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Abstract

The limitation of global water resources requires a sustainable and advanced tech-

nology to acquire clean water. Cold plasma emerges as a green and sustainable

technology in wastewater treatment, food processing and agricultural field. Synergy

of a myriad of reactive oxygen and nitrogen species (RNOS) contributes to desirable

properties of plasma activated water (PAW). However, during the formation of plasma

activated water the transfer of gaseous plasma into water is challenging. Meanwhile,

it is quite necessary to make a good design for water activation by cold plasma with

a simple configuration, portable design, low energy consumption and high activation

efficiency. Moreover, the adaptability and scalability of cold plasma reactor are nec-

essary to be demonstrated in the lab scale before the practical applications of the

technology.

This Ph.D. thesis first focuses on understanding the formation and stability of

microbubbles generated in a venturi tube through cavitation and air suction effects.

Chapter 3 compares the effects of temperature and air suction on formation and sta-

bility of microbubbles formed in tap water and process water collected from oilsands

industry. Microbubbles with a diameter of 1-50 �m are generated by using a venturi

tube and characterized by focused beam reflectance measurement.

Based on the air suction of a venturi tube and microbubbles, a reactor called

microbubble-enhanced cold plasma activation (MB-CPA) is developed in Chapter

4. Gaseous plasma is supplied through self-suction to water flowing in a venturi

tube. A large amount of microbubbles transfer reactive species in the gas phase
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into the water flow. The degradation of methyl orange shows that with the same

energy input, MB-CPA reactor can achieve more than 5 times higher degradation

efficiency, compared to the configuration in absence of microbubbles. Meanwhile,

the physicochemical properties of PAW are examined, including the concentration of

ozone, nitrite, nitrate, temperature, pH, conductivity and dissolved oxygen. To the

best of our knowledge, this is the first-time integrating bubbles in plasma activation

to transfer active species from the gas phase into the flow of water.

Later, the optimization of MB-CPA design is investigated in Chapter 5. The

degradation rate of a model antibiotic compound, sulfathiazole, in water is compared

under activation conditions by varying the dimensions of the cavitation tube, the flow

rate of water and the distance between the discharge and the flow surface. Machine

learning, including multiple linear regression (MLR) and artificial neural network

(ANN), can predict degradation efficiency in good agreement with the experimental

data. The width of the air inlet of a venturi tube is found to be the most important

parameter for water activation.

In demonstration of PAW, we focus on the development of MB-CPA to produce

PAW for enhancing plant growth in hydroponics in Chapter 6. A solar-driven MB-

CPA system is developed, utilizing externally linked solar panels, enabling portable

water activation with zero-energy consumption. Three vegetables, including peanut,

garlic, soybean sprouts are fed with PAW. The results show a significant enhancement

on the sprout length as 1.66 times for peanuts, 1.5 times for garlic, and 1.8 times

longer for soybean, fed with PAW compared to untreated water. Moreover, MB-CPA

integrated with a commercial hydroponic system achieves the growth enhancement

lasted for 32 days (3 growing cycles) with recycled water. The portable MB-CPA

system developed in this work represents a sustainable and environmentally friendly

technology for vegetable cultivation and water treatment.

In Chapter 7, we focus on the influence of plasma activation on chemical properties

of nanoparticles and carbon dots. The investigation delves into the surface proper-
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ties of the nanoparticles, including zeta-potential, surface morphology and chemical

bonding through comprehensive analysis. Although the study shows the preliminary

results, it promises to continue offering deeper insights into the material treatment in

the future.

This thesis firstly comes up with MB-CPA system to active water, supported by

both experimental findings and machine learning results. The study also encompasses

an investigation into how parameters during activation process affect the efficiency.

The design can effectively reach to the satisfied performance in enhancing the degra-

dation efficiency of organic contaminants in water. Furthermore, the applications

in the plant growth and particle modification show great potential as a sustainable

technology to be used in large scale.
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Chapter 1

Introduction

1.1 Motivations and thesis objectives

Cold plasma, as an emerging and advanced technology, has attracted much intensive

research interest recently. Plasma is an ionized gas that contains free radicals, elec-

trons, ions as well as uncharged particles. It has been applied in bacteria and virus

inactivation [1{3], surface treatments [4], food products [5{8], water puri�cation [9{

11], agriculture [12], and biomedical applications [13]. Plasma activated water (PAW)

can be generated by applying a plasma device above or under the water surface. In the

production of PAW, lots of chemical reactions and impregnation of reactive species

are triggered. These reactive oxygen and nitrogen species (RONS) in water do not re-

sult in toxicity or contaminate the environment. Moreover, PAW has been proved to

be e�ective for decontamination and stimulation of plant growth due to its distinctive

physical and chemical properties.

However, in the process of PAW production, the transfer of reactive species from

gas phase to water phase is limited by their slow transport process across the gas-

liquid interface. Only a fraction of the active species in gaseous plasma can penetrate

into water and react with target molecules through the gas-liquid interface. For

great improvement of the e�ciency in plasma activation, microscopic bubbles are well

known for highly e�cient mass transfer of gas into water, due to their high surface-

to-volume ratio, long residence time in water, high internal pressure and agitation
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induced from their rapid collapse [14, 15].

Bubbles are gaseous entities that can exist in aqueous solution or on immersed

hydrophobic surface, with numerous applications such as in water treatment, mineral

otation, plant growth and medical treatments [16{18]. Hydrodynamic cavitation

and acoustic cavitation are common methods for the formation of bulk nanobub-

bles and microbubbles [19, 20]. Bubble-assisted approach is a novel alternative to

enhance the transfer process during plasma activation. The employment of small

bubbles with cold plasma technology o�ers advantages such as enhanced mass trans-

fer through generating enormous surface area for e�ective impregnation of the active

species generated from cold plasma into water.

In the plasma bubble system, gaseous species transfer the gas-liquid interface, trig-

gering complex reactions. Meanwhile, bubble collapsing contributes to the movement,

and hence the dispersion of species across the interface. Indeed, compared to the tra-

ditional methods for PAW formation, such as electrical discharge immersed in liquid

or on liquid surface, the presence of bubble in plasma-based system provides large gas-

liquid interface, resulting in an increased mass transfer of RONS between gas phase

and liquid phase and a higher likelihood of short-lived species being transported to the

targets. Once a new reactor for microbubble enhanced plasma activation is installed,

the properties of PAW after plasma treatment is a new aspect to be investigated,

including the variation on pH, conductivity, temperature of the liquid, dissolved oxy-

gen, redox potential, and the concentration of reactive species induced by plasma

treatment.

Based on the features of cold plasma and microbubbles, some traditional meth-

ods for PAW production including DBD or corona discharge integrated with bubble

generators, are limited on their design of setup, the level of degradation, energy con-

sumption and the scalability of devices in the real �eld applications. High requirement

for the e�cient and portable setup with energy-saving is essential for the scalability

of PAW. On the other hand, optimization on the dimensional factor of the treatment
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reactor is an easier way to improve the treatment e�ciency, compared to increasing

the voltage of plasma, providing the oxidative gas, and tuning the treatment capacity

per unit time.

Therefore, based on the foundation of research on microbubbles and cold plasma

technology, this Ph.D project aims to understand the bubble formation by using

hydrodynamic e�ect, integrate bubble formation with cold plasma in water activation,

proceed to optimize microbubble-enhanced cold plasma water activation (MB-CPA)

and expand PAW into agriculture �eld demonstration and surface modi�cation of

nanoparticles. Furthermore, we expect that the MB-CPA reactor may open the door

to even broader applications of �eld production of activated water for applications in

sustainable agriculture and in environmental remediation.

Speci�cally, the objectives of this Ph.D. project were proposed as below:

1. To understand the microbubble formation and stability generated by the venturi

tube via hydrodynamic e�ect in tap water and process water at room temperature

and high temperature (40� C).

2. To install a cold plasma reactor coupled with microbubble in water activation

and examine the properties of PAW after treatment.

3. To understand the e�ect of liquid ow rate, design of venturi tube, and distance

from the discharge to the water ow on water treatment, evaluating by the antibiotic

removal.

4. To apply MB-CPA with a hydroponics to produce PAW, accelerating the plant

growth as a liquid fertilizer. To develop a solar driven in air plasma discharge for

e�ective activation of water ow through self-suction without any accessories for gas

supply.

5. To apply MB-CPA into chemical modi�cation on nanoparticles and expend this

treatment as post-processing of nanoprecipitation.
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1.2 Thesis outline

According to the motivations and aims of this Ph.D. project, this thesis is paper-based

and outlined chapter by chapter.

Chapter 1. Introduction

This chapter provides a brief introduction of the background and motivations, the

objectives, and the structure of the thesis.

Chapter 2. Literature review

(Published a review paper: Gao, Y., Keziah Francis and Xuehua Zhang. Review on

formation of cold plasma activated water (PAW) and the applications in food and

agriculture. Food Research International, 2022, 111246)[21]

This chapter is a literature review of the general information relevant to this Ph.D.

research. This chapter mainly reviews the formation and characteristics of microbub-

bles, cold plasma, plasma activated water, and the characteristics applied in the cold

plasma water activation.

Chapter 3. Formation and stability of cavitation microbubbles
in process water from the oilsands industry

(Published paper: Gao, Y., Dashliborun, A.M., Zhou, J.Z. and Zhang, X. Formation

and stability of cavitation microbubbles in process water from the oilsands industry.

Industrial & Engineering Chemistry Research, 2021, 60(7), 3198-3209)[22]

In this work, we compare the formation and stability of microbubbles in the process

water and in tap water. FBRM is used to present the size and number of microbub-

bles produced by hydrodynamic cavitation in real time. For both process water and

tap water, we: (1) monitor the gradual change in microbubble number with cavita-

tion time; (2) present the dynamic change of microbubble number probability as the

function of bubble size with time, and (3) identify the e�ects of air supply inside ven-
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turi tube and e�ect of temperature on bubble number and size distribution. We show

that there are signi�cant di�erences in the formation and stability of microbubbles

in process water and in tap water. The study in this work may help develop e�ec-

tive means for microbubble generation in treatment of process water from industrial

operation.

Chapter 4. Microbubble-enhanced water activation by cold
plasma

(Published paper: Gao, Y., Li, M., Sun, C. and Zhang, X. Microbubble-enhanced wa-

ter activation by cold plasma. Chemical Engineering Journal, 2022, 446, 137318)[23]

In this work, we demonstrate a novel design, called MB-CPA, which can signi�-

cantly achieve high water activation e�ciency with low energy input. We perform

comprehensive characterization of the physicochemical properties of PAW produced

in the ow water, which are consistent with the product obtained from other methods

reported in literature. High speed images are used to track the bubble behaviors in

the cavitation tube. The high e�ciency of activation from microbubbles may ex-

pand PAW as a green, sustainable, and chemical-free technology to the large-scale

applications in food industry, disinfection, and agriculture.

Chapter 5. The optimization of microbubble-enhanced cold
plasma activation (MB-CPA) for water treatment

(Submitted: Gao, Y., Saedi, Z., Shi, H., Zeng, B., Zhang, B., Zhang, X. Machine

learning-assisted optimization of microbubble-enhanced cold plasma activation (MB-

CPA) for water treatment.)

In this work, the factors that can a�ect the e�ciency of the MB-CPA system are

investigated. Primary experimental conditions are optimized to improve antibiotic

degradation. The optimal liquid ow rate and the distance from the plasma dis-

charge to water ow for three cavitation tube designs are identi�ed. An orthogonal

analysis is performed to evaluate the importance of each e�ective parameter assisted
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with two predictive models, arti�cial neural network (ANN) and multiple linear re-

gression (MLR) using machine learning algorithms. The optimization on the portable

plasma reactor may expand PAW as an energy-saving, sustainable and chemical-free

technology for �eld applications.

Chapter 6. Scalable and portable microbubble-enhanced cold
plasma activation (MB-CPA) for boosting vegetable growth
in hydroponics

(Submitted: Gao,Y., Han,S., Shi, H., Saedi, Z., Zeng, B., Zhang, X. Scalable and

portable microbubble-enhanced cold plasma activation (MB-CPA) for boosting veg-

etable growth in hydroponics)

This study focuses on the MB-CPA to generate plasma-activated water (PAW) for

enhancing plant growth in hydroponics. The reactive nitrogen and oxygen species

(RNOS) generated from cold plasma discharge in air is impregnated into a water ow

through microbubbles formed in a venturi tube. A solar-driven MB-CPA system is

developed, utilizing externally linked solar panels, enabling portable water activa-

tion with zero-energy consumption. Analysis of heavy metal ions in PAW con�rms

its safety after cold plasma activation. Three vegetables, including peanut, garlic,

soybean sprouts are fed with plasma activated water (PAW). Moreover, MB-CPA is

integrated in a commercial hydroponic system, achieving growth enhancement that

lasted for 32 days (3 growing cycles) with recycled water. To optimize the operation

conditions for microbubble formation and maximize activation e�ciency, the design

of the venturi tubes is tailored to �t the ow in the hydroponic system. The portable

MB-CPA system developed in this work represents a sustainable and environmentally

friendly technology for vegetable cultivation and water treatment.

Chapter 7. Cold plasma-induced surface functionalization of
nanoparticles in the uid

(Under preparation: Gao,Y., Wu, H., Bao, L., Lu,Q., Nan N., Zhang, X.)
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In the present study, we show the microbubble-enhanced cold plasma activation

as a versatile approach for surface modi�cation of nanoparticles in suspension. The

plasma discharge takes place in an air inlet, connected to a cavitation tube. The

reactive nitrogen and oxygen species (RNOS) is taken into the suspension ow due

to the local reduced pressure in the in the cavitation tube. Two types of polymer-

based materials and carbon nanodots (C-dots) in suspension are prepared in the

suspension prior to activation by microbubble-enhanced cold plasma. Polymethyl

methacrylate (PMMA) of 16-154 nm and polycaprolactone (PCL) of 88-225 nm are

synthesized through nano-precipitation method. Cold plasma activation enables to

reduce the negative surface zeta-potentials and induce aggregation and separation

from the suspensions. The infrared spectra of the treated nanoparticles revealed that

plasma activation leads to form N-H and C-N bonds situated at the surface of PMMA.

In terms of carbon nano-dots, cold plasma activation can alter the various properties,

including the Raman intensity, uorescent intensity, zeta potential and the lattices of

C-dots. Our work demonstrates that microbubble-enhanced cold plasma activation

emerges as a promising method for the surface modi�cation of nanoparticles in the

ow condition.

Chapter 8. Conclusions and Outlook

This chapter summarizes the main conclusions and plans for future research.
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Chapter 2

Literature review

2.1 General overview of plasma technology

Plasma is de�ned as the fourth state of matter in nature besides three states: solid,

liquid and gas [24, 25]. As the heat intensity increases, the state of substances transi-

tions from gas to plasma. Plasma is the ionization of neutral gas, which involves free

radicals, charged particles (ions and electrons), photons and other radioactive mat-

ters [26]. The presence of these charged matters makes plasma conduct electricity.

However, the overall charge is neutral (called neutrality of plasma) due to individual

components' mutual counteraction.

Normally, plasma is classi�ed into cold (low-temperature, non-thermal or non

isothermal) plasma and hot (thermal) plasma according to the level of temperature of

the components [12]. The temperatures of cold plasma and hot plasma are 20-50� C

and several thousand Kelvins in ambient pressure, respectively [27]. Cold plasma has

broad applications in biomedical, food, water and agriculture [28, 29]. Hot plasma

is employed for steel cutting, initial stage of nuclear reaction, sterilization, tumor

therapy, arc discharge, in nature of lightning and inside stars [30].

During plasma treatment a high voltage is applied to gas space, a strong electrical

�eld is created between electrodes. The electrical �eld with high energy exerts a

force on the charged particles. Ions in the plasma area are accelerated under the

inuence of the applied electric �eld. Upon inelastic collision the free electron may
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ionize an ambient gas molecule, thus producing more free electrons. The free electrons

may repeat the process and thus produce an electron avalanche (streamer) [31]. The

neutral gas is ionized by su�cient energy, resulting in a complicated plasma chemistry

mainly due to the generation of reactive gaseous species [30]. If the discharge occurs

in air, both reactive oxygen species (ROS) and reactive nitrogen species (RNS) are

formed, also known as the reactive oxygen and nitrogen species (RONS or RONSs)

[32]. The primary species generated include H, O, OH, N, NO, and other ions, as well

as the secondary species (H2O2, O3, NOx , HNO2, HNO3, ONOOH) [33]. Reaction

2.1-Reaction 2.9 are common pathways for the generation of reactive species in the

atmospheric environment.

O2 + e � ! 2O + e� (2.1)

N2 + e � ! 2N + e� (2.2)

N + O ! NO (2.3)

O2 + O ! O3 (2.4)

NO + O ! NO2 (2.5)

O3 + NO ! NO2 + O 2 (2.6)

�OH + �OH ! H2O2 (2.7)

�NO + �OH ! HNO2 (2.8)

NO�
2 + H + ! HNO2 (2.9)

Those species are classi�ed into the short-lived and long-lived groups. Lifetime of

plasma depends on the properties of reactive types and storage conditions as shown in

Table 1. From the discharge with air as working gas, the majority of species generated

are unstable usually with lifetime in the range of microseconds [34]. Therefore it is

di�cult to directly capture and measure these compounds. Common short-lived

species includes hydroxyl radical (�OH), singlet oxygen (1O2), superoxide (O�
2 ), nitric
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Table 1: Main RONS produced in PAW and corresponding analytical approaches.

Reactive species Half-life timea Analytical approaches References

ROS

Hydroxyl ( � OH) 10� 9 � 10� 10 ESR, BA method [36]

Singlet oxygen (1O2) 4.4 � s ESR
[37]

[38]

Superoxide (O�
2 �) 10� 9 s ESR [39]

Hydroperoxyl (HO2 �) N/A ESR [40]

Hydrogen peroxide (H2O2) Stable
Test Strip, Uv-vis,

Titration, FTIR.

[41]

[42]

Ozone (O3) s
Indigo degradation,

Certi�ed kit

[43]

[44]

RNS

Nitric oxide (NO �) s ESR [1]

Peroxynitrite (ONOO � ) 10� 3 s Ion chromatography
[33]

[45]

Nitrite acid (NO �
2 ),

Nitrate acid (NO �
3 )

Stable
Nitrite assay kit, UV-Vis,

Ion chromatography

[1]

[46]

Ammonium ions (NH+
4 ) Stable

UV-Vis,

Ion chromatograph

[47]

[46]

Nitrous acid (HNO2) s N/A [48]
a The half-life time of reactive species depends on the surrounding environment. s
means second.

oxide radical (NO�), and peroxynitrite (ONOO � ). The representative stable species

are nitric oxide (NOx ), hydrogen peroxide (H2O2), ozone (O3) and other reactive

components. Those species have half-lifetime of years, few days or minutes [35]. In

the plasma system with a host of reactive species, chemical reactions among them

are much more complex. Some primary species react and form secondary complex

compounds, then a few compounds compose spontaneously and synchronously. Even

in the simple system of nitrogen, oxygen and water, plasma participates in hundreds

of chemical reactions [30].
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2.2 Common methods for the generation of cold
air plasma (CAP)

In generation of cold plasma, ionization occurs by the external photoelectric e�ect or

collision between the electrons at the outer-shell and the excited electrons [49]. For

the photoelectric e�ect, photons are supplied by the outside or emitted by discharge.

In the case of collision, excited electrons are provided by the electron beam and

accelerated by external electrical �eld, electromagnetic �eld or radiation [30]. Cold

plasma emits light at discrete wavelengths, corresponding to the transition of electrons

in atomic or molecular shells in the visible and ultraviolet (UV) region of the spectrum

[30]. For cold plasma generation, temperatures of neutral atoms are comparably lower

than that of excited electrons. If the electrons gain huge energy to overcome the

attraction from its atom, thus reaching a high temperature for both, this will cause

the formation of hot plasma.

Various methods have been applied to generate cold plasma, including corona (jet)

discharge, dielectric barrier discharge (DBD), microwave, electron cyclotron resonance

and capacity coupled. Three typical con�gurations of corona discharge, DBD and

microwave stimulation are introduced as shown in Figure 2.1.

Corona discharge

In Figure 2.1(a), the term of corona discharge indicates the area of electrical discharge

like a crown. The electrode is a needle point or thin wire. Corona discharge is usually

observed only in an in-homogeneous electric �eld formed by applying the high voltage

around 10-20 kV. By the pulsed corona discharge to generate strong oxidizers (mainly

OH�, O3, O and H2O2), Magureanuet al. showed the degradation of methylene blue

(MB) solved in tap water. Electrodes were immersed in the aqueous liquid, gas was

bubbled through the needles. In oxygen, the degradation of MB was over 95% after

about 20 min of plasma treatment. Jul�ak et al. studied the characteristics of PAW

(i.e., H2O2 content and acidity) and e�ect on the biological activity with the corona
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discharge.

Dielectric barrier discharge

By DBD discharge, dielectric materials such as quartz, glass, silicon rubber or plas-

tics are installed between two electrodes with high voltage (see Figure 2.1(b)). The

position of electrodes and insulators can be adjusted to meet the requirement for

experimental feasibility. Generally, the gap of discharge usually ranges from 0.1 to

10 mm. The magnitude of the high voltage ranged from 1 to 100 kV. Several con-

�gurations of DBD setup have been summarized in recent works [33, 51]. Xianget

al. also listed nine discharge devices for preparation of plasma-activated liquid, show-

ing as discharge in gas, gas-liquid interface and in the liquid phase. Sivachandiran

and Khacef designed the DBD plasma reactor and studied the plasma treatment on

the water activation and seeds germination. Balzeret al. investigated the e�ect of

reactive species produced by DBD treatment on cell viability and proliferation and

found positive e�ect from DBD treatment on cell proliferation and healing process.

Jet plasma and DBD are popularly used in the research labs, due to its versatile,

simple and adaptive working [55].

Microwave-induced discharge

Figure 2.1(c) shows the principle of cleaning the chamber induced by the microwave.

Microwave plasma is induced by the pulsed microwave (about 2.5 GHz, pulse fre-

quency: 10 kHz), which is injected into the solution through a slot antenna. The

high rate of decomposition of organic solutes can be achieved with the microwave

bubble plasma treatment [56]. The pressure is in dynamic equilibrium after su�cient

gas �lls the column. The electromagnetic �eld with high frequency produced by mi-

crowave oscillation ionizes the gas, thereby generating a host of plasma near the wall

of the chamber. These reactive species physically attack the surface of impurities

for cleaning purposes. Microwave-induced plasma treatment is often used in surface
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modi�cation since the generation e�ciency of plasma stimulated by microwaves is

considerably high, and the treatment capacity is large.

Figure 2.1: Common con�gurations for plasma generation: (a) corona [34], (b) planar
dielectric barrier discharge [51] and (c) discharge induced by microwave [57].

2.3 Type, reactivity and function of free radicals

The typical components of RONS and their available approaches for detection are

summarized in Table 1. ROS includes hydroxyl radicals, singlet oxygen, superoxide

anions, hydrogen peroxide, ozone, whereas the typical components of RNS include

peroxynitrite, nitrite, nitrate, ammonia among others. Some of the radicals are ex-

tremely reactive, and readily react with targeted samples. These reactions occur

through a chain of oxidative reactions, causing damage for microbial and modi�cation

of protein, lipids and DNA [58{60]. RONS endows PAW with diverse physicochemical

properties, promising a broad range of applications.

2.3.1 Reactive oxygen species

Hydroxyl radicals (� OH) are one of the short-lived reactive species formed in both

liquid and gas phase as well as at the gas-liquid interface [61]. There are many possible
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pathways to form � OH. For example, a single hydrogen atom and a single oxygen

atom can form a hydroxyl (OH) radical. The ionization of water can also produce�

OH as shown in reaction 2.11. Such radicals are unstable, and prefer to take atoms

from the neighboring molecules to become stable. Thus, the neighboring substances

in the atmosphere, for example, methane, benzene, nitrous oxide and vinyl chloride,

can be destroyed.

OH radical properties, with half-life is only around 10� 9 s, can immediately react

to form second products, like RONS. Moreover, OH free radicals has high redox po-

tential about 2.84 eV. Herein,� OH was found to accelerate the degradation of organic

pollutants and microbial deactivation. However, in photocatalytic applications, Tojo

et al. found that the e�ectiveness of� OH on the decomposition of organic compounds

is overestimated. This is due to the free or trapped holes caused by the adsorption of

the photon energy and the band gap also accelerate the primary oxidation of organic

compounds. Other studies pointed out that the function of� OH in dye degradation

is probably weak, due to the low yield in aqueous phase. In plasma chemistry, the

formation of H2O2 and HNO2 attributed to the presence of� OH as reactions 2.16

and 2.17. At the same time, under the conditions of ultraviolet photolysis, these

two chemical reactions are reversible [63]. Honget al. reported on the presence of

H2O2 and HNO2 post plasma treatment. However, due to the high instability of the

hydroxyl radicals and the presence of a host of other reactive species in PAW, it is dif-

�cult to predict OH radical quantitatively and qualitatively. Furthermore, unknown

chemicals may predominate and make it di�cult to be measured by chemical analysis

methods. In the medical application, biological tissue was used to measure the pen-

etration depth of reactive species. Depending on di�erent mediums and treatment

time, the penetration depth is di�erent. One paper mentioned that� OH, 1O2, O3,

and H2O2, cannot penetrate through the mice skin at all [65]. However, in �elds of

food, agriculture and water treatment, the penetration properties of reactive species

have not been investigated.
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Currently, there are no methods available for direct identi�cation of hydroxyl rad-

icals. An indirect approach for the identi�cation of � OH is called the electron spin

resonance (ESR). DMPO (5,5-dimethyl-1-pyrroline N-oxide) as a spin trap can be

applied to detect the hydroxyl radicals in ESR measurements since it has a� -proton

that is hypersensitive to the existence of trapped radicals. The non-paramagnetic

spin trap (DMPO) reacts with hydroxyl radicals to form a more stable adduct as

shown in the reaction below.

DMPO + OH � ! DMPO � OH� (2.10)

Singlet oxygen (1O2) is one of the common ROS, in an electron excited state with

all electrons paired. The formation of1O2 attributes to the excited atomic oxygen

with a lifetime of 30 ns [66]. According to the �ndings by Moueleet al., the lifetime

of reactive singlet oxygen atoms is 4.4� s is in liquid medium, afterwards, it easily

reacts with water and produces the hydroxyl radicals. Hiranoet al. applied CAP jet

in air ow and proved the existence of singlet oxygen in liquid phase.

Superoxide anion O��
2 is produced by reduction of triplet oxygen with a lifetime

below 5 � s [30]. Although not very highly reactive compared to other ROS, O��2

can react with other substances and form hydroxyl radicals and singlet oxygen. The

half-life of superoxide anion radical (O�2 �) is approximately 10� 9 s [39]. Superoxide

anion radicals are reactive, but they can not penetrate the cell membrane due to

their charges and short life time, therefore incapable of cell damage [67, 68]. Many

plasma publications reported that a number of reactive species contribute to the

microbial inactivation [69, 70]. Ikawaet al. suggested that bactericidal e�ects is not

caused by free ROS, but the superoxide anion radical released from the RNS, for

example, peroxynitrous acid (ONOOH) and peroxynitric acid (O2NOOH). They also

postulated that superoxide anion radicals produce HOO� that may directly interact

with bacterial cells in acidic liquid. Besides, they concluded UV radiation or H2O2

generated by plasma have little or no e�ect on bacterial inactivation [67].
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Ozone, as another typical plasma-generated reactive oxygen species with long life

time, shows a high oxidation potential ofE0= 2.08 eV. Both ozone and hydrogen

peroxide are strong oxidizing agents although ozone has a higher oxidation ability. In

general, a very low solubility is observed for ozone in water at ambient pressure and

normal temperature. Ozone has been widely used since 1906 for water puri�cation,

food preservation, applications in biomedicine, as well as for the ozonation of oil as

an antimicrobial system. However, ozone indeed exhibits a few drawbacks such as

low yield of production compared to commonly used chemicals like chlorine. Also

exposure to ozone at high concentrations imposes toxic e�ects on human health.

Plasma technology is considered as one of the most common sources of ozone. In

acidic surroundings, ozone behaves as an electrophile and can strongly oxidize organic

molecules and inactivate the microorganisms for biological samples [64]. Gurol and

Vatistas suggested that this is due to the resonance structure of ozone with a positively

charged oxygen atom. In plasma research, air plasma generates large amounts of

ozone depending on the device con�guration and operational conditions. Honget

al. detected 356 ppm ozone produced at the outlet of a DBD plasma generation

system. They also measured the concentration of real-time dissolved ozone by varying

the treatment time, resulting in the production of 0.65-0.8 ppm ozone after 10 min

plasma treatments. Zhouet al. mentioned that ozone can be produced in gas phase

and perfused across the gas-liquid interface.� OH can be formed at the gas liquid

interface. Their study showed that O3 and � OH concentration was raised to 1.67 mg/L

and 0.098 mg/L after 20 min of MPB (microplasma bubble) treatment, respectively.

Hydrogen peroxide (H2O2) is a common antiseptic and a signaling molecule in

redox biology. Formation of H2O2 from plasma attributes to the transmission from

gas phase, the combination of hydroxyl radicals produced by electronic impact of

water molecules (reaction 2.7 and reaction 2.11) and other reactions of reactive species

in liquid (reaction 2.16) [72]. Superoxide radicals (O�2 �) and H2O2 are considered as

the most common oxides in the acidic surrounding environment in PAW. Hydrogen
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peroxide has been used in agriculture and medicine for decades as it is e�ective

for decontamination and plays a role in developing immunity [47]. Recently, some

publications also emphasized that H2O2 produced in PAW is able to improve cancer

treatments [73].

Stara and Kr�cma reported that the concentration of hydrogen peroxide depends on

the discharge voltage (polarity and magnitude), materials of electrodes and thickness

of dielectric diaphragm. Higher voltage, in the negative part of the discharge reactor,

with stainless steel electrodes, can produce more hydrogen peroxide. Similarly, Jul�ak

et al. found that the highest content of hydrogen peroxide in PAW is achieved in the

atmospheres of argon or carbon dioxide, while it exhibits low contents in the supply

of air and nitrogen.

2.3.2 Reactive nitrogen species

The common RNS in PAW are nitric oxide and its derivatives formed in water, for

example, nitrite, nitrate, nitrogen radicals, nitrite acid, nitrate acid and peroxynitrite.

Moreover, the production of RNS increases the acidity of PAW due to the formation

of the nitrite-based acid. In the evaluation of RNS, the detection of NO�3 and NO�
2

is used to prove the formation of nitrogen transient species. Numerous studies have

been performed to understand their characteristics, chemistry and behaviours on the

bactericidal activity [75, 76]. Lukeset al. determined the various RNS in water

treated by air plasma. The products proved that air plasma can generate NO2 �,

NO�, OH� and NO+ ions at gas-liquid interface. Peroxynitrite (ONOO� ) participates

signi�cantly in antibacterial properties [77]. Additionally, an appropriate amount of

H2O2 and NO�
3 have positive e�ects on seed germination, acting as a fertilizer and

an antibacterial agent as reported by Portoet al.
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2.3.3 CAP compared to UV and ozone in water treatment

Advanced oxidation processes (AOPs) are e�ective methods for disinfection and oxi-

dation. There are various technologies that have been thoroughly investigated for the

use of AOPs such as cold plasma treatment, ozone, UV irradiation, chlorine process,

ultrasound and ultra�ltration. Some techniques are already established and opti-

mized at large scale in water puri�cation and water recycle facilities. In this section,

we will briey discuss the advantages and disadvantages of CAP compared to ozone,

chlorine and UV treatments as AOP techniques.

Ozone, chlorine (O3/Cl 2) and UV treatment are all e�ective AOPs for wastewater

treatment. During AOPs, there are a host of reactive oxygen species (ROS) and reac-

tive chlorine species (RCS) (i.e., Cl�, ClO�, Cl��2 ) formed [79]. These reactive species

react with substances in liquid phase and decompose the pollutants. Currently, chlori-

nation is the most common disinfection technology due to its simplicity, cost-friendly

and mature usage. Ozone is another commonly used oxidant or disinfectant owing to

its high biocidal e�cacy in recent decades. Ozone dissolved in water selectively and

preferentially reacts with the compounds, for example, amines, activated aromatic

and ole�ns. UV disinfection is a physical method, which is increasingly applied for

wastewater treatment and is e�ective for the removal of pathogens or other residual

chemicals.

In the application of inactivation for residual pathogens, all of the three technologies

(plasma, UV and ozone) are selective for certain microbes [80]. Banachet al. indicated

that UV disinfection results in 2-3 log reduction ofE.coli in water samples, while other

technologies (ozone and ultra�ltration) reached 3-4 log. Ozone was calculated to be

less cost-e�ective than UV, but application of UV is feasible, as an e�ective technology

against the microorganism to treat the surface water, especially for irrigating leafy

greens [81].

Although the variety of AOPs are diverse, each disinfection method has speci�c
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limitations. For example, ozone and chlorination can only interact with components in

the surrounding water matrix and possibly form toxic by-products with potential risks

to humans and the environment. All these processes require expensive chemicals and

costly equipment to produce the disinfection on-site [68]. Additionally, both ozone

and UV treatment have limited capacities in the residual disinfection. Moreover,

the most e�ective usage with UV radiation is located at the surface of samples.

CAP may be regarded as a combined treatment of ozone and UV irradiation. With

more advantages than ozone, UV photolysis and pyrolysis, CAP is environmentally

friendly without requirements for certain temperature and pressure, or speci�city of

contaminants.

2.4 Cold plasma activated water (PAW)

Cold plasma technology is being considered as an alternative way to a�ect the char-

acteristics (i.e., quality or composition) of water, oil, bu�er solution, soil, gas, seed,

plant, microbes or virus, and surface of objects [82{84]. Plasma treatment has vari-

ous advantages. For example, the temperature of the treated matters are not altered.

There is induced contamination to the sample with chemical reactions. Additionally,

plasma technology is low cost for purchase and operations, without limitation of us-

age and storage [30]. Investigating the e�ects of CAP on the properties of water can

help us understand the mechanisms for decontamination and improve the e�ciency

of water treatment, and applications of PAW.

2.4.1 Physico-chemical properties of PAW

PAW can be obtained from tap water, distilled water or pure water treated by the

action of electricity discharge. Zhouet al. proved that plenty of positive and negative

ions were generated under the air discharge, to name a few major ions: O+ , N+ , OH+ ,

H2O+ , H3O+ , O+
2 , N+

2 , NO+ , N2H+ , N2O+ , O� , OH� , H3O� , O�
3 , O�

2 , CO�
3 , HCO�

3 ,

NO�
2 and NO�

3 . After interaction or transmission with plasma, water can be enriched

19



with ROS and RNS generated by complex reactions. Furthermore, the positive and

negative compounds react with water molecules and generate new radicals [86]. The

following basic reactions (reaction 2.11 -reaction 2.19) are supposed to be mainly

involved in air plasma treatment. Representative reactions are listed below.

H2O + e� ! � OH + H + e � (2.11)

H2O + e� ! H2O+ + 2e� (2.12)

2H2O + e� ! H3O+ + OH � + e � (2.13)

H2O+ + H 2O ! � OH + H 3O+ (2.14)

H2O + O ! 2 � OH (2.15)

H2O + O ! H2O2 (2.16)

NO2 + OH ! HNO3 (2.17)

2HNO2 ! NO � +NO 2 � +H 2O (2.18)

HNO2 + H 2O2 ! O = NOO � + H 2O (2.19)

From the reactions above, various ions, molecules and free radicals are generated

by air plasma treatment [85]. Atomic oxygen with high chemically reactive proper-

ties is able to form other oxygen species in bulk such as O3, H2O2, and O�
2 . These

reactive species can exist in gas and liquid phases, and at the gas-liquid interface.

The types of plasma vary with the surrounding environment. RONS transfer from

gaseous plasma to the bulk liquid through the gas-liquid interface as illustrated in

Figure 2.2. The transmission of active species from the gas phase to the liquid phase is

complicated, involving physicochemical processes across the gas-liquid interface, such

as mass transfer, particle collision, complex reactions, and photolysis by absorbed

photons. Bubbles and water droplets could be employed to enhance the transporta-

tion of species. The plasma produced in the gas phase determines the reactive species

present in liquid phase [85].

20



Figure 2.2: Delivery of reactive species generated in gas water into bulk water via gas-
water interface. The gaseous RONS generated from a plasma nozzle can be transferred
into the liquid phase with an assistant of bubbles. The complicated transmission of
reactive species across the gas-liquid interface includes mass transfer, particle collision,
chemical reactions and photoelectric e�ect.
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The physio-chemical properties of water change signi�cantly under plasma treat-

ment, including acidity, conductivity, and redox potential due to the presence of ROS

and RNS. As water is treated by air plasma, various RONS generated in the liquid

make PAW with acid-base properties since hydrogen ions are released in the aqueous

solution, and the dissolution of NO�
2 and NO�

3 produces nitrate or nitrite acid in liq-

uid phase. The formation of nitrites contributes to the increase of conductivity and a

decrease of pH in the liquid [87]. Some authors reported that pH of PAW decreased

with plasma treatment time [41, 85]. After certain treatment time, pH reached a

plateau and kept at a constant. The level of pH is dependent on the con�guration of

plasma generation, gas source, electrical voltage, the species of ions produced. Park

et al. found gliding arc discharge causes lower pH, explained by the production of

reactive nitrogen species. As comparison, spark discharge produces PAW with neu-

tral or higher pH, which is controlled by the initial water composition and the yield

of RNS. The change of the electrical conductivity of the liquid is attributed to the

existence of charged ions and species in PAW [89].

Apart from pH and conductivity, plasma treatment also results in ORP (oxidation

reduction potential) value. ORP is a parameter to evaluate the ability of a sample

to oxide or reduce a compound. The presence of oxidizer, reactivity and strength of

species are all related to the ORP. The high value of ORP is bene�cial for inactivity

of microorganisms and bio�lm removal. For example, ORP is 200-300 mV for pure

water, which increases after plasma treatment. In PAW, the main contributors of

high ORP are from�OH with ORP of 2.84 V, O3 with ORP of 2.08 V and H2O2 with

ORP of 1.77 V [33]. The application of PAW is closely relevant to the properties of

PAW in terms of synergistic e�ects of strong acidi�cation and high redox potential.

The existence of� OH and O3 are e�ective for the degradation of dye solution. H2O2

is considered to be a highly e�ective antimicrobial reagent and oxide, which is stable

especially in the acidic surroundings within the range of 2-3. However, in PAW, the

decomposition of H2O2 and peroxynitrite (ONOO� ) is unavoidable. The shelf time
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of PAW is less than one week since much unstable species formed in water, such as

� OH, H2O2 and ONOO� . H2O2 is pretty much unstable in alkaline environment.

Also, ONOO� preferably exists in an alkaline environment [85].

The last parameter important for PAW is temperature. The value of conductivity

can also be a�ected by the surrounding temperature. Jud�eeet al. studied the variation

of temperature during plasma treatment by DBD discharge. Upon plasma activation,

tap water is gradually heated, starting from the initial ambient temperature of 27� C to

36.15� C after 30 min treatment. Meanwhile, they found that the liquid temperature

increases with the treatment time in a nonlinear relationship.

2.4.2 Bubble-enhanced water activation by cold plasma

The reactivity of water from cold plasma treatment attributes to reactive chemical

species generated from gas ionization. Long-lived species of reactive oxygen and nitro-

gen species transfer bio reactivity to water. However, the transfer of reactive species at

the gas-liquid interface is very low if carried out without any assistance. The transfer

of reactive species from gas plasma to water is limited by their slow transport across

the gas-liquid interface. Only a fraction of the active species in gaseous plasma can

penetrate the gas-water interface. For great improvement of the e�ciency in plasma

activation, microscopic bubbles are well known for highly e�cient mass transfer of

gas into water, thanks to their high surface-to-volume ratio, long residence time in

water, high internal pressure and agitation induced from their rapid collapse [14, 15].

Microbubbles generate enormous surface area for e�ective impregnation of the active

species generated from cold plasma into water. Microbubbles integrated with cold

plasma technology may signi�cantly improve the e�ciency of water activation.

Generation and properties of micro-/nano-bubbles

Bubbles are gaseous entities that can exist in aqueous solution or on immersed hy-

drophobic surfaces [90]. Small bubbles have wide applications such as in water treat-

23



ment, mineral otation, plant growth and medical treatments, to name a few [91,

92]. Bubbles are commonly classi�ed into various types, including bubbles on sur-

faces and bubbles in the bulk [16, 18, 93]. Bubbles in the bulk can be generated by

hydrodynamic cavitation(Figure 2.3), acoustic cavitation [19, 20, 94], and membrane

�ltration [95]. Hydrodynamic cavitation and acoustic cavitation are usually used in

the formation of nanobubbles and microbubbles, respectively [96]. The method of

membrane �ltration has high requirements for water quality in case of a block in the

pore.

Figure 2.3: Several typical bubble generators: (a) spiral liquid ow type bubble
generator [97], (b) pressured dissolution type bubble generator [98], (c) ejector type
bubble generator [99] and (d) venturi type bubble generator[100].

At the same time, many techniques have been developed to characterize the stabil-

ity and size of bubbles. Two methods used to measure the bubble size distribution in

bulk with high sensitivity are DLS (dynamic light scattering) and NTA (nanoparticles

tracking analysis) [101]. DLS can not be applied to bubbles with high density, or for
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di�erentiating bubbles from particles or droplets [102]. With the same limitations as

DLS, focused beam reectance measurement (FBRM) is able to measure the chord

length of objects in bulk online and in-situ [22, 103]. FBRM can reveal the charac-

teristics of microbubbles [104] in terms of the bubble distribution as well as dynamics

of bubble characteristics concurrently with the variable experimental conditions [22].

The characteristics of bubbles from milli-sized to nano-scaled are illustrated in

Figure 2.4. Small bubbles have larger surface area per unit volume, mass transfer

e�ciency, collision probability with �ne particle or oil droplet. Inner pressure of

bubbles increase with decrease in bubble size. The rising velocity from small buoyancy

force becomes lower (presented as long holding time in water) [94, 105].

Figure 2.4: Prospective range of the bubble sizes and typical properties [106]. Ultra-
�ne bubbles provide high mass transfer e�ciency and long lifetime in bulk due to the
reduced buoyancy.

Integration of microbubble formation with cold plasma activation

Aiming to enhance the e�ciency of cold plasma activation, majority of studies have

suggested that a decrease in pH, an increase in electrical conductivity and ORP,
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high discharge power, long treatment time are bene�cial for the formation of reactive

species [107, 108]. Bubble-assisted approach is a novel alternative to enhance the

transfer process during plasma activation. When PAW is produced, gaseous species

transfer the gas-liquid interface, triggering complex reactions. Moreover, bubble col-

lapsing contributes to the movement, and hence the dispersion of species across the

interface.

Plasma generation has been combined with microbubbles to improve the e�ciency

of PAW for applications in various �elds. Xiao and Staack designed the corona dis-

charge setup, which can generate micro-scale plasma and microbubble when the elec-

trode is immersed in water. Microbubbles visualized with a high-speed camera grew

and collapsed in several decaying oscillations within 170� s. They observed that all

of the micro-plasma can be con�ned within the spherical bubbles. Satoet al. used

aligned operation of discharge formed inside bubbles to decompose the acetic acid.

The highest decomposition rate was 19.8� g/min, and e�ciency achieved was 0.35

g/kWh. Dechthummarong demonstrated that the plasma discharge in atmospheric

microbubbles was feasible and could generate more RONS than without the usage of

bubbles.

Zhao et al. showed that bubbles with a diameter of 1 mm help to enhance the

mass transfer by delivering the gaseous plasma to the liquid phase in an aerator. An

underwater cold air plasma generator is also e�ective for the preservation of fresh

mushrooms. Zhanget al. installed a plasma bubble column reactor to degrade the

ce�xime (a antibiotics). Cold plasma was formed inside bubbles with increased gas

liquid interfacial areas for the e�cient transfer of RONS to target antibiotics in water,

and was eventually released by the burst of bubbles. The bubble mean diameter varies

from 6.6 mm to 12.8 mm, which is of signi�cance for the generation, transportation

of species and the total treatment e�ciency [111].

Indeed, compared to the traditional methods for PAW formation, such as elec-

trical discharge immersed in liquid or on liquid surface, the presence of bubble in
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plasma-based system provides large gas-liquid interface, resulting in an increased

mass transfer of RONS between gas phase and liquid phase and a higher likelihood

of short-lived species being transported to the targets.

2.5 Analytical techniques for characterization of
plasma technology and PAW

Understanding of the types and concentration of RONS in PAW is important for

CAP-based applications, especially for bacterial decontamination and wastewater

treatment. During the period of producing PAW, the process of interaction between

liquid and gaseous plasma is dynamic. Hundreds of reactions may occur simultane-

ously in the span of microseconds. Therefore, the selection of analytical methods to

correctly detect the chemical properties of PAW is challenging. Due to the presence

of species with short life-time, it seems that in situ measurements are more desirable

than ex situ. Moreover, to measure the concentration or prove the presence of one

free radical, it is necessary to avoid the inuence of other radicals.

The complexity of PAW creates the diverse approaches for the characterization of

RONS. Apart from a few basic measurements, such as pH, temperature, conductivity

and the concentration of a few species formed in the liquid phase, spectrophotometric

techniques are applied to detect RONS and characterize liquid properties after plasma

activation. Electron spin resonance (ESR) is adopted for radicals detection, optical

emission spectroscopy (OES) for the sources of RONS by discharge (e.g., atomic

oxygen and nitrogen species excited in air).

This section aims to summarize a few available facilities which have been employed

for the measurement of RONS in PAW or characterizing the properties of PAW, and

then introduces respective apparatus in terms of principles and operations.
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Table 2.2: Spin trap reagents for several reactive species.

Reactive species Spin trap reagents Dosage (mM)

� OH DMPO (5,5-dimethyl-1-pyrroline-N-oxide) 100

1O2 TEMP (2,2,6,6-tetra-methylpiperidine) 10

� NO MGD (N-(dithiocarbamoyl)-N-methyl-D-glucamine) 5

O��
2 , � NO2, ONOO�

TEMPONE-H

(1-hydroxyl-2,2,6,6-tetramethyyl-4-oxo-piperidine)
10

2.5.1 Electron spin resonance (ESR)

Electron spin resonance (ESR), also called electron paramagnetic resonance or elec-

tron magnetic resonance, is a powerful tool for detection of unpaired electrons in

aimed samples. ESR system is capable of identi�cation and quanti�cation of free

radicals. During ESR measurement, a liquid sample held in a capillary tube is put in

a position of ESR where horizontal magnetic �eld and a vertical microwave radiation

are imposed. Free radicals (electrons) at lower energy state can be excited to the up-

per state when the frequency imposed by microwave radiation satis�es the resonance

condition [112].

The energy uctuation at which resonance occurs corresponds to the magnitude of

the magnetic �eld shown in Equation 2.20. Once microwave frequency (v) meets this

requirement, resonant absorption happens.

4 E = hv = g� B H (2.20)

Here � B is Bohr magneton constant (9:2731Ö10� 24 J/G), g is the factor of spectro-

scopic splitting (g value=2.0023 for free electrons). Table 2.2 lists common spin trap

reagents and approximate dosage employed in ESR measurements.

Oxygen-based free radicals are frequently reported in biological studies. They

have at least one unpaired and short-lived electrons. Radicals can react with spin

trap reagents in the medium, and form spin-trapped adducts with long life time. The
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trapped adduct can then subsequently be characterized by ESR spectroscopy. ESR

measurements on short-lived species are performed indirectly through spin traps. The

speci�city of these spin traps can directly inuence the ESR results. For example,

as the literature reported, Sunet al. used DMPO and TEMP to spin trap hydroxyl

radicals (�OH) and singlet oxygen (1O2), respectively. In plasma-treated system, O�2 �

is also possible to be spin trapped by DMPO, therefore SOD (superoxide dismutase)

is added to scavenge O�2 � prior to the plasma treatment [113]. Chenet al. used sodium

azide (NaN3), chemical scavenger to1O2, together with TEMP into plasma treated

liquid, in order to prevent 1O2 from being captured by TEMP. They found that most

TEMPO adducts come from the e�ective capture of1O2 but not from other species

[114]. Generally, the volume of solution used for ESR measurement is usually less

than several milli-liter, because the spin trap reagents are expensive.

2.5.2 Optical emission spectroscopy (OES)

Optical emission spectroscopy (OES) is a conventional technique to determine ac-

tivated species in gas or water. OES measurement mainly consists of an electrical

source, an optical system and a computer system.

The excess energy caused by the transition of electrons between two energy levels is

emitted as the optical emission and light (also called plasma), which can be captured

by a spectrometer. Each element has characteristic spectral lines at �xed wavelengths,

corresponding to certain electron transitions. A di�raction grading separates the

incoming light into the particular wavelength, the intensity of which is measured by

a detector. The electromagnetic spectrum in OES covers a part of ultraviolet (UV)

and the visible light, ranging from 130 nm to 1100 nm in wavelength.

For the OES set up in the water phase, one component (�ber optic cable) of OES

is put at the bottom of the container to capture the light signal. The spectra of

emission can be recorded by the charge-coupled device (CCD). Afterwards, the signal

is processed by a computer [115]. Mai-Prochnowet al. built a set up for identifying
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the signi�cant excited reactive species in the gas phase. OES is found with an optical

�ber and a monochromator with a spectral resolution of 0.04 nm [35].

OES can detect special reactive species such as�OH, atomic O, atomic N and

nitrogen. Gas resources supplied for the plasma generation devices mainly determine

the basic characteristics of the emission spectrum. In most cases where air is utilized,

the emission spectra mostly consist of excited nitrogen species and reactive atomic

oxygen. The formation of N and O during plasma discharge are mainly due to the

dissociation of N2 and O2, respectively. Nitrogen and oxygen supplied are known

as cold nitrogen plasma and cold oxygen plasma, respectively. Reaction 2.21 and

reaction 2.22 demonstrate the pathway of ground state of O and N atoms, respectively

[1, 116]. Reactive atoms transport into water where ROS and RNS may be further

formed such as ozone (O3), hydrogen peroxide (H2O2), superoxide anion (�O�
2 ) due

to high reactivity as well as NO�
2 and NO�

3 .

O2 + e � ! O(3P) + O( 1D) + e � (2.21)

N2 + e � ! N(4S) + N( 2D) + e � (2.22)

The excited species (e.g., oxygen and hydrogen) and other typical substances from

previous researches are listed in Table 2.3. The emission spectrum indicates the

relationship between emission intensity and wavelength. Baiet al. did the OES of

He and O2 plasma jet operated in air and in water. They found that the emissions

quenched heavily when the generation tip was submerged in water. Donget al.

found the N2 second positive system(N2(C3� u- B3� g)) and N+
2 �rst negative system

(N+
2 (B2� u- X2� g)) in the UV region. Moreover, the strong emissions at 777 nm

and 844 nm are due to oxygen atom transition O (3p5P! 3s5S) and O (3p5P!

3s3S), respectively. The dissociation of oxygen and nitrogen molecule could cause the

 -system transition (NO(A2� 2- X2�)) [117].
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Table 2.3: Summary of reactive species detected by OES.

Gas resources of discharge Species Wavelength(nm) References

O2 and Ar
O 777.2, 844.7

[115]
OH 306-309

He and O2

Cu 319.4, 324.7, 327.4

[66]

N2 337.1, 353.7, 357.7

N+
2 391

He 447.1, 471.3, 492.2, etc.

O 777.2

He, Ar and N2
H� 565.3

[118]
�OH (A-X) 306.4

O2

�OH 283, 309

[119]H� 468

O� 777, 844

Air

�OH (A-X) 309

[41]

H� 656

H� 486

H 434

O 777, 843

N2 357, 380, 391, 427

Air

OH 391

[35]N2 316, 337, 357, 380, 405

N+
2 391

Ar
N 120, 174.3

[61]
�H 121.6

Air

NO (A-X) 200-300

[117]N2 (C-B) 290-430

N+
2 (B-X) 360-460

Ar, CF 4 and SF6
O 777, 844

[120]
Photons 801.5
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2.5.3 Measurement of oxidation reduction potential (ORP)

ORP has been used for a long time to characterize the level of oxidation or reduction

of the liquid. Normally, ORP is complementary to the characterization of aqueous

environment by pH, conductivity and temperature [107, 121]. On the individual level,

each substance has a speci�c redox potential that mutually inuences the potential of

other substances. The overall redox potential can be measured by an ORP meter. It is

generally agreed that the higher redox potential, the stronger the oxidizing capability

and the higher the antimicrobial property, and vice versa [122].

In plasma studies, ORP varies as the high redox potential of RONS in PAW. In

the work by Zhaoet al., the authors summarized ORP values of PAW using various

generation devices. Shenet al. reported the ORP value of sterile distilled water

increased from the initial 250 mV to 540 mV after plasma activation for 20 min.

Storage temperatures (-80� C � 25� C) had no signi�cant e�ect on ORP values during

30 days of storage [1]. In another study, the initial ORP value of 250 mV increased

to 485 and 650 mV after 5 and 30 min of plasma treatment, respectively [85].

As above, ESR, OES and OPR characterize the reactive species formed in PAW.

Many spectrophotometric methods can be employed for characterizing treated sam-

ples, such as FTIR (fourier-transform infrared spectroscopy) and UV-vis (ultraviolet

visible spectroscopy). Figure 2.5 shows the available spectrum measured by these

instruments at the whole electromagnetic spectrum. The wavelengths of OES and

UV-Vis are around 190-1100 nm and 190-1000 nm, respectively. FTIR and ESR

adopt infrared light and light with long wavelength during measurements.

2.6 Summarization of identi�ed knowledge gaps
from literature review

From the literature review above in Chapter 2, multiple knowledge gaps were identi-

�ed as below:
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