
Chapter 1
Principles and Characteristics of Cold
Plasma at Gas Phase and Gas-Liquid Phase
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Abstract Atmospheric pressure cold plasma is considered to have broad applica-
tion prospects in different fields, such as plasma agriculture, food preservation,
material preparation, and plasma medicine. This chapter presents the generation
and characteristics of typical plasma sources that are suitable for different applica-
tions. Secondly, advances in plasma diagnostic techniques, plasma modeling, and
simulations about gas phase, gas-liquid phase, and liquid phase are introduced in
detail. The diagnostic results may offer the valid input to model calculations or
validate the correctness of the simulation. Plasma simulation may provide some
useful clues on the basic characteristics and kinetic reaction processes of plasma-
liquid interaction. Thirdly, the formation mechanisms and physicochemical pro-
cesses of reactive species coupled with the plasma liquid interaction are summarized.
The main contents of this chapter will provide support for the efficient production of
reactive species in gas phase and subsequently in liquid phase to meet the require-
ments of different low-temperature plasma applications.

Keywords Plasma agriculture · Food preservation · Material preparation · Plasma
gas-liquid interaction · Gas-liquid phase products · Reactive species

1.1 Introduction

In recent years, healthy lifestyles and better diets have become the goal of people.
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Fresh food products have received considerable attention (Liao et al. 2017). Fresh
meat and poultry, eggs, vegetables, fruits, milk, and so on are the necessities of
people’s life, providing people with rich protein, vitamins, and cellulose. However,
fresh food products are also the carrier of pathogenic microorganisms. One-third of
food products are discarded due to postharvest improper operations and foodborne
pathogens in the world (Bradford et al. 2018). The improvement of trade globaliza-
tion and the increase of consumption will help to partly solve the waste problem of
fresh food products postharvest. However, the increase of pathogen diversity on
fresh food and the increased resistance of pathogens to the external environment are
the main reason for foodborne illnesses (Murray et al. 2017).

The main pathogenic microorganisms isolated from fresh products include Sal-
monella and Escherichia coli, Listeria monocytogenes, and Staphylococcus aureus,
which can survive in fresh and even frozen food for a long time, causing serious
infection and even death (Ma et al. 2015). It can cause catastrophic harm to the health
of consumers. Consequently, there is an urgent need to realize an effective sterili-
zation method on fresh products that ensures food safety with minimal negative
impacts on the sensory and nutritional qualities, and the taste of the food at the
same time.

Researchers continue to innovate food processing from traditional “hot
processing” to “cold processing” and have successively developed a series of
nonthermal food processing technologies and equipment, such as ultra-high voltage,
pulsed electric field, ultrasonic, and pulsed magnetic field (Jimenez-sanchez et al.
2017). Moreover, nonthermal plasma (low pressure and atmospheric pressure
plasma) is a novel microbial inactivation technology and has great potential in
offering an interesting alternative method. Though plasma is ubiquitous in the
universe, the history of plasma sterilization is relatively short. The bactericidal effect
of plasma is gradually recognized, since Menashi used argon plasma to inactivate
bacteria on glass surface for the first time in 1968. Compared with low pressure
plasma, atmospheric pressure plasma (APP) does not need expensive vacuum
system and is easy to operate. Atmospheric pressure plasma has been widely
researched over years in material surface engineering, environmental water pollution
treatment, biomedicine, and food preservation (Shen et al. 2019; Khlyustova et al.
2019; Mir et al. 2016; Pan et al. 2019). Atmospheric pressure plasma generated in an
open environment with different carrier gas is rich in charged particles, electric
fields, ultraviolet (UV) photons, and reactive species, resulting in microbial
inactivation (Lu et al. 2016a, b).

1.1.1 Application of APP in Food Industry

1.1.1.1 Application of APP in Food Sterilization and Preservation

Studies have confirmed that APP can sterilize bacteria, fungi, viruses associated with
the processing and storage of poultry, eggs (Georgescu et al. 2017), meat products
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(Bae et al. 2015), cereals and grains (Zahoranova et al. 2016; Suhem et al. 2013),
fruit and vegetable products (Lacombe et al. 2015), and dairy products (Gurol et al.
2012), so as to achieve the purpose of long-term food storage and preservation.

1.1.1.2 Application of APP in Degradation of Mycotoxins and Pesticide
Residues

The results showed that APP can effectively degrade mycotoxins (Hojnik et al.
2017), pesticide residues (Sarangapani et al. 2016), and other harmful chemicals
in food.

1.1.1.3 Application of APP in Food Packaging

APP is widely used in the modification of food packaging materials (Pankaj et al.
2014). Cold plasma treatment can effectively inactivate microorganisms on the
surface of the packaging materials, and the cold plasma treatment can also coat the
surface of the packaging materials with high barrier film (blocking the penetration of
oxygen and water vapor), effectively extending the sealing function of the packaging
materials.

1.2 The Generation and Characteristics of Cold Plasma

1.2.1 Plasma and Its Classification

Plasma can be generated by enough external electric energy and is usually regarded
as the fourth state of matter owing to its unique characteristic. Plasma is a partially or
completely ionized gas composed of free electrons, ions, atoms, neutral molecules,
and photons in metastable or excited state with electrically neutral nature (Misra
et al. 2011).

Plasma is generally distinguished into low-temperature plasma (Te ¼ 104–105 K)
and high-temperature plasma (Te ¼ 106–108 K) with different electron temperature
(Te). More specifically, low-temperature plasma can be subdivided into thermal
plasma and nonthermal (cold) plasma according to different thermodynamic equi-
librium state. It is necessary to decompose diatomic and ionize atoms to convert
neutral gas into thermal plasma. The collision frequency is very high and allows
energy transfer between the electrons and the ions species, leading to thermalization
of different particle species to the final thermodynamic equilibrium. In this case, the
electrons temperature (Te) in thermal plasma is also the same as heavy ions temper-
ature (ions and neutral molecules and atoms, Ti) and the gas temperature (Tg). The
overall temperatures of thermal plasma can be in the order of 104 K and the
ionization degree (number of ions over electrons and neutral particles) is very high.
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In contrast, cold plasma is in local thermodynamic nonequilibrium state. The
heavy ions temperature is kept at low temperature (300–500 K), whereas electrons
temperature can reach as high as 104 K (Liao et al. 2017). The overall gas temper-
ature can be as low as room temperature. Due to the high electron energy and low gas
temperature, reactive oxygen species (ROS) and reactive nitrogen species (RNS) can
be produced in gas phase according to different carrier gases, which is very suitable
for quick sterilization and preservation in the food industry.

1.2.2 The Mechanism of Plasma Excitation

Electrical breakdown of gases means that a discharge channel is formed between the
air gaps separated by two electrodes, when the applied voltage exceeds a certain
critical voltage. It is generally accompanied by unique physical properties such as
electricity, light flash, and sound and induces a series of chemical processes in gas
phase. The main mechanism of the discharge occurrence and development is
collision ionization and an electron attachment.

The acceleration of electrons in the electric field impacts and ionizes the gas
molecules, producing many new electrons by excitation, which promotes the devel-
opment and formation of a single electron avalanche (Fig. 1.1a). The single electron
avalanche ionizes the surrounding gas and emits photoelectrons at the head of
avalanche, which results in the development of secondary avalanches (Fig. 1.1b).
The secondary avalanches concentrate at the head of main avalanche or at its sides
under the action of main avalanche electric field. Therefore, avalanche formation and
continuous development enhance the electric field in the discharge gap towards the
cathode. With the increase of electric field strength, collision ionization also
increases simultaneously, which promotes the continuous development of electron
avalanche until the whole plasma discharge channel is filled. The plasma comprises
positive ions left behind the previous electron avalanches and new electrons formed
by subsequent avalanches. The expansion of the plasma discharge channel is caused
by the continuous development of new avalanches (Gasanova 2013). As shown in

Fig. 1.1 Breakdown mechanism. (a) Growth of an electron avalanche; (b) generation of secondary
avalanches; (c), (d) growth of a positive streamer; (e) the full electric breakdown (Gasanova 2013)
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Figs. 1.1c, d, the partial plasma discharges generate between the discharge gaps.
Fig. 1.1e shows the formation of full breakdown over the discharge gaps.

1.2.3 Chemical Reactions in Plasma Discharge

Atmospheric pressure nonthermal (cold) plasmas are excellent sources of ROS and
RNS. When plasma discharge is excited, reactive species are generated through
various collisions and energy exchange processes between electrons, atoms, and
neutral gas molecules. Under the action of electric and electromagnetic fields, the
free charges are accelerated and lead to abundant elastic or inelastic collisions.
Elastic collisions generally redistribute kinetic energy, whereas the transferred
energy is in a small proportion. By contrast, inelastic collisions can transfer energy
up to 15 eV between different particles resulting in ionization, excitation, and
dissociation reaction processes (Surowsky et al. 2015). The neutral gas molecules
can interact with ions through charge transfer, ion recombination, associative
detachment, transfer of excitation, or bond rearrangement reaction processes, and
finally lead to the formation of stable species (Lieberman and Lichtenberg 1994;
Braithwaite 2000). The direct ionization of ground-state atoms, gas molecules, and
neutral free radicals by electron is the most significant ionization mechanism for
atmospheric pressure cold plasmas. Through a series of energy transfer and excita-
tion processes, plasma discharge is generated with rich ROS (such as OH radicals,
atomic O, and O3), RNS (NO radicals, atomic N), particles (Ar+, N2

+), electrons, and
UV photons. The plasma will trigger rapid bactericidal effects on the food under the
synergistic action of various active plasma agents. Plasma source, discharge mode,
power, gas composition, and plasma interaction mode will affect the physical
characteristics of plasma, such as electron density, electron temperature, and thus
the composition and content of reactive species in gas phase and their final biological
effects.

1.2.4 Various Atmospheric Plasma Sources

Atmospheric pressure cold plasma sources (plasma generation system) generally
include suitable active power source, special electrode configurations, and a carrier
gas system. The cold plasmas can be generated by applying electrical energy to the
neutral gas (such as air, oxygen, nitrogen, helium, argon, or their admixtures). The
cold plasmas are very efficient sources of reactive species, such as UV photons,
charged particles, and excited atoms and molecules. The different control parameters
and external setup, including the carrier gas, the discharge electrode configurations,
and plasma excitation power sources (alternating current, direct current, or pulse
powers), will result in different composition and content of reactive species. More-
over, the composition and abundance of plasma agents vary greatly with the different
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types of plasma sources. The overall plasma gas temperature is close to room
temperature. As the superior characteristics, the cold plasma has received extensive
interest in the agricultural, environmental, and medical applications. The plasma
sources used to produce low-temperature plasma are mainly corona discharge,
dielectric barrier discharges (DBD), plasma jet, microwave discharge, and gliding
arc discharge.

1.2.4.1 Corona Discharge

The corona discharge is local nonequilibrium plasma. The geometric configuration
of electrodes plays an important role in corona discharge. The corona discharge
generally appears near the tip electrode geometric configuration. The electric field
near the electrode is highly nonuniform and large enough to accelerate the randomly
generated electrons to the ionization level of the surrounding gas atoms or molecules
(Surowsky et al. 2015). The ionization and luminosity are mainly located at the
vicinity of the tip electrode, which is called ionization region, or corona layer.

The corona discharge can be driven by the direct current, alternating current, high
frequency and pulse power supply. Depending on the number of corona electrodes,
there are single electrode corona, double electrodes corona, and multi-electrodes
corona. In practical application, the multi-electrodes corona discharge is usually
used to increase the production efficiency of reactive species. The steady-state
corona discharge consumes very low power (lower than a few Watts) and there is
little thermal effect on the treated object surface. Corona discharge has been devel-
oped for microbial decontamination, surface treatment, and food processing.

1.2.4.2 Dielectric Barrier Discharge (DBD)

The typical parallel plate dielectric barrier discharge (DBD) device is shown in
Fig. 1.2. The parallel plate electrodes are generally covered by one or two dielectric
barrier layers, or the dielectric barrier layer is suspended between two electrodes
(Fig. 1.2a–c). Figures 1.2d and e show the surface dielectric barrier discharge
structure and Fig. 1.2f shows the plate electrode and tip-array electrode covered by
one dielectric barrier layer. The DBD usually generates in filamentary mode. When
excited by alternating current or pulse power, and the applied electric fields exceed
the ignition level, the filamentary discharge is generated randomly between elec-
trodes. Each filament discharge channel can be called a microdischarge. The dura-
tion of microdischarges is nanosecond. With the development of microdischarges,
the uniform microdischarges distribute in whole air gaps finally.

To describe the overall discharge properties, a simplified equivalent electric
circuit is used (Fig. 1.3). When the gap voltage Ug is lower than the ignition voltage
(VD), the discharge will not generate. The equivalent circuit can be regarded as a
series connection of two capacitors (the gap capacitance Cg and the capacitance of
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dielectric Cd). The total capacitance C is given by the expression (Wagner et al.
2003).

C ¼ CdCg

Cd þ Cg
ð1:1Þ

In the microdischarge channel, high-energy electrons will be generated, which
will result in the generation of various active species (excited atoms and molecules,

~ ~ ~

~ ~
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~

(f)

Electrode
Discharge zone
Dielectric

Fig. 1.2 Basic configurations of DBD

Fig. 1.3 Equivalent circuit
of DBD load
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free radicals, and UV photons) and initiate various chemical reactions through a
series of processes such as collision, excitation, ionization and so on.

The dielectric barriers can limit the increasing of the conduction current and
charge transfer in most applications and thus effectively control the energy of
microdischarge. The preferred material of dielectric barrier layer is quartz glass. In
special cases, ceramic material and thin enamel layer or polymer layer are also
included.

The total DBD current includes the displacement current passing through the
dielectric layers and conduction current. The dielectric constant and thickness, and
time derivative of the applied voltage (dU/dt), determine the displacement current
that can be driven through the dielectric layers. In the ideal case, the displacement
current does not consume energy. The conduction current is related to the DBD
power.

The average DBD power can be determined by using the voltage charge (V-Q)
relation of Lissajous figure. A capacitor (CM) is connected in series in a DBD
peripheral circuit; the voltage at both ends of capacitor is VM. If the DBD charge
delivered by the discharge is Q, the current flowing through the circuit is as follows:

I ¼ dQ
dt

¼ d CMVMð Þ
dt

¼ CMdVM

dt
, ð1:2Þ

and the average discharge power can be obtained in Eq. (1.3).

P ¼ 1
T

Z T

0
VIdt ¼ CM

T

Z T

0
V
dVM

dt
dt ¼ fCM

I
VdVM ð1:3Þ

In addition to parallel plate electrode configuration, coaxial dielectric barrier is
also commonly used in different applications. The discharge gap typically ranges
from 100 μm to several centimeters to meet different environments (Lu et al. 2016b).
The applied alternating current (AC) voltage is in the range of hundreds to thousands
of volts to initiate the discharge with the frequency up to several MHz between the
discharge gaps at atmospheric pressure. Beyond this frequency, the current limita-
tion of the dielectric layers will be less effective and the power consumption will
increase rapidly.

Critical Conditions of Dielectric Barrier Discharge

When the load voltage is u (t) ¼ Vm sinωt, according to the equivalent circuit
analysis, the air gap voltage is as follows:

ug tð Þ ¼ Cd

Cd þ Cg
Vm sinωt, ð1:4Þ
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In a discharge cycle, the discharge will generate when the amplitude of sinusoidal
alternating voltage Ug (t) � VD (ignition voltage) is added to the discharge gap.

Cd

Cd þ Cg
Vm sinωt � VD � 0, ð1:5Þ

sinωt � VD

Vm
1þ Cg

Cd

� �
� 0,

0 � sin ωt � 1, and 0 � VD

Vm
1þ Cg

Cd

� �
� 1,

The critical conditions of dielectric barrier discharge can be obtained (Eq. 1.6).

Vm � Cd þ Cg

� �
VD

Cd
� 0 ð1:6Þ

1.2.4.3 Plasma Jet

The atmospheric pressure nonequilibrium plasma jet (APPJ) generates the plasma
through the gas channel and transports the high-energy particles and active species in
discharge area to the open space, overcoming the space limitations of traditional
plasmas confined between the electrode gap, and creating a direct interaction
between plasma jet and object surface with different shapes and sizes. These
excellent characteristics make the plasma jet have promising applications in material
preparation, plasma medicine, and food preservation industry.

Different plasma jet devices have been developed for the stable generation of
nonthermal plasmas for various applications (Reuter et al. 2018; Khlyustova et al.
2019; Yan et al. 2017; Weltmann and Woedtke 2017; Winter et al. 2015). Com-
monly used DBD configurations (Lu et al. 2012) include coplanar coaxial DBD with
two-ring electrodes, single electrode DBD with one-ring electrode, single electrode
DBD, and single electrode with one-ring electrode. DBD configurations with elec-
trodes covered by the dielectric layers limit the increasing discharge current through
the electrodes and prevent the possible transition to an arc. The plasma jets can
extend to the atmospheric environment with the plasma plume length ranging from a
few millimeters to more than 10 cm.

As the electric field of coplanar coaxial jet (in Fig. 1.4a) is parallel to the direction
of air flow, the plasma jet has the characteristics of lower current and power
consumption and long plasma jet length (Nguyen et al. 2019). Figure 1.4b shows
the configuration of single electrode DBD with one-ring electrode. The central high
voltage (HV) electrode is covered by the dielectric tube with one end closed, and the
ring electrode is wrapped outside the dielectric tube. Through this configuration, the
electric field intensity in the direction of plasma plume is enhanced, which will
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contribute to generate more active species and the plasma jet length. Lu et al. (2008)
reported that the helium homogeneous plasma jet was generated with 40 kHz
alternating voltage by this electrode configuration, and the length of plasma plume
reached up to 11 cm. As shown in Fig. 1.4c, the fact that the electric field of single
electrode DBD jet is parallel to the gas flow makes it possible to produce more active
plasma chemistry (Walsh and Kong 2008). Fig. 1.4d shows the single electrode with
one-ring electrode jet, which is developed for biological and sensitive surface
treatment applications (Reuter et al. 2018).

The plasma jets can be generated by applying alternating current (AC), pulsed
voltages, and microwaves with the range of frequencies from kHz to radio frequency
(RF) and GHz. Generally, noble gases (He and Ar) are used to generate homoge-
neous plasma jets with low gas temperature. The plasma plume transported into the
atmosphere interacts with the nitrogen and oxygen in air. A small amount of nitrogen
or oxygen can also be mixed into the noble gases to enhance the production of
reactive species (ROS and RNS). Thus, better treatment effects can be obtained in
different applications.

High speed intensified charge-coupled device (ICCD) camera with nanosecond
exposure time is used to clarify the dynamic propagation process of the discharge
and the plume. The snapshots show that the behavior of the plasma plume is not a
spatially continuous jet. The propagation of plasma plume appears like discrete
plasma bullets traveling at a speed up to 105 m/s, which is much higher than the
gas flow velocity. The dynamic propagation process of plasma bullets is closely
related to the model of the high-density seed electrons and photoionization pro-
cesses. Research results show that the strong electric field at the head of the bullets
plays a vital role in the propagation of bullets. As a result, the plasma bullets are fast
propagation ionization waves guided within the discharge channel with the gas flow.
The guided ionization waves have the characteristics of repeatability and high
reproducibility and propagate along the plasma jet channel (Lu et al. 2016a, b).

As the plume size of the plasma jet is only several millimeters or less, the area
treated by the plasma jet is limited to the local surface. To overcome the limited
processing area of single plasma jet, the jet array reactor has been developed by
assembling multiple jet units. The configurations of jet array reactor include
one-dimensional (1D) array with multiple single jets paralleled in line and
two-dimensional (2D) honeycomb-shaped arrays (Park et al. 2012). An APPJ
array requires careful design and assembly of multiple single jets to meet the
needs of treating larger surface at the same time.

1.2.4.4 Microwave Discharge

Compared to the electrode-based plasmas, such as DBD, plasma jet, and corona
discharges, microwave-driven discharges can be generated with electrodeless con-
figuration (Surowsky et al. 2015; Ehlbeck et al. 2011). The commercial magnetron
(typically operating at a frequency of 2.45 GHz) outputs the microwaves to the
process chamber transported by a wave guide or a coaxial cable. The wave guide is
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directly coupled to specific discharge device by a resonance cavity. These devices
are carefully designed to form the high electrical field in the center of resonance
cavity or at the tip of the gas discharge nozzle. The microwave plasma source has the
property of the electrons in reaction channel absorbing the microwaves. As a result,
the kinetic energy of electrons increases enough to ionize the gas molecular and
heavy particles by inelastic collisions. Therefore, the microwave discharge device
has the advantage in effective production of high degree ionization and gas molec-
ular dissociation. The electron temperature in the formed plasma core region is about
2� 104 K and the electron density reaches up to 3� 1021 m�3 (Jasinski et al. 2002).
According to the power consumption of microwave plasma, the overall gas temper-
ature ranges from room temperature to several thousand Kelvin. The ignition
technique of pulse modulation has been applied to the microwave plasma sources.
The pulse modulated atmospheric pressure microwave plasma can keep its original
advantages and control the overall gas temperature by adjusting the pulse duty cycle.

The microwave plasma can be excited in the atmospheric environment with noble
gases, the admixtures of noble gas and nitrogen, oxygen, and air, or even water
vapor. The gas flow rate is in a moderate range of standard liter per minute (slm).
According to the gas composition of discharge, the rich reactive species can be
induced (such as OH radicals, O3, O2

�, and NxOy) (Uhm et al. 2006). Similar to
plasma jet, microwave plasma has the limitation of small processing space. For large
area surface treatment and decontamination, microwave plasma array can be used to
solve this limitation (Ekezie et al. 2017).

1.2.4.5 Gliding Arc Discharge

The typical gliding arc reactor is composed of two knife-shaped electrodes. The
gliding arc is initiated at the upstream narrowest gap corresponding to the position of
the highest electric field, and then the arc slides downstream of the electrodes by the
force of gas flow. Depending on the different parameters, gliding arc discharge
(GAD) can generate the thermal or nonthermal plasma. In practical application, the
gliding arc is generally in the transitional nonequilibrium state with high electron
density (above 1015 cm�3, Zhu et al. 2018; Roy et al. 2018). It is found that the
electric field and air flow affect the moving characteristics of the gliding arc. The
results show that the gliding velocity increases with the increase of gas flow velocity,
and the gliding arc propagation distance increases and the arc discharge channel
becomes more concentrated with the increase of electric field pulse repetition
frequency.

However, in the 2D knife electrode reactor, the contact area between the gliding
arc and the medium gas is small, and the residence time of gas in the reactor is
relatively short, resulting in the low conversion rate of reaction gas, which limits the
industrial application of 2D knife gliding arc plasma. In order to improve the planar
structure of the 2D knife electrode, a multi-electrode gliding arc reactor (such as
three electrodes or six electrodes) has been developed to increase the volume of
reaction arc region. In the gliding arc, the swirling flow (the forward vortex flow or
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the reverse vortex flow) can be formed by tangential gas inlet, which increases the
residence time of gas in the GAD reactor. At the same time, the reactive species
produced by the gliding arc are uniformly distributed in the circumferential direc-
tion, which can make all the medium gases fully interact with the plasma, so as to
improve the reaction efficiency. In addition, a magnetically stabilized gliding arc
reactor coupled with reverse gas flow is designed to generate stable plasma arc in
nonequilibrium regime (Wu et al. 2015). A novel rotating gliding arc reactor coupled
by an external ring magnetic field and the tangential gas flow has been developed to
further enlarge and stabilize the plasma discharge region (Fig. 1.5).

1.3 Diagnostics and Numerical Simulations of Cold Plasma

Atmospheric pressure cold plasma most often generates in different carrier gas
including helium, argon, air, oxygen, nitrogen, or their admixtures in ambient air.
The electrons are accelerated in an electric field, and the kinetic energy of electrons
increases enough to excite/ionize ground-state atoms and ionize the gas molecules
by inelastic collisions which result in the generation of reactive species. The cold
plasma is widely used in plasma agriculture, food preservation, material preparation,
and plasma medicine. In practical industrial applications, different plasma sources,
discharge modes, powers, gas compositions, and plasma interaction modes will
affect the physicochemical characteristics of plasma, such as electron density,
electron energy distribution, electron temperature, and thus the composition and
content of reactive species in gas phase and their final biological effects.

In recent years, different diagnostic methods are employed to characterize plasma
dynamic properties (such as the plasma generation and transport process, initiating
the production of reactive species and complex chemistry) with the aim of better

Fig. 1.5 The schematic of rotating gliding arc reactor
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understanding and controlling plasmas. The spatially and temporally resolved diag-
nostics of electric field intensity, electron density, reactive species densities, and
related physical and chemical mechanisms have been studied. Diagnostics are very
important to the development and optimization of new plasma applications. The
diagnostic results may contribute to the development of new plasma model, be the
valid input to model calculations, or validation of the correctness of the simulation.
The different diagnostics include optical emission spectroscopy, laser-induced
fluorescence, mass spectrometry, optical absorption spectroscopy, and electron
paramagnetic resonance spectroscopy (EPR). The optical emission spectroscopy,
laser-induced fluorescence, and optical absorption spectroscopy are optics-based
diagnostic techniques.

1.3.1 Diagnostics in Gas Phase

1.3.1.1 Optical Emission Spectroscopy (OES)

Optical emission spectroscopy is a noninvasive diagnostic technique. It is the most
commonly used diagnostic method with easy-to-setup features. Emission spectros-
copy of plasma discharge can only probe the excited species as it detects the photons
emitted by electronic transitions of atoms or molecules in the excited state in the
plasma. The emission spectrum includes much valuable information of the radiating
species: firstly, the wavelength of emission spectrum, from which the excited species
in the plasma can be determined; secondly, the absolute and relative line intensities
and the intensity distribution of the spectral line can be analyzed; thirdly, the spectral
line profile of plasma is closely related to the different broadening mechanisms.
Thus, emission spectroscopy is an ideal method to diagnose various plasma physical
properties, such as excitation temperature, electron density, plasma gas temperature,
rotation and vibration temperatures, and even dynamic plasma processes with
external synchronous signal unit.

The excitation temperature is an important parameter for the description of the
population of electron energy levels in plasma discharge, which is directly related to
the plasma physical and chemical process.

When the plasma satisfies the local thermal equilibrium (LTE model), the particle
distribution of each energy level (m and n level) obeys Boltzmann distribution law.

Nm

Nn
¼ gm

gn
exp �Em � En

kTexc

� �
ð1:7Þ

With the electron transitions from energy level m! n, the radiation intensity can
be expressed as:
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Imn ¼ NmhcνmnAmn ð1:8Þ

Imn ¼ Nn
Nm

Nn
hcνmnAmn

¼ Nn
gm
gn

exp �Em � En

kTexc

� �
hcνmnAmn

¼ Nn
gm

gnλmn
exp �Em � En

kTexc

� �
hcAmn

ð1:9Þ

Nm, Nn,: the total number of particles at m and n energy level,
gm, gn: the statistical weight of the energy level m and n,
Amn: the transition probability,
Em, En: the excitation energy at the m and n energy level,
k: the Boltzmann constant,
νmn: the wave number of the emission line (energy level m ! n).
Equation (1.10) can be obtained by taking logarithm on both sides:

ln
Imnλmn
gmAmn

¼ ln
Nnhc
gn

� E
kTexc

¼ � E
kTexc

þ C
ð1:10Þ

The excitation temperature can be approximated to the electron temperature,
which means that the cold plasma can induce a series of physical and chemical
reactions to meet different application requirements.

The electron density (ne) can be obtained by the Stark broadening of the Hβ

emission line at 486.1 nm. The detected Hβ profile line is closely related to various
broadening mechanisms including natural, instrumental (ΔλI), Doppler (ΔλD), Stark
(ΔλS), and Van der Waals (ΔλV) broadenings. The Hβ profiles line is determined by
Gaussian (Doppler and instrumental) and Lorentzian (Stark, Van der Waals, and
Natural) broadening mechanisms, and their contribution to the profile line broaden-
ing can be fitted to the Voigt profile.

The full-width at half-maximum (FWHM) of Gauss, Lorentz, and Vogt profiles
has the following properties (Torres et al. 2007; Jovicevic et al. 2000):

1. The convolution of two Gaussian profiles is also a Gaussian profile

Δλ2G ¼ Δλ2G1 þ Δλ2G2 ð1:11Þ
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2. The convolution of two Lorentz profile, its FWHM is the sum of each Lorentz
line

ΔλL ¼ ΔλS þ ΔλV ð1:12Þ

3. The FWHM of Voigt profile can be expressed as follows:

ΔλVoigt � ΔλL
2

� �2

þ Δλ2G

" #1
2

þ ΔλL
2

ð1:13Þ

Therefore, the electron density can be determined by the FWHM of Stark
broadening (Zhu et al. 2008).

ΔλS nmð Þ ¼ 2� 10�11 neð Þ2=3, ð1:14Þ

When cold plasma is generated in ambient air, the gas temperature in the
discharge zone and the afterglow zone is an important parameter in industrial
application. An emission line is characterized by the wavelength, intensity,
lineshape, and width. The spectra of OH radicals (A2 ∑ � X2 ∏ 0, 0) and N2 second
positive system (C3∏u � B3∑g) are a generally used technique to determine the
plasma rotational and vibrational temperatures by the best fit between experimental
and simulated emission spectra. The gas temperature is approximately the rotational
temperature, as the lifetime of these species is much longer than the rotational-to-
translational energy transfer typical time in ambient air (Zhu et al. 2008). Generally,
the rotational temperature is at room temperature, while the vibrational temperature
is much higher than the rotational temperature (about 2000 K) which means that the
plasma is in nonequilibrium state and is conducive to enhance the plasma chemical
reactions.

The optical imaging diagnostics can characterize plasma morphology and its
spatially and temporally resolved development with noninvasive technique. The
ICCD camera is a commonly used method for dynamic characteristics of plasma
discharge. With the ICCD photos, in-line characteristics of plasma sources, such as
the morphology and development of streamers and branching, the transitions of glow
discharge to arc, and the spatial structure of the DBDmicrodischarge channel, can be
studied in detail. As the typical time-modulated power supply excitation of plasma,
phase-resolved OES (PROES) methods are needed to synchronize the plasma
discharge and the ICCD camera (Reuter et al. 2018; Bruggeman and Brandenburg
2013).

The AC power supply is synchronized with TTL signal generator (to obtain
temporal resolution), while the ICCD camera is controlled by the digital delay signal
(as the gating signal of ICCD camera to obtain spatial resolution). By changing the
delay time with respect to the TTL synchronous signal phase resolution is obtained.
Generally, the ICCD camera is equipped with different band pass filters to capture
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images of specific active species in excited state with different time resolution.
Combined PROES and electrical characterization can give clues to the main plasma
characteristics, the dynamic processes of discharge development, and spatial-
temporal behavior of excited reactive species in plasma.

With this technology, the ICCD diagnostic results show that the development of
plasma jet is just like the discrete plasma bullets. The dynamic excitation processes
and different discharge modes of the RF-driven plasma jet with He and Ar carrier
gases have been investigated (Lu et al. 2016a, b; Benedikt et al. 2010). The
predominant production mechanisms and spatial-temporal distribution of the excited
radicals in the plasma discharge have been reported elsewhere (Barletta et al. 2020).
It is obvious that some radicals have almost the same distribution in streamer shape,
emission space distribution, and relative intensity. The possible generation mecha-
nisms of the excited state radicals are described in detail.

1.3.1.2 Laser-Induced Fluorescence

The cold plasmas excited in ambient air are widely used in the fields of material
surface modification, biological treatments, postharvest preservations, and water
purification. By changing different gas compositions (such as air, oxygen, nitrogen,
helium, argon, or their admixtures), the desired reactive species (ROS/RNS) will be
produced to meet different application requirements and improve processing effi-
ciency. It has been reported that radicals (e.g., OH, O, and NO) are key reactive
agents associated with biomolecule modification, bactericidal effects, and organic
degradation for their high oxidation and biological effect. Thus it is important to
investigate the density distribution and temporal behaviors of reactive species (e.g.,
OH, O, and NO).

As mentioned previously, optical emission spectroscopy can detect the spectrally
resolved emission lines of excited species. However, most of the reactive species in
plasma may be in the ground states. Laser-induced fluorescence (LIF) is a perfect
technique for characterizing the absolute density and its temporal-and-spatial
dynamics of the reactive species in the ground states. Quantitative researches of
species in the ground state are conducive to better evaluation of the roles of the
reactive species during plasma treatment.

Laser-induced fluorescence emits fluorescence signal from atoms or molecules
excited by laser photon. If the molecules or atoms in the electronic initial state absorb
one laser photon with energy hv, they will be excited to the upper electronic state.
The upper unstable state will decay spontaneously to a lower state by radiating
another photon with energy hv. The fluorescence spectral radiant power, ΦF(v)
(Daily 1997), is.
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ΦF νð Þ ¼ εhν
A21

4π

� �
ΩC

Z
VC

N2φ νð ÞdVC ð1:15Þ

where ε is the efficiency of the collection optics, h Planck’s constant, v the optical
transition frequency, A21 the Einstein coefficient, Ωc the solid angle of the collection
optics, N2 the population of the excited state by laser excitation, and φ(v) the
normalized line shape function describing the spectral distribution of the emitted
fluorescence.

The total fluorescence radiant energy (QF) collected by the detector will be

QF ¼
Z
Δt

Z
ΔvDet

ΦF vð Þdvdt ð1:16Þ

The total fluorescence radiant energy (QF) can be further expressed as:

QF ¼ hv
A21

4π

� �
Ωc

Z
Vc

Z
ΔvDet

εφ vð Þdv
Z
Δt
N2 tð ÞdtdVc ð1:17Þ

We can define a calibration constant

C ¼ hv
A21

4π

� �
Ωc

Z
Vc

Z
ΔvDet

εφ vð ÞdvdVc ð1:18Þ

then

QF ¼ C

Z
Δt

Z
Vc

N2 tð ÞdVcdt ð1:19Þ

The fluorescence process may occur in two-level or multi-level atoms and
molecules. If different transitions of two-level or multi-level atoms and molecules
are excited in sequence and the corresponding fluorescence signals can be observed,
the fluorescence spectrum of the reactive species in the ground states can be
obtained. Thus, the total fluorescence radiant energy collected from each transition
can be calculated by Eq. (1.19).

The absolute concentrations of the species in the ground states can be obtained by
calibrating the known content of species with similar energy levels and excitation
coefficients or by the decay model of LIF signals (Laroussi et al. 2017). For example,
the absolute atomic oxygen density can be obtained by introducing a known xenon
density in the plasma reactor (Sousa and Puech 2013).

The absolute density of OH, O, and NO in plasma with different discharge
devices, gas composition, and excitation power supply has been successfully studied
using laser-induced fluorescence technology (Li et al. 2016; Jiang and Carter 2014;
Gessel et al. 2013).
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1.3.1.3 Mass Spectrometer

Amass spectrometer (MS) is composed of sampling system, the vacuum system, the
ion source, the mass analyzer, the detector, and the computer sampling and control
system (in Fig. 1.6). MS can measure the positive ions, negative ions, and neutral
species generated in plasma, and their kinetic energy and evolution in microsecond
time scales, which is beneficial to study different species and their subsequent
chemistry. The use of MS to detect ions and radicals is well demonstrated in
low-pressure plasma (Benedikt 2010); however, its application to atmospheric
pressure cold plasmas is still a challenge. As the central part of the mass spectrometer
needs low pressure, the instrument used for detecting atmospheric cold plasma
requires the gradient decompression interface. The neutral particles and energetic
ions produced in atmospheric cold plasma are sampled using a three-stage differen-
tially pumped molecular beam inlet system with skimmer cones and turbo molecular
pumps. The three pressure decompression stages (P1, P2, and P3 stages) provide a
decompression process from atmospheric pressure to 0.9 Torr at the P1, 6� 10�5 Torr
at the P2, and the 3.1 � 10�7 Torr at the P3 stage (in Fig. 1.7. Jun-Seok et al. 2011;
Jiang et al. 2020).

A mechanical beam chopper is positioned between the second and third pumping
stages. When the beam chopper is closed, the residual gas is measured in the mass
spectrometer which is regarded as the background signals. The background signals
are subtracted from the measurements with the beam chopper in open state (Stoffels
et al. 2007).

The analysis of sampled ions and neutrals operates in different mode. The neutral
particles are measured in the residual gas analyzer (RGA) mode, while the ions are
detected in the secondary ion mass spectrometer (SIMS) mode.

In the case of neutral particles in plasma, all ions sampled in the mass spectrom-
eter are excluded by applying appropriate external bias voltages to the extractor and
other electrodes mounted between the sample orifice and the internal ion source. The
instrument is equipped with an internal ionization source with the variable electron
energy, and the sampled neutral species are then ionized to generate charged
particles. The ionization mechanisms include the generation of positive ions by

Fig. 1.6 The process of mass spectrometer for plasma analysis
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electron impact ionization and negative ions by electron attachment or ion-pair
production. In the case of ions measurement mode, the ionization source of mass
spectrometer is turned off and only ions generated in the plasma are detected in the
internal (Rees et al. 2010; Stoffels et al. 2007).

All ions are then transmitted through the energy analyzer (generally optional for
the detection of neutrals) and m/z analyzer and finally reach the detector. As a result,
the detected electrical signals of the current or TTL pulses are obtained. Combined
with the ion energy analyzer, the energy distribution information of various ions in
the system can also be given.

The electron energy of mass spectrometry ionization source can be controlled by
“soft ionization” and “threshold ionization” techniques. As to the soft ionization, the
energy can be set separately from the ionization appearance potential to tens of eV. It
is effective to preferentially ionize traces of low ionization potentials. There will be
much higher concentration of low ionization energy compared with that of larger
ionization potentials if the applied energy decreases gradually. As to the threshold

Fig. 1.7 Schematic of mass spectrometer analyzer
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ionization, the electron energies range from just below the threshold of ionization
potentials to 10 or 20 eV (Rees et al. 2010). It is useful for a detailed investigation of
the generation of active species and subsequent chemistry.

1.3.1.4 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a useful technology to probe the
chemical structure of molecules by identifying the vibrational frequencies of chem-
ical functional groups in the gas, liquid, and solid phases. An interest has grown in
recent years to characterize gaseous chemical composition variation in cold plasma
using FTIR spectroscopy. FTIR spectroscopy provides quantitative analysis of the
concentration of gaseous species based on the Beer-Lambert law, which can estab-
lish the correlations between species generated in plasma and their infrared absorp-
tion spectrum. This technique has the advantage of detecting different intermediate
species generated in the progress of chemical reactions.

In the mid-infrared region, two main vibrations of chemical groups include the
stretching vibrations and the bending vibrations. The stretching vibrations vibrate
along the chemical bonds, which are related with bond length changes. The bending
vibrations are relevant to bond angle changes (δ in plane, π out of plane).

The harmonic oscillator model can be used to describe the stretching vibrations.
The chemical bonds are expressed by two point masses connected by a spring. The
bond strength is the spring tension k and the point masses (m1 and m2) model
represent the masses of the chemical groups related with bonds. The oscillation
frequency v is as follows:

v ¼ 1
2πc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

m1 þ m2ð Þ
m1m2

r
ð1:20Þ

where c is the speed of light, and k is the bond strength (Berthomieu and
Hienerwadel 2009).

Thus, the oscillation frequency greatly depends on the type of chemical groups
and the type of chemical bonds. Therefore, the clear relationship between infrared
vibrational frequencies and the structural properties of a given chemical groups is
established. It is very convenient to characterize gas chemical composition variation
in plasma discharge using FTIR spectroscopy.
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1.3.2 Diagnostics in Liquid Phase

1.3.2.1 Electron Spin Resonance Spectroscopy

Electron spin resonance (ESR) spectroscopy or electron paramagnetic resonance
(EPR) spectroscopy is the specific technology for detecting samples with at least one
unpaired electron. The ESR spectroscopy is effective to study the structure of solid
and liquid substance. It is widely used to characterize the formation of free radicals
and the possible dynamic chemical processes induced by cold plasma in liquid phase
recent years.

When the electron spin is in the external magnetic field B, the interaction energy
E exists between the spin magnetic moment (μs) and the external magnetic field is:

E ¼ �μs � B ¼ geμBS � B=ħ ð1:21Þ

If the direction of the magnetic field B is chosen as the Z axis of the coordinate
system and the magnetic field strength is B0, the energy expression is as follows:

E ¼ geμBSZB0=ħ ¼ msgeμBB0 ð22Þ

where ge is the electron g factor (2.0023 for a free electron), μB is the Bohr
magnetron (9.274 � 10–28 J G�1), and ħ is the Planck constant. The g factor
contains important information about the electron spin. SZ is the component of
spin on the Z axis, SZ ¼ msħ. The electron spin quantum number ms takes the values
ms ¼ 1/2, and ms ¼ �1/2, which correspond to two energy levels, and the
corresponding energies are E2 ¼ 1/2geμBB0, E1 ¼ � 1/2geμBB0 respectively. The
difference in energy (△E) between the two electron spin levels is:

ΔE ¼ E2 � E1 ¼ geμBB0 ð1:23Þ

The unpaired electrons will absorb the microwave electromagnetic wave energy
(the frequency is ν). If the microwave frequency ν can meet the expression
ħv ¼ ΔE ¼ E2 � E1 ¼ geμBB0, the electrons at the low-energy level will jump to
the high-energy level, and the spin resonance occurs. One transition of electrons
produces a resonant absorption signal. Generally, the microwave frequency ν is fixed
as a constant in the test, and the magnetic field intensity is scanned until the resonant
conditions are matched (Wang et al. 2011).

In general, free radicals are unstable and the lifetime of radicals is very short.
Thus, it is difficult to be detected, especially in liquid. The spin trapping technique is
used, which involves the addition of a spin trapping agent reacting with free radicals
to form relatively stable spin adducts. Then the spin adducts can be detected by ESR
spectrometer.
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1.3.2.2 Spectrophotometry

Spectrophotometry is a method for the qualitative and quantitative analysis of a
substance by determining its absorbance or luminous intensity at a specific wave-
length or within a certain wavelength range. The testing principle is based on the
Beer-Lambert law. Some reactive species have characteristic wavelengths with high
absorption coefficient in common wavebands. For example, the absorption coeffi-
cient of HO2 at 230 nm ultraviolet light is as high as 1400 M�1 cm�1 (Bieiski et al.
1985). However, reactive species in the liquid have a relatively low concentration
and a short half-life. Additionally, different reactive species may absorb light of the
same wavelength, resulting in interference. It is often difficult to detect directly the
characteristic wavelength of reactive species in liquid. In general, most spectropho-
tometric measurements use chromogenic agents, that is, new long-lived species are
produced by the reaction of specific chromogenic agents with reactive species to be
measured, so as to improve the detection sensitivity and avoid mutual interference.
Lukes et al. (2014) used titanium sulfate as the chromogenic agent and obtained the
concentration of H2O2 by measuring the absorbance at 407 nm. This chromogenic
agent is only effective for H2O2, so it will not be interfered by other compounds in
the liquid. It is reported that the long-lived active species measured by spectropho-
tometry mainly include H2O2, O3, nitrate, and nitrite, and the short-lived active
substances include OH, HO2, etc. (Bieiski et al. 1985; Machala et al. 2013; Von et al.
2012).

1.3.3 Numerical Simulations

Various plasma sources generate cold plasma discharge at atmospheric pressure for
both fundamental researches (discharge characteristics, physicochemical reaction
mechanisms) and application-focused study (such as plasma agriculture, food pres-
ervation, material preparation, and plasma medicine). Different operating parameters
(excitation power supply, carrier gas or even mixed with water vapor, discharge
power, gas flow rate, and plasma treatment mode) will affect the type and concen-
tration of reactive species (ROS/RNS) in gas phase, and result in different applica-
tion effects for treating solid surfaces.

In practical applications, plasmas need to be generated in humid, gas-liquid or
even liquid phase environments, as the surface of the object to be treated is covered
with liquid or even immersed in aqueous solution. A lot of water vapor will
inevitably mix into the carrier gas above the liquid in this case. The plasma-liquid
generation system may include gas phase plasma with different carrier gases and
mixed water vapor, plasma-liquid interaction interface (plasmas generate over the
liquid surface or in the continuous carrier gas channel contacted with the liquid), and
the liquid phase region. The plasma discharge will produce various reactive species
(ROS/RNS) and initiate a series of physical and chemical reactions in the gas phase
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and at gas-liquid interface. The reaction products in gas phase can be directly
diffused into the liquid phase or transported into liquid phase by various transfer
processes (Bruggeman et al. 2016; Zhou et al. 2018).

The rich reactive species (ROS/RNS) generated in gas plasma, physicochemical
processes coupled with the plasma liquid interaction, aqueous reactive species
induced by gas plasmas, and subsequently chemical reactions in liquid phase play
an important role in various plasma applications. It is necessary to have a detailed
understanding of the kinetic process of plasma discharge with gas-liquid interactions
to make more effective use of the advantages of atmospheric cold plasma
applications.

As mentioned above, many diagnostic techniques are used to characterize plasma
dynamic properties, the complex reactions, and the formation of reactive species in
the gas phase and liquid phase region. Though many studies have been carried out,
the production mechanism and the temporal and spatial distribution of reactive
species in gas phase and liquid phase are still not well understood. Plasma modeling
and simulations, combined with diagnostic techniques and experiments, make great
contributions to gain a deeper understanding of the basic characteristics of reaction
mechanisms and processes. In particular, direct measurement and diagnosis are
costly or difficult to carry out sometimes.

Plasma modeling and simulations may offer useful information including spatial
and temporal distribution of radicals and charged particles, reaction rates with
various collision processes, mass transfer kinetics, and electric potential and field
distribution.

As for simulation, the usually used models are particle model (Teunissen and
Ebert 2016; Fierro et al. 2018), fluid model (Koen and Annemie 2017; He and Zhang
2012), and global model (Sun et al. 2019a; Schroter et al. 2018; Murakami et al.
2013). The particle model has the good accuracy; however, the particle model has a
larger amount of calculation, takes a longer time, and takes up more resources.
Currently, this method is applicable to atmospheric pressure plasma simulation with
very small structure in μm scale (Kim et al. 2006) and very short propagation lengths
(Stephens et al. 2018). The fluid model is the widely used model at present, which
can reflect the internal properties of plasma, but it is also limited by the amount of
calculation and algorithm stability. It is mainly used to study the plasma with
relatively simple chemical process. The global model greatly reduces the amount
of calculation by setting the spatial distribution of active particles, and can simulate
and analyze the plasma with complex chemical processes (Lee and Lieberman
1995).

Many researchers have used particle, fluid, and global models to study the
generation, evolution, and characteristics of plasma, the content and distribution of
reactive species with different gas components (or with different water vapor
content) in gas phase plasma, as well as the physical and chemical reaction process
of gas-liquid plasma and the concentration and distribution of reactive species in
gas-liquid and liquid phase.

Based on the results of particle simulations, high-energy electrons with about
50 eV electron energy will appear in pulsed microwave frequency plasmas
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discharge, which means that this type of discharge has great potential application
value. For example, these high-energy electrons may break some chemical bonds,
which will bring great convenience to the application of plasma biological steriliza-
tion and food preservation. Kwon et al. (2014) report that high-energy electrons with
energies larger than 50 eV at the electrode can be generated in pulsed microwave
atmospheric microplasmas. The experimental results show that electrons with
energy larger than 50 eV may result in DNA double strand breaks in bactericidal
process. Lee et al. (2018) show that energetic electrons with energy larger than 10 eV
are generated in pulsed microwave helium plasmas, which can break bonds of
nitrogen molecules, and helps to form various reactive species efficiently. Wang
et al. (2020) have obtained similar results, and the simulations show that high-energy
electrons with electron energy greater than 20 eV may be formed in the pulse
microwave plasma.

Streamer discharges with needle-to-plane configurations are widely used in
various plasma applications. The generation, evolution, and development of
streamer discharge are the basic and important physical processes in plasma dis-
charge. Three-dimensional particle model and fluid model have been effectively
used to simulate and probe elementary properties of streamer discharges (Sato et al.
2020; Marskar 2020; Teunissen and Ebert 2016; Fierro et al. 2018). Sato et al. (2020)
adopted fluid models to study the streamer propagation properties including propa-
gation speed, head size of streamer, and plasma formation with different parameters.
Marskar (2020) demonstrates the dynamic morphology properties of positive
streamer fluctuations, branching, and the generation of tree-like discharge by the
fluid model. Teunissen and Ebert (2016) present dependence of different pulsed
discharges morphology on the oxygen content (with different ratio of oxygen to
nitrogen) and applied voltage using the particle model. Fierro et al. (2018) show the
influence of photoionization on the streamer generation and propagation in nitrogen
and helium mixture gas by particle modeling.

The cold plasma most often generates different carrier gases including noble gas,
air, oxygen, nitrogen, or their admixtures in ambient air. The presence of oxygen-
based and nitrogen-based gases (air, oxygen, nitrogen) are pivotal for the generation
of reactive oxygen species and reactive nitrogen species (RONS), and these reactive
species are effective for different applications. In addition, due to the influence of
ambient humidity, water vapor will inevitably mix into the plasma generation
system. When the plasma interacts with the aqueous solution, much water vapor
will be produced and mixed into the carrier gas. The introduction of water vapor will
affect the plasma dynamics, or as a precursor for inducing complex chemical
reactions tends to produce rich reactive oxygen-based and nitrogen-based species.
The plasma dynamics, the fundamental chemical reaction process, and final gener-
ation of reactive species in gas phase have been widely researched experimentally
and numerically for better application efficiency.

Previous numerical simulations based on the fluid model have been adopted to
characterize dynamic plasma chemistry in He with different gas admixture, such as
air, oxygen, and water vapor (Liu et al. 2020; Yang et al. 2014; Waskoenig et al.
2010; He and Zhang 2012; Lietz and Kushner 2018). Global models effectively
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simulate bulk plasma properties and complex plasma chemical reactions by carefully
considering the plasma boundary conditions. Global models have already been
successfully improved and applied to investigate the plasma chemistry of Ar with
humid air admixture (Gaens and Bogaerts 2014), Ar with water vapor admixture
(Tavant and Lieberman 2016), He-O2 with humid air (Murakami et al. 2013), He-O2

with water vapor (Liu et al. 2011), He with air admixture (Sun et al. 2019a), He-air
with water vapor (Sun et al. 2019b), and He with water vapor (Liu et al. 2010).
Numerical simulation of different models provides insights into plasma dynamics,
the production rates and densities of reactive species, key reactive species, and their
chemical reaction process.

The modeling and simulation of interaction between plasma and liquid may
involve gas phase plasma generation, plasma-liquid interface, and the liquid phase
region. The mass transfer processes are generally supposed to be carried out through
the thin plasma-liquid interaction layer between the gas and liquid phases by
different transfer mechanisms (such as diffusion, solvation, absorption, desorption,
and their chemical reactions). Many researchers have used different models from
zero dimension to multidimensional to simulate the interaction mechanism between
plasma and liquid.

Chen et al. (2014) adopt the 1D diffusion-drift fluid model to simulate the plasma-
liquid chemistry with highly hydrous biofilm. The results show that the mass transfer
of reactive species in the liquid region can penetrate to a depth of 40–50 μm. A
similar model is used to show the depth distribution of five main reactive species
(OH, O3, HO2, O2

�, and H2O2, Jiang et al. 2016) in liquid. Tian and Kushner (2014)
use the nonPDPSIM (the multi-fluid 2D hydrodynamics model) to study the inter-
action of plasmas with the thin water layer of 200 μm covering tissue. The simulation
results indicate that the important reactive species, such as ONOO�, NO3

�, O3, and
H2O2, may reach the underlying tissue covered by thinner water layer after a few
seconds.

The interaction processes between plasma and liquid have recently been
researched using global models. Lee et al. (2013) study the chemical reaction
mechanisms at the interface between the plasma and distilled water or H2O2 by
global model. The computational results show that distilled water mixed with
hydrogen peroxide increases the formation of hydroxyl radicals. Hamaguchi
(2013) reports the liquid phase chemical products initiated by gas plasma. The
combined dissolution of OH and NO in liquid will initiate a series of chemical
reactions and generates more reactive species (O2

�, ONOOH, HNO3, HNO3, and so
on) in liquid than that of only OH or NO.
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1.4 Formation of Reactive Species in Liquid

1.4.1 Formation Mechanisms of Main Reactive Species
in Liquid

The cold plasma generated in ambient air is the rich reactive species source. When
gas plasma interacts with liquid, it will initiate a series of physical and chemical
processes and generate various reactive species above or at gas-liquid interface
which can dissolve into liquid phase directly or transport into liquid phase by
interphase mass transfer processes and finally determine the different productions
in liquid phase. Therefore, the liquid products are closely related to the reactive
species excited in gas plasma, gas-liquid interaction and reaction process, and
gas-liquid mass transfer process.

Reactive oxygen species, such as OH radical, active oxygen atom, hydrogen
peroxide, and ozone, are generally considered to play an important role in practical
applications of cold plasmas. Reactive nitrogen species including nitrite, nitrate, and
peroxynitrite are generated by a series of chain reactions based on NOx and liquid.
The formation of RNS will increase the acidification of plasma-treated liquid, and
this may also generate synergistic effects.

The gas composition (such as helium, argon, air, oxygen, nitrogen, or their
admixtures in ambient air) is an important consideration that determines the final
production of reactive species in plasma-treated liquid.

At the gas-liquid interface, the gas phase plasma interacts with the liquid, and the
reactive species can be generated by electron impact excitation and dissociation of
water molecules and gas molecules.

The generation of gaseous OH radicals is through dissociation of water molecules
with metastable Ar, He, and N2 (Nikiforov et al. 2011; Shen et al. 2015; Zhang et al.
2017),

eþ H2O ! Hþ OHþ e ð1:24Þ
Ar� þ H2O ! Ar þ Hþ OH, ð1:25Þ
He � þH2O ! Heþ Hþ OH, ð1:26Þ

eþ N2 ! N2
� þ e ð1:27Þ

N2
� þ H2O ! N2 þ OHþ H ð1:28Þ

OH radicals can also be produced by plasma-initiated ionization of water
followed by combination with another water molecule and as a result generate
H3O

+ and the OH radical (Shen et al. 2015; Zhang et al. 2017),

eþ H2O ! H2O
þ þ 2e, ð1:29Þ
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Arþ þ H2O ! H2O
þ þ Ar, ð1:30Þ

H2O
þ þ H2O ! H3O

þ þ OH: ð1:31Þ

When oxygen and air is used as carrier gas, OH radicals can be produced by the
reaction of active oxygen atoms (dissociation of oxygen) with water molecules
(Lukes and Locke 2005).

eþ O2 ! O 3P
� �þ O 3P

� �þ e ð1:32Þ
e� þ O2 ! O 1D

� �þ O 3P
� �þ e ð1:33Þ

O 1D
� �þ H2O ! OHþ OH ð1:34Þ

It is the complex chemical reaction processes at gas-liquid interface. Thenitrogen-
based reactive species will be induced in gas plasma, such as nitric oxide, nitrogen
dioxide, and active nitrogen atom, which will result in the quenching of OH radicals
by reactions of 1.351.361.37 (Dorai and Kushner 2003; Machala et al. 2013).

Nþ OH ! NOþ H ð1:35Þ
OH þ NOþM ! HNO2 þM ð1:36Þ

OHþ NO2 ! ONOOH ð1:37Þ

The formation of hydrogen peroxide in liquid may originate from the recombi-
nation of OH radicals induced by the gas liquid plasma discharge.

OHþ OH ! H2O2 ð1:38Þ
O2 þ OþM ! O3 þM ð1:39Þ

The ozone generation in gas phase involves three body collision processes such as
oxygen molecule, the ground-state atomic oxygen, and a collider M. The formation
of ozone is probably affected by the relative humidity of the gas-liquid plasma
discharge. A lot of water vapor will be produced above or at gas-liquid interface
when plasma discharge is excited. Water vapor will reduce the energy of electrons in
gas plasma, thus affecting the process of ozone generation. The ozone generated in
gas plasma can dissolve into liquid by the gas-liquid mass transfer process.

When air or nitrogen with different oxygen admixture is used as the carrier gas,
the oxygen atoms will be quenched by reaction with active nitrogen atoms, nitrogen,
and nitric oxide, which are favorable for the formation of ozone and hydroxyl groups
(Eqs. (1.44), (1.45), (1.47)). Meanwhile, the formation of active nitrogen atoms and
nitric oxide in gas plasma will lead to the destruction of ozone by Eqs. (1.40), (1.41)
(Lukes and Locke 2005).
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Nþ O3 ! NOþ O2 ð1:40Þ
NOþ O3 ! NO2 þ O2 ð1:41Þ

Nitrogen oxides can be generated from the gas-liquid plasma discharge by
dissociated nitrogen and oxygen (Du et al. 2008).

eþ N2 ! Nþ Nþ e ð1:42Þ
eþ O2 ! Oþ Oþ e ð1:43Þ

Nþ O ! NO ð1:44Þ
N2 þ O ! NOþ N ð1:45Þ
Nþ O2 ! NOþ O ð1:46Þ
NOþ O ! NO2 ð1:47Þ

Peroxynitrite is generated by reactions (1.37), (1.48), (1.49) in air or nitrogen
gas-liquid discharge. Many studies have shown that peroxynitrite has strong oxida-
tion which can react with biological molecules and result in bacterial inactivation.

O2
� þ NO ! ONOO� ð1:48Þ

NO2
� þ H2O2 ! ONOOHþ H2O ð1:49Þ

Generation and dissolution of nitrogen oxide produced in the air or nitrogen
gas-liquid plasma will result in the generation of NO2

� and nitrate NO3
� in liquid.

2NO2 þ H2O ! NO2
� þ NO3

� þ 2Hþ ð1:50Þ
NOþ NO2 þ H2O ! 2NO2

� þ 2Hþ ð1:51Þ

1.4.2 Efficient and Selectable Production of Reactive Species
in Liquid

Different operating parameters, such as excitation power supply, carrier gas or even
mixed with water vapor, discharge power, gas flow rate, and plasma treatment mode,
will affect the type and concentration of reactive species (ROS/RNS) in liquid phase.

Kanazawa et al. (2011) use pulse power supply and needle plate discharge
structure to form gas-liquid plasma above the liquid surface. The evolution process
of OH radicals in gas phase plasma over time is obtained by laser-induced fluores-
cence technology. Meanwhile, the relationship between OH concentration and
discharge time in the liquid phase induced by plasma is determined by chemical
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detection method. They believe that OH radicals produced in gas phase plasma will
be dissolved in the liquid phase. Gorbanev et al. (2016) present that the content of
hydrogen peroxide increases rapidly with increased carrier gas humidity (He or He
+0.5%O2). The result shows that hydrogen peroxide is not generated in liquid by
dissociation of water, but instead is produced in gas phase plasma and then diffuses
into the liquid phase.

Pavlovich et al. (2013) show that the composition of liquid products varies from
ozone mode to nitrogen oxide mode with the increase of discharge power density.
The content of ozone in liquid is high and the content of hydrogen peroxide is low at
low power densities. When the power density increases, the trend is opposite.
Lu et al. (2017) use two different discharge modes (needle plate gas-liquid dis-
charge)—filament discharge and uniform discharge—to compare the types and
contents of reactive species in liquid treated by air plasma. The results show that
H2O2 and NO3

� are the main products in liquid by filamentous discharge, while
NO2

� and NO3
� are the dominant products in liquid by uniform discharge. Uchida

et al. (2016) study the difference of liquid phase products by two different treatment
methods of plasma jet contact/no contact with liquid surface. It is found that the
content of H2O2 in water is much higher than that of NO2

� when plasma is directly
contacted with liquid surface, while the content of NO2

� in non-contact type is much
higher than that of H2O2. Tani et al. (2012) study the formation of free radicals in
aqueous solution treated by helium plasma jet using spin trapping technique (ESR).
The results showed that when oxygen is added in different positions, OH radicals
and O2

� appeared in the aqueous solution, but the relative content of O2
� is not the

same, indicating that the content of free radicals in liquid can be controlled by
different plasma sources. Niquet et al. (2018) present the different chemical compo-
sition of plasma-treated water (PTW) by microwave plasma and dielectric barrier
plasma. The results show that nitrogen-based chemistry play an important role in
PTW by a microwave-driven plasma source, with high content of nitrous acid
converting to nitrite and nitrate, while hydrogen peroxide and nitrate are main
components in PTW by a dielectric barrier discharge system. Dai et al. (2016)
develop a point-to-plate discharge device to produce reactive species in liquid
efficiently and selectively with Ar and air as the carrier gas. The hydrogen peroxide
is the predominant component in Ar plasma, while NO3

� and NO2
� are main

species generated in air plasma-treated liquid.
As reported by Shen et al. (2019), selective and high-efficacy formation of

reactive species is obtained by using air and oxygen as the carrier gas. When plasma
is generated in oxygen, only ROS such as OH, O3, and H2O2 are produced. In the air
plasma, both RNS (such as NO, NO2

�, NO3
�, ONOO�) and ROS are induced in

liquid. The content of OH radical in the liquid phase treated by oxygen plasma
discharge is much larger than that treated by the air plasma discharge.

As mentioned above, the chemical composition of the liquid products initiated by
plasma is affected by the plasma operating parameters. In other words, liquid
products can be produced selectively and efficiently by changing corresponding
parameters, which play an important role in improving the efficiency of practical
applications.
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1.5 Conclusions

The cold plasma is widely used in plasma agriculture, food preservation, material
preparation, and plasma medicine. In practical applications, it is necessary to have a
deep understanding of plasma generation, characteristics, gas-liquid interaction,
mass transfer process, and the final liquid products in order to obtain desired effects.
Plasma modeling and simulations, combined with diagnostic techniques, are helpful
to understand plasma dynamics, the complex reactions and the formation of reactive
species in the gas phase and liquid phase region, and provide beneficial instructions
for further process engineering and optimization. Plasma sources (for efficient and
selectable production of reactive species in gas phase and subsequently in liquid
phase) need to be tailor-made to meet the specific applications. This will be an
important work before large-scale industrial applications.
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