5 Summary

The brief literature review presented here reported some of the main challenges

that both healthcare and food industry are facing. With the recent outbreak of

the COVID-19 and the lack of resources to face it; the urge for new non-thermal

solutions are more than required.

Recent advances in both experiment and numerical models provide a better under-

standing on the generation of PAW. Notably on the mass transfer occurring between

the gaseous and liquid phase; although, due to the consequent number of mecha-

nisms and pathways at the interface further investigations are required to ensure a

complete characterisation. A standardisation of the PAW generation appears diffi-

cult due to the consequent number of PAW reactors. However, the generation of

PAW through DBD reactors appears to be more convenient, and suitable for future

up-scaling of the technology and integration into industrial applications.

Chemical analysis of both gaseous and liquid phase have earned considerable progress

over the last 30 years; leading to fast and reliable quality control of the PAW formed.

Those techniques are accessible for most laboratories across the world which lead

to various applications with positive outcomes. Thanks to those progress, PAW

technology appears as a suitable candidate for the concerns reported previously as
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part of the new non-thermal technologies.
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Chapter 3

Materials and Methods

This chapter aims to detail the experimental setup (conception and experimental

conditions) employed for the generation of PAW. The diagnostics tools employed for

the characterisation of the species present in both gaseous and liquid phase are also

described. For the purpose of the work presented in this thesis, a standard operating

protocol was designed allowing the detection and quantification of the main long-

lived species present in the PAW. Finally, the biological culture of microbial content

is also described.

The systems developed were defined by the requirements of the industrial partner

(Nofima) who desired to generate high-volumes of PAW for their activities (1 L.min−1

of PAW). To achieve this goal, several system were built and tested based on dis-

charge in the gas phase over a liquid through SBDs or DBDs. In the case of a SBD,

the water bulk was not part of the plasma system; where in the DBD pin-to-plane

configuration the water bulk was part of the plasma system and act as an electrode

(floating or grounded). Large SBD were initially designed allowing the treatment of

hundreds milliliters of water. However, they were limited by the capacities of the gen-
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erator. In the last stages of the project a venturi device was developed and combined

to a plasma reactor which succeed in generating high-volumes of PAW.

3.1 Conception of SBD, DBD and plasma venturi

for the generation of PAW

This section is divided into three parts: (1) Conception of SBD; (2) Conception of

DBD over water; and (3) conception of a venturi plasma reactor. The characteristics

of the power supply employed is also described in part (1).

3.1.1 Surface barrier discharges

In this project several SBD were developed going from small reactors (50× 50 mm)

for the characterization of small volumes of PAW to large setup (300× 300 mm) for

biological applications in Nofima facilities.

Starting witht the small reactor, the design was made using a CAD software (Fusion

360 from Autodesk) and printed using a 3D printer Ultimaker 2+. The conception by

3D printing allowed an easy and fast maintenance of the device. In this configuration,

the SBD electrode was constructed using a quartz glass dielectric with a surface area

of 250 mm2 and a thickness of 2 mm. A thin metallic film made of copper was placed

on the top part of the electrode where metallic mesh was placed on the other side of

the quartz plate as shown in Figure 3.1.
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Figure 3.1: Design of the small SBD used for quick generation of PAW for chemical
analysis.

The copper film electrode was connected to an AC power generator built using

a custom-made step-up transformer developed in-house by Dr Aaron Dickenson;

powered with a DC power supply (RS PRO Bench Power Supply, 200W, IPS 405) and

a signal generator (TTi TG200). The voltage and current waveforms were measured

using a high voltage probe (TTP HVP 15HF) and a wide bandwith current probe

monitor (Pearson model 2877), and recorded using a digital storage oscilloscope

(Keysight EDUX 1002A). To monitor the discharge power in real-time, the current

and voltage signals were multiplied using the oscilloscope to obtain the instantaneous

power which was averaged over multiple cycles to obtain the mean power. Figure

3.2 describes a schematic of the power generator and its connection to the surface

barrier discharge.
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Figure 3.2: AC power generator with a) signal generator, b) oscilloscope, c) DC
power supply, d) voltage probe, e) custom-made transformer, f) current monitor, g)
SBD.

The conception of large SBD follows the same pattern as described previously. How-

ever, heating and oxidation damages were observed with the small device which could

be replaced easily by printing new parts. The large device was supposed to be used

in Nofima facilities without the presence of a qualified technician or equipment to

replace any damaged parts. The case containing the SBD was replaced by clear laser

cut acrylic plates able to resist to temperature up to 160◦ and resistant to oxidation,

two quartz plate (150×150 mm) were use to form the dielectric layer forming a total

surface of 90000 mm2 with a thickness of 2 mm. The dielectric was covered with a

thin film of copper placed on its top part, Kapton tape (Tesa 51408, RS Components

Ltd) was also added on the edges of the electrode to ensure a good isolation of the

copper film from the oxidation generated during plasma deposition and for heating

prevention. On the other part of the electrode, a metallic mesh was placed and

connected to the ground, the whole case was then secure by several screws and nuts
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as show in picture 3.3.

Figure 3.3: Picure of the large SBD with and without plasma.

3.1.2 Pin DBD over water

Another configuration was developed in which the plasma generated will be in direct

contact with the water. As shown in Figure 3.4, a holder was 3D printed containing

nine holes in which the electrodes will be inserted. The configuration presented here

only contained one electrode made with a borosilicate glass tube (playing the role

of dielectric) in which is inserted a metallic rod or wire. When running the system

in this state, a plasma was formed inside the tube, it was observed that a corona

discharge was formed at the extremity of the rod/wire. To avoid this effect, water

was added into the tube to ensure a complete conduction of the charges leading to

the formation of the discharge at the extremity of the borosilicate tube.
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Figure 3.4: Design of a pin DBD over a Petri dish containing water

Different solutions with various conductivity values were used to evaluate the con-

ductivity effect on the efficiency of the device. The solution conductivity was set

using NaCl in the concentration range from 0.1 to 1 mol.L−1. All the experiments

achieved with this system were done by using tap water as the conductive liquid.

Finally, the water contained in the Petri dish can be either grounded or not de-

pending on the tests done using solid tinned copper wire with PVC sheath. For the

tests performed in this work the grounded option was opted since it enhanced the

formation of hydrogen peroxide (H2O2). The discharge resulted in the formation

of streamers going from the bottom of the electrode to the surface of the water as
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shown in Figure 3.5.

Figure 3.5: Picture of a plasma formed with the pin DBD over water at 30kHz /
15kV.

3.1.3 Venturi plasma device

Due to the requirement of producing large volume of PAW, a last system has been

developed consisting of a venturi tube with a cavity chamber as shown in Figure

3.6. The design was achieved using a CAD software (Fusion 360) and 3D printed

by stereolithography (SLA, UV Photopolymer Resin from XYZprinting) printing

(Nobel Superfine from XYZprinting). Different resolutions were accessible (25, 50

and 100 microns), the best results and quality was obtained using a resolution of

50 microns. The system consists of a venturi constriction in a tube with a cavity

chamber surrounding it and containing an aperture. Following the laws of fluid

dynamics, when water flows through the venturi, a depression is observed at the

constriction leading to a suction of the air present in the cavity chamber. In the

aperture, a quartz tube was inserted and covered with a thin copper film on its
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surface. When a wire was inserted into the tube, the configuration acted as a DBD

where the copper film was connected to an AC power supply and the wire to the

ground.

Figure 3.6: Design of a venturi plasma system used for the generation of 1L of PAW.

As the tube was left opened to the surrounding environment (air), a plasma was

formed inside the tube which was sucked into the venturi device and interacted with

the water. Another configuration was also tested using an SBD enclosed into a box

and connected to the venturi using peristaltic tubing. This configuration is widely

used for fast dissolution of chemicals product into water, here it has been adapted

for the requirement set by Nofima. Further details on the design and its efficiency

are detailed in chapter 6.
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3.2 Diagnostic tools for the characterisation of the

gaseous phase

This section is split into four parts: (1) optical emission spectroscopy; (2) Fourier

transform infrared spectroscopy; (3) spectrophotometry; and (4) numerical simula-

tion of both gas and liquid phase.

3.2.1 Optical Emission Spectroscopy

OES measurements were done by recording the spectrum generated by the plasma

using a Ocean Optics spectrometer (USB 200+) connected to a computer. The

spectrometer has a 2 MHz analog-to-digital (A/D) converter and a Sony ILX511

2048-element linear silicon CCD array detector. It allows measurements from 200

nm to 1100 nm with an optical resolution of 0.1 nm (FWHM) and integration times

from 1 ms to over 60 seconds. The data were recorded using OceanView software, a

Java-based spectroscopy software developed by Ocean Optics. An optical fiber (400

µm diameter) was placed in front of the device where the plasma is formed. To ensure

a repeatability of the measure, a background was first recorded then subtracted to

the emission generated by the plasma.

3.2.2 Fourier Transform Infrared Spectroscopy

FTIR measurements were done using a Jasco FT/IR-400. The device has a mid-IR

optical bench from 500 cm−1 to 7800 cm−1 with an optical resolution of 8 cm−1.
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A diagram of the setup is shown in Figure 3.7, tubing were placed close to the

plasma discharge and connected to an external pump filling the gas cell placed into

the spectrometer. The gas cell consists of a 100 mm long Pyrex tube with at its

end two IR-transmitting windows (KBr) of 25 mm diameter sealed by Viton O-rings

(Pike 162-2100).

Figure 3.7: Setup for the measurement of the gas phase by FTIR using a gas cell.

The data were averaged over 10 consecutive scans and subtracted to a background

recorded prior measurement. Between each acquisition the chamber was flushed with

ambient air for 15 seconds and another scan was performed to ensure the absence

of any species produced by the plasma. The data were analysed using the software

developed by Jasco and the peaks analysed using the library provided by the Na-

tional Institute of Standards and Technology (NIST) https://doi.org/10.18434/

T4D303.
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3.2.3 Spectrophotometry

The chemical species dissolved into the PAW were analysed using the chemical as-

says described in section 3.3. The colourimetric assays were analyzed using two

spectrophotometers (SPECTROstar Nano from BMG LABTECH and Jenway 7200

from Cole-Parmer Ltd) at specific wavelength. Prior measurements, the standard

curves were plotted following the absorbance measured for each reagent and using

the Beer-Lambert law, A = f(C). Where A is the measured absorbance of the reagent

investigated at a specific wavelength and C the concentration of the sample tested

(NO2
−, NO3

−, etc.). The colourimetric assays used in this work are reported in

section 3.3 based on the work reported in chapter 2, section 2.3.2.

3.2.4 Numerical simulation

Numerical simulations of the plasma phase generated by an SBD were preformed by

Dr. Mohammad I. Hasan at the University of Liverpool. The model used here is

similar to the one reported in a previous work presented by Hasan and Walsh [151].

Description of the model can be found in the Appendix A, and the results obtained

are reported in chapter 5.

3.3 Characterisation of chemical species in PAW

This section describes the different methods used to determine and quantify the

chemical species present in the PAW after plasma exposure. Chapter 2 presented

the different mechanisms occurring in the formation of short- and long-lived species
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between the plasma-liquid interaction (section 2.2.4). This ”Standard Operating

Protocol” based on previous studies (section 2.3.2), can be used to measure the long-

lived species relevant for biological applications. Stock solutions were prepared and

analysed to produce standard curves used to confirm the accuracy of the techniques.

Depending on the assay, the uncertainties are either calculated by triplicate or using

the derivative method.

3.3.1 Physical parameters of the PAW

3.3.1.1 pH measurement, concentration of hydronium and hydroxide

ions, and temperature

The pH was measured using a pH probe from Hanna Instruments (HI 9813-6 with

the probe HI-1285-6) right after the plasma exposure; the measure was provided

with an accuracy of ± 0.1. The concentration of hydronium ions H+ was directly

calculated from the measure of the pH using the equation [H+] = 10−pH. The

concentration of hydroxide ions HO− are typically calculated from the concentration

of the hydrogen ions and the ionic product of the water, KW . However, in the setups

described in sections 3.1.1 and 3.1.2 the plasma reactors induced a local elevation

of the temperature of the water exposed, impacting the value of the ionic product.

To avoid any errors in the measurement of the ionic product, a modified equation

developed by Harned and Owen was used which consider the thermal response of

KW [152]:

HO− = 10pH+0.0335×T−14.88 (3.1)
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With T [°C], the in-situ temperature of the liquid treated in Celsius and pH, the

value recorded by the pH probe. The standard deviation is obtained by applying the

derivative method to equation 3.1, leading to the following expression:

∆[HO−] =
∣∣0.0335× ln(10)× 10pH+0.0335×T−14.88

∣∣∆T

+
∣∣ ln(10)× 10pH+0.0335×T−14.88

∣∣∆pH (3.2)

Where, ∆T and ∆pH are respectively the accuracy of the thermocouple and pH

meter. The temperature was monitored using a thermocouple immersed in the water

(SIGNSTEK, ST300 Dual Channel Digital Thermometer) with an accuracy of ±

0.2°C. The measures were taken depending on the parameters of the experiment,

usually before and during plasma exposure every 5 min.

3.3.2 Chemical parameters of the PAW

3.3.2.1 Measurement of the concentration of nitrites and nitrous acid

The concentration of nitrites NO2
− was evaluated using a colorimetric assay using

Griess reagent (Supelco Ltd, MFCD01866819). The reagent has two compounds

which interact with the nitrites following two main reactions as described in Figure

3.8:
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Figure 3.8: Interaction of the Griess reagent with nitrites following two mechanisms

Under acidic condition, the nitrites interact with a solution of sulphanilamide to

form a complex (R1), this complex will then react with a solution of N (1-naphtyl)

ethylenediamine (R2) giving a pink purple coloration to the final product.

The method is valid for samples with concentration from 1 to 200 µM, dilution are

required for solutions with higher concentrations of nitrites. To obtain the standard

curve, a stock solution of nitrites sodium (0.2 mM) was prepared by dissolving 13.8

mg of so sodium nitrites salt (Sigma Aldrich Ltd, CAS 7632-00-0) in 1L of distilled

water. Eight diluted solutions were prepared using F = C
C′ where F is the dilution

factor, C the concentration of the stock solution and C
′

the concentration of the

diluted solutions, as described in the Table 3.1

Solution 1 2 3 4 5 6 7 8
Concentration [µM] 5 10 15 20 25 50 100 200

Table 3.1: Standard solution of nitrites

For the analysis, 100 µL of the diluted solutions are placed into a micro-plate with

50 µL of reagent, the solution were then left for a stabilization period of 15 min. The
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blank was performed with either distilled or tap water with 50 µL of Griess reagent.

The complex formed was then detected by spectrophotometry at a wavelength of

548 nm.

The couple nitrous acid HNO2 and nitrites NO2
− are linked by an acid-base relation

which combines their respective concentration, the pH of the solution and their acidic

constant (pKa1 = 3.39), as defined in equation 3.3. Knowing that pKa is the negative

value of the logarithm of the acid dissociation constant (Ka) and pH = − log
(
[H+]

)
),

the previous equation can be rearranged to express the concentration of the nitrous

acid HNO2, equation 3.6.

[h]Ka =
[NO2

−][H+]

[HNO2]
(3.3)

pKa = − log(Ka) (3.4)

pKa = − log

(
[NO2

−]

[HNO2]

)
− log

(
[H+]

)
(3.5)

[HNO2] =
[NO2

−]

10(pH−pKa1)
(3.6)

3.3.2.2 Measurement of the concentration of nitrates and nitric acid

The concentration of nitrates NO3
− was also measured using a colorimetric assay

where the nitrates ions interact with a solution of sodium salicylate in a sulfuric

medium. The mechanism, described in Figure 3.9, starts with a first fixation of

the sulfuric acid to the salicylate ions (R1). The fixation will attract the nitrates

ions and fix them by substitution to form a nitrosalicylate ion complex (R2). The

reaction is instantaneous and no stabilization period is required.
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Figure 3.9: Interaction of the salicylate reagent with nitrates ions following two
mechanisms

The procedure requires three stock solutions:

• A solution of nitrate potassium prepared using 81.5 mg of nitrates potassium

salt (Sigma Aldrich Ltd, CAS 7757-79-1) into 1L of distilled water (S0),

• A solution of sodium hydroxide and sodium tartrate prepared by dissolving

40g oh hydroxide sodium pallet (Sigma Aldrich Ltd, CAS 1310-73-2) into 100

mL of distilled water and then adding 6g of tartrate double salt (Sigma Aldrich

Ltd, CAS 6381-59-5) (S1),

• A solution of sodium salicylate prepared by dissolving 0.5 g of sodium salicylate

salt (Sigma Aldrich Ltd, CAS 54-21-7) into 100 mL of distilled water (S2).

For the standard curve, the nitrates stock solution was diluted five times and com-

bined with a blank of distilled (see Table 3.2 ).
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Diluted solution 1 2 3 4 5
Volume of S0 (mL) 2 4 6 8 10
Volume of distilled water (mL) 8 6 4 6 8
Volume of S2 (mL) 1
[NO3

−] (mg/L) 10 20 30 40 50

Table 3.2: Standard solution of nitrates

Each diluted solution are then evaporated in a water bath or a stove at around 80◦C

until a white crystal appeared. After cooling down, 400 µL of sulfuric acid is added

to the crystals and left for 10 min. The solution was mixed with 4 mL of the stock

solution S1, the nitrosalicylate ions formed have a yellow coloration observable by

spectrophotometry at 420 nm.

The concentration of nitric acid HNO3 was also calculated with an acid-base re-

lation using the acidic constant of the couple HNO3/NO3
− (pKa2 = −1.37). The

demonstration has been explained previously (3.6), the final equation is:

[HNO3] =
[NO3

−]

10(pH−pKa2)
(3.7)

3.3.2.3 Measurement of the concentration of hydrogen peroxide

Hydrogen peroxide are detected and measured using a solution of titanium sul-

fonate, the reaction will produce pertitanic acid which has a yellow coloration once

formed.

Ti4+ + H2O2 = H2TiO4 + 4 H+
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A stock solution of hydrogen peroxide was prepared by diluting 10 mL of hydrogen

peroxide bought from a supplier (Sigma Aldrich Ltd, CAS 7722-84-1) into 1L of

distilled water. From this stock solution, several diluted ones were prepared to make

to build the standard curve as detailed in Table 3.3.

Blank S1 (mM) S2 (mM) S3 (mM) S4 (mM) S5 (mM) S6 (mM) S7 (mM)
0 0.25 0.5 0.75 1 1.5 2 2.5

Table 3.3: Standard solution of hydrogen peroxide

100 µL of the diluted solutions are then placed into a micro-plate reader and com-

bined with 100 µL of titanium sulfate reagent, forming a yellow complex detectable

by spectrophotometry at 410 nm. For smaller concentration of hydrogen peroxide,

two other techniques were also used:

• The FOX reagent or ferrous oxidation-xylenol orange, is a colorimetric tech-

nique assay used to measure the concentration of hydrogen peroxide in biolog-

ical systems. The methods relies on the oxidation of Fe2+ to Fe3+ in acidic

conditions (i.e., sulfuric acid). After the intitial oxydation, the xylenol orange

within the assay is also oxidized, producing a complex detectable by spec-

trophotometry at 560 nm,

• As a complementary option, the FOX reagent method was combined with test

strips suitable for small concentration (Single Parameter Peroxide test Strip

0-100 ppm, RS Components).

For the FOX method, several stock solutions were prepared and preserved in the

lab:
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• A stock solution of sulfuric acid (Sigma Aldrich Ltd, CAS 7664-93-9)with a

concentration of 25 mM which is used to prepare the other stock solution S0,

• A solution of xylenol orange made by dissolving 152 mg of xylenol orange salt

(Sigma Aldrich Ltd, CAS 3618-43-7) into 100 mL of the solution S0 kept in a

dark bottle,

• A solution of sorbitol (Sigma Aldrich Ltd, CAS 50-70-4) with a concentration

of 1 M made by dissolving 182.2 mg of salt per mL of S0. The solution is

then diluted (1:100) with S0 to reach a final concentration of 10 mM. The final

product is then kept at 4◦C,

• A solution of hydrogen peroxide with a concentration of 0.5 mM.

The iron sulfate reagent was prepared on the day by dissolving 1.112 mg of sulfate

iron salt (Sigma Aldrich Ltd, CAS 7782-63-0) into 1 mL of S0.

The standard curve was prepared with the following dilutions of hydrogen peroxide

and sulfuric acid (Table 3.4):

Concentration (µM) µL of H2O2 µL of H2SO4

0 0 10
25 0.5 9.5
50 1.0 9
75 1.5 8.5
100 2.0 8
150 3.0 7
200 4.0 6
250 5.0 5

Table 3.4: Diluted solution of hydrogen peroxide in sulfuric acid
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10 µL of the diluted solutions were then added into a micro-plate and mixed with

0.195 mL of the working reagent. The solutions were left for incubation for 45 min

and read by spectrophotometry at 560 nm.

3.3.2.4 Measurement of the carbonic compounds: carbonic acid, bicar-

bonates and carbonates

Carbonic compounds are present in tap water under the form of bicarbonates HCO3
−,

their concentration was measured by classic titration of the water using a strong

base [NaOH] = 0.1mM (Sigma Aldrich Ltd, CAS 1310-73-2) or acid [HCl] = 0.1mM

(Sigma Aldrich Ltd, CAS 7647-01-0) depending on the pH of the solution. The base

or acid were slowly introduced into the solution which induced a modification of the

pH until reaching a plateau (titration curve), the curve was then derivated to obtain

the equivalence point where both conjugate acid and base are in equilibrium. This

value was then used to obtained the concentration of the total carbonic compounds

(Ctotal) dissolved in the water, equation 3.8.

Ctotal =
C× Veq

Vsample

(3.8)

Where C, Veq are respectively the concentration and volume at equivalence of the

added acid/base and Vsample, the initial volume of the sample. As explained previ-

ously, the bicarbonates HCO3
− are the dominant species dissolved into water and

considered as an amphoteric compound able to provide and capture protons. The

acid/base relations are then expressed with the bicarbonate being a base for the cou-
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ple ([H2CO3]/[HCO3
−]) and an acid for the couple ([HCO3

−]/[CO3
2−]), equations 3.9

and 3.10.

Ka3 =
[HCO3

−][H+]

[H2CO3]
(3.9)

Ka4 =
[CO3

2−][H+]

[HCO3
−]

(3.10)

Equation 3.10 can be rearranged as following:

[CO3
2−]

[HCO3
−]

= 10(pH−pKa4) (3.11)

Knowing that the Ctotal can be expressed as the sum of the different carbonic species

dissolved into water [CTotal] = [H2CO3] + [CO3
2−] + [HCO3

−]. The concentration

of bicarbonates HCO3
−, carbonates CO3

2−, and carbonic acid H2CO3 are respec-

tively:

[HCO3
−] = [Ctotal]− [CO3

2−]− [H2CO3] (3.12)

[H2CO3] =
[HCO3

−]

10(pKa3−pH)
(3.13)

[CO3
2−] =

[HCO3
−]

10(pH−pKa4)
(3.14)

Where, pKa3 = 6.37 and pKa4 = 10.32. Their uncertainties are expressed as follow-

ing:
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∆[CTotal] =

∣∣∣∣ Veq

Vsample

∣∣∣∣∆[C] +

∣∣∣∣ [CTotal]

Vsolution

∣∣∣∣∆Veq (3.15)

∆[CO3
2−] =

∣∣∣∣ 1

10pH−pKa4

∣∣∣∣∆[HCO3
−] +

∣∣∣∣−[HCO3
−]× ln(10)× 10pH−pKa4

(10pH−pKa4)2

∣∣∣∣∆pH

(3.16)

∆[HCO3
−] = ∆[CTotal] + ∆[CO3

2−] + ∆[H2CO3] (3.17)

∆[H2CO3] =

∣∣∣∣ 1

10pKa3−pH

∣∣∣∣∆[HCO3
−] +

∣∣∣∣−[HCO3
−]× ln(10)× 10pKa3−pH

(10pKa3−pH)2

∣∣∣∣∆pH

(3.18)

3.3.2.5 Measurement of the concentration of ammonia and ammonium

Ammonia and ammonium were measured in a previous work [83]. However, it was

found that the concentrations did not change with plasma activation. In this work,

the technique was also used to confirm this point. Readers interested in this technique

can find the description in the Appendix B.

3.3.2.6 Measurement of dissolved ozone

Dissolved ozone O3 was measured by UV absorbance at 260 nm, the solution can

be exposed to a UV light which will interact with the molecule of ozone leading to

a drop of intensity [127], [128]. The freshly prepared PAW, is directly placed into

a dwell and exposed to an Ocean Optics Deuterium lamp (DH-2000-CAL) as light

source. An Ocean Optics spectrometer (USB2000 +) was used to monitor the light

intensity at 260 nm. Alternatively, the concentration was also measure using test

strips (RS stock no 261-8619, from Rs Components Ltd).
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3.4 Biological assessment

The bacteria used in this work were cultivated in the centre of plasma microbiol-

ogy by Dr. Breno Salgado. Two bacteria strains were selected: Escherichia coli

BW25113, and Staphylococcus aureus USA300 JE2. To prepare the bacterial inocu-

lum, single colonies of E. coli and S. aureus were inoculated, respectively, into 10 ml

of either Luria-Bertani broth (LB, Sigma-Aldrich Company Ltd, Gillingham, United

Kingdom) or Tryptone Soya broth (TSB, Sigma-Aldrich), and incubated for 24 hours

at 37 ◦C at 160 rpm (SI500; Stuart Equipment, Staffordshire, United Kingdom). 0.1

ml aliquots of the stationary-phase cultures were added to 10 ml of fresh culture

media and incubated until the cell population reached 5.0 ×1010 CFU/mL. 1 mL of

the stationary-phase culture was centrifuged (C2500-230V, Labnet International Inc,

United States) for 10 minutes at 13000 rpm at room temperature and the cell pellet

(agglomeration of cells found at the bottom of the test tube) was resuspended in

freshly prepared PAW alongside an un-activated filtered water sample as a control.

Depending on the experiment, the mixtures were incubated for different period of

time at room temperature; the bacterial cells were recovered by centrifugation (13000

rpm for 10 min at room temperature) and resuspended in Phosphate Buffered Saline

(PBS, Sigma-Aldrich). Serial decimal dilutions were then prepared in PBS and 0.1

mL aliquots from appropriate dilutions were inoculated on LB agar and TSA plates

(Sigma-Aldrich) for the determination of E. coli and S. aureus, respectively, and incu-

bated for 24 hours at 37 ◦C. A colony forming unit (CFU) count was performed and

reported as log CFU/mL. Experiments were performed in triplicates across multiple
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days and room temperatures.

The protocol was employed in chapter 4 and 5 to form the colony, the efficiency of

the PAW formed in those chapter were then tested.
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Chapter 4

Comparison between direct and indirect formation

of PAW for bacterial inactivation

4.1 Introduction

The present chapter explores two plasma systems designed for the activation of water,

both reactors are based on dielectric barrier discharge (chapter 3) with one set in

a pin-to-plane geometry as already described in section 3.1.2; the second reactor

consists in a surface barrier discharge and follow a plane-to-plane geometry (section

3.1.1). As explained previously in chapter 2, there is different ways on how a plasma

can interact with liquids either by having a plasma entering in contact with the liquid

or by remote exposure. The pin-to-plane geometry allow the formation of streamers

from the bottom of the electrode to the surface of the liquid exposed. Whereas,

the surface barrier discharge will form a plasma on the surface of the dielectric,

the chemical species formed are then diffused within the gap separating plasma and

liquid.

In this chapter, the aim is to investigate the impact of both reactors on the final
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chemistry of the PAW obtained, and to compare its bactericidal properties. This

chapter is organised as follows: (1) a description of the discharge conditions, the di-

agnostic tools employed, and bacterial inoculation. (2) The results obtained through

the activation from both reactors; with discussion on the analysis performed for both

gas and liquid phase, as well as the biological results obtained. (3) conclusion on the

study. It should be emphasis that the chapter focuses in understanding the pathways

of the PAW formation and its potential for decontamination rather than describing

the physicochemical properties of the plasma-liquid interaction.

4.2 Material and methodology

The conception of the plasma systems used in this chapter can be found in section

3.1.1 and 3.1.2 of chapter 3. Characteristics on the power supply can be found in

Figure 3.3, section 3.1.1 of the same chapter. The relevant background theory and

interpretation of the experimental data are presented in chapter 2. The diagnostic

tools details are found in chapter 3. The specific details related to this study are

described below.

4.2.1 Plasma systems and experimental conditions

4.2.1.1 Direct formation of PAW

For the direct formation of PAW, a volume of 5 mL of purified water was placed into

a petri dish in which a wire was immersed and grounded. As previously reported

in chapter 3 (section 3.1.2), different solutions with various conductivity values were
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used to evaluate the conductivity effect on the efficiency of the device. The solution

conductivity was set using NaCl in the concentration range from 0.1 to 1 mol.L−1.

When increasing the conductivity no major differences were observed in comparison

to classic tap water; however, when decreasing the conductivity of the solution by

using distilled water, an increase of the heat generated by the discharge was observed

which damaged drastically the structure. Due to the difficulties to stabilize the

discharge only a power of 12 W was accessible at a frequency of 30 kHz, and a voltage

AC peak to peak of 22 kV. In this scenario, multiple streamers were observable going

from the bottom of the electrode to the surface of the water. When decreasing the

voltage, the streamers formed are weaker and unstable which result in an overall

weak and inefficient plasma. Inversely, increasing the power did not lead to a more

powerful plasma but increased the heat resistance of the system and the temperature

of the water in the tube which started to boil. Thus, stopping the plasma to work

correctly by damaging the system and contaminating the water exposed by drops of

boiling water. In addition, when variating the voltage, the water exposed is attracted

by the electrode forming a Taylor cone on the water surface due to its conductivity

and the electric field in place in the system. This phenomenon has already been

observed and reported by Bruggeman et al., [67]; and will decrease the space between

the water and the electrode to the point where the water is completely touching the

electrode. In this scenario, the plasma is formed at the surface of the water as

detailed by the geometry (f) of Figure 2.1 (section 2.2.2 of chapter 2), leading to

a weaker plasma. For the purpose of this chapter and the resultant chemistry of

the PAW formed, the power will be kept constant at 12 W. Depending if the water
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exposed contained bacteria or not, a thermocouple electrode was immersed into the

water to control the temperature of the water during plasma exposure. In all cases,

all waters (purified or containing bacteria) were treated for a period of time going

from 0 to 16 minutes.

4.2.1.2 Indirect formation of PAW

For the indirect formation of PAW, a volume of 5 mL of purified water was placed

into a petri dish. For this plasma system, two power modes were selected: a “low”

power mode set at 6W for a voltage of 9kV and a “high” power mode set at 12 W

for a voltage of 13 kV, both modes were ran at a frequency of 19 kHz. The device

and water formed a gap of 0.5 cm and the plasma occurs on the surface of the SBD.

Comparably to the experiment described in chapter 5, a coupled thermocouple was

immersed into the water to measure the variation of the water temperature during

the plasma treatment. For this device, only purified waters were exposed for a period

of time going from 0 to 16 minutes. However, the gas phase was studied for a period

of time up to 25 minutes.

4.2.2 Characterization of the gaseous phase

The gas phase was characterized OES and FTIR techniques. Detailed description of

the techniques setup can be found respectively in chapter 3, section 3.2.1 for the OES

and section 3.2.2 for the FTIR. Due to the process and environment in which the

discharge were performed, OES technique was used for the direct discharge where

the indirect discharge was analysed using FTIR.
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4.2.3 Characterization of the liquid phase

The chemical composition of the PAW formed was quantified using the protocols

developed in chapter 3, section 3.3. The samples of purified water were plasma

exposed and analysed right after the exposition, a non-treated sample of purified

water was used as a blank. For the purpose of this chapter, only the main chemical

compounds found in literature were measured to link the interaction described in

chapter 2 (section 2.2) i.e, HNO2/NO2
− (nitrous acid/nitrites), HNO3/NO3

− (nitric

acid/nitrates), H2O2 (hydrogen peroxide) and O3 (ozone).

4.2.4 Bacterial inoculation

The bacterial inoculation follows the same protocol as the one described in chapter

3, section 3.4. This part was performed with the help of Dr Breno Salgado who is

also one of the authors of the publication referred in chapter 5. Dr Breno Salgado

granted permission to use the biological results to support the work presented in this

chapter.
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4.3 Results and discussions

4.3.1 Comparison of the plasma-liquid interactions

4.3.1.1 Direct treatment of PAW

As explained in section 4.2.1, the plasma-liquid interaction will be affected by the po-

sition of electrode over the water. When the electrode is immersed into the solution,

the plasma is formed on the surface between the water and the electrode. Instead

of the formation of streamers going from the bottom of the electrode and reaching

the surface of the water, a weak surface plasma is formed. This configuration lead

to an important generation of ozone in the surrounding atmosphere combined with

weak concentration of nitrogen species in the water bulk. When increasing the gap

between the plasma and the water, several streamers can be observed. The picture

reported in Figure 4.1 shows this phenomenon.

Figure 4.1: Comparison between immersed and non-immersed electrode

To ensure a good exposure of the water samples, the gap is kept constant to 0.5 cm

allowing a correct “activation” of the samples with adequate concentration of the
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chemical species of interest. Figure 4.2 report the OES spectrum obtained during

the treatment.

Figure 4.2: Optical emission spectroscopy spectrum of the pin to water interaction

As the plasma generated here is in air, the dominant species reported in the Figure are

mainly nitrogen species (N2 (C-B)). Similar observation were done in previous work

as reported in [123], [153]. Singlet oxygen (777 nm) is also commonly found in OES

spectrum as reported in [124]. In air plasma ozone is formed by the recombination of

atomic oxygen with molecular oxygen through a tertiary molecule (M) as described
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by (R1):

O + O2 + M → O3 + M (R1)

Finally, the presence of OH was also detected at 309 nm, formed by dissociation of

water molecule by UV photons produced within the plasma (R2) [154] and sputtering

affect [67]:

H2O + UV → H• + OH• (R2)

Formation of OH classically occurs in similar configuration and in plasma jet and are

reported to be a key element leading to the formation of hydrogen peroxide.

4.3.1.2 Indirect treatment of PAW

As already presented in chapter 2, the plasma in a SBD is formed on the surface

of the dielectric in close contact with the grounded electrode (i.e., the metal mesh

covering the quartz glass). This configuration has not been reported to have any

issues to generate the plasma. However, the gas chemistry in those systems are

dependent on various conditions such as the input gas, working power and heat of

the system. Knowing that the system was operated in air at atmospheric pressure

and room temperature, only the power will play a major difference. Figure 4.3

reports the measurement of the chemical species generated in the gaseous phase

depending on the power mode (low power “LP” and high power “HP”) at different

time points. Figure 4.3 a) reports the FTIR measurements for the low power mode.

Measurements were taken at specific time points: 4, 15 and 25 minutes.
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Figure 4.3: FTIR measurement of the gas phase generated at different power modes:
a) low power and b) high power at different time points
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In an air plasma, several studies reported the production of high concentration of

excited nitrogen N2 (A3Σ+
u ) [121], [122] & [155]; which recombined with O2 present

in the gas environment to form N2O (R3). From the Figure, the concentration of

N2O increases with the time treatment which is linked to the higher production of

molecular nitrogen.

N2(A
3Σ+

u ) + O2 → N2O + O (R3)

From the Figure, peaks of O3 are also reported with its intensity decreasing with

exposure time. The intensity decrease of ozone can be explained by its role in the

formation of NO2 and N2O5. Vibrationally excited N2 and O enhance the formation

of nitrogen oxide (NO, (R4)) which reacts with O3 to form NO2 (R5).

N2 (ν) + O → NO + N (R4)

O3 + NO → NO2 + O2 (R5)

The mechanisms of formation of N2O5 is relatively complex and can be found in

[156]. From this study, they demonstrate that the presence of ozone combined with

nitrogen oxide at temperatures around 60 °C to 80 °C favour the formation of N2O5

and NO2. In this study, the temperature of the electrode was measured and reached

a maximum of 75 ± 2 °C after 25 minutes treatment, corroborating with previous

description. Peaks of HNO3 were also detected associated to the recombination of

N2O5 with water vapor molecule present in the gas environment (R6).
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N2O5 + H2O (vap)→ 2HNO3 (R6)

Figure 4.3 b) reports the peak intensities for the high power mode. Similar to the

low power mode, peaks of N2O, NO2, N2O5, HNO3 and O3 are shown. Compare

to the low power mode, peaks of N2O and NO2 are stronger due to a stronger

generation of nitrogen oxide and the fast quenching of ozone leading to a plasma

mainly dominated by nitrogen reactive species. Furthermore, the temperature of the

electrode is close to 100 - 110 °C which enhance the ozone quenching as it has been

reported in [157]. Peak of water vapour are also shown which can be linked by the

rise of the temperature from the water bulk exposed enhancing the relative humidity

of the gas phase. Thus, enhancing the formation of HNO3 and HNO2.

4.3.2 Chemical comparison on the PAW chemistry

Following previous section, the final chemistry of the PAW through direct and in-

direct plasma exposure will be drastically impacted. Figure 4.4 reports the PAW

chemistry obtained by both plasma systems. When looking at the pH, both devices

are able to decrease the pH of the purified water from 6.5 to below 2 after 16 min-

utes treatment. The decrease is sharper for the indirect treatment which could be

explained by a higher plasma surface area in the indirect treatment compare to the

direct treatment.
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Figure 4.4: Kinetic evolution of: a) pH, b) nitrite concentration, c) nitrate concen-
tration, and d) hydrogen peroxide from direct and indirect plasma treatment

In a SBD at high power, the reactor enters in a reactive nitrogen mode which enhance

the formation of nitrogen species such as NO2 and HNO3, those species dissolved

into the liquid phase affecting the acidity of the final concentration (also observed

in chapter 5). Whereas, in the direct contact the pH is mostly dominated by the

streamers reaching the surface of the solution and enhancing the dissociation of the

water molecules.

Figure 4.4 a) shows higher concentration of nitrate for the indirect treatment with
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a maximum peak obtained at 155 ± 2 µM after 4 minutes. The direct treatment

reaches a maximum after 2 minutes treatment with a concentration at 115 ± 7

µM. For both reactors, the concentration of NO2
− increase drastically in the first 2

minutes of exposure then decrease slowly until the end of the process. This trend

has been widely reported in other works as well in the work presented in chapter 5;

briefly, through oxidoreduction and recombination, NO2
− are recombined into NO3

−

by the presence of ozone in the environment (R7) as well as used to form nitrous

acid (R8).

NO2
− + O3 → NO3

− + O2 (R7)

NO2
− + H+ → HNO2 (R8)

Figure 4.4 b) shows the kinetic evolution of the nitrates concentration increasing

gradually to reach a maximum after 16 minutes treatment, respectively 7 ± 0.5

mM for the direct treatment and 7.7 ± 0.2 mM for the indirect treatment. The

concentration of hydrogen peroxide (Figure 4.4 d)) is drastically different with the

direct contact being the most efficient in its production. Concentrations reached

a maximum of 1 ± 0.3 mM after 16 minutes treatment for the indirect treatment,

where the concentration stayed stable at 88 ± 10 µM for the indirect treatment for

the same exposure time. This observation is in agreement with the dissociation of

the water molecule which recombined into H2O2 directly into the water bulk instead

of generation into the gaseous phase followed by a dissolution process (R9).

OH• + OH• → H2O2 (R9)
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Comparatively, in a SBD the formation of hydrogen peroxide is lead by the re-

combination of OH• radicals formed directly into the gas phase. However, further

experiment on SBD interactions with water samples indicated that those species

were unable to reach the water bulk. Chapter 5 provide further details on this obser-

vation. Finally, from the Figure, both waters treated by direct and indirect contact

have their chemistry modified by plasma exposure which make them suitable for

bio-decontamination. Strong concentration of NO2
− and NO3

− combined with low

pH can lead to the presence of nitrous and nitric acid. The direct contact will also

paramount this parameter by the presence of H2O2 which is renown for being a

strong oxidiser notably used in medical environment [158].
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4.3.3 Potential for bacterial inactivation
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Figure 4.5: Bacterial inactivation by a) PAW formed by direct treatment and b)
PAW formed by indirect treatment

Figure 4.5 a) shows the inactivation obtained through direct plasma treatment of

the water. PAW were obtained after 4, 8 and 16 minutes of exposure and directly

added in contact with the contaminated pallets; the pallets and water were then

incubated for period of time going from 15 min to 120 minutes. For the 4 min-PAW,

the log-reduction goes from 8.9 ± 0.1 to 6.8 ± 0.1 log after an incubation of 120 min.

Whereas, PAW formed after 8 and 16 min goes from 8.9 ± 0.1 log to 4 ± 0.2 log

after an incubation of 120 min. The results suggest that a longer period incubation
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time favour the bacterial inactivation. In terms of chemistry, the results suggest than

the hydrogen peroxide combined with the low pH are the main responsible of those

results which can be related to observation done in [159]. Comparatively, Figure

4.5 b) shows a drastically better inactivation. The 4 min- and 8 min- PAW remain

similar to the results obtained with the direct treatment (respectively 8 ± 0.1 log

to 6 ± 0.1 log and 7.4 ± 0.2 log to 3.8 ± 0.1 log after an incubation time of 120

minutes). The 16 min-PAW shows the best results out of the others with 2.8 ± 0.1

log reduction after an incubation of 15 minutes and below the limit of detection for

longer period (LOD: limit of detection). Those results can be linked by the strong

concentration of oxidisers in a strong acidic environment (pH = 1.6 ± 0.2), this can

be underline with the high concentration of nitrous acid present in the 16 min-PAW

solution (around 280 ± 2 µM). Chapter 5 confirms those results with similar results

obtained during the activation of different tap waters.
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4.4 Conclusion

In this chapter both direct and indirect plasma treatment were used to form plasma

activated water. The gaseous phase analysis indicated the variation between those

two reactors impacted the final chemistry of the PAW. The FTIR results obtained

for the indirect treatment indicated the presence of two working modes with a low

power mode leading to the formation of more reactive oxygen species where the high

power mode enhanced the generation of nitrogen species with a quenching of the

ozone molecules. The OES spectrum obtained from the direct treatment observed

the presence of common excited nitrogen molecules combined with oxygen species

under the form of O, OH and O3. The direct system showed interesting results

for the generation of hydrogen peroxide where the indirect treatment was unable to

provide equivalent concentration. Both PAW formed with direct or indirect treat-

ment showed great potential for the inactivation of bacterial samples. However, the

indirect treatment remained more efficient indicating that strong concentration of

hydrogen peroxide combined with low pH was inefficient towards acidic PAW with

strong concentration of nitrogen species such as NO2
− and NO3

−. Due to the pos-

sible recombination of NO2
− into HNO2 in an acidic environment, this suggest that

PAW with high concentration of nitrous acid could potentially lead to better bacte-

rial inactivation. Chapter 5 will investigate further the indirect treatment of water

samples with the use of tap waters from different regions. This will show the capa-

bilities of the reactors to provide a standard PAW suitable for bio-decontamination

applications, as well as confirming the initial results obtained in this chapter.

84



Chapter 5

Study on the uniformity of PAW: influence of the

initial water chemistry

Results and discussions detailed in this chapter were reported in: Simon, S., Salgado,

B., Hasan, M. I., Sivertsvik, M., Fernández, E. N., Walsh, J. L. (2022). Influence

of Potable Water Origin on the Physicochemical and Antimicrobial Properties of

Plasma Activated Water. Plasma Chemistry and Plasma Processing, 1-17.

5.1 Introduction

Despite the growing body of evidence demonstrating the benefits of PAW, its transla-

tion into a useable technology at the industrial scale remains fraught with difficulties.

It is well-known that the choice of plasma reactor has a dramatic impact on the re-

activity of the generated PAW [67], yet the most effective reactor is not necessarily

the easiest to scale. Furthermore, the operating gas plays a crucial role in dictating

the level of PAW reactivity, with several studies demonstrating the benefits of oper-

ating in a noble gas environment with small oxygen admixtures [160],[161]. Despite
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this, most real-world applications are inevitably restricted to operation in ambient

air for economic reasons [162]. A third vital point, which is often overlooked in

laboratory-based studies of PAW, is the quality of the initial water source. Most

studies reported in the scientific literature employ purified water (e.g., distilled or

reverse osmosis filtered) or local tap water for PAW generation, with little consid-

eration as to how the composition of the water may influence the ability of plasma

to activate it. Certainly, for widespread adoption of PAW technology the use of

local potable water sources, with minimal additional filtration, will be of paramount

importance for cost effective operation.

In this chapter, to investigate the impact of water origin on PAW generation, potable

water samples were acquired from five countries including France (Paris), Nor-

way (Stavenger), Palestine (West Bank), Slovenia (Vipava Valley) and the United-

Kingdom (Liverpool). All water samples were subjected to an identical air plasma

treatment and the formation kinetics of various aqueous phase species were probed.

The buffer capacity of the plasma-exposed water samples was also investigated and

compared to a chemical model. Finally, to highlight the impact of initial water

composition on the effectiveness of PAW, water samples from the UK and Palestine

were plasma activated and used to inactivate Staphylococcus aureus and Escherichia

coli.

86



CHAPTER 5. STUDY ON THE UNIFORMITY OF PAW: INFLUENCE OF
THE INITIAL WATER CHEMISTRY

5.2 Materials and methods

The conception of the plasma reactor, and characteristics of the power supply used

for this study can be found in section 3.1.1 of chapter 3. Similar to chapter 4, the

relevant background theory, data interpretation, and diagnostic tools are presented

respectively in chapter 2 and chapter 3.

5.2.1 Plasma system and exposure conditions

The plasma reactor was slightly modified for the study as reported in Figure 5.1. A

sinusoidal voltage up to 12 kVpp at a frequency of 27 kHz was used. To monitor

the discharge power in real-time, the current and voltage signals were multiplied in

the oscilloscope to obtain the instantaneous power which was averaged over multiple

cycles to obtain the mean power. For all experiments, a constant operating power

of 12 W was maintained for a maximum exposure of 25 minutes. During the plasma

treatments, the SBD electrode was positioned above 5 mm a petri dish containing

20 mL of the water sample which was stirred at 200 rpm using a stir plate. During

plasma operation the concentration of O3 within the reactor was monitored in real-

time using UV absorption at a light intensity of 253.6 nm. The Beer-Lambert law

was used to determine absolute O3 density using an absorption pathlength of 10 mm

and an absorption cross-section of 1.1329×10−17 cm2.molecule−1.
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Figure 5.1: Experimental setup used for plasma activation of water samples; (a) ex-
perimental configuration showing surface barrier discharge, water sample and optical
fibers for in-situ absorption measurements, (b) schematic of surface barrier discharge
electrode, and (c) photograph of the discharge operating in ambient air at an average
power of 12 W.

5.2.2 Numerical model of reactive species transport

The numerical model used in the study is similar to that reported previously by

Hasan & Walsh [151]. A description of the model can be found in chapter 3, section

3.2.4. The model was run for an applied power of 12 W until the long-lived species

filled the gap between the electrode and the surface of the water. All geometrical

parameters of the model were set to match those used in the experiment.
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5.2.3 Chemical analysis of the PAW samples

The chemical composition of the PAW formed was quantified using the protocol de-

scribed in chapter 3, section 3.3. The calibration curves were created using filtered

water generated with a Select Analyst water purification system (SUEZ Water Tech-

nologies & Solutions) including carbon pre-treatment, reverse osmosis, and deionisa-

tion. All experiments were conducted in triplicate and at different times and room

temperature. In each case, filtered water was used as blank. Measurements were

taken before plasma exposure and every 5 min during the exposure.

5.2.4 Assessment of microbial inactivation efficacy

The bacterial inoculation follows the protocol described in chapter 3, section 3.4.

Based on the liquid characterisation results, two water samples were selected that

showed the greatest divergence in chemical composition following plasma exposure

and their antimicrobial efficacy was explored. Water from the UK and Palestine,

alongside a control sample of filtered water, were plasma activated and tested against

Escherichia coli BW25113 and Staphylococcus aureus USA300 JE2, as representative

Gram-negative and Gram-positive species. The culture were incubated for 1 hour at

room temperature and resuspended in PBS solution. Several dilutions were prepared

and inoculated in LB agar and TSA plates for the determination of E. coli and

S. aureus, respectively, and incubated for 24 hours at 37 ◦C. A colony forming

unit (CFU) count was performed and reported as log CFU/mL. Experiments were

performed in triplicates across multiple days and room temperatures.
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5.2.5 Potable water samples

To investigate the impact of plasma exposure on water sourced from different geo-

logical locations, potable water samples were obtained from five different countries,

the characteristics of their origin are detailed in Table 5.1.

Geographical origin Water sources

France, Paris
Aquifers (Ile-de-France, Bourgogne, and Normandie)
and rivers (Seine and Marnes) [163]

Norway, Stavanger
Lakes Romsvatn and Stølsvatn in Bjerkreim and lake
Storavatnet in Gjesdal [164]

Palestine, West Bank
Mountain Aquifer (Western Aquifer Basin, North-
Eastern and Eastern Aquifer Basin) [165]

Slovenia, Vipava Val-
ley

Vipava river basin (springs and rivers from the region)
and groundwater from the Vipava valley [95]

United-Kingdom, Liv-
erpool

Deer river and Vynwy Lake [166]

Table 5.1: Origin of the potable water samples

All the potable water samples detailed in Table 5.1 are assumed to be processed in

a similar fashion; following collection from the source they are subjected to differ-

ent processing stages: pre-treatment, coagulation/flocculation/sedimentation, and

filtration [167]. The pre-treatment removes the first traces of biological contamina-

tion (i.e., microorganisms, algae, etc.); coagulation/flocculation/sedimentation are

used in conjunction, in which small particles are removed. The filtration stage con-

sists of passing the water through different layers of sand, gravel, and charcoal to

achieve chemical filtration. During this last stage, a small amount of chlorine (in a

range of 0.2 to 1 mg.L−1) or ozone (maximum of 0.02 mg.min.L−1 at 5 ◦C, pH 6-7)

is added to the water for microbial disinfection purposes [168],[169]. Despite the
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considerable efforts of potable water providers, it is inevitable that the final water

chemistry is impacted by the soil characteristics of the source (e.g., porosity, miner-

als, etc.) and localised human activity (e.g., agriculture, industry). Consequently,

a significant variation in the chemical composition of water samples collected from

different geographical locations is inevitable. Table 5.2 shows the chemical compo-

sition (average and standard deviation in triplicates) of the five water samples used

in this study.

Country
pH NO3

− (uM) HCO3
− (mM)

Mean SD Mean SD Mean SD
France (FR) 8.2 0.1 148 6.6 2.96 0.05
Norway(FR) 8.2 0.1 ND ND 0.89 0.00
Palestine (PAL) 8.0 0.1 300.4 38.7 5.11 0.07
Slovenia (SLO) 8.1 0.1 88.1 12.4 2.17 0.04
United-Kingdom (UK) 7.9 0.1 46.4 13 0.56 0.05

Table 5.2: Initial chemical composition of tap water from the different countries
included in this study

No water samples were found to contain nitrites and the concentration of dissolved

carbon dioxide and carbonates are not presented as they were found to be signifi-

cantly lower than that of the bicarbonates due to the pH of the samples.
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5.3 Results and discussions

5.3.1 Plasma and gas phase chemistry

In a low temperature plasma, ionisation, excitation, and dissociation reactions of O2,

N2 and H2O, result in a plethora of both short- and long-lived reactive species, such

as O, OH, NO, O3, H2O2. Specifically, in a surface barrier discharge, the powered

and grounded electrode are separated by a thin dielectric material which changes the

shape of the electric field. This characteristic reduces the breakdown voltage and

promotes plasma formation along the edges of the electrode, where the electric field

is the greatest. Short-lived species are primarily created by electron driven reactions

involving energetic electrons within the plasma, such as those highlighted in R1 –

R5:

H2O + e− → H• + OH • + e− (R · 1.)

e− + O2 → O• + O• (R · 2.)

e− + N2 → N• + N• (R · 3.)

O• + N2 → NO + N• (R · 4.)

N• + O2 → NO + O• (R · 5.)

Beyond the discharge region, where the electric field is low, electrons rapidly cool

below the energy threshold required for excitation, dissociation, and ionisation reac-

tions to occur. Consequently, many of the production pathways of short-lived species
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are inhibited and their density drops rapidly as they react to form long-lived species.

As the SBD electrode used in this study was confined within a sealed volume, quan-

tification of species densities was limited to the measurement of ozone using optical

absorption, a process that required no gas to be drawn from the enclosure. Fig-

ure 5.2(a) shows the temporal evolution of ozone within the reactor as a function

of plasma generation time. Notably, an increasing discharge power led to a higher

ozone density peak followed by accelerated quenching. Ozone quenching in an air

fed atmospheric pressure SBD has been widely studied [157], and it has been posited

that the rapid formation of NO is attributed to the reaction between vibrationally

excited N2 and O within the discharge region, which subsequently reacts with O3 to

form NO2, R6 – 8 [117].

O + O2 + M → O3 + M (R · 6.)

N2(ν) + O → NO + N (R · 7.)

O2 + NO → NO2 + O2 (R · 8.)

Using the computational model described in section 2.2, the space resolved density

of key RONS was calculated, Figure 5.2(b). As the model only captured the first few

seconds of discharge operation, ozone quenching was not captured. It is clear from

the Figure that many of the short-lived RONS, including OH and HO2 were unable to

reach the liquid surface, situated at a position 5 mm from the discharge. All charged

species and various other short-lived species, such as O and N, were restricted to the

discharge region ( 40 µm) as they were rapidly converted into more stable long-lived
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species. Therefore, they played no direct role in activation of the liquid sample.

Downstream of the SBD electrode, the calculated ozone density is overestimated

by approximately 15 % compared to the measured value; this is a likely result of

the spatial averaging associated with the UV absorption measurement technique.

Critically, these results indicate that the only plasma generated species able to reach

the liquid surface are O3, N2O, NO, and NO2; therefore, these species must act as

precursors for liquid phase reactions.
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Figure 5.2: (a) Evolution of Ozone concentration measured in-stiu at a constant
dissipated plasma power of 6, 9, 12 and 18 W, and (b) calculated species densities
as a function of distance downstream of the SBD electrode at a dissipated plasma
power of 12 W.

5.3.2 Kinetic evolution of the pH, nitrite, nitrate, and ni-

trous acid

It is well established that water exposed to air plasma experiences a drop in pH; in

the case of purified water (i.e., distilled or deionized) the decrease can occur very

rapidly and reach very low pH values (e.g., 1–2) [170]. Figure 5.3(a) shows the
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evolution of pH for the five samples with increasing plasma exposure time. From

the Figure, it can be observed that the water samples did not respond equally to the

plasma treatment. Water from the United Kingdom and Norway showed a significant

drop in pH, decreasing from pH 8 ± 0.1 to below 3 ± 0.2. The pH of water sourced

from France and Palestine was not affected by plasma exposure, remaining stable

at 8 ± 0.1. Finally, water sourced from Slovenia initially had a pH of 8.1 ± 0.1

and was observed to linearly decrease to a pH of 7.5 ± 0.0 after 20 minutes of

exposure. Subsequent plasma exposure resulted in a drop of pH to a final value of

6.7 ± 0.1.
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Figure 5.3: Kinetic evolution of: (a) pH, (b) nitrite concentration, (c) nitrate con-
centration, and (d) nitrous acid concentration.
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Figure 5.3(b) shows the kinetics of nitrite formation during plasma exposure. All

water samples followed a similar trend, with an initial lag phase, followed by a

sharp increase and, with the exception of the Norwegian water, a subsequent drop

in concentration. Similar trends have been reported previously for nitrite forma-

tion in plasma-activated water [171]. Despite showing the same trend, the absolute

values were found to differ, with water from Palestine showing the highest concen-

tration (24.1 ± 4.8 µM), and water from the UK (10.2 ± 3.0 µM) showing the lowest

peak concentration. The rapid rise in nitrite concentration can be attributed to

the conversion of nitric oxide from the plasma into nitrogen dioxide through reac-

tions 7 and 8. Nitrogen dioxide is readily dissolved into the aqueous phase, lead-

ing to the formation of nitrites, nitrates, and hydronium ions through the reaction

2 NO2 + H2O → NO2 (aq)- + NO3 (aq)- + O2 (R · 9.) [172]. The observed reduction

in nitrite concentration has been linked to an oxidoreduction reaction that can oc-

cur leading to the conversion of nitrites into nitrates due to the presence of ozone:

NO2
- + O3 → NO3

- + O2 (R · 10.) and the recombination of nitrites into nitrous acid

with hydronium ions NO2
- + H+ → HNO2 (R · 11.) [173]. Figure 5.3(c) shows the

kinetics of nitrate formation in the five water samples during plasma exposure. In

all cases, nitrate concentration was observed to increases almost linearly, reaching

a maximum after a plasma exposure of 25 minutes. Only minor differences were

found in the final concentration, with the highest levels obtained for the French and

Palestinian water, with both reaching 3.1 ± 0.3 mM. The evolution of nitrous acid

formation is shown in Figure 5.3(d). From the Figure, it is clear that plasma expo-

sure generates nitrous acid which increases in concentration with exposure time and
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coincides with the measured decrease in the pH. This is attributed to the accumula-

tion of hydronium ions in the samples through reaction R. 9. and the conversion of

nitrites into nitrous acid through reaction R. 11. Critically, the final concentration

of nitrous acid was found to vary over four orders of magnitude depending on the

origin of the water sample. As nitrous acid is known to be a major antimicrobial

component of PAW [174], these results indicate that the five water samples may

differ significantly in their antimicrobial properties.

5.3.3 Carbonic acid, bicarbonates and carbonates

In all untreated water samples, the dominant form of carbonic compounds was found

to be HCO3
− and was present in different concentrations; the Palestinian and UK tap

water were found to contain, respectively, the highest (5.10 ± 0.06 mM) and lowest

(0.55 ± 0.04 mM) concentrations. The kinetic evolution of bicarbonate, carbonic

acid and carbonates is presented in Figure 5.4(a), (b) and (c), respectively. The

decrease of pH in the UK, Norwegian and Slovenian water is due to the conversion

of the carbonates into bicarbonate and carbonic acid. Despite bicarbonates being

the dominant form in the solution (pKa (CO3
2−/HCO3

−) = 10.32), there is however,

a small concentration of carbonate present. The free hydrogen ions created through

plasma exposure (R. 1.) and hydronium ions introduced by NO2 dissolution (R. 9.)

shift the equilibrium of the carbonic compounds in the water. The carbonates are

therefore converted into bicarbonate following the reaction:

CO3
2− + H+ → HCO3

− (R · 12.)
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When the pH reaches the second value of the acidic constant (pKa (HCO3
2−/H2CO3 =

6.37), the bicarbonates are transformed into carbonic acid (R. 13.). The remaining

carbonate present in the water is converted into carbonic acid (R. 14.) as the solution

becomes more acidic.

HCO3
− + H+ → H2CO3 (R · 13.)

CO3
2− + 2 H+ → H2CO3 (R · 14.)

Reactions 13 & 14 can also be used to explain why water from France and Palestine

are resistant to plasma induced acidification. Their initial concentration of carbon-

ates and bicarbonates is significantly higher, thus enhancing their buffering capacity

and explaining the reduction of nitrous acid through the scavenging of hydronium

ions formed in reaction 9.
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Figure 5.4: Kinetic evolution of: (a) bicarbonate, (b) carbonic acid, and (c) carbon-
ate concentration.

5.3.4 Buffer capacity of the treated waters

The buffer capacity or index is defined as the concentration of acid or base to add in

order to modify the pH of an aqueous solution. In potable water, the buffer capacity
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is expressed as:

β−− (ln10)Ka1[H
+]CT ×

Ka1Ka2 + 4 Ka2[H
+] + [H+]2

(Ka1Ka2 + Ka1[H
+] + [H+]2 )2

(5.1)

With CT = [H2CO3] + [HCO3
−] + [CO3

2−] the concentration of dissolved inorganic

carbon and, Ka1 = Ka[H2CO3]/[HCO3−] and Ka2 = Ka[HCO3−]/[CO32−] their respective

acidic constant [175].
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Figure 5.5: Buffer capacity β for the waters from UK and Norway and comparison
with β[CO3]T and βW.

The contributions of the water dissociation (βW) and carbonate buffer system β[CO3]T

are shown in Figure 5.5. The β coefficient obtained for the samples from the UK and
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Norway are also plotted for comparison with the chemical model. Waters from the

UK and Norway were the most affected by the plasma acidification, as the dissolved

carbonated species are converted in order to maintain the stability of the buffer

system (R. 12 – 14). As shown in the Figure, both waters follow the same trend

as the chemical model reaching a maximum when pH = pKa[H2CO3]/[HCO32−] ; water

from Norway has a lower maximum peak than the model which can be explained

by the initial low concentration of carbonic compounds present in solution. When

the pH decreases, the buffering system becomes unstable and β is dominated by the

contribution brought by (βW). Both samples from the UK and Norway showed a

decrease in pH during plasma exposure and converge following (βW). Consequently,

the free hydrogen ions (R. 1.) and hydronium ions (R. 9.) introduced to the system

are primarily responsible for the acidification of the water samples. Furthermore,

the calculation of the buffer coefficient for those samples indicates clearly that the

carbonic compounds are primarily responsible for the water buffering capacity to

the plasma exposure. The possible contribution brought by the dissolved cations

(e.g., Ca+,Mg2+,Na+) is minimal. The β coefficient for water samples obtained

in France, Palestine and Slovenia were also compared to the chemical model (data

not shown). In all cases, their β coefficient remained stable (β−− 10 e−4, pH = 8±

0.1) with a slightly increase for the water from Slovenia in agreement with its pH

(β−− 10 e−3, pH = 6.7± 0.1).

100



CHAPTER 5. STUDY ON THE UNIFORMITY OF PAW: INFLUENCE OF
THE INITIAL WATER CHEMISTRY

5.3.5 Formation of hydrogen peroxide and chlorine oxide

The formation of hydrogen peroxide in PAW has been reported previously and is

considered an important component that contributes significantly to the oxidative

potential of the solution [176]. In previous studies of noble gas plasma interaction

with water, H2O2 formation in the liquid phase has been attributed to the interaction

of OH at the liquid interface [177]. In the air-fed SBD configuration used in this study,

OH radicals cannot reach the liquid interface, as confirmed by the work done by M. I.

Hasan & J. L. Walsh in [151]. Consequently, the primary H2O2 production pathway

is inhibited; an alternate pathway follows the recombination of hydroxyl radicals

created in the plasma phase, OH• + OH• → H2O2 (R.15.), and the subsequent

diffusion of H2O2 to the liquid interface and its solvation following Henry’s law.

Notably, in all treated samples in this investigation, no H2O2 was detected using the

standard colorimetric detection method with a TiOSO4 reagent.

From an application perspective, the interaction between plasma generated reactive

species in PAW and chlorine added by some water suppliers remains a key question.

The influence of plasma exposure on Chlorine was investigated by Haghigat et al.

and it was observed that Cl− can scavenge OH• to form ClOH•−; yet the product

formed was unstable and rapidly decomposed (R. 17.). Under acidic conditions, the

formation of Cl2
•− from ClOH•− (R. 18.) is favoured which recombines to form Cl−

and HOCl (R. 19.):
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OH• + Cl− ←−→ ClOH•− (R · 16.)

ClOH•− + Cl− ←−→ Cl2
•− + OH− (R · 17.)

Cl2
•− + OH• ←−→ Cl− (R · 18.)

However, a significant concentration of chlorine is required ( > 50 mg.L−1) to form

HOCl, which is not typical in potable water. With the samples considered in this

study estimated to contain between 0.2 to 1 mg.L−1, as described in section 5.2.5

[178].

5.3.6 Impact of water origin on PAW antimicrobial efficacy

To determine the impact of water origin on the antimicrobial properties of PAW,

water samples from the UK (soft water) and Palestine (hard water) were selected

as they showed the largest difference in composition. Two bacterial cultures were

selected, E. coli and S. aureus, as representative Gram-negative and Gram-positive

species. Several reports have shown Gram-positive species to be more resistant to

plasma treatments [179], [180], which is mainly attributed to the presence of a thick

peptidoglycan layer in their cell wall. The antibacterial efficacy of the various PAW

samples is shown in Figure 5.6. To underline the dependency of the water origin,

filtered water was plasma activated for 10 and 20 minutes, reaching a pH of 3.5 ±

0.1 and 2.8 ± 0.2, [NO2
−] of 18.8 ± 3.0 and 60.0 ± 4.2 µM, [HNO2] of 15.7 ± 4.6 and

298.7 ± 14.7 µM, respectively. As expected, plasma activated filtered water showed

the greatest overall antibacterial activity, reaching the limit of detection (LOD) for
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three out of four conditions tested. Water from the UK was less effective but was

still capable of reaching the LOD for both bacterial species following a 20 minute

exposure. In contrast, the Palestinian water showed no significant inactivation for

any condition tested.

DI

Figure 5.6: Impact of water origin on PAW inactivation of: (a) E. coli and (b) S.
aureus.
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Taking into account the chemistry of the plasma activated water samples (Figure

5.3 and 5.4), their antibacterial activity can be clearly linked by the dissolution of

nitrogen oxide into the water (R. 9.), leading to the formation of nitrous acid by

recombination of the nitrites with hydronium ions (R. 11.). After a plasma exposure

of 10 and 20 min, both UK and Palestinian waters had a similar concentration of ni-

trites and nitrates, the main difference between them is their concentration of nitrous

acid which, as explained in section 5.3.2, is known to be a potent antibacterial com-

pound in plasma activated water. These results demonstrate that the antimicrobial

efficacy of PAW is extremely sensitive to the initial composition of the water source

used, with potable water sources from different geographical locations showing vastly

different levels of antimicrobial activity. This finding has significant ramifications for

the scale up and industrial application of PAW technology, where additional mon-

itoring and filtration steps may be required to ensure consistency, traceability and

efficacy.

5.4 Conclusion

In this study, five potable water samples were obtained from different geographical

locations. Their initial composition was analysed, and the evolution of pH, nitrate,

nitrite, nitrous acid and carbonate compounds was evaluated during exposure to an

identical air plasma treatment. It was found that water from the UK and Norway

showed the most significant decrease in pH (from 8 to below 3) associated with the

highest concentration of nitrous acid (respectively 14.5 ± 3.7 and 13.4 ± 2.0 µM),
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while the pH of water from Palestine and France remained relatively unchanged.

The concentration of nitrates appeared to be independent of the pH and the initial

concentration of bicarbonates present.

As PAW technology is currently under intensive investigation for use as a novel an-

timicrobial, the impact of water origin on the antimicrobial potential of PAW was

investigated. Based on the chemical characterisation of the potable water samples,

water sourced from the UK and Palestine was activated and assessed against both

gram-positive and gram-negative bacterial species. It was demonstrated that PAW

created from UK water was an extremely effective antimicrobial agent; whereas PAW

created from Palestinian water showed very little antimicrobial activity. The implica-

tions of these results are significant for the future development of PAW technology. If

the technology is to be widely adopted in areas such as food security and healthcare,

then efficiency, repeatability and traceability are of paramount importance. This

study demonstrates that the inevitable wide variation in the composition of potable

water from different geographic locations has a dramatic impact on the overall ef-

fectiveness of PAW. Given this, it is essential that steps be taken to analyse and

possibly adjust the composition of any water source prior to plasma activation in

order to guarantee the repeatability and ultimately, the safety, of the process.
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Chapter 6

Generation of large volumes of PAW: scale-up using

venturi

6.1 Introduction

This chapter presents the work done as part of the project to design a reactor capable

of generating high volumes of PAW (1 L.min−1). A plethora of reactors were designed

by the community, however most reactors are able to produce few milliliters to a

maximum of hundreds milliliters of PAW. In chapter 2, this problematic was reported

and observed to be mainly due to the small surface-to-volume ratio obtained for

theses configurations. Recently, groups within the PAW community explored ways

to enhance the generation of PAW through cavitation process.

Knowing the objectives of Nofima, the work presented in this chapter was designed

as a proof of concept with investigation on the chemistry of the PAW obtained. The

cavitation process itself is not investigated as considered outside the scopes of the

thesis. However, the theory and designs of such devices can be found in the book

written by Reader-Harris, “Orifice Plates and Venturi Tubes” [181]. The chapter
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is organised as follows: (1) a description of the experimental conditions, and the

diagnostics tools employed to characterise both bubble size and PAW. (2) The main

results obtained for the generation of PAW through the system; with discussion on

the size of the bubble and the possible influences due to either the air/water intake

or plasma. The chemistry of the PAW is also reported as well as a comparison

between different plasma reactors. (3) conclusion on the study and the feasibility of

the device with remarks on future investigation.

6.2 Materials and methods

The theory used in this work to generate cavitation was found in the book written

by Franc and Michel, “Fundamental of Cavitation” [182]. Most cavitation processes

are based on Venturi tubes, this work does not make exception and the design can

be found in section 3.1.3 of chapter 3. The venturi was coupled to an annular DBD

and powered with similar power supply as already reported in chapter 4 and 5. The

relevant background theory and data interpretation are presented in chapter 2.

Figure 6.1 reports the key dimensions, input/output water flow and air input of the

final design of the Venturi tube employed in this study.
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Figure 6.1: Schematic of the Venturi tube with key dimensions (values are in mm)
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6.2.1 Experimental conditions

Aside of the design of the Venturi tube, two plasma reactors were employed in this

study. The first consists of a quartz tube with a total length of 50 mm, an external

diameter of 5 mm and internal diameter of 4 mm. A copper tape (30 × 5 mm)

was placed at 10 mm from one of the extremity in order to form a ring which was

connected to the power supply. On the other end of the tube, a wire was inserted

and connected to the ground. The second plasma device, based on a surface barrier

discharge, followed the same description as detailed in section 3.1.1 of chapter 3.

Briefly, the SBD consisted on a quartz plate covered by a copper tape acting as

the powered electrode and a grounded mesh was placed on the opposite side of the

quartz plate. Both plasma devices were ran at both low and high mode similar to

what has been done in chapter 4 and 5. The working power were set at 6 W and 10

W with a frequency of 33 kHz for the DBD, where the SBD was set at either 12 W

or 30 W at a frequency of 28 kHz. Figure 6.2, shows a picture of the system in its

initial setup.
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Figure 6.2: Picture of the system designed for this experiment.

From the Figure, the Venturi was connected to an external pump (Seaflo pressure

pump 41 Series, 12 V, 3.3 GPM/35 PSI) with a pressure gauge placed on the input

section of the tube. The outside of the tube was connected to a glass bottle containing

1 L of purified water. The system was also extended with an another Venturi tube

and mounted either in serial or parallel, see Figure 6.3.
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Figure 6.3: Configuration of the venturi set as a) in serial, and b) in parallel.

For all experiment, the water was treated for a maximum period of 30 minutes.

6.2.2 Tracking of the bubbles generated

A high-speed camera (Meros High Speed Digital Microscope) connected to an exter-

nal computer was utilised to follow the formation of the bubbles in the Venturi. An

LED backlighting with a diffuser was set up to record the process with 1024 * 1024

pixels resolution at 4100 frames per second.
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6.2.3 Chemical analysis of the PAW

The chemical protocols can be found in chapter 3, section 3.3. For all experiment,

the blank was made using distilled water prepared beforehand in the same context

as detailed in chapter 4.

6.3 Results and discussions

6.3.1 Investigation on the distribution of the bubble size

The investigation regarding the size of the bubbles was done using the single Venturi

version of the system (section 6.2.1, the system was ran at different flow/pressure

conditions ranging from 2.5 L.min−1 at 0.2 bar to a maximum of 9 L.min−1 at 1.2

bar. The bubbles were recorded for three different cases: a) no intake air, b) air

intake and, c) plasma intake. Figure 6.4 reports the size of the bubble found for

those conditions.
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Figure 6.4: Comparison of the bubble size found for a) no air, b) with air intake,
and c) plasma intake.

In absence of intake air, the size of the bubble are dependent on the input pressure

and flow from the water pump. As shown in Figure 6.4 a), the mean size of the

bubble varies from 326.77 ± 104.17 µm at 0.2 bar to 151.93 ± 46.56 µm at 1.2

bar. In this scenario, the bubbles are only affected by the geometry of the Venturi
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allowing the formation of microbubbles and reducing their mean size in agreement

with the rise of the water flow rate. In b), the aperture of the Venturi was left open

so the air can be sucked inside the tube. The air induce turbulences which will have

a negative impact on the mean size of the bubbles (respectively 457.46 ± 241.68 µm

at 0.2 bar, 367.85 ± 113.46 µm at 0.8 bar, and 304.87 ± 84.55 µm at 1.2 bar). When

the plasma is switched on as shown in c), the bubbles are found to have relatively

the same size as reported in b) with 424.81 ± 122.44 at 0.8 bar and 279.32 ± 67.94

µm at 1.2 bar. For the pressure of 0.2 bar, the size of the bubble were too big and

chaotic to be measured. As already reported in several studies, the efficiency of the

cavitating Venturi tubes depends on the cavitation phenomenon and its interaction

with turbulent flow, thus linked to the geometry of the tube [183], [184] and [185]. By

increasing the inlet flow rate, it appears that the device is suitable for the production

of relatively uniform microbubbles when set at a pressure of 1.2 bar; this trend was

also observed in similar work done by Gao et al. [186].

6.3.2 Efficiency on the generation of PAW through the Ven-

turi system

6.3.2.1 Kinetic evolution of the main species through a single Venturi

tube

To ensure a good activation of the water exposed, the main long lived species present

in the PAW were measured while performing the experiment and reported in Figure

6.5.
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Figure 6.5: Kinetic evolution of a) the pH, b) nitrites concentration, c) nitrates
concentration and d) nitrous acid concentration.

As expected and already demonstrated in chapters 4 and 5, the pH decreases con-

sequently with exposure time going from a initial pH of 6.1 ± 0.3 to a minimum

of respectively 3.7 ± 0.1 for a power of 9 W, and 3.6 ± 0.2 for a power of 12 W.

This decrease can easily be associated with similar observation from the previous

chapter and is mainly due to the dissolution of nitrogen oxide formed in the plasma

and dissolved in the water bulk. However, the concentration of the nitrites appears

to be different compared to the previous results obtained and the trend classically
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found in literature as reported by Maheux et al. [171]. This could be due by the

short residency time of the nitrogen oxide formed in the tube. As said previously,

the air plasma is sucked into the Venturi at a flow rate up to 1.5 L.min−1, at this flow

rate most species formed in the tube are directly transferred into the microbubbles

dissolving during the cavitation process. Concerning the concentration of nitrates,

its rise appears to be delayed and to increase after a treatment time of 15 min for

the 12 W to reach a maximum of 99.4 ± 7 µM; and after 20 min for the 9 W case

with a maximum concentration of 107.4 ± 10 µM. This can be explained by the low

formation of gaseous NO3 within the plasma and its dissolution in the water bulk;

furthermore the concentration of O3 remains relatively low within the water bulk

(maximum of 3 ppm after 30 min of treatment). As previously reported in chapter

5, O3 is responsible of the possible conversion of NO2
− into NO3

− (see reaction R.10

of the same chapter). Finally, d) reports the concentration of nitrous acid measured

during plasma exposure. Comparatively to the results obtained in the previous chap-

ter, nitrous acid is formed by recombination of NO2
− with hydronium ions. Knowing

that the pKa of the couple HNO2/NO2
− = 3.39, the concentration of HNO2 rises

accordingly with the pH after 25 minutes of treatment reaching a maximum of 65.3

± 5 µM for 9 W and 105.9 ± 10 µM for the 12 W after 30 minutes.

6.3.2.2 Comparison on the efficiency to generate PAW using serial or

parallel configurations

As demonstrated in the previous section, the single Venturi tube appears to be able

to modify the chemistry of the water to form PAW. This section aims to further
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investigate this potential by reducing the treatment time in adding another Venturi

tube, in this case the second tube will be either mount in serial or in parallel. In

both cases, the annular DBD employed were powered from the same input power

source at a power of 12 W.

Figure 6.6, reports the kinetic evolution of the main species analysed in the PAW

after a treatment of 10 and 30 minutes for the different configurations. In a) the

kinetic evolution of the pH is shown; for both serial and parallel configuration the

pH reaches identical valued with a minimum obtained after an treatment of 30 min

(respectively 3.1 ± 0.1 for the serial and 3.0 ± 0.1 for the parallel). This trend

confirm that the secondary Venturi allow further acidification of the water due to

the dissolution NO2 into water, as expected the concentration of nitrites (reported

in b) on the same Figure) is higher for both setups with a maximum obtained after

30 minutes. Similarly to the single Venturi, the concentration of nitrates reported

in d) is delayed and reached a maximum after 30 minutes with concentrations up to

0.24 ± 0.10 mM for the serial and 0.3 ± 0.15 mM for the parallel.
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Figure 6.6: Kinetic evolution of a) pH, b) nitrites concentration, c) nitrates concen-
tration and d) nitrous acid concentration for single, serial and parallel configurations

As the pH of the solution is lower, the concentration of nitrous acid obtained for both

device is higher compared to the single Venturi with concentration up to 650 µM.

The results obtained indicate that the input power plays a minimal role; whereas

the addition of another Venturi tube appears to a major role in enhancing the PAW

chemistry. Finally, the configuration type (serial vs parallel) plays a minor effect on

the efficiency of the generation as the PAW formed show similar trends.
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6.3.3 Comparison between two plasma reactors on the PAW

chemistry

As seen previously, the serial or parallel configurations does not reduce the treatment

time but promote the final chemistry of the PAW. This section aims to explore the

efficiency of the activation when using different plasma reactors. Figure 6.7 details

the evolution of the main species analysed in the PAW formed.

Figure 6.7: Kinetic evolution of the a) pH, b) concentration of nitrites, c) concentra-
tion of nitrates, and d) concentration of nitrous acid for the different plasma reactors
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Figure 6.7 a) reports the value of the pH for both reactors during the experiment, as

expected the pH decrease for all reactors with a significant advantage for the SBD

either working at 12 or 20 W. The SBD at 20 W appears to be clearly efficient in

this regard by reaching a pH of 3.6 ± 0.2 after only a treatment time of 10 minutes

for 1 L of water treated. Concerning the concentration of NO2
−, the SBD at 12 W

appears to be less efficient to generate NO2
− compare to the others configurations.

The SBD at 20 W follows the same trend as previously reported for the tube DBD

in section 6.3.2.1; with a identical rise for the first 10 minutes of treatment, then a

significant increase to reach a maximum of 216.7 ± 17.3 µM after 30 minutes. How-

ever, the common trend found in literature for the concentration of NO2
− seems to

not match with this experiment. The faster decrease of pH and higher concentration

of nitrites can be easily explained by the dimension of the SBD reactor compare to

the tube DBD; the plasma formed will have a larger surface, thus generating higher

concentration of species within it. Regarding the trend, it the previous section it was

reported that flow rate could reached up to 1.5 L.min−1; at this flow rate the resi-

dency of the species is short enough to encounter the conversion of gaseous NO2 into

other forms. In chapter 4 and 5, it was reported that SBD operating at high power

where producing higher concentration of NOx due to the ozone quenching. However,

even after 30 min ozone was found at concentrations up to 4 ppm indicating that the

quenching did not occurred. This could explained the relatively low concentration

of NO3
− when compared to the PAW obtained in those chapters.
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6.4 Conclusion

In this study, a plasma-Venturi system was developed and tested for its potential to

produce PAW in higher volumes compared to SBDs with adequate chemistry. In the

optimum conditions, the system was able to produce 1 L of PAW in 10 min with

comparable chemistry to the one produced in chapter 4 and 5. The system shown

capabilities to produce cavitation which allow a high surface-to-volume ratio and

thus, faster dissolution of the species of interest within the water bulk. The design

match with other work done in this area with formation of microbubbles having

similar order of magnitude when looking at their diameter (around 300 µm when the

plasma is on); those microbubbles appear to play a crucial role for the generation of

high volume of PAW. Additionally, another Venturi tube was also mounted on serial

or parallel and compared to the single configuration. It was demonstrated that the

secondary system was not able to reduce the treatment time, but allowed a higher

dissolution of the species of interest. Thus, increasing the potential of the PAW for

application for bacterial inactivation. By increasing the dimension of the plasma

reactor, the treatment time was clearly reduced with significant results in terms of

chemistry after only 10 minutes. At this treatment time, the pH and concentration

of nitrites and nitrous acid in the PAW were found to be compatible for bacterial

inactivation when comparing with results obtained in chapter 4 and 5.

Further investigation could be done using computation to confirm the hypothesis re-

garding the concentration of NO3
−; results obtained here were found to be promising

to develop a system with characteristics matching industrial requirement.
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Chapter 7

Conclusion and future work

7.1 Summary and main conclusions

The research in this work concerned the potential of PAW for bacterial inactivation

and was designed into three main topics: a study comparing two approaches to

generate PAW using either direct or indirect plasma treatment reported in chapter

4, an investigation on the initial properties of five tap waters and their impact on

the chemistry of the PAW obtained in chapter 5, and a proof of concept to develop

a plasma reactor able to produce high-volumes of PAW in chapter 6.

The first part of the research aimed to assess which plasma treatment was the most

efficient to generate PAW with sufficient chemical properties for bio-decontamination.

To assess this work, two plasma reactors were designed in which the plasma was either

in contact with the water samples or formed remotely over the solution surface. The

configurations consisted into a DBD with streamers forming from the bottom of the

electrode and interacting with the water surface; the second reactors concerned a

SBD which was placed above the Petri dish. Both reactors were found capable to
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generate PAW with slight differences on the quality of the activation depending on

the reactor used. However, due to the difference in term of plasma-liquid interaction,

the final chemistry of the PAW contained slight variations. OES measurement of the

DBD showed the presence of nitrogen oxide combined with oxygen species such as

OH and O3, resulting in a PAW with high concentration of nitrites, nitrates and

hydrogen peroxide. Unfortunately, only one power setup could be explored due to

the limitation of the device. With the SBD setup, two power modes were selected

and tested either at low or high power. Comparatively, it was found that the SBD

at higher power was able to produce higher concentration of NOx; meaning that

the reactor was working mainly in a RNS mode rather than ROS. In the literature,

studies reported that the quenching of O3 was responsible to enhance the generation

of nitrogen species, this characteristic was confirmed during this work. When looking

at the PAW chemistry, the indirect reactor was found to decrease further the pH

compared to the direct. This could be linked to the plasma surface generated during

the process; in the case of the SBD, the plasma covers a larger area leading to a higher

concentration of species. Same logic could be applied regarding the concentration of

nitrites and nitrates which were found in higher than the DBD. However, the latter

was found more efficient to produce H2O2. From the literature, H2O2 is known to

be formed through recombination of the OH• within the gas phase. Additionally,

electrons formed during the process could also be transferred into the water bulk

leading to an electrolysis of the water sample. For the DBD, both path are possible

due to the plasma-liquid interaction which could explain the concentration of H2O2.

Whereas, due to the regime of the SBD the formation of OH is reduced and the
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electrolysis is completely absent. Regarding the bacterial inactivation, both PAW

formed were found efficient against the bacteria strain tested with a clear advantage

for the indirect treatment. In all experiment, the bacteria was incubated with the

PAW for period ranging from 15 to 120 min. The direct treatment was unable to

achieve complete inactivation with the best scenario obtained for an incubation of

120 minutes, with a log reduction of 4 ± 0.2 log for 8- and 16-min treated PAW. In the

case of the indirect treatment, 4- and 8-min treatment were found unable to achieve

complete inactivation with a maximum obtained after 120 minutes of incubation,

respectively 6 ± 0.1 log and 3.8 ± 0.1 log reduction. For the 16-min treated PAW,

complete inactivation was achieved after 30 minutes of incubation.

The conclusion from the results in chapter 4 suggested that the PAW containing

strong concentration of nitrous acid combined with a low pH was more efficient

compared to strong concentration of hydrogen peroxide. Furthermore, the results

regarding the gas and liquid chemistry were found to be in agreement with the main

mechanisms described in plasma-liquid interactions. These results helped also in the

future design of the reactors for the work achieved notably in chapter 5.

The second part of the research focused on the activation of five tap waters and

see how their initial chemistry will impact the efficiency of the activation. Waters

from France, Norway, Palestine, Slovenia and United Kingdom were selected and

treated with a SBD for period ranging from 0 to 30 minutes. It was found that

the waters contained different level of dissolved bicarbonates which had an impact

on the acidification of the solution. Comparatively, the waters from France and

Palestine were found to have the highest concentration of HCO3
− where waters from
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the UK and Norway were the lowest. Bicarbonate is known to play a role as buffer

in biological system, hydronium ions present in the solution will recombined with

HCO3
− and CO3

2− to encounter the effect of the acidification. Further investigation

on the buffer capacity of the water treated shown that only the bicarbonate were

found responsible for the water buffering capacity to plasma exposure, and showing

that dissolved cations effect was minimal. Thus, the pH of the PAW formed remained

unchanged for the water from France and Palestine at 8 ± 0.1; where the water from

Norway and UK decreased from 8.1 ± 0.1 to 3 ± 0.2 after 30 minutes. The water

from Slovenia followed similar trend as the water from France and Palestine starting

with a pH at 8.1 ± 0.1 and started to decrease after 10 minutes treatment to reach

a minimum of 6.7 ± 0.1 after 30 minutes. Regarding the concentration of nitrites,

all waters treated presented the same trend as reported by the community with an

increase of the concentration during the first minutes of activation followed by a

decrease occurring after 20 minutes treatment. The maximum concentration was

reached by the water from Palestine at 24.1 ± 4.8 µM, whereas the water from

UK had the lowest concentration at 10.2 ± 3.0 µM after a plasma treatment of

20 minutes. The decrease of the nitrites concentration was found to be linked to

the conversion of NO2
− into NO3

− due by oxidoreduction with dissolved O3 and

formation of nitrous acid under acidic conditions. All waters shown an identical

increase of the concentration of nitrates with a maximum reached at 3.1 ± 0.3 mM

after 30 minutes exposure. In term of bio-decontamination, two waters were selected

showing the largest discrepancy in intial composition, treated and tested against

Gram-positive/negative strains. The waters were treated for either 10 or 20 minutes
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then incubated for period of 24 h at 37 °C, the UK-PAW formed appeared to be the

most efficient reaching complete inactivation after a treatment time of 20 min.

The results obtained in chapter 5 show that the initial chemistry of the water treated

have various response towards plasma exposure. Waters with high concentration of

HCO3
− appeared to encounter the acidification due to their buffer capacity. Re-

garding the concentration of nitrites and nitrates, both were found to follow similar

trends as observed in chapter 4 and in literature. The implications of these results

are significant for the future development of PAW technology. If the technology is to

be widely adopted in areas such as food security and healthcare, then efficiency, re-

peatability and traceability are of paramount importance. This study demonstrates

that the inevitable wide variation in the composition of potable water from differ-

ent geographic locations has a dramatic impact on the overall effectiveness of PAW.

Given this, it is essential that steps be taken to analyse and possibly adjust the

composition of any water source prior to plasma activation in order to guarantee the

repeatability and ultimately, the safety, of the process.

The main outcome from the research in chapter 6 consisted in a working plasma

device able to generate high-volumes of PAW. One limitation of plasma activated

water technology is the low mass transfer of chemical species of interest into the

water bulk; cavitation processes are known to increase this interaction by increasing

the surface-to-volume ratio. The device developed in this chapter appeared to be

able to generate cavitation with bubbles with diameters in range of 300 µm in the

optimum conditions. As expected, variation with the water input flow rate and

pressure will have a direct impact on the bubble generation and the efficiency of
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the activation. Additionnaly, it was shown that combination with another Venturi

tube in serial or parallel, could increase further the concentration of the species of

interest in the PAW. Finally, when combined with other reactors, the quality of the

activation was highly enhanced leading to a shorter time required for the treatment.

Overall, those results are promising for possible integration of the technology into

industrial settings.

7.2 Future work

Several suggestions for future work directly related to the research presented here

are discussed below:

• The power supply employed here was based on continuous sinusoidal wave

generator, the study could be extended by using nanosecond-pulsed generator.

Neretti et al., reported that nanosecond-pulsed waveform have great benefit

for the generation of a more stable glow discharge with higher energy efficiency

compared to sinusoidal waveform. The PAW obtained shown higher concentra-

tion of ozone and hydrogen peroxide which could be interesting for biological

applications [187]. Additionally, Laurita et al., reported the formation of per-

oxynitrite which is known to have a huge potential for decontamination [188].

• Another point could be investigated in identifying a way to mitigate against

nitrates and nitrites. As an example, the temperature of the electrode could

be controlled to either favour an ROS or RNS mode. This could have directly

an impact on the plasma species formed and their interaction with the water
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bulk leading to a different final chemistry of the PAW.

• Regarding the chemistry of the PAW, mostly the long lived species were charac-

terised in this study with the assumption that short-lived plasma species may

recombine during the process. Investigating the aqueous short-lived species

could potential bring positive outcomes on the general knowledge of the plasma-

liquid interactions. Notably, recent studies reported the possible role that per-

oxynitrites could play combined with the presence of superoxide O2
•− [189],

[190], [191].

• Chapter 6 in this research reported a working plasma device for the generation

of high-volumes of PAW. Similar reactors were developed by the community

[192], [193], [194]. However, the settings of these experiment are still restrain

into laboratories and further investigation are required to faster the integration

of the technology into industry.

• With further development in PAW technology and possible implementation

into industry, analysis on its long-term effects and possible interactions with

human health should be considered.
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Appendix A

Description of the numerical model

A coupled set of 1D convection-diffusion-reaction equations were solved, in space and

time, for the densities of 53 species. These include electrons, positive and negative

ions, excited state neutral species and neutral reactive species, interacting through

624 reactions. A complete list of the species and reactions considered in this model

was previously reported by Sakiyama et al., [115]. For the purpose of the model, the

air background was assumed to consist of 79 % N2, 20 % O2 and 1 % H2O. Where

the discharge was assumed to be driven by a Gaussian pulse of electric field with

a duration of few nanoseconds, which mimic the lifetime of a filamentary discharge

occurring in a SBD at atmospheric pressure in air. The field was converted to a

mean electron energy through the local field approximation [195]. The densities

of the reactive species were calculated as a function of distance in regards to the

generating electrode; the model was solved for all species, with the assumption that

the discharge was ignited in the first 40 µm representing the plasma region of the

discharge. At the end of each period of the applied waveform, the average power was

calculated and the magnitude of the electric field was modified to adjust the average

power in the next period. This was done in order to match with the experiment.
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The procedure was repeated until the variation of the average power was between

the simulation and the experiment was less than 5 %. If five consecutive periods of

the applied waveform satisfied this condition, the generation and loss rates of neutral

species were averaged over the last period of the waveform. In the second step, the

model was solved only for the long-lived species until the species reached the surface

of the water, adopting the time-averaged generation and loss rates obtained from

the first step. Thus, allowing for the effect of short-lived species, such as electrons

and ions, to influence the chemistry of the neutral species without needing to resolve

every period of the applied waveform.
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Measurement of the concentration of ammonia and

ammonium

Concentration of ammonia NH3 and ammonium NH4
+ was determined by spec-

trophotometry using Nessler’s reagent as reactant (Sigma-Aldrich Ltd, CAS 7783-

33-7) in basic solution. 2 mL of the reagent is added to 50 mL of PAW; after an

incubation period of 10 min, the reaction produce an orange product detectable at

400 nm. Both ammonia and ammonia react with Nessler reagent, the concentration

measured by absorption is defined as:

[Ctotal] = [NH3] + [NH4
+]

Knowing that [NH4
+]/[NH3] form a conjugate acid-base pair (pKa5 = 9.25), the

concentration of each compound can be expressed individually following their pKa

and Ctotal:
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AND AMMONIUM

[NH4
+] =

[Ctotal]

1 + 10pH−pKa5
(B.1)

[NH3] =
[Ctotal]× 10pH−pKa5

1 + 10pH−pKa5
(B.2)

For each concentration, the uncertainties are as following:

∆[NH4
+] =

∣∣∣∣ 1

1 + 10pH−pKa5

∣∣∣∣∆[Ctotal] +

∣∣∣∣−[Ctotal]× ln(10)× 10pH−pKa5

(1 + 10pH−pKa5)2

∣∣∣∣∆pH (B.3)

∆[NH3] =

∣∣∣∣ 10pH−pKa5

1 + 10pH−pKa5

∣∣∣∣∆[Ctotal] +

∣∣∣∣ [Ctotal]× ln(10)× 10pH−pKa5

(1 + 10pH−pKa5)2

∣∣∣∣∆pH (B.4)
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[90] Peter Bruggeman, Eva Ribežl, Alan Maslani, Joris Degroote, Alexander Male-

sevic, Robby Rego, Jan Vierendeels, and Christophe Leys. Characteristics of

atmospheric pressure air discharges with a liquid cathode and a metal anode.

Plasma Sources Science and Technology, 17(2):025012, 2008.

[91] Juan Pablo Trelles. Pattern formation and self-organization in plasmas inter-

acting with surfaces. Journal of Physics D: Applied Physics, 49(39):393002,

2016.

[92] Patrick Vanraes and Annemie Bogaerts. The essential role of the plasma sheath

in plasma–liquid interaction and its applications—a perspective. Journal of

Applied Physics, 129(22):220901, 2021.

[93] Yu Zhang, Lijuan Liu, and Jiting Ouyang. On the negative corona and ionic

wind over water electrode surface. Journal of Electrostatics, 72(1):76–81, 2014.

[94] Alexander Lindsay, Carly Anderson, Elmar Slikboer, Steven Shannon, and

David Graves. Momentum, heat, and neutral mass transport in convective at-

147



BIBLIOGRAPHY

mospheric pressure plasma-liquid systems and implications for aqueous targets.

Journal of Physics D: Applied Physics, 48(42):424007, 2015.

[95] Vipa river-case study, 2021. URL http://www.bewaterproject.eu/

case-studies/vipava-river-basin-slovenia.

[96] Youssef Morabit, Mohammad I Hasan, Richard D Whalley, Eric Robert, Mar-

tina Modic, and James L Walsh. A review of the gas and liquid phase inter-

actions in low-temperature plasma jets used for biomedical applications. The

European Physical Journal D, 75(1):1–26, 2021.

[97] H Lee, JY Park, Wonho Choe, and Sanghoo Park. Computational modelling of

rons generation and its enhancement by uv photolysis in plasma-liquid system.

In 2020 IEEE International Conference on Plasma Science (ICOPS), pages

611–611. IEEE, 2020.

[98] JA Silsby, S Simon, JL Walsh, and MI Hasan. The influence of gas–liquid

interfacial transport theory on numerical modelling of plasma activation of

water. Plasma Chemistry and Plasma Processing, 41(5):1363–1380, 2021.

[99] Stephane Simon, Breno Salgado, Mohammad I Hasan, Morten Sivertsvik, Este-

fania Noriega Fernández, and James L Walsh. Influence of potable water origin

on the physicochemical and antimicrobial properties of plasma activated water.

Plasma Chemistry and Plasma Processing, 42(2):377–393, 2022.

[100] HH Kim, Y Teramoto, N Negishi, A Ogata, JH Kim, B Pongrác, Z Machala,
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and antibacterial effects of plasma activated water: Correlation with gaseous

and aqueous reactive oxygen and nitrogen species, plasma sources and air flow

conditions. Journal of Physics D: Applied Physics, 52(3):034002, 2018.

[161] Toshihiro Takamatsu, Kodai Uehara, Yota Sasaki, Hidekazu Miyahara, Yuriko

Matsumura, Atsuo Iwasawa, Norihiko Ito, Takeshi Azuma, Masahiro Kohno,

and Akitoshi Okino. Investigation of reactive species using various gas plasmas.

Rsc Advances, 4(75):39901–39905, 2014.

[162] Uta Schnabel, Mathias Andrasch, Jörg Stachowiak, Christoph Weit, Thomas

158



BIBLIOGRAPHY

Weihe, Christian Schmidt, Peter Muranyi, Oliver Schlüter, and Jörg Ehlbeck.
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