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Preface

Plasma-chemical and plasma-catalytic processes associated with low-temperature
plasma generated by electrical discharges in gas, liquid, and gas–liquid environ-
ments have recently generated considerable interest. Nonthermal plasmas offer a
unique way to initiate chemical reactions in the gas phase as well as in liquids,
which have potential for practical utilization in different environmental, biological,
or medical applications, and also in energy topics or molecular synthesis. Since
plasma-chemical processes are rather nonselective, combination with catalysis can
provide improved selectivity, by steering the reactions in the desired direction. Cat-
alyst activation by plasma is different from that in case of conventional heating, and
therefore the knowledge of plasma-catalyst interaction represents a key issue both
from the fundamental point of view, for the understanding of reaction mechanisms
involved in the plasma-catalytic process, and obviously, from the point of view of
applications. Promising results have been obtained in environmental applications,
where it was found that nonequilibrium plasma generated in electrical discharges
at atmospheric pressure and room temperature can be successful in destroying a
wide range of air pollutants. Serious attention is also directed to plasma-catalytic
applications for hydrogen production, which plays a key role in fuel cell technology,
as well as for the conversion of natural gas into syngas or into higher hydrocar-
bons, which can be used as fuel for transportation and raw material in chemical
industry. In this direction, the control of catalyst properties by preparation or treat-
ment techniques, as well as their modifications during plasma-catalytic reactions,
catalyst stability, and regeneration processes, are important issues. Another vital
issue for environmental research is water pollution. During the past 20 years,
promising results have been obtained for the degradation of water pollutants and
inactivation of various microorganisms using nonequilibrium plasma generated
by electrical discharges in liquids and gas–liquid environments. These discharges
have been shown to initiate various chemical and physical processes that have
potential for practical utilization in different environmental, biological, or med-
ical applications. For example, electrical discharges were successfully applied to
degrade and inactivate a number of organic compounds and microorganisms in
water. There are also first successful biomedical applications of discharge plasma in
liquids.



XIV Preface

This book provides an overview of the basic principles of plasma-chemical and
plasma-catalytic processes generated by electrical discharges in gas, liquid, and
gas–liquid environments, which is addressed by experts in the fields of plasma
physics, plasma chemistry, and plasma catalysis. The book is divided into four
major sections containing altogether nine chapters that cover the state of the art of
this topic in both fundamental and applied aspects.

The first section contains two introductory chapters (Chapters 1 and 2). The first
chapter provides an introduction to the fundamental aspects of nonthermal plasma
generated by various types of electrical discharges operating in gas at atmospheric
pressure and its properties. Chapter 2 focuses on the analysis of the intrinsic
characteristics of the catalysts used in plasma-catalytic processes. The control of
catalyst properties by preparation and treatment techniques and factors controlling
the catalyst stability and regeneration processes represent other issues analyzed in
this chapter. All these aspects are important criteria for the selection of appropriate
catalysts for the desired applications.

The Chapters 3–5 give an extensive overview of the plasma-catalytic processes
associated with low-temperature electrical discharge plasma in gases and their
application for air pollution abatement. Chapter 3 is devoted to nitrogen oxides
remediation (deNOx) by plasma-assisted catalysis. Chapters 4 and 5 are dedi-
cated to the decomposition of volatile organic compounds (VOCs) in air using
plasma-catalytic systems. Results obtained in different plasma-catalytic systems
are discussed, and the interactions between plasma and catalysts as well as the
mechanisms responsible for NOx and VOC remediation are addressed.

The Chapters 6–8 present the state-of-art fundamental and applied knowledge on
plasma-chemical processes associated with nonequilibrium plasma generated by
electrical discharges in liquids and gas–liquid environments. In these chapters, for
the first time, a comprehensive overview of the elementary chemical and physical
phenomena in low-temperature plasma in liquid and gas–liquid environments is
provided, including fundamental mechanisms of plasma generation by electrical
discharges in water and gas–liquid environments, chemistry and reaction kinetics
of primary and secondary species generated by plasma in water and gas–liquid
interfaces, mechanisms of interaction of plasma with chemical and biological
content in water, plasma-catalytic processes in water and gas-liquid environments,
and environmental and biomedical applications of plasma in water and gas–liquid
environments.

Chapter 9 focuses on applications of nonthermal plasma and plasma-catalytic
processes in energy conversion. An overview of the current state of hydrogen and
syngas production, applications, and technical requirements is presented. Detailed
discussions are provided with respect to steam reforming, partial oxidation, and
carbon dioxide dry reforming, including coupling to higher hydrocarbons and
plasma pyrolysis, as well as combined processes, highlighting the key issues to
determine practical and economic viability.

This book is equally addressed to scientists and engineers with research interests
in the fields of plasma, chemistry, catalysis, pollution abatement, synthesis of new



Preface XV

materials, or energy conversion techniques. It may also be a very good support for
students and Ph.D. students performing research in one of these fields.

Monica Magureanu
Petr Lukes

Vasile I. Parvulescu
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1
An Introduction to Nonequilibrium Plasmas
at Atmospheric Pressure
Sander Nijdam, Eddie van Veldhuizen, Peter Bruggeman, and Ute Ebert

1.1
Introduction

1.1.1
Nonthermal Plasmas and Electron Energy Distributions

Plasmas are increasingly used for chemical processing of gases such as air,
combustion exhaust, or biofuel; for treatment of water and surfaces; as well
as for sterilization, plasma deposition, plasma medicine, plasma synthesis and
conversion, cleaning, and so on. These plasmas are never in thermal equilib-
rium – actually, we know of no exemption – and this fact has two main reasons.

1) It is easier to apply electromagnetic fields than to uniformly heat and confine
a plasma. However, electromagnetic fields naturally transport charged species
whose concentrations and energies therefore naturally vary in space, partic-
ularly, close to the walls of the container. Generically, the species in such a
plasma are not in thermal equilibrium.

2) It is energy efficient to not feed energy equally into all degrees of freedom
within a gas or plasma, such as into the thermal displacement, rotation, and
vibration of neutral molecules, but only into those degrees of freedom that
can efficiently create the desired final reaction products for the particular
application. Therefore it is frequently preferable to accelerate only electrons
to high velocities and let them excite and ionize molecules by impact while
keeping the gas cold. If the electron energy distribution is appropriate, some
reactions can be triggered very specifically.

In this manner, the nonthermal nature of the plasmas that are created elec-
tromagnetically is made into an asset. By varying gas composition, electrode and
wall configuration, and circuit characteristics more energy can be channeled into
specific excitations and reactions. Recent examples include the optimization of the

Plasma Chemistry and Catalysis in Gases and Liquids, First Edition.
Edited by Vasile I. Parvulescu, Monica Magureanu, and Petr Lukes.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.



2 1 An Introduction to Nonequilibrium Plasmas at Atmospheric Pressure

pulsed power source for ozone generation in streamer corona reactors [1], or dual
frequency RF-generated plasmas [2].

To elaborate the physical understanding further, Mark Kushner has proposed a
workshop at the Gaseous Electronics Conference (GEC) 2011 on how the electron
energy distribution within a discharge can be tailored for a specific application. A
joint approach to this question by theory and experiment now seems within reach
because of the large progress of theory in recent years.

1.1.2
Barrier and Corona Streamer Discharges – Discharges at Atmospheric Pressure

The past has mainly seen an experimental approach by trial and error, also guided
by some physical understanding. Within the limited space available here, we will
review some setups and their physical mode of operation. A common theme is the
avoidance of plasma thermalization in the form of arcs and sparks. Variations over
two basic approaches are used very commonly and will make the main theme of
this review: the corona discharge and the barrier discharge. In a barrier discharge,
large currents are suppressed by dielectric barriers on the electrodes. Basically, the
discharge evolves only up to the moment when so much charge is deposited on
the insulator surfaces that the field over the gas is screened. In a corona discharge,
the discharge expands from a needle or wire electrode into outer space where
the electric field decreases and finally does not support a discharge anymore. The
discharge then has to feed its current into the high-ohmic region of the nonionized
gas, which limits the current as well. These two basic principles have seen many
variations in the past years and decades. For example, in corona discharges, short
and highly ramped voltage pulses create much more efficient streamers that do not
cease due to the spatial decrease of the electric field away from the curved electrode
but due to the final duration of the voltage pulse.

Both discharge types can (but need not) operate at atmospheric pressure. This
poses an advantage as well as a challenge. The advantage lies in the fact that no
expensive and complex vacuum systems are required. This makes the design of
any reactor a lot simpler, not only when the operating gas is air but also when other
gases (such as argon or helium) are used. The challenge consists of the observation
that characteristic length scales within the discharge can be much smaller than
the discharge vessel and that the discharge can therefore form complex structures,
rather than a more or less uniform plasma. These structures have to be understood
and used appropriately. For instance, the initial evolution of streamer discharges
follows similarity laws [3]: when the gas density is changed, the same voltage
will create essentially the same type of streamer, but on different length and
timescales. Therefore, streamer fingers and trees grow in a similar manner at
10 μbar as at 1000 mbar, but 10 μbar corresponds to an atmospheric altitude of
83 km where the so-called sprite streamers have a diameter of at least ∼10 m, while
at 1000 mbar, the minimal streamer diameter is ∼100 μm and conveniently fits
into typical experiments.
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1.1.3
Other Nonthermal Discharge Types

There is a large variety of nonthermal plasmas. They can be classified into different
discharge types, although definitions used by different authors vary significantly.
The plasmas or discharges can be classified according to their time dependence
(transient or stationary), importance of space charge effects or of heating of the
neutral gas species, and presence of a surface close to the discharge. The most
important nonthermal plasmas along with their energization method and typical
applications are listed in Table 1.1.

This table is intended to give a general idea, but it is far from complete. A
further complication is that definitions are used in different ways. For example,
in Ref. 8, Braun et al. use what they call a microdischarge for ozone generation,
whereas the microdischarges as intended in Table 1.1 are much smaller. The
microwave discharge made by Hrycak et al. [28] qualifies much more for the term
plasmajet than for microdischarge. More information on the different types of
microdischarges is given in [29]; some examples of the use of microdischarges are
given in Section 1.4.4.

In many transient discharges, the different discharge types can occur after each
other. For example, a discharge can start as an avalanche and then become a
streamer, which can develop into a glow and finally into an arc discharge. When
applying a DC field between two metal electrodes, a discharge at high pressure
will become a thermal arc if the power supply can deliver the current. Nonthermal
discharges are, by definition, almost always transient.

Table 1.1 Overview of nonthermal discharge types and their most common applications.

Type of discharge Gap (mm) Plasma Energization Typical application References

Corona 10–300 Filaments Pulsed/DC Gas cleaning/dust
precipitation

[4, 5]

Corona with barrier 10–30 Filaments Pulsed Gas and water cleaning [6, 7]
Plates/cylinders
with barrier

1–5 Filaments AC Ozone generation/
large surface
treatment/
excimer lamps

[8–12]

Barrier with packed
bed

3–10 Filaments AC Chemicals conversion [13–15]

Plates with barrier 1–5 Diffuse AC Surface
treatment/deposition

[16, 17]

Surface discharge 1–5 Filaments AC Surface
treatment/deposition

[18, 19]

Surface barrier 1–5 Filaments Pulsed Aerodynamic control [20–22]
Plasma jets 0.5–10 Diffuse AC/RF Local surface [18, 23–25]
Microdischarge 0.1–1 Diffuse AC/RF Chemicals conversion/

light generation
[26, 27]
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An essential feature of a cold nonthermal discharge is its short duration. There-
fore, the largely varying timescales of the processes inside the discharge must be
considered. The excitation timescales, which often range from picoseconds to a few
microseconds, are clearly not the timescale necessary for preventing thermalization
as thermalization occurs in millisecond-order timescales. The critical timescale is
basically the characteristic time of the glow-to-spark transition. This transition time
can highly depend on conditions such as voltage amplitude and gas composition
but is often in the order of a (few) hundred nanoseconds [30]. Dielectric barrier
discharges (DBDs) are a well-known example of how (dielectric) barriers can reduce
current density and ne to keep the gas temperature of the discharge low.

Like streamer and avalanche discharges, Townsend and glow discharges are cold
discharges. They usually occur as a stationary discharge but have to be preceded
by another discharge such as a streamer or avalanche discharge to ignite. In
Townsend and glow discharges, electrons are emitted from the electrode and are
then multiplied in the gap. In the case of a Townsend discharge, the electron
multiplication takes place in the whole gap, while in a glow discharge, space charge
concentrates the multiplication in the cathode sheath region. Electrons are freed
from the cathode by the temperature of the cathode itself or by secondary emission
either due to the impact of energetic positive ions or due to photons or heavy
neutrals.

Several cold atmospheric pressure discharges operate in helium. This is not a
coincidence as He has a thermal heat conductivity that is about 10 times larger
than that of most other gases, which renders heat removal from the discharge to
be more efficient. Other methods for efficient heat removal include strongly forced
convection cooling in flow stabilized discharges and creation of discharge with a
large area-to-volume ratio (microplasmas, see also further) to make the heat losses
to the walls more efficient.

1.1.3.1 Transition to Sparks, Arcs, or Leaders
Avalanches, Townsend, streamer, and glow discharges are examples of cold dis-
charges. This means that the heavy particle temperature is not much above room
temperature and definitely far below the electron temperature (Te � Ti ≈ Tn where
e,i, and n stand for electron, ion, and neutral, respectively). At even higher currents,
at higher pressures, or with longer pulse durations, these discharges can transform
into spark, arc, or leader discharges. These are hot discharges, the heavy particle
temperature is close to the electron temperature and can reach thousands of Kelvin
(Te � Ti ≈ Tn). In applications, heating of the gas is often unwanted, and therefore,
cold discharges are preferred in many plasma treatment applications.

1.1.4
Microscopic Discharge Mechanisms

1.1.4.1 Bulk Ionization Mechanisms
The main ionization mechanism in electric discharges is impact ionization; in at-
taching gases such as air, impact ionization is counteracted by electron attachment.
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Other mechanisms that create free electrons such as photoionization or electron
detachment from negative ions are discussed in Section 1.2.4.1. Impact ionization
occurs when electrons are accelerated in a high local electric field. At a certain
kinetic energy, they can ionize background gas atoms or molecules and create more
electrons. In air, this occurs by the following reactions:

O2 + e −−−→ O+
2 + 2e (1.1)

N2 + e −−−→ N+
2 + 2e (1.2)

In the so-called local field approximation (i.e., when the reaction rate is approx-
imated as depending on the local electron density and local electric field only)
[31, 32], the number of electrons generated per unit length per electron is called
the Townsend impact ionization coefficient αi(|E|) = σi(|E|)·n0. Here E is the electric
field, σi the cross section for electron impact ionization, and n0 is the background
gas density. An old and much used approximation is

αi (|E|) = α0 exp(−E0/|E|) (1.3)

This notation illustrates that the Townsend coefficient is characterized by two
parameters: E0 characterizes the electric field where impact ionization is important;
this electric field is proportional to the gas density n0. α0 characterizes the inverse
of the ionization length at these fields. More precisely, 1/αi(|E|) is the mean length
that an electron drifts in the field E before it creates an electron–ion pair by impact.
Therefore, in geometries smaller than this length, no gas discharge can occur. Both
the electron mean free path, between any collision, and the ionization length scale
with inverse gas density.

The electron loss rate due to electron attachment on attaching gas components
has a similar functional dependence as the impact ionization rate, but different
parameters. One needs to distinguish between dissociative attachment

e + O2 −−−→ O + O− (in air) (1.4)

and three-body attachment

e + O2 + M −−−→ O−
2 + M (in air) (1.5)

where M is an arbitrary third-body collider, for example, N2 or O2. As a third body
is required here to conserve energy and momentum, the importance of three-body
attachment relative to dissociative attachment increases with density. Dissociative
attachment scales with gas density in the same manner as the impact ionization
reaction, while three-body attachment is favored at higher gas density. On the
other hand, dissociative attachment becomes more important at higher electric
fields, even at standard temperature and pressure. For detailed discussions of the
derivation of these reaction coefficients, we refer to [33–36].

The breakdown field is defined as the field where impact ionization and electron
attachment precisely balance; at higher electric fields, an ionization reaction sets
in. The spatial and temporal evolution of the discharge depends on the distribution
of electrons and electric fields; this is discussed in more detail below.
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1.1.4.2 Surface Ionization Mechanisms
Next to the bulk gas, the presence of a dielectric or metallic surface can also affect
the discharge significantly. It will modify the electric field configuration, and it is
able to provide electrons. Dielectrics can also store surface charges [37] and prevent
charge carrier flow through the surface.

Electrons can be freed from a surface by high fields or by secondary emission on
impact of ions [38], fast neutrals, or (UV) photons [39]. Photons can be generated
in the bulk of the discharge and then free an electron from the surface. Electron
emission can be enhanced by the local electric field at the surface or by higher
surface temperatures. The freed electrons can form the start of an avalanche, which
enables the discharge to initiate or propagate (over the surface). See Section 1.4.3
for a more elaborate discussion on this topic.

1.1.5
Chemical Activity

The main advantage of nonthermal plasmas is their high chemical efficiency. As
little or no heat is produced, nearly all input energy is converted to energetic
electrons. This is in contrast to thermal plasmas in which the heating itself leads
to higher thermal losses and thereby can be a waste of energy, which reduces
the chemical efficiency of these hot plasmas [40] and can damage walls and
other nearby surfaces (such as the substrate in a surface processing application).
Furthermore, higher gas temperatures will change the reaction kinetics which,
amongst others, may lead to breakdown of ozone and increased formation of
NOx. Of course, the different reaction kinetics of higher gas temperatures can
also be beneficial for some chemical reactions such as destruction of hydro-
carbons.

The fast electrons produced in a nonthermal plasma can have energies of the
order 10 eV or even higher and can therefore trigger many different chemical
processes. Besides fast electrons, energetic photons can also play a role in the
reactions in a nonthermal plasma. One important example of such a reaction is
photoionization in air, which is discussed in detail in Section 1.2.4.1. However, the
primary source of all reactions is electron impact on the bulk gas molecules, which
leads to many reactive species that can than further react with more stable species.
Examples of the reactive species are OH, O, and N radicals; excited N2 molecules;
and atomic and molecular ions (e.g., O+, O+

2 ).
One of the main paths of chemical activity in nonthermal plasmas in air is ozone

production. This is generally believed to be a two-step process as described by
Chang et al. [41] and Ono and Oda [42].

1) First, free oxygen radicals are produced by inelastic electron impact.

O2 + e −−−→ O+ + O + 2e (1.6)

O2 + e −−−→ O + O + e (1.7)

O2 + e −−−→ O− + O (1.8)
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2) Then, ozone is created by reactions of these free radicals.

O + O2 + M −−−→ O3 + M M = O2 or N2 (1.9)

Ozone can be produced with a wide range of electrode and discharge topologies,
many of which are treated below; the most popular are dielectric barrier discharges.
An early example is the ozone generator of Siemens made in 1857. The most
important application of this device was ozone production for disinfection of
water. Even now, this device is used, with only minor modifications [43]. But
corona discharges can create O radicals (and thereby ozone) with very high energy
efficiency as well [1], as will be discussed in more detail further below. In commercial
ionizers, pure oxygen is often used as the starting gas because the nitrogen that
is present in air can lead to the formation of NOx (a general term used for NO
and NO2 and sometimes other nitrogen–oxygen compounds) with the following
reactions [44]:

N + O2 −−−→ NO + O (1.10)

O + N2 −−−→ NO + N (1.11)

where the O radicals come from Eqs. (1.6–1.8) and the N radicals are produced by
[45]

N2 + e −−−→ N + N + e (1.12)

The produced NO can further react with NO2 as described in [45, 46]

O + NO + M −−−→ NO2 + M (1.13)

2NO + O2 −−−→ 2NO2 (1.14)

2NO + O2 −−−→ NO2 + N + O2 (1.15)

However, nonthermal plasmas can also remove NO from gas streams. The main
path for the removal of NO from air at low NO concentrations is (Eq. (1.12))
followed by [47]

N + NO −−−→ N2 + O (1.16)

A second type of radical that is important in nonthermal plasmas is OH. This is
produced in moist gases (e.g., moist air) by the following reaction [48]:

H2O + e −−−→ H + OH + e (1.17)

Note that apart from electron-induced dissociation, dissociative electron recombi-
nation of water containing ions can also efficiently produce OH.

H3O+ + e −−−→ OH + H2 (1.18)

The rate of this reaction for nonthermal discharges with Te in the range 1–2 eV is
sometimes even faster than electron dissociation [49]. Several secondary reactions
are also believed to play an important role in the production of OH

H2O + O(1D) −−−→ 2OH (1.19)

H2O + N2(A) −−−→ OH + H + N2(X) (1.20)
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where O(1D) is an excited state of atomic oxygen, N2(A) is a metastable nitrogen
molecule and N2(X) is a nitrogen molecule in the ground state. It is clear that Eq.
(1.17) occurs only in the ionizing phase, while Eqs. (1.18–1.20) also occur in the
recombining phase when the electron temperature is equal to the gas temperature.

Which reactions dominate depends on the electron energy (which is dependent
on topology, voltage shape, and amplitude, etc.) and the composition of the gas.
In general, thermal discharges mostly produce NOx, while nonthermal discharges
produce ozone instead and can remove NOx when concentrations are high. At low
NOx concentrations also, nonthermal discharges can lead to the net production
of NOx. A comparison of NOx production by sparks and corona discharges was
performed by Rehbein and Cooray [50]. They found that sparks produce about 2
orders of magnitude more NOx per Joule than corona discharges. Overviews of
different reactive species and the conditions in which they are important are given
by Eliasson and Kogelschatz [51] and Kim [43].

Besides NOx removal, which was discussed above, a host of other species can be
removed from gas streams by nonthermal plasmas. Examples are volatile organic
compounds (VOCs), chlorofluorocarbons (CFCs), SO2, odors, and living cells (in
disinfection or sterilization).

Most charges in a nonthermal discharge in air are initially produced by the direct
impact ionization of nitrogen

N2 + e −−−→ N+
2 + e + e (1.21)

with a threshold ionization energy of 15.58 eV or of oxygen (Eq. (1.1)) with a
threshold ionization energy of 12.07 eV. According to Aleksandrov and Bazelyan
[52], N+

2 and O+
2 will quickly change to other species according to the following

scheme (for dry air under standard conditions):

N+
2 −−−→ N+

4 −−−→ O+
2 −−−→ O+

4 (1.22)

After some tens of nanoseconds, the positive ions are dominated by O+
4 . Electrons

are quickly attached to molecular oxygen by reactions given in Eqs. (1.4) and (1.5).

1.1.6
Diagnostics

In all nonthermal plasmas, fast electrons excite species. Many of the excited species
can fall back to lower excited levels or the ground level and thereby emit a photon.
These photon emissions are by far the most important property of cold discharges
that are studied experimentally. They are used for imaging and for optical emission
spectroscopy. Spectra of cold discharges in air are dominated by the emissions of
the second positive systems of N2 (SPSs, upper states B3�g and C3�u). The SPS is
often used to obtain the rotational temperature, which is mostly a good indication
of the gas temperature [53].

For strongly pulsed and high field discharges and also in discharges in, for
example, He with air impurities, the first negative system of N+

2 (FNS, upper state
B2�+

u ) readily occurs. Relative intensity comparisons of the SPS and this FNS have
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been performed by many authors and are used to determine the electric field in
nitrogen-containing discharges. This method is employed, for example, by Kozlov
et al. [54] for laboratory scale discharges and by Liu et al. [55] for sprites.

There are many other rotational bands of different molecules that can be used
to obtain rotational temperatures, which are mostly a good indication of the gas
temperature. Especially popular is the UV emission band of OH(A–X) around
309 nm [53]. However, it has recently been found that the rotational population
distribution is not always in equilibrium with the gas temperature and sometimes
leads to overestimates [56].

Electron densities above 1020 m−3 can be determined by measuring the Stark
broadening of the hydrogen Balmer lines. Especially the Balmer β line is very
popular. It is important to note that it is necessary to carefully take into account all
broadening mechanisms including van der Waals broadening, which can become
quite important for low-temperature atmospheric pressure plasmas. A detailed
description can be found in [53].

Besides (passive) optical emission spectroscopy, there are many other techniques
to study nonthermal plasmas. Apart from standard voltage and current waveform
measurements, several electrical probes exist, especially developed for low pressure
plasmas, although it is often difficult and very complicated to apply them on atmo-
spheric pressure plasmas. The active laser spectroscopy techniques have developed
into a wide field. The techniques most commonly applied to atmospheric pres-
sure plasmas include laser-induced fluorescence (LIF) and two-photon-absorption
laser-induced fluorescence (TALIF), which are good ways to obtain information
on the chemical composition of radicals. With proper calibration, even absolute
densities can be obtained [57, 58]. Other well-known laser-based techniques are
based on scattering of photons. Thomson scattering can give direct information
on the electron density and temperature [59, 60]. Rayleigh and Raman scattering
provide information on gas density and temperatures. The conceptually simplest
active technique is absorption spectroscopy (often also performed with lasers). This
technique is used to determine absolute densities of certain species, often in the
ground state (e.g., OH). Radical density fluxes can also be obtained by appearance
potential mass spectrometry [61]. Mass spectrometry also gives the possibility to
measure the ion flux of one of the electrodes directly and determine the ion
composition of the plasma [62].

1.2
Coronas and Streamers

1.2.1
Occurrence and Applications

Streamers are the earliest stage of electric breakdown of large nonionized regions.
They precede sparks and create the path for lightning leaders; they also occur as
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enormous sprite discharges, far above thunderclouds. Streamers and the subse-
quent electric breakdown are a threat to most high-voltage technology.

However, streamers are also used in a variety of applications and are appreciated
for their energy-efficient plasma processing. The following is an (incomplete)
application list:

• Gas and water cleaning: The chemical active species that are produced by
streamers can break up unwanted molecules in industrially polluted gas and
water streams. Contaminants that can be removed include organic compounds
(including odors), NOx, SO2, and tar [3, 6, 63, 64].

• Ozone generation: By simply applying a streamer discharge in air, first O∗

radicals and then ozone is created. The low temperature in a streamer discharge
limits the destruction of the produced ozone. The ozone can be used for different
purposes such as disinfection of medical equipment, sanitizing of swimming
pools, manufacturing of chemical compounds, and more [4].

• Particle charging: A negative DC corona discharge can charge dust particles in
a gas flow. These charged dust particles can now be extracted from the gas
by electrostatic attraction. Such a system is called an electrostatic precipitator
(ESP) and is used in the utility, iron/steel, paper manufacturing, and cement
and ore-processing industries. Similar charging methods are used in copying
machines and laser printers [4, 65].

A corona discharge is (an often DC-driven) discharge in which many streamers
are initiated from one electrode and, depending on the conditions, may or may not
reach another electrode. The name corona comes from the crownlike appearance
of the many streamer channels around the primary (driven) electrode.

Traditionally, DC corona discharges are classified in several different forms
depending on the field polarity and electrode configuration [41]. In case of a
positive point-plane discharge, one can recognize the burst pulse corona, streamer
corona, glow corona, and spark for an increase in applied voltage. In a negative
point-plane corona, this is replaced by a Trichel pulse corona, a pulseless corona,
and again, a spark.

Since the 1980s, corona discharges are separated into two different categories:
continuous and pulsed. Continuous corona discharges occur at DC or low-frequency
AC voltages. If the circuit providing the voltage can support high currents, these
will transform into a stationary glow or spark discharge. Therefore, continuous
corona discharges can only occur if the current is limited. One example is a
continuous corona discharge around high-voltage power lines, where the large gap
to the ground limits the current. A recent example of work on DC-excited corona
discharges is by Eichwald et al. [66].

The current of a continuously excited corona is often spiked because the discharge
is not really continuous but is self-repetitive in nature. In such a self-repetitive
corona, the discharge stops itself due to the buildup of space charge near the
electrode tip. Only after this space charge has disappeared by diffusion and drift
will a new discharge occur [67].
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(a) (b)

(c) (d) (e)

Figure 1.1 Schematic depictions of popular electrode
geometries in corona reactors: (a) point-plane, (b)
wire-cylinder, (c) double sawblade, (d) sawblade-plane, and
(e) wire-plane. The high voltage is applied to the follow-
ing parts: (a) top needle, (b) central wire, and (c–e) top
sawblade/wires. The other parts are grounded.

A pulsed corona is produced by applying a short (usually submicrosecond)
voltage pulse to an electrode. Its practical advantages are that the short duration of
the pulse ensures that no transition to spark takes place, therefore it can be used at
voltages and currents higher than that at continuous corona can be used.

Shang and Wu [68] have shown that a positive-polarity-pulsed corona removes
more NO than a negative polarity discharge. van Heesch et al. [1] show that negative
coronas have a higher efficiency in the production of O∗ radicals (about a factor of
2 higher).

In laboratory studies of corona discharges, the most popular geometry is a
point-plane geometry (Figure 1.1a), where a needle is placed above a grounded
plane. The high voltage (pulse) is applied to the needle electrode. However, for
industrial applications, this geometry is not sufficient, as it does not fill the
whole gas volume with the discharge. The most popular geometries in industrial
applications are the wire-cylinder, wire-plate, and the saw-blade geometries [41,
69]. See Figure 1.1b–e for schematic images of these geometries.

The wire-cylinder geometry is probably used the most. It ensures a quite
homogeneous distribution of the discharge and is easy to implement in a gas-flow
system. Often, multiple wire-cylinder reactors are mounted in parallel with regard
to the gas flow to enable high gas throughput.

1.2.2
Main Properties of Streamers

Streamers are rapidly extending ionized fingers that can appear in gases, liquids,
and solids. They are generated by high electric fields but can penetrate into areas
where the background electric field is below the ionization threshold due to the
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Figure 1.2 Structure of positive streamers
shown by zooming into the relevant
region of a simulation by Ratushnaya
et al. The panels show (a) electron den-
sity ne, (b) ion density n+, (c) space
charge density (n+ − ne), as well as

(d) electric field strength E and equipo-
tential lines ϕ. The letters in (c) indi-
cate the streamer regions: H – streamer
head, I – interior, and W – wall of the
streamer channel. (Source: Image from
Ref. [71].)

strong field enhancement at their tip. The mechanism of field enhancement is
illustrated in Figure 1.2, which shows the simulation of a positive streamer in air
at standard temperature and pressure; for details we refer the readers to [70, 71].
The plots show electron and ion density, space charge, and field distribution. The
plots can be understood as follows. Panels (a) and (b) show that the interior of the
streamer channel consists of a conducting plasma with roughly the same electron
and ion densities. The electric field (panel d) in this ionized area is largely screened
by the thin space charge layer shown in panel (c).1) In front of the ionized finger, the
space charge layer is strongly curved, and therefore, it significantly enhances the
electric field in the nonionized area ahead of it. This self-organization mechanism
due to space charge effects makes the streamer a well-defined nonlinear structure;
gas heating is negligible in most cases.

As described in a previous streamer review for geophysicists [3], the electrons
in the high-field zone at the streamer head are very far from equilibrium. The
electron energy distribution can develop a long tail at high energies, and it is
now known that electrons at the tip of negative streamers can even run away

1) We remark that in the older literature and
in many books the space charge is smeared
out over the complete streamer head and
only simulations in the past 25 years have

shown that it is concentrated in a thin
layer. This is important for the streamer
electrodynamics.
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E E

Figure 1.3 Illustration of downward propagating positive (a)
and negative (b) streamers. The plus symbols indicate posi-
tive ions, while the minus symbols indicate negative ions or
free electrons.

[31, 72–75], if the field enhancement is above 180 kV cm−1 in STP air, correspond-
ing to 720 Td. This is the current explanation for the hard X-rays emitted during
the early streamer-leader phase of MV-driven pulses [76]. How to optimize the
electron energy distribution for a particular plasma processing purpose is a current
research question.

The fact that streamer velocities and diameters can vary substantially between
different electrode geometries and electric circuits is by now well established [5, 77,
78]. Simulations show that the maximum of the enhanced electric field also varies
substantially, as reviewed recently in [79].

The maximal field determines the ionization rate inside the streamer [31, 70,
80] and, therefore, the excitation rates for gas processing purposes. The search for
optimal processing conditions determined by both the electron energy distribution
and the ionization rate is currently underway, both theoretically and through the
development of optimized electric circuits. Here it should be mentioned that
very short voltage rise times create much thicker [5, 77, 78] and more efficient
streamers [1].

An important distinction is between positive and negative streamers, where the
polarity refers to the net charge at their tips (Figure 1.3). They are also known as
cathode- or anode-directed streamers. A negative streamer moves in the electron drift
direction, and as the streamer velocity is frequently comparable to the local electron
drift velocity,2) its motion can be explained by purely local mechanisms. On the
contrary, a positive streamer moves, in most cases, even faster [78]. The reason for
this counterintuitive behavior lies in the fact that the relative immobility of the ions
in the space charge layer around the positive streamer keeps the streamer finger
thin and focused; therefore the electric field at the tip can be much higher [81]. The
mechanism allowing positive streamers to propagate is explained below.

2) The older Russian literature frequently
states that the streamer velocity would be
much larger than the electron drift velocity,

but there the local field enhancement and
local drift velocities are not characterized
very carefully.
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Concerning theory and simulations, there are currently three models: (i) Monte
Carlo and (ii) hybrid models that follow the single-electron dynamics within a
streamer, but are still constrained to rather short streamers, fluid, or density
models, which now also start to treat the interaction of streamers, but cannot
resolve the electron energy distribution, and (iii) moving boundary models where
the thin space charge layer around the streamer is treated as a moving boundary.
Currently, reviews of all three model classes have been published or are under
review; we refer the reader for details to [71, 82, 83].

1.2.3
Streamer Initiation or Homogeneous Breakdown

When a discharge starts to develop, there are only few free charge carriers present,
and therefore the electric field is not modified by space charge effects yet. The
discharge is then said to be in the avalanche phase where free charge carriers
multiply in regions where the electric field is above the breakdown value.

The discharge can then evolve either in a more homogeneous or a more
streamerlike manner. If the initial ionization seed is very localized (e.g., because
it evolves out of a single electron or because a macroscopic seed is ejected form a
pointed needle electrode), or if the electric field is above breakdown only in a small
part of space (again, e.g., close to a needle electrode), a localized structure such as
a streamer that carries a field enhancement forward at its tip can emerge. On the
other hand, if there is a higher level of preionization and if the electric field is at most
places above the breakdown value, a more homogeneous discharge will emerge [84].

If a single electron or a very localized seed is placed in a homogeneous field
above the breakdown value, Raether and Meek estimated in the late 1930s, that
space charge effects set in and a streamer initiates when the total number of free
electrons reaches 108−109 in air at standard temperature and pressure [85, 86].
However, this estimate is independent of the electric field. Taking into account
that an electron avalanche grows with a slower rate in a weaker field, but that
their diffusive broadening is essentially the same, a correction to the so-called
Raether–Meek criterion was developed by Montijn and Ebert [87].

However, in most streamer experiments and applications, streamers are gen-
erated from a tip- or wirelike structure and not in a homogeneous field. At such
a (sharp) tip or wire, the electric field will be greatly enhanced, which makes it
easier to initiate a streamer. After initiation, the streamer can propagate into the
rest of the gap where the background field may be too low for streamer initiation,
but high enough for streamer propagation (discussed in the next section). Such a
geometry with field enhancement greatly reduces the required voltages for streamer
initiation, which makes experiments and applications smaller, cheaper, and easier
to operate.

The lowest voltage at which a streamer can initiate from a pointed electrode is
called the inception voltage; it depends on electrode shape and material as well as on
gas composition and density and (up to now) has no direct interpretation in terms
of microscopic discharge properties yet.
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1.2.4
Streamer Propagation

After initiation, a streamer will propagate under the influence of an external electric
field augmented by its self-generated field, as already discussed in Section 1.2.2. To
sustain the extension of the plasma channel by impact ionization in the high-field
zone, enough free electrons need to be present there. In negative streamers, the
electrons drift from the ionized region in the direction of streamer propagation
and reach the high-field zone. However, in positive streamers, the electrons cannot
come from the streamer itself. Therefore, for positive streamer propagation, ‘‘fresh’’
electrons are needed in front of the streamer head. The possible sources of these
free electrons are discussed below.

As was discussed in Section 1.1.5, the positive charges indicated in Figure 1.3
will mainly consist of positive molecular ions and the negative charges indicated
in the streamer tails in air in Figure 1.3 will be negative molecular oxygen ions,
limiting the total conductivity. Therefore, streamers in pure nitrogen can become
longer than those in air under similar conditions as less electron attachment occurs
if current flow from behind is required. The negative charges in the streamer head,
as well as the moving charges in front of the streamer heads, will be mostly free
electrons.

Owing to the electric screening layer around the curved streamer head, the
electric field ahead of it is usually much higher than the external or background
field.

1.2.4.1 Electron Sources for Positive Streamers
Positive streamers need a constant source of free electrons in front of them in order
to propagate. Because of the electronegativity of molecular oxygen, free electrons
in air quickly attach to oxygen by Eqs. (1.4) and (1.5) if the electric field is below
∼30 kV cm−1. If this is the case, a high field is needed to detach the electrons
so that they can be accelerated. The exact level of the detachment field depends
on the vibrational excitation of the molecule. According to Pancheshnyi [88] and
Wormeester et al. [89], a good value of the instant detachment field under standard
conditions in air is 38 kV cm−1.

Photoionization In most streamer models, air is the medium and the major
source of electrons in front of the streamer head is taken as photoionization. In
air, photoionization occurs when a UV photon in the 98–102.5 nm range, emitted
by an excited nitrogen molecule, ionizes an oxygen molecule, thereby producing a
free electron.

N*
2 −−−→ N2 + γ98–102.5 nm (1.23)

O2 + γ98–102.5 nm −−−→ O+
2 + e (1.24)

As the emitted photon can ionize an oxygen molecule some distance away from
its origin, this is a nonlocal effect, therefore, excited nitrogen molecules in the
streamer head can create free electrons in front of the streamer head (as well as
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in other places around the streamer head). The average distance that a UV photon
can travel depends on the density of the absorbing species, oxygen in this case.
In atmospheric pressure air under standard conditions, this distance will be about
1.3 mm [90].

Background Ionization Besides photoionization, there is another source that can
provide free electrons in front of a positive streamer head: background ionization.
Background ionization is ionization that is already present in the gas before
the streamer starts, or at least, it is not produced by the streamer. It can have
different sources. In ambient air, radioactive compounds (e.g., radon) from building
materials and cosmic rays are the most important sources of background ionization.
They lead to a natural background ionization level of 109−1010 m−3 at the ground
level (Pancheshnyi [88]).

Another source of background ionization can be leftover ionization from previous
discharges. This is especially important in repetitive discharge types such as DC
corona discharges or repetitive pulsed discharges. Already at a slow repetition rate
of about 1 Hz, leftover charges can lead to background ionization densities of the
order of 1011 m−3. Background ionization can also be created by external UV
radiation sources, X-ray sources, addition of radioactive compounds to the gas or
surfaces, electron or ion beam injection, and more.

Independent of the source of background ionization, in air, the created electrons
will always quickly be bound by oxygen. This means that they will have to be
detached by the high field of the streamer before they can be accelerated and form
avalanches.

1.2.5
Initiation Cloud, Primary, Secondary, and Late Streamers

Recent imaging with high spatial and temporal resolution has shown how a
streamer tree starts from a needle electrode, which in most cases is positively
charged [91–93]. The discharge starts with a small ball of light around the needle
tip that was called the initiation cloud. This ball expands and forms a shell; this
shell can be interpreted as a radially expanding ionization front, and in the case of
a negative needle tip in air, its maximal radius fits the theoretical estimates well
[93]. For positive voltages, it has been verified that the size l of the initiation cloud
scales with gas density n0 according to the similarity laws (l ∝ 1/n0) but it also
depends on gas composition and, of course, on the applied voltage. For example,
in air, the initiation cloud is much larger (up to a factor 10 or more) than in pure
nitrogen [91]. In fact, what on time integrated images of the discharge seems like
a light emitting cloud is in fact often a smaller cloud that transforms into a thin
expanding shell.

Eventually, the expanding shell breaks up into multiple streamer channels, except
when the gap is so small that the initiation cloud extends into roughly half the
gap distance; in that case, it usually destabilizes into one channel only. These first
streamers emerging from the initiation cloud are called primary streamers. Example
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Figure 1.4 Streamer discharges in a
40 mm gap in atmospheric air with a 54 kV
pulse, 30 ns risetime, and half-width of
about 70 ns. The images are acquired with
short (a,b) and long (c) exposure times.

The exact image start delay is var-
ied between (a) and (b) (exact values
unknown). (Source: Images by Tanja
Briels, originally published in Figure 6 of
Ref. [77].)

of such streamers are shown in Figure 1.4a,b. For long gaps, low voltages, or
short pulse durations, the primary streamers often do not reach the other side and
extinguish somewhere between the electrodes.

Briels et al. [77, 94] characterize different streamer types with very different
diameters and velocities, although they realize and later show [78] that there is
no phase transition between these types. For voltages between 5 and 95 kV, the
streamer diameters vary by more than an order of magnitude and the velocities
by almost 2 orders of magnitude. The relation between velocity and diameter is
discussed in [79, 81]. The streamers with minimal diameter (the so-called minimal
streamers) are never seen to branch. This minimal diameter depends on density,
roughly in agreement with the similarity laws [3], but it does not depend on the
background field or other pulse parameters. This concept was proposed by Ebert
et al. [95]. The thick streamers grow only if the voltage rises sufficiently fast. Only
then there is sufficient voltage initially on the pointed electrode to develop a very
wide ionization cloud that can eject fat streamers.

After the primary streamer, more light-emitting discharge phenomena can occur.
If the same streamer channels reilluminate rather immediately, one speaks of a
secondary streamer, while if a streamer follows a different track at some later time,
one speaks of a late streamer.

Secondary streamers have been described, for example, by Marode [96], Sigmond
[97], Ono and Oda [98], or Winands et al. [5]. Sigmond remarks that moving
secondary streamer fronts in centimeter-scale gaps in atmospheric air does not
perturb the smoothly decaying streamer current and that they are only reported
in air. Ono and Oda [98] have compared primary and secondary streamers; they
were created in air in a needles-to-plane geometry with gaps of 13 mm length and
voltages of 13–37 kV (compare with the 37–77 mm, 25–45 kV wire plane discharge
of Winands et al.). They observe that emission from the FNS of N+

2 (391.4 nm)
is only observed in primary streamers and not in secondary streamers. This is
attributed to the fact that electron energies required for propagation of primary
streamers are higher than those for secondary streamers as primary streamers
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have to create ionization, while secondary streamers propagate along the ionized
channel created by the primary streamers. Furthermore, they find that secondary
streamers only occur at higher voltages (15 kV in air and 20 kV in pure nitrogen).
van Heesch et al. [1] found that the O∗ radical yield from primary steamers is up to
two times higher than that from secondary streamers. They explain this by higher
local electric fields and electron energies in the primary streamers.

The literature presents different suggestions for the physical mechanism of
secondary streamers. Marode [96] suggests that secondary streamers correspond
to a moving equivalent of the positive column of a glow discharge. Sigmond [97]
suggests that the ionized column created after the primary streamer has crossed the
gap decays into one region with high and another region with low electric field due
to an attachment instability. The electrodynamic consistency of these calculations
is under examination at present. A different mechanism is suggested by recent
simulations of Liu [99] and Luque and Ebert [80]. They find that inside a streamer
that requires a growing charge in its tip – because it accelerates and expands or
because it propagates into a region with higher gas density – a secondary ionization
wave can set in, and that the electric field inside this wave reaches approximately
the breakdown field. This process can set in before the primary streamer has
reached an electrode. We note that in the experiments of Winands et al. [5] where
long secondary streamers were observed, the primary streamers were accelerating
and expanding as well, just like in the simulations of Liu.

A third streamer category, besides primary or secondary streamers, is the so-called
late streamers. They occur only for long enough pulses and are, in fact, the primary
streamers that either start later than the dominant streamers or are so slow that
they seem to have started later. Late streamers propagate along completely different
paths than the other (primary) streamers before them. They are often very thin,
which is related to their slow propagation velocity (see, e.g., Briels et al. [78]). In
most cases, they do not appear from the sharp electrode tip itself but instead
from the (less sharp) edges of the electrode or electrode holder because the tip is
already screened by a glow region and therefore no longer enhances the electric
field sufficiently. Examples of these late streamers are visible in Figure 1.4b,c. In
Figure 1.4b, the late streamers have just started and are visible on the top of the
image. In Figure 1.4c, a much longer camera exposure is used. Therefore the
primary streamers are now overexposed as their secondary and glow phase is also
included in this exposure. However, many (thin) late streamers are clearly visible
crisscrossing all corners of the image.

1.2.6
Streamer Branching and Interaction

Most streamer discharges contain more than one streamer channel. Therefore,
interactions between streamers are important when studying streamer behavior.
One important aspect is streamer branching where one streamer channel splits
into two (or more) channels. Other interactions are attraction and repulsion of
streamer channels. Furthermore, neighboring channels influence each others
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field configuration. If attraction occurs, this may lead to streamer merging or
(re-)connection. Discussion and measurements regarding streamer merging and
(re-)connection are given by Nijdam et al. [100, 101].

Branching is observed in most streamer discharges, except when the gap is
so short that the streamer has reached the other side before it has branched.
Furthermore, streamers of minimal diameter (so-called minimal streamers, see
below) also do not branch but eventually extinguish. This is the main argument
why streamer discharges are never real fractals.

The mechanism of streamer branching has been under investigation for quite a
long time now. It is certainly due to a Laplacian instability of the thin space charge
layer visible in Figures 1.2 and 1.3; this instability bears strong mathematical
similarities with viscous fingering [102]. For a recent review of the analytical,
numerical, and experimental results, we refer to [71]. The Laplacian instability can
actually set in without any stochastic effects [102, 103]. However, the branching
instability can be accelerated by electron density fluctuations in the lowly ionized
region ahead of the streamer [104]; these fluctuations are due to the discrete
quantum nature of the electrons. Indeed, these fully three-dimensional recent
simulations for positive streamers in air (with the standard photo-ionization
model) show a ratio of streamer branching length to streamer diameter similar to
that obtained in experiments [91, 100].

The acceleration of branching through electron density fluctuations is consistent
with older concepts, which can be traced back to Raether [86] and Loeb and
Meek in 1940 [105]. However, in these older sketches, the fact that the streamer
has to develop a thin space charge layer before it can destabilize was missed.
The older concept that can be found in many books emphasizes the spatially
well-separated avalanches ahead of the streamer as direct precursors of different
branches. Such avalanches have now indeed been seen in very pure gases [89, 106].
However, the photoionization density in air is much too large to create individual
avalanches [107].

van Veldhuizen and Rutgers [108] have experimentally investigated streamer
branching in argon and ambient air for different discharge geometries and pulse
characteristics. They find that streamers in a point-wire discharge branch about 10
times more often (in the middle of the gap) than in a discharge between a plane
with a protrusion and another plane.

A very different branching mechanism is branching at macroscopic inhomo-
geneities such as bubbles (for streamers in liquids). This mechanism was recently
described in detail by Babaeva and Kushner [109].

A proper understanding of streamer branching, on the one hand, and streamer
thickness and efficiency, on the other hand, is required to understand which
volume fraction of gas is being processed in a streamer corona reactor. The
streamer interaction mechanisms discussed above are an important ingredient for
building models of a complete streamer discharge. However, a complete model
based on measurements or theoretical understanding of the microscopic processes
is not yet available. There are a number of models for streamer trees that start
from phenomenological assumptions of streamer channel properties as a whole.
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All currently available models neglect the large variation of streamer diameters
and velocities in pulsed corona reactors. The first phenomenological model for
a complete discharge tree was proposed by Niemeyer et al. [110]; it approximates
sliding surface discharges and creates fractal structures. This model includes
streamer branching in a purely phenomenological manner and assumes that all
streamers are equal and that the interior is completely screened from the electric
field. Since then, a number of authors have developed this model further, in
chemical physics, geophysics [111], and electrical engineering [112]. At present,
the challenge lies in extending such models to all recently identified microscopic
ingredients such as branching statistics, streamer diameters and velocities, and
interior electric fields coupled to the external circuit.

1.3
Glow Discharges at Higher Pressures

1.3.1
Introduction

The classic low-pressure glow discharge has been studied extensively for several
decades. The discharge is typically produced in a low-pressure (order of 1 mbar)
noble gas between two electrodes that are separated from 1 cm up to 1 m. The light
emission pattern of a low-pressure glow discharge is described in all standard books
[113] and includes a cathode glow, cathode dark space, negative glow, Faraday dark
space, the positive column, the anode dark space, and the anode glow.

The sheath region of a glow discharge has a high electric field because of charge
separation between fast electrons and slow positive ions (creating the so-called
cathode fall). The fast electrons emitted by the cathode and accelerated by the high
field multiply by impact ionization on the sheath edge. In many glow discharges,
most space between the electrodes is occupied by the positive column, a region with
a relatively low, constant electric field. See also Šijacic and Ebert [114] for a detailed
description and numerical model of the Townsend to glow discharge transition.
In their one-dimensional model (equivalent to a plate–plate discharge), they found
that depending on p · d (pressure times distance) and the secondary emission
coefficient of the cathode γ , the transition can occur according to the subcritical
behavior described in books (with a negative current–voltage characteristic (CVC)
from Townsend to glow) or for smaller values of p · d, it can also behave supercritical
or have some intermediate ‘‘mixed’’ behavior.

In spite of the fact that it is easy to produce glow discharges at low pressure
(applying typically a few hundred volts DC), with increasing pressure, the glow
discharge has the tendency to become unstable and constrict: a glow-to-spark
transition occurs. Thus, at atmospheric pressure, it is necessary to use special
geometries, electrodes, or excitation methods to obtain diffuse glow discharges.
Spark/arc formation is a restriction for the generation conditions of nonthermal
(cold) atmospheric pressure plasmas in general.
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High-pressure glow discharges have been studied for several years because they
are scalable to large areas while remaining relatively uniform. This is especially
interesting for surface interactions under controlled conditions without the ne-
cessity of vacuum equipment. Studies of atmospheric pressure glow discharges
(APGDs) go back to von Engel et al. [115]. High-pressure glow discharges and also
the instabilities that occur have been studied in the context of the construction of
lasers [113]. More recently, these discharges are produced to obtain homogeneous
treatment of materials and large-volume homogeneous discharges [116, 117].

A possibility to prevent the direct transition from a Townsend to a filamentary
discharge is increasing the preionization in the gas [84]. Basically, the electrical
field is reduced by the interaction of the avalanches, which does not allow the
Meek criterion to be reached. The avalanche-to-streamer transition and the start of
filamentation of the discharge is more suppressed.

1.3.2
Properties

It must be noted that several authors use the label glow discharge, in general, for a
discharge that looks homogeneous to the naked eye. A more strict use of the term
glow discharge is often appropriate, especially because discharges of a filamentary
nature, such as certain DBD discharges, can look very diffuse when time averaged,
while the properties and chemistry can be quite different from diffuse discharges.
In spite of several differences between the low-pressure glow discharge and APGD,
there are several similarities that motivate the use of same label glow discharge at
atmospheric pressure also.

The similarities with low-pressure glow discharges include the following:

• The reduced current density (J/n2
0) is independent of density (or pressure) and

applied voltage.
• The characteristic light emission pattern of the glow discharges.
• There is constant electrical field in the positive column.
• The discharge voltage is independent of the current when corrected for the

temperature rise, constriction of the positive column, and current dependence of
the cathode–anode voltage drop.

• The electron temperature is much higher than the gas temperature.
• The glow discharge operates at the Stoletov point; that is, the thickness of the

cathode fall region is adjusted so that the conditions to operate in the minimum
of the Paschen curve are reached.

• The burning voltage and cathode voltage drop is significantly larger than in the
case of arc discharges.

The main differences with low-pressure discharges are the following:

• The dimensions of the characteristic light emission pattern of the glow discharges
scale (inversely) with pressure and are considerably smaller (typically tens or
hundreds of meters at atmospheric pressure instead of centimeters at millibar
pressure).
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• Owing to the high pressure, gas heating can be considerable up to a few thousand
kelvin while most low-pressure glows are close to room temperature.

• Owing to gas heating, scaling laws always need to be written as a function of
density and not pressure, as is mostly done in the old literature (for low-pressure
discharges).

• At low pressure, the electron losses are dominated by diffusion, while in the
high-pressure case, due to the high collisionality bulk processes (such as disso-
ciative electron-ion recombination) become important.

• The sheath is highly collisional at atmospheric pressure, which means that
the ion energies impacting the electrode are considerably smaller than at low
pressure.

The electron density of diffuse APGDs is estimated to be in the range 1017−1019

m−3. This is too low for accurate line-broadening measurements. Only few mea-
surements exist that are based on microwave absorption [118] and millimeter wave
interferometry [119]. They give values of 4–7 × 1017 and 8 × 1018 m−3, respectively.
Other values are often derived from modeling or estimates from current densities
and are not very accurate. Gas temperatures range from room temperature up to
3000 K [56, 120, 121]. The electron energy distribution is highly non-Boltzmann.
High-energy electrons are produced in the cathode region, penetrate in the bulk,
and sustain the discharge. The electron energy in the bulk is of course much
lower (often the values of an effective electron temperature of 1–5 eV circulate in
the literature), but often, a high-energy component originating from the cathode
region in small electrode gaps is present [122].

1.3.3
Studies

Standard glow discharges have to be stabilized with a negative feedback, for
example, by including a resistor in series. The series resistor can prevent current
runaway as the resistor causes the voltage across the discharge gap to decrease with
increasing current for constant applied voltage. Similar behavior can be obtained
by using a capacitor or inductance in series with the discharge gap. The latter has
been shown by Aldea et al. [123], who used it to stabilize large area APGDs for
material treatment applications.

The lumped resistor approach can work, but using a resistive electrode or a
dielectric barrier between the electrodes causes a distributed resistor or capacitor,
which can even enhance the diffusivity of the discharge. Atmospheric pressure
glow discharges stabilized by resistive electrodes are studied by Laroussi et al. [124].
Also, water electrodes (which are, of course, resistive in nature) are used to generate
glow discharges, as has been studied by Andre et al. [125], Lu and Laroussi [126],
and Bruggeman et al. [127]. Bruggeman et al. have shown that in the case of a
liquid electrode, there is a significant polarity effect. In the case of a water cathode,
the discharge is filamentary close to the cathode because of instabilities of the
liquid surface caused by the strong electrical field in the cathode layer. When the
discharge is generated between a liquid anode and a metal cathode, a diffuse glow



1.3 Glow Discharges at Higher Pressures 23

CF

NG

FDS

PC

AG

3 
m

m

32
4

μm

Figure 1.5 Example of an atmospheric pres-
sure air glow discharge in a metal pin (top)
water electrode (bottom) geometry. The
typical structures of the low-pressure glow
discharge are clearly visible, although on a

sub-millimeter scale. (CF) cathode fall; (NG)
negative glow; (FDS) Faraday dark space;
(PC) positive column; (AG) anode glow.
(Source: Taken with permission from Ref.
[20].)

is observed, which has the same characteristic emission pattern as the low-pressure
discharge, but on a (sub) millimeter length scale [120] (Figure 1.5). Diffuse DBD
discharges have been investigated by many authors. Nonetheless, in this case, a
diffuse glow discharge is not always found. The discharge often looks diffuse but
consists of filamentary microdischarges, as will be discussed in more detail in the
section 1.4 on DBD discharges. For higher frequencies (hundreds of kilohertz) and
in gases such as He and N2, diffuse glow discharges can be obtained [128, 129].
Note that sometimes the addition of a trace gas turns a filamentary discharge into
a diffuse discharge, which indicates a clear dependence of filamentation on the
chemistry of a discharge. Massines et al. also investigated low current discharges
without the development of space charge in DBD configurations in the context of
material treatment. This Townsend mode is a low-intensity diffuse plasma, but
only for higher current densities and after the development of space charge, glow
discharge structure with significant emission in the cathode region (negative glow)
is observed. An example of a diffuse and a filamentary discharge in a parallel plate
DBD geometry is shown in Figure 1.6.

DC glow and microglow discharges between two metal electrodes were inves-
tigated by Staack et al. [121]. The microglow discharges remain stable because of
the high surface–volume ratio and thus efficient heat removal. For discharges on
a micrometer scale, the positive column is not present. This increases the stability
of the discharge, as well as a positive column has the tendency to contract, for
example, due to significant heating and a heating ionization instability. That is,
for a fixed E field E/n0 increases with increasing temperature, which means that
the ionization rate, and consequently, the electrical conductivity and the heating,
also increases. This again leads to an increase of E/n0 and consequently runaway
behavior. Large-scale glow discharges have the tendency to contract radially.
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Figure 1.6 The glow mode (a) and the fil-
amentary (micro-discharge) mode (b) in a
parallel plate dielectric barrier. The corre-
sponding current (c) and voltage (d) wave-
forms are shown as well. It is clearly visible

that in the filamentary mode, the current
pulses of microdischarges can be observed,
while in the glow mode, there is a broad
current peak for every voltage cycle. (Source:
Taken with permission from Ref. [130].)

The CVC of microglow discharges can also be positive in contrast with most other
glow discharges. This is in agreement with [114] where the CVC of one-dimensional
glow discharges is calculated in the simplest possible model for different gap
lengths, and it is found that in short gaps, there is no falling CVC, that is, no
negative differential conductivity (NDC), in agreement with early measurements.
Raizer et al. [131] gives a small correction to [114]. The calculation is done assuming
a constant γ of secondary emission.

Šijacic et al. [132–134] treat a system where a planar discharge (between
Townsend and glow) is sandwiched with a planar high-ohmic semiconductor
between planar electrodes to which a DC voltage is supplied. It is believed that a
negative differential conductivity would be necessary for spontaneous oscillations
[135], but that is not true – a falling CVC of the discharge in the gap as a whole
should not be confused with a local NDC. In [132, 133], we analyze the oscillations
in [134] and also spatiotemporal patterns.

The Loughborough group has studied RF APGDs in He in a parallel plate
metal electrode geometry [136]. It is interesting that this discharge, just like at low
pressure, operates in two modes, the alpha and the gamma mode. In the alpha
mode, the discharge is sustained by bulk ionization, while in the gamma mode,
the discharge is sustained by the electrons generated at the cathode [137]. The
discharge often has the tendency to contract radially in the gamma mode.

Several microplasmas can also be categorized as glow discharges. Many different
configurations exist, and the reader is referred for a thorough review to [27].
The hollow cathode discharges, for example, can operate in a glow mode at low
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currents and in an abnormal glow mode when the entire cathode electrode area is
covered. In the abnormal glow discharge, the voltage increases with current as the
increase in electrode area cannot compensate anymore for the current increases
at constant discharge voltage. For microdischarges, the electron density can be of
the order of 1021 m−3 or even higher. Gas temperatures are often 1000 K or larger.
Microdischarges are very efficient for producing excimer light.

Atmospheric pressure jets, which are now very popular for biomedical-oriented
research, are also often considered to be microplasmas. These plasmas operate at
a lower gas temperature. They are mostly constructed in a DBD configuration (see
further). In addition, the air flow, and often the He carrier gas, causes an even
larger reduction in temperature compared to other typical microplasmas.

The groups of Akishev and Leys investigated the stabilization of high-current
negative-glow corona discharges. It is found that with a gas flow of the order of
10 m s−1 the transition from the glow to spark can be postponed to larger currents
[138, 139]. In this extended operation range, the discharge deviates from the CVC
of a negative corona (I = kV(V − V0)) due to the growing importance of space
charge. With flow stabilization, it is possible to produce large-volume plasmas in
centimeter gaps.

From the point of view of diagnostics, interesting work has been done on the
chemical activity of nanosecond-pulsed discharges (which can also be of the glow
type) by Stancu et al. [58]. Optical studies of these discharges have been done,
for example, by Bruggeman et al. [120], Laux et al. [53], Machala et al. [140], and
Schulz-von der Gathen et al. [141]. More recently, the ion flux to the electrodes of
an RF-excited APGD in He–H2O has also been studied [62]. However, a lot of these
results remain disperse and several open questions remain, especially for discharges
operating in gas mixtures containing molecular gases, which is typically the case for
applications. These open questions have been partly attacked by modeling such as
is intensively made at the groups from, for example, Loughborough University [122]
and Queens University, Belfast [142, 143]. Recently, attempts to study an extensive
chemistry in these discharges with a zero-dimensional model are published by Liu
et al. for He–O2 and He–H2O diffuse-glow RF discharges [144, 145].

1.3.4
Instabilities

Glow discharge instabilities can occur at the anode [146], at the cathode [147–149],
and in the gap [150, 151]. In order to get a glow-to-spark transition, a certain
amount of energy needs to be dissipated in the discharge during the glow phase
[152]. In cases when the constriction starts at the cathode, this is believed to
be in the cathode fall region. It is clear from the different locations where the
instability starts that the instabilities are strongly influenced by the exact discharge
geometry and electrode properties. Suleebka et al. [153] studied constriction of a
high-pressure glow discharge in hydrogen and concluded that the electrode history
and the amplitude of the overvoltage significantly alter the initial location of the
constriction. In the first series of experiments, they found that the constriction of
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the glow always started at the cathode. When the electrodes become conditioned
(after formation of an oxide layer), the constriction is initiated at the anode, in
the midgap, and again at the cathode with increasing overvoltages. Recently, the
glow-to-spark-transition is investigated in a metal pin–water electrode geometry,
which indicated that in the case of low conductivity of the water electrode broadened
sparks are observed [151]. This is a nice example of the stabilization of resistive
electrodes on the constriction of diffuse glow discharges even after a contraction
occurred in the bulk of the discharge.

Recently, Pai et al. [154] investigated nanosecond-pulsed atmospheric pressure
discharges that can occur in a corona, glow, and spark mode. The glow-to-spark
transition has been described by the thermal instability mechanism. It must be
mentioned that no general criterion for the contraction of APGDs exists.

1.4
Dielectric Barrier and Surface Discharges

1.4.1
Basic Geometries

Electric discharges in air under ambient conditions have a strong tendency to
develop instabilities. These instabilities can develop in space, that is, streamers
or filaments, and λ also in temperature, that is, sparks or arcs. Both effects are
undesired if one wants to use a volume discharge for chemical conversions. Sparks
can be suppressed relatively easily by limiting the current. One way to limit the
current is to use a series resistance. This can be done by adding a resistor in
the power supply lead or by using a semiconductor for electrode material. A
disadvantage of the resistive method is that it leads to loss of electrical energy that
is converted into heat. A second way to limit the current is the use of dielectric
barriers. The breakdown field strength of a dielectric can be up to hundred times
higher than that of air. Therefore, when a streamer reaches the dielectric layer on
top of the electrode it will extinguish. Figure 1.7a–c shows the basic shape with
two flat electrodes and one or two dielectric barriers. Coaxial shapes, as shown in
Figure 1.7d, are very common in ozonizers and other cases of gas treatment.

In the early days, the common dielectric material was glass, which could be the
reason why cylinders were often used. Large systems are made with hundreds of
long cylinders in parallel [51]. Ozonizers with a capacity of 100 kg O3 per h have been
made this way [4]. Nowadays plastics and ceramics are more common. Sufficient
breakdown strength of the dielectric layer is mandatory. But a thicker layer requires
a higher voltage, so a compromise must be made here. The dielectric material must
be extremely free of voids to avoid damage in the long term. As in high-voltage
cable, partial discharges are initiated in voids, which lead to degradation of the
dielectric [155]. It can take up to many years before damage occurs. Therefore this
effect is mostly unnoticed in laboratory experiments but crucial for robustness of
commercial applications.
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(a)

(d) (e) (f) (g)

(b) (c)

Figure 1.7 Dielectric barrier discharge configurations: (a–c)
plane barriers, mostly used in research, (d) coaxial design,
often used in ozonizers, (e) (partly) buried electrodes for
surface discharge, and (f,g) plasma jets as used in, for
example, biomedical applications.

Barrier discharges work best with an electrode separation of a few millimeters.
The discharge becomes too inhomogeneous with larger gaps. A good example of
this effect is shown in [156]. The spatial nonuniformities of the barrier discharge
are a subject of study even now. Recent work on this pattern formation can be found
in [157]. In the 1990s, research was begun on how to avoid the inhomogeneities. A
good explanation on how to obtain the Townsend, glow, or filamentary discharge
was given by Massines and Gouda [116] (Figure 1.6). The transition of the
glow discharge into filaments can be avoided with electronic stabilization, as
demonstrated by Aldea et al. [123]. By now, APGDs have been achieved in barrier
discharges in several gases [16, 17].

Alternative geometries have gained a lot of interest in the recent years. The first
are dielectric sheaths with electrodes on the top or inside; an example is given
in Figure 1.7e where the electrodes are alternatively inside and on the top of the
dielectric. All electrodes inside go to one connector of the power supply and all
electrodes on the top to the other. The discharge develops form the electrodes on
the top over the dielectric surface. A different layout is shown in Figure 1.8. This
is a photo of a stack of plastic plates covered on both sides with meshes that are
connected to a transformer. The discharge develops at the mesh wires. Very large
systems are easily made with this method at relatively low cost. Geometries with
electrodes buried in the dielectric were pioneered already in the 1980s by Masuda
et al. [158], and many alternatives exist nowadays [16, 18]. A nice example of this
type of discharge is the plasma display panel (PDP) as used in televisions [159].
Panasonic claims to have made the world’s largest plasma TV with a diagonal of
152 in., that is, almost 4 m.

An even newer concept is the cold atmospheric pressure (CAP) plasma jet, two
possible shapes are shown in Figure 1.7f,g. This type of plasma source is made
for local treatment and is especially popular in biomedical applications [160]. An
important aspect is that the gas stays close to room temperature. The electric
power consumption ranges from far below 1 W to about 10 W [161], in this case
with 13.56 MHz excitation frequency and electrode configuration of Figure 1.7f.
Figure 1.9 shows a photo of an RF plasma jet made at the Technische Universiteit,
Eindhoven. It has a 1 mm pin electrode inside a 2-mm glass tube with a helium
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Figure 1.8 PlasmaNorm® demonstration unit, that is,
a dielectric barrier discharge made from plastic sheets
with a metal mesh on both sides. The power supply is a
50 Hz high-voltage transformer. (Source: Courtesy of Circlair
Benelux BV.)

Figure 1.9 RF helium plasma jet hitting a glass substrate.
(Source: Photo: Sven Hofman, TU/e.)

flow of 1 l min−1. The power consumption by the plasma is 1 W. Lower frequencies
are also used, for example, in the kilohertz range [162], mostly with ring electrodes
as in Figure 1.7g. Even microwave frequencies of 2.54 GHz [28] are applied in
coaxial configurations where the outer cylinder is metal. The microwave power can
be up to tens of watts, which will lead to considerable gas heating.

Recent reviews on plasmas for biomedical applications are made by Ehlbeck
et al. [163] and Lee et al. [164]. The plasma jet geometry is also used in combination
with nanosecond pulses; in this way, the so-called plasma bullets are created. This
method was probably first discussed by Laroussi and Lu [24]; a detailed study is
reported by Jarrige et al. [165].
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1.4.2
Main Properties

The conventional barrier discharge as shown in Figure 1.7a–c is a mixture of a
volume and a surface discharge. The first free electron that initiates an avalanche
is most likely in the volume. When the applied field is high enough, this avalanche
develops into a streamer that travels toward both electrodes since this field is
homogeneous. A gap distance of the order of 1 mm is already sufficiently large
at a pressure of 1 bar, which is the standard in practically all applications. Most
barrier discharges are excited with sine waves, so the streamer velocities will be
near the minimum value of 105 m s−1 [78]. This implies that a streamer reaches the
electrodes within 10 ns. After that it can continue across the surface of the dielectric
as long as the field strength is high enough. However, the streamer heads deposit
charge on the surface where they land and this charge counteracts the applied field.
So the discharge extinguishes naturally, and there is no risk for breakdown into a
spark as long as the dielectric material is unimpaired. This is the main advantage
of the barrier discharge.

The charges can stay on the surface for many seconds, that is, much longer
than the repetition time of the applied voltage pulses, which is in the millisecond
range. Therefore, a second pulse of the same polarity will still notice counteraction
of the surface charge on the dielectric and the discharge will not ignite again. For
this reason, barrier discharges are operated with alternating voltage sine waves so
that the applied field adds up to the space charge field, which makes it even easier
for a new discharge to develop. The frequencies used mostly range from 50 Hz
to 100 kHz, but frequencies up to many megahertz are encountered especially
in miniature versions, the so-called microdischarges [26]. This name is used,
however, for many different geometries and does not always refer to discharges on
the micrometer scale.

The question arises how barrier discharges differ from other cold atmospheric
plasmas and do they have typical characteristics that make them suitable for certain
applications. Table 1.1 gives a coarse overview on these items.

An important question is what makes a certain discharge suitable for a certain
application? From Table 1.1, one can conclude that it is basically the shape that
is determining: large gaps to treat gases and small gaps and jets for surface
treatment. But now the question arises whether or not there are more fundamental
differences between these two types of discharges. In the early years of 2D streamer
calculations, there was a general idea that corona discharges had a higher electron
energy than barrier discharges [8, 34, 166–169]. Numbers mentioned for average
electron energies in the streamer heads were 5–15 eV for coronas and 2–6 eV
for barriers. The main difference between both discharges is the shape of the
applied electric field. In corona’s, it is very high near the sharp electrode and below
inception in the bulk of the gas; in barrier discharges, the field is more or less
homogeneous and above inception in the whole gap.

More recent simulations and experiments (such as those discussed in
Section 1.2.2 also) support these general conclusions. From experiments it was
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found that the Te and ne of filamentary DBD discharges, which normally operate
close to room temperature, are 1–2 eV and 1020 –1022 m−3, respectively [170–172].
This is not exactly the same as the older calculations but still supports its general
conclusions that in a DBD discharge the electron temperature is lower but the
electron density is higher than in a corona discharge. However, in combination
with the wide range of circumstances of all discharges being involved, general
conclusions cannot be drawn on how to select a certain discharge for a specific
application. For the time being, this will remain an empirical process.

1.4.3
Surface Discharges and Packed Beds

As said before, a barrier discharge can be a combination of a volume discharge
and a surface discharge or it is only a surface discharge. Specific geometries are
made to provoke only surface discharges, such as shown in Figure 1.7e. Similar to
barrier discharges, the surface discharge can appear in the shape of filaments or
as a homogeneous glow. The surface discharge is also known from high-voltage
equipment where it is definitely undesired because it can lead to serious damage
[173]. It is generally known that flashover occurs more easily over a surface than
through a volume with gas under ambient conditions. The condition of the surface
plays a major role here: scratches, dirt, or moisture facilitate the breakdown
process. However, only a few fundamental processes that can cause this difference
are known: electric charges that are somehow deposited can change the applied
field strength [37] and electrons can be released from the surface either by ions [38]
or by UV photons [39]. Measurements that reveal differences between surface and
volume discharge are very limited. An example is the point-plane geometry studied
by Sobota et al., where a dielectric is placed at different distances from the point
[174, 175]. An interesting result is that the streamer across the dielectric propagates
roughly two times faster than the streamer through the bulk gas, which is argon
in this case. Measurements in air were performed by Morales et al. [176]; here
the influence of pulse rise time and UV radiation was studied. The propagation
velocities along a surface in air were measured by Deng et al. [177]. Their values
are lower than the ones found for argon, the much slower voltage pulse rise time is
probably an important factor here. A very interesting aspect of the surface discharge
is that surfaces of birefringent material give information of the local electric field
strength and the surface charge density. Bismuth germanium oxide crystals are
generally used for this purpose, the method is described in detail by Gegot et al.
[178]. Tanaka et al. [179] have used this method to obtain 2D profiles of charge
and potential on the surface. They found that the horizontal component of the
electric field reaches a maximum on the tip of the streamer and is derived to be
15–30 kV cm−1, that is, equivalent to ∼2–3 eV electron energy. This low value is
in agreement with the idea that the surface makes it easier for the streamer tip to
propagate. Numerical calculations are very difficult in this area because quantitative
data on the aforementioned fundamental processes are not available and because
the surface streamer process is inherently 3D. 3D gas phase streamer simulations
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are now becoming available [74, 82, 83, 90], so surface streamer simulations might
follow soon.

Packed bed barrier discharges mostly use beads of dielectric material to get a
large surface area for enhancement of chemical reactions. These beads can be
covered with a catalyst [180]. It is usually assumed that the beads are covered with a
surface discharge. This situation is more complex than the planar surface discharge
and it appears that no detailed studies of the plasma properties and the plasma
chemical kinetics are available.

1.4.4
Applications of Barrier Discharges

The coaxial electrode configuration of Figure 1.7d was first described by Werner
Siemens in 1857 [181]. This opened the way for stable and large-scale production of
ozone. In 1886, De Meritens discovered that ozone could destroy microorganisms,
and in 1906, the city of Nice had already introduced ozone treatment for drinking
water. Nowadays, ozone technology is mature, a lot of information can be found
in books [182–184] and in a fully devoted journal [185]. Practically all this ozone is
made by barrier discharges.

An important aspect of an industrial ozone generator is its yield, usually
expressed in grams per kilowatt-hour. A calculation based on the enthalpy of
formation shows that a 100% efficient reactor would produce 1.22 kg kWh−1.
Probably, the best laboratory result for ozone production in air is still 180 g kWh−1

as reported by Masuda et al. [158]. For a commercial equipment, where a lot of
emphasis is put on lifetime and reliability of the equipment, the production is
usually in the range of 1–50 g kWh−1. A pilot plant for flue gas cleaning based
on pulsed corona achieved 45 and 60 g kWh−1 [186] for pulses with high and low
energy, respectively. This demonstrates again that corona and barrier discharges
seem to perform equally in terms of chemical yield, although there are indications
that the efficiency of nanosecond-pulsed corona discharges can be higher [1]. A new
and interesting method for ozone production is the use of xenon excimer lamps
[11]. Such lamps very efficiently produce light with a wavelength of 172 nm. This
light dissociates oxygen, and as claimed by Salvermoser: ‘‘A 172 nm VUV ozone
generator operating in a cold environment with ambient air as a feed gas could
easily produce 2 wt% of ozone with a wall plug ozone yield of 150 g/kWh without
any NOx-contamination present’’ [11]. The VUV light source can be a barrier or a
corona discharge.

A DBD or surface discharge can have a (small) influence on gas flows. This can
be used to improve the flow around an airplane wing, for flame ignition, or for
cooling of electrical components. The main advantage of such flow control over
conventional methods is that no moving parts are needed and that the size of the
device can be kept very small [187, 188].

Occasionally, specific barrier configurations are developed for fundamental
investigations. A good example is the single filament electrode geometry developed
by Wagner and Kozlov for their cross-correlation spectroscopy [189, 190]. Two
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Table 1.2 Barrier discharge applications.

Discharge type Application References

Ozone generator Gas and water cleaning [184]
Surface barrier Control aerodynamics [193, 194]
Surface barrier Textile modifications [16, 116, 156]
Atmospheric pressure plasma jet Microbial decontamination [163]
Plasma needle Sterilization/wound healing [160, 195]
Excimer lamps Bacteria removal/ozone generation [11, 12]
Corona with barrier Phenol/dye removal from water [7, 196, 197]
Microdischarges Plasma display panels [18, 159]
(Packed bed) barrier Soot removal diesel engines [198]
Barrier glow discharge Thin-film deposition solar cells [17, 19]
Barrier with packed bed catalyst Chemical conversions [13–15]

spherical electrodes are used with a gap distance of 1 mm, and one or both
are covered with a glass layer. The single filament that develops where the
electrodes are closest has such a stable position that the spectra can be recorded
by accumulating photons from many pulses. Liu et al. have developed a barrier
discharge configuration inside a cavity [191]. This enables detection of HO2 and
OH radicals with high sensitivity with the cavity ring down method [192]. Such
diagnostics are very important for the development of good models of the chemical
activity of the discharge.

A huge amount of literature is available on what can be done with barrier
discharges. Only a few examples are mentioned in Table 1.2; in the references
given, much more information can be found. At the moment of writing, fast-rising
topics are the surface barrier discharges and the plasma jets.

1.5
Gliding Arcs

Arc discharges are thermal discharges and are not considered in this chapter.
However, gliding arcs have properties of both thermal and nonthermal plasma
conditions. They are highly reactive and often have a high selectivity for chemical
processes. The main reason why it is used is because it can provide a plasma with
useful properties both from thermal plasmas (large electron densities, currents,
and power) and nonthermal plasmas (low gas temperature).

A gliding arc is usually generated between two diverging electrodes typical in
a gas flow. The discharge ignites at the shortest distance between the electrodes
(few millimeters). Typical breakdown voltages are a few kilovolts. The formation
of a hot quasi-thermal plasma corresponds with a decrease in voltage and strong
increase in current. Owing to the gas flow (or in absence of the gas flow due
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Figure 1.10 Nice example of the superposition of several
short exposures of the different stages of a gliding arc dis-
charge. The extension of the discharge channel is clearly
visible in the nonthermal stage (upper part). (Source: Taken
with permission from Fridman [29].)

to thermal buoyancy) the discharge moves upward and the length of the plasma
column increases (see Figure 1.10). This increasing length causes an increase of
the heat losses in the column, which exceeds the input energy of the power supply.
The quasi-thermal plasma converts into a nonthermal plasma corresponding with
a decrease in current and increase in voltage due to the increasing resistivity of the
plasma. Eventually, the plasma extinguishes as the power supply cannot maintain
such a long plasma column. At this point the recombination of the plasma starts
and a reignition of the discharge occurs at the minimum distance between the
electrodes. This causes the self-pulsing nature of the gliding arc discharges, which
is always clearly visible in current–voltage waveforms and typically occurs on 10 ms
timescales.

The exact plasma properties strongly depend on the input power, which can range
from about 100 W up to the order of 40 kW. The above description assumes that
the transition of a thermal to a nonthermal plasma occurs, although for low powers
(and thus low currents) and low flow fields, the gliding arc is nonthermal during
its entire lifetime. For the above power range, the gas temperature can range from
2500 up to 10 000 K in the initial ‘‘quasi-thermal’’ state of the plasma. For higher
powers, the plasma cools down during the quasi-thermal to nonthermal transition
to gas temperatures of 1000–2000 K or even lower, while the electron temperature
remains in the order of 1 eV. Note that the largest part of the power is consumed
in the nonequilibrium stage of the discharge. Measurements and estimates of the
electron density indicate 1017−1018 m−3 [199]. The chemical efficiency of these
discharges is due to the two phases. In the thermal phase, the molecules introduced
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in the discharge are strongly dissociated. The fast transition from a thermal to
nonthermal discharge allows a fast recombination of the dissociation products
to molecules, which are required for the application. As the flow is rather large,
it allows large throughputs with residence times of the reactants in the order of
milliseconds. This is the reason why these discharges are typically the workhorses of
plasma chemists. Gliding arc discharge has been studied for combustion [200], gas
cleaning [200], production of syngas [200], and water treatment [201, 202]. Gliding
arcs can also be magnetically stabilized [203]. More details about the physics of
gliding discharges can be found in the review papers by Fridman et al. [200].

1.6
Concluding Remarks

As in any review of limited length, this work is not complete. We have attempted
to include an overview of (recent) work on nonthermal plasmas but realize that it
is far from complete. We also had to limit ourselves to the most used nonthermal
plasma types. Therefore we have not discussed some recent developments such as
plasma jets and plasma bullets in detail. Furthermore, because we have focused
on atmospheric pressure plasmas, we have said nothing about microwave-driven
plasmas and other nonthermal plasmas that are primarily used at lower pressures.

Some parts of this book deal also with discharges in and in contact with liquids.
The main types of discharges are, however, identical to ordinary gas discharges
except for some peculiar properties of the so-called direct streamer discharges in
liquids [204].
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(2004) Dependence of the transition
from Townsend to glow discharge on
secondary emission. Phys. Rev. E, 70
(1), 17401.
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2
Catalysts Used in Plasma-Assisted Catalytic Processes:
Preparation, Activation, and Regeneration
Vasile I. Parvulescu

2.1
Introduction

The catalytic processes that found a beneficial contribution in using plasma are
nowadays quite numerous. In concordance with this enlargement in applications,
the types of catalysts that have been used in these processes are more and more
diverse. They include simple and mixed metal oxides with semiconductor or isolator
properties, zeolites, metal-supported catalysts with different reducibility properties,
oxide-supported catalysts, and so on.

From the viewpoint of plasma physics, the presence of catalytic or noncatalytic
pellets would significantly enhance the electric field, especially around the contact
points between pellets and pellets/electrodes [1], and in accordance, the preparation
of the catalysts for such applications should done considering these particularities.
In addition, simulation studies reported that the way these catalysts are used exerts
a high importance and, for example, a packed bed reactor could achieve a higher
electric field compared with a nonpacked one [2–4]. The enhancement of electric
field also depends on the contact angle and the dielectric constant of the packing
pellets [1]. However, we have to accept that in the presence of a catalyst inside a
plasma reactor, plasma can induce an enhancement of the temperature, which will
finally generate a thermal catalysis as well. Since the energy efficiency is improved
in this way, this is not a negative aspect.

In addition to these aspects, the presence of catalysts can increase the effective
reaction time because of the adsorption of contaminants and intermediates on
the catalyst surface, resulting in a shift of the reaction selectivity, a preferential
consumption of active species by surface reactions (oxidation of adsorbed hydro-
carbons) in comparison to undesired gas-phase reactions, and the formation of
new catalytically active sites by the energy impact from the discharge, for example,
as observed for silica and Y zeolites [5, 6].

As it is very well documented in this book, the first step of such kind of
plasma-assisted processes consists in the generation of ozone and/or different
types of radicals, free electrons, and so on. Thus, in plasma, O atoms are generated
via electron-impact reactions, O2⇓e −−−→ O⇓ O⇓ e. Hence, the higher the oxygen
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content in the feeding gas, the more O atoms will be formed. To be effective,
the catalyst should be able to interact with these very reactive species generating
superficial active structures. This step is a surface reaction. After that they will
be able to either generate a fast total oxidation with mineralization or form new
chemical bonds with the synthesis of new molecules. This step is also a surface
reaction. The final step would be the complete desorption of the reaction products
with liberation of the surface for a new interaction.

Plasma-assisted catalytic reactions are starting to become a mature domain.
There are already an impressive number of publications in this field. Accordingly,
the number of the catalysts that have been investigated is also very large and
not always in a logical correlation with the type of application. On the basis of
the analysis of the state of the art, this chapter first provides an inventory of the
methods that can be used for the preparation of these catalysts. The second objective
is to associate the structural and textural properties of the generated catalysts with
the preparation methodologies. The third objective is to discuss the modalities
in which the materials can be shaped in different forms with the aim of being
utilized in plasma reactors. The stability of these materials and the methodologies
of regeneration are also analyzed.

2.2
Specific Features Generated by Plasma-Assisted Catalytic Applications

Working under plasma conditions may exert a certain influence on the catalyst
itself, and this depends on the type of plasma in which the catalyst is used [7].
Besides the chemical composition, the way a catalyst is activated for a certain
process is crucial to provide an efficient catalyst. There are many reports showing
that heterogeneous and homogeneous nonequilibrium plasma chemistry offer a
range of potential advantages compared to conventional thermal activation and
synthesis methods. Changing plasma characteristics can eventually result in the
enhanced production of new active species, thus increasing the oxidizing power
of the plasma discharge. Changes in the catalyst structure/texture can also result
during the catalytic process. Therefore, to avoid any interference and to investigate
the influence of plasma discharge on the catalytic performance, the catalyst should
be pretreated in plasma and compared with an untreated catalyst. The literature
has already reported changes in the catalysts structure, metal dispersion, metal
reduction degree, surface area, and so on due to the plasma effect. On the other
hand, changes of plasma properties resulting from the introduction of catalyst
material have also been observed. It has been reported that discharge types can
even change. Accordingly, it was reported that microdischarges are formed within
the catalyst pores [7].

As mentioned, several changes of the catalysts can be generated by the plasma
discharge [8]. First, discharges may enhance the dispersion of active catalytic
components [9]. Nonthermal plasma experiments showed changes in the stability
and catalytic activity of the exposed catalyst materials. Second, the oxidation state
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of the material can be influenced when exposed to plasma discharge [9–13]. To
support this, a Mn2O3 catalyst was exposed to a nonthermal plasma (energy density
of 756 J l−1) for 40 h. After this experiment, Mn3O4 was detected. This lower-valent
manganese oxide is known to have a larger oxidation capability [8]. Similarly, Wallis
et al. [11] reported that due to plasma catalyst interactions, less parent Ti–O bonds
are found on TiO2 surfaces. Pribytkov et al. [12] and Jun et al. [13] both agreed that
in hybrid plasma catalyst configurations, new types of active sites with unusual
and valuable catalytic properties may be formed. Similar conclusions were made by
Roland et al. [10], who observed the formation of a stable Al–O–O* paramagnetic
species (lifetime>14 days). These were formed during the application of Al2O3

directly in the discharge zone at the interior of the pores by direct plasma processes
(electrons, UV, plasma species such as OH, OD, . . . ). Finally, it was postulated
that plasma exposure could even result in a specific surface area enhancement or
in a change of catalytic structure [9].

A single-stage plasma catalysis reactor is a reactor in which the catalyst is directly
introduced in the discharge region [1]. The enhancement of the changes induced
in the catalysts as well as of the catalytic effect is directly connected to the electric
field, which depends, among other properties, on the solid curvature [1–4].

For instance, the experimental results of Futamura et al. [14] showed that the
energy efficiency for converting C3H8 via C3H8 steam reforming obtained with a
packed bed reactor (PBR) packed with BaTiO3 pellets is 6.5–8.2 times higher than
that achieved with a dielectric barrier discharge (DBD) reactor, depending on the
specific energy density.

2.3
Chemical Composition and Texture

Data reported in the literature demonstrate that a very large variety of materials have
been used in connection with plasma for plasma-catalytic investigations. Among
these, oxide supports (TiO2, Al2O3, and SiO2) and various zeolites [11, 16–22],
supported oxides and intimate mixed oxides [9, 23–29], as well as supported metals
[30–33] are the most frequent catalysts.

Figure 2.1 depicts the elements considered in the preparation of these catalysts.
Almost 30% of the elements of the periodic table have been used in these
preparations.

Preparation of these catalysts followed typical or adapted rules used for such a
purpose. In accordance, this chapter discusses the basic principles of preparation
of texture-controlled materials such as zeolites and the semiconductor and isolator
oxides, techniques to synthesize metal-supported oxides with controlled metal
particle size and metal oxidation state, and methodologies to support metal oxides.
Special attention is also devoted to the synthesis of perovskites and plated electrodes.

Plasma sputtering processing is a very versatile and efficient alternate chemical
technique of catalyst synthesis. This technique allows the deposition of very hard
reducible metals even in zero oxidation state. It is also a technique that allows
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Figure 2.1 Elements used as building blocks of catalysts
reported in connection with plasma.

the control of the layer deposition from ultrathin to micrometer range and the
morphology of the different metals and oxides. In this context, this chapter also
analyzes the parameters controlling the preparation of the catalysts using this
methodology.

Besides the composition and phase structure, the catalysts are also characterized
by textural properties. The main properties defining the texture are surface area,
pore volume, pore size, pore size distribution, particle size, and particle shape.
Obviously, these properties exert in a catalyzed reaction an influence that is in many
cases comparable with that of the chemical composition. Electron paramagnetic
resonance spectroscopic studies with nonporous and porous materials offer a good
example in this sense [34]. Thus, γ-alumina samples have shown the formation
of a paramagnetic site due to the application of a nonthermal plasma at ambient
temperature. The fact that this effect is only observed for γ-Al2O3 and not for
α-Al2O3 was easily interpreted by their dramatically different specific surface
areas.

It is now clear that the preparation method controls not only the chemical
composition and the phase structure but also the texture and morphology of
the catalysts. Generally, methods such as precipitation lead to small-surface-area
materials but with a high crystallinity, while sol–gel and template-assisted syntheses
lead to large-surface-area amorphous materials. Hydrothermal syntheses may pro-
duce large-surface-area crystalline materials. The specific features of the various
preparation methods are discussed in a direct correlation with the synthesis of
materials already used in plasma-assisted catalytic applications.
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2.4
Methodologies Used for the Preparation of Catalysts for Plasma-Assisted
Catalytic Reactions

2.4.1
Oxides and Oxide Supports

Support materials such as γ-Al2O3, SiO2, TiO2, or ZrO2 are commonly used
as supplied with an eventual additional forming process, such as grinding to
500–850 mm in size [35], pastillation, granulation, and so on. There are also many
examples in which the supports are prepared in laboratory using less-conventional
techniques.

2.4.1.1 Al2O3

Alumina is a support largely used in industry with numerous practical applications,
and currently, it is also being investigated under plasma conditions [36]. Industrial
synthesis of aluminum oxide is done either by the neutralization of solutions of
aluminum salts in the presence of a strong base or by the hydrolysis of aluminum
alkoxides [37]. Heat treatments of the dried hydroxides have led to different kinds
of transition aluminas such as γ, η, χ, θ, δ, κ, and α depending on the precursor,
calcination temperature, composition (most of commercial alumina still contain
alkali in their structure), and presence of additives (Scheme 2.1) [38]. γ, η, and α

are the most important representatives of this class, the first two exhibiting spinel
structures.

Flame hydrolysis is another route that can be used for the synthesis of alumina
[39, 40]. The term ‘‘flame hydrolysis’’ or high-temperature hydrolysis describes a pro-
cess in which a gaseous mixture of a metal chloride precursor, hydrogen (the term is
also extended to carbon monoxide), and air is made to react in a continuously oper-
ated flame reactor [40]. The reaction occurs at temperatures higher than 1473 K, and
the flow type of reactor allows a high productivity of nano/microscale metal oxides.

Spray pyrolysis is also a process by which pyrogenic oxides may be generated.
Spray pyrolysis occurs via a droplet-to-particle process, whereby droplets containing
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Scheme 2.1 Synthesis of transition alumina by thermal
treatment. (Source: With permission from Ref. [38].)
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precursors are mechanically formed by liquid atomization and then pyrolyzed in
flames [40]. Pyrogenic alumina is characterized by a crystalline structure mostly
consisting of γ- and δ-forms instead of the stable α-form. The primary particle size
of pyrogenic alumina is in the range of 13 nm, corresponding to a specific surface
area of about 100 m2 g−1.

Other techniques allowing the preparation of nanoscale metal oxides via gas to
particle conversion processes are the decomposition of suitable precursors on hot walls,
plasma reactors, and laser ablation [40]. However, these are relatively high energy
consumption methodologies and, in addition, result in low productivities. Accord-
ingly, they have only minor technical relevance in manufacturing commercial
quantities of nanoscale particles.

2.4.1.2 SiO2

Silica can also be prepared following different routes. Sol–gel processes (silica gel),
precipitation (precipitated silica, although this is sometimes also called silica gel),
or flame hydrolysis (fumed silica) are currently used for the preparation of this
support [41].

Precipitation starts from a solution of sodium silicate that is acidified with sulfuric
acid [42]. The resulting silicic acids immediately undergo polycondensation and
further growth to colloidal silica particles. In addition to pH, the process is
controlled by several other factors such as degree of polymerization of silicon in
the silicate precursor, silica concentration, type and concentration of electrolyte,
temperature, and so on. As a function of these parameters, the product results as
a silica hydrogel or silica precipitates. The silica hydrogel represents a coherent
system composed of a three-dimensional network of agglomerated spheres with
sodium sulfate solution as the dispersing liquid.

The porous structure of silica can be controlled more easily using the sol–gel
methodology. Typically in this case, the precursor is a silicon alkoxide that undergoes
a hydrolysis ‘‘catalyzed’’ either by an inorganic or organic acid or a base. The reaction
takes place using less water than that required by the stoichiometric reaction. This
allows in the second step [43] the polymerization of the resulting units via the
condensation of the hydroxyl (or OR) groups (Scheme 2.2). Finally, all the OR
groups are removed with the formation of the gel.

Aging of the gel is a very slow process and may take days. The product is a
transparent gel that after a kind of drying and calcination at about 823 K generates
a very high surface area microporous amorphous silica support. The washing step
may influence the pore structure of the resulting material, with silica gels being
more sensitive to the conditions of washing than precipitated silicas. Pore structure
is also influenced by the hydrolysis route, the base one leading to larger pores
than the acidic. This procedure also allows the control of hydro/liophilicity of the
resulting solid. If instead of the OR groups the precursor contains covalent Si–R
unities, these cannot hydrolyze, leading to a liophilic surface.

Crystalline structures can be achieved if one combines the sol–gel process with
hydrothermal treatment in the presence of a structure-directing agent (SDR) [44,
45]. Examples of SDRs are tetraethylamine, tetrapropylamine, tetrabutylamine,
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Scheme 2.2 Acid and base sol–gel routes in the synthesis of silica.

n-propylamine, 1,2-diaminoethane, and so on. The precursors of these syntheses
are either high-purity reactive oxide powders or soluble silicates. The variables in
these syntheses are temperature and alkalinity. The hydrogel, formed in the first
sol–gel step, is usually kept for a certain period below the crystallization temperature
(aging) followed by a hydrothermal treatment at elevated temperatures where the
crystallization occurs. The crystalline product is commonly known as silicalite.

Flame hydrolysis is also being used to produce silica at industrial scale [46]. Silicon
tetrachloride is the precursor for the production of pyrogenic silica. It is vaporized,
mixed with dry air and hydrogen, and then fed into the flame reactor where
during the combustion, hydrogen and oxygen form water, which quantitatively
hydrolyzes the SiCl4, resulting in nano/microparticles of SiO2 [40]. The particle
size can be adjusted by the flame parameters in order to generate tailored particles
with specific properties. Any other vaporizable silicon-containing precursor, such
as methyltrichlorosilane or trichlorosilane can be decomposed using the flame
hydrolysis process.

Quartz is a crystalline form of silica and has also been used in plasma-assisted
application [5]. Hydrothermal reactions have been reported to produce quartz
from micron- to submicron-sized powders [47–49]. This reaction starts with the
hydrothermal dissolution and reprecipitation of silica under conditions designed to
encourage rapid nucleation of quartz. In a typical reaction, a dry high-surface-area
amorphous silica precursor is added to NaOH (at pH ∼ 8) and heated at 473–573 K
for several hours.

2.4.1.3 TiO2

Titanium dioxide is another oxide frequently reported in plasma-catalytic appli-
cations [11, 50, 51]. Owing to similarities in properties with silicon, it can be
prepared following the routes described above for silica. However, both alkox-
ides and titanium tetrachloride are more reactive than the corresponding silicon
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compounds, and this requires more precautions in the synthesis. In accordance,
the sol–gel processes use as catalysts only organic acids and bases [52].

Pyrogenic titania is obtained from titanium chloride in flame of either hydrogen
or CO [53]. Another difference as compared to silica is the fact that titania can
exist in three different transition states: anatase, crystallizing in the tetragonal
system (stable for temperatures smaller than 873 K); brookite, crystallizing in
the orthorhombic system (with a maximum stability around 1073 K); and rutile,
crystallizing in primitive tetragonal system (it starts to be formed at temperatures
higher than 1188 K). In order to obtain one of these states, the design of the system
should present a careful control of the flame temperature. This methodology also
allows doping of titania with different elements contained in volatile chlorides.

The precipitation uses the sulfuric acid route and leads to the thermodynamically
stable rutile modification. However, the purity of the product is limited since sulfur
is still present.

2.4.1.4 ZrO2

Although not investigated in plasma-catalytic applications, zirconium oxide is
another potential support for such investigations. It is industrially produced using
technologies very similar to those reported for silica and titania. The commercial
product predominantly consists of the thermodynamically stable monoclinic ZrO2

phase and, to a lesser degree, the metastable tetragonal phase. Starting compounds
used for the formation of hydrous zirconia are ZrOCl2, ZrO(NO3)2, and zirconium
alkoxides [54–56]. Precipitating agents are aqueous ammonia and solutions of either
KOH or NaOH. Hydrolysis of zirconium alkoxides in alcohol solutions using sol–gel
is another alternative. ZrO2 can also be obtained by flame hydrolysis. Temperatures
higher than 1443 K favor the conversion from a monoclinic to tetragonal structure,
and above 2643 K, to the cubic one.

2.4.2
Zeolites

Zeolites are a very important class of porous materials, and the principles of
their design and synthesis were very well described in the literature [57–61]. The
literature also contains many reports of using such materials in plasma-assisted
catalytic processes [50, 62].

Zeolites are microporous, aluminosilicate materials with a very regular pore
structure of molecular dimensions. This property is related to the term ‘‘molecular
sieve’’ that confers a particular property to these materials, that is, the ability to
selectively sort molecules based primarily on a size exclusion process.

The preparation of zeolites occurs via hydrothermal synthesis starting from a
mixture of silicon and aluminum compounds, alkali metal cations (M), with or
without SDRs, and water in a supersaturated solution. Syntheses may use different
sources of silicon or aluminum. Thus, colloidal silica, sodium silicate, pyrogenic
silica, or silicon alkoxides such as tetramethyl and tetraethyl orthosilicate can be
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used as silicon source compounds, while aluminate salts, aluminum alkoxides,
pseudo-boehmite, and so on, can be used as aluminum source.

The general chemical composition of zeolites accounts to the formula

xSiO2 · yAl2O3 · yM2On · zSDR · uH2O

The type of resulting zeolite is dependent on many parameters such as the nature
of the precursors, temperature, and pH (directly correlated with the concentration
of the OH− anions). The OH− anion species control the depolymerization and/or
hydrolysis of the amorphous aluminosilicate particles, and thus the nucleation
process. They also influence the Si : Al ratio of the crystalline product.

The role of the SDR is also very complex. It participates in all the synthesis
steps: gelation, precursor formation, nucleation, and crystal growth [63–65]. The
SDR organizes aluminosilicate oligomers into a particular geometry and, as a
result, provides precursor species for nucleation and growth of the template
zeolite structure. The steric properties of the SDR determine both the chemical
composition (i.e., the Si/Al ratio) and the topology. Table 2.1 presents the structure
of various zeolites in direct relation with the preparation conditions and the nature
of the SDR [66–69]. Neutral molecules as well as cations or ion pairs are able to
fulfill these structure- and composition-directing functions of SDR.

Metal-containing molecular sieves represent a class of materials in which part
of the constituent species is partially substituted by transition metals. Aluminum
phosphate (APO) and silicon-aluminum phosphate (SAPO) materials are well
known not only for intrinsic properties but also for the capacity to incorporate such
species. Of this large class, Mn-APO-5 and Mn-SAPO-11 have been investigated in
plasma-assisted catalytic oxidation [70]. They have been synthesized using specific
protocols by hydrothermal method. In an identical way, other transition metals can
be inserted as well.

Mn-SAPO-11 was obtained following the procedures for SAPO-11 using a gel
composition in molar oxide ratios of 0.08 MnO : 1.0 Pr2NH : 0.1 SiO2 : Al2O3 :
P2O5 : 42 H2O. A reaction mixture corresponding to this composition was pre-
pared by combining water and aluminum isopropoxide, to which was added a
concentrated solution of orthophosphoric acid under vigorous stirring and man-
ganese nitrate. To this was added fumed silica and then, di-n-propylamine. The
final mixture was stirred until homogeneous and then sealed in a pressure vessel
and heated at 423 K at autogenous pressure for five days [71].

2.4.2.1 Metal-Containing Molecular Sieves
Mn-APO-5 was prepared via a similar methodology [71]. Using a gel composition
of 1.05 TEA : 0.08 MnO : Al2O3 : P2O5 : 40 H2O the typical synthesis protocol started
from phosphoric acid that was mixed with distilled water at room temperature
followed by the addition of the required amount of Mn(NO3)2 and alumina under
vigorous stirring. Then, triethylamine was added dropwise, with the temperature
being controlled. The crystallization was carried out in an autoclave at 473 K for
two days.
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Table 2.1 Structure of various zeolites in direct relation with
the preparation conditions and the nature of the SDR.

Zeolite Structure Cavity Member SDR Reaction
window ring conditions

(Å)

Zeolite A 4.1 8 – SiO2/Al2O3 = 1
Na2O/SiO2 = 2.16
H2O/Na2O = 4.0
Aging at 298 K for 24 h
3 h at 363 K

Faujasite
Zeolite X
Zeolite Y

7.4 12 – X: SiO2/Al2O3 = 3.2
Na2O/SiO2 = 1.33,
H2O/Na2O = 25–65.
19 h at room
temperature, 6 h 373 K
Y: SiO2/Al2O3 = 10
Na2O/SiO2 = 0.7
H2O/Na2O = 40
6 h at 368 K

Zeolite L 7.7 12 – SiO2/Al2O3 = 15–30,
(Na2O + K2O)/SiO2 =
0.40, H2O/(Na2O +
K2O) = 25–40, a
two-step crystallization
at 293 and 373 K with
72 h for each step

Mordenite 7 × 6.5 12 – SiO2/Al2O3 = 12
Na2O/SiO2 = 0.147
H2O/Na2O = 74
24 h at 473 K
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Table 2.1 (continued).

Zeolite Structure Cavity Member SDR Reaction
window ring conditions

(Å)

MFI
ZSM-5

5.5 × 5.1 10 Et3PrN+

Pr4N+

Pr4N+

+iso-PrNH2

1,6 hexane
diamine

SiO2/Al2O3 > 15
Na2O/SiO2 < 0.8
H2O/Na2O = 160
60 h at 413–443 K

Beta 6.6 × 6.7 12 Et4NOH

Et4NOH+
HO OH

N
H

SiO2/Al2O3< 19
Na2O/SiO2 < 0.25
H2O/Na2O = 160
60 h at 368–443 K

2.4.3
Active Oxides

Except for supports, there are numerous examples where individual oxides are
used as heterogeneous catalysts in plasma-assisted applications. MnO2 was recently
reported for the destruction of environmental pollutants, using a multistage packed
bed discharge reactor, operated with an industrial scale flow rate of 300 l min−1

[72]. It is worth mentioning that NOx (which are common by-products in plasma
processing) have not been detected in these studies.

Commercial synthesis involves electrodeposition of manganese dioxide onto a
titanium anode from a hot aqueous solution of H2SO4 and MnSO4.

MnO2 can also be prepared using chemical tools [73]. The most common starts
from natural manganese dioxide and converts it using dinitrogen tetroxide and
water to manganese (II) nitrate solution. Then, the evaporation of the water leaves
the crystalline nitrate salt. At temperatures of 673 K, the salt decomposes, releasing
N2O4 (that is reused) and leaving a residue of purified manganese dioxide.
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MnO2 nanomaterials of different crystallographic types and crystal morpholo-
gies have been selectively synthesized from the same manganese (II) nitrate
via a hydrothermal route [74]. Thus β-MnO2 nano/microstructures, including
one-dimensional nanowires, nanorods, and nanoneedles, as well as 2D hexagram-
like and dendritelike hierarchical forms, were obtained by simple hydrothermal
decomposition of Mn(NO3)2 solution under controlled reaction conditions.

The addition of phosphate to manganese oxides also has a beneficial effect in
plasma-catalytic reactions [75]. The catalysts prepared following two different pro-
cedures confirmed such a behavior. In the first route, the catalyst was prepared via
the reaction of MnO2 with concentrated solutions of H3PO4. Then the suspension
with dimethylaminoalcohol was hydrothermally treated for 48 h at 443 K in an au-
toclave. In the second approach, the hydrothermal treatment was carried out under
microwave conditions using, in addition, hexadecyltrimethylammonium bromide
and tetramethylammonium hydroxide as SDRs. The final catalysts were obtained
after the materials were calcined at 823 K.

2.4.4
Mixed Oxides

2.4.4.1 Intimate Mixed Oxides
Intimate mixed oxides can be synthesized using various methodologies: solid
state reaction of mixed oxides at high temperatures, coprecipitation, sol–gel, spray
pyrolysis, and reactive grinding of the single oxides.

Solid state reaction of mixed oxides at high temperatures is currently used for plasma
catalysts application.

Li2Si2O5 is one sinterable additive of the Ca0.7Sr0.3TiO3 for dielectric barrier
discharge plasma [76]. It was prepared by a conventional solid state reaction using
powders of Li2CO3 and amorphous SiO2. They were mixed by ball milling and
calcined at 1283 K for 10 h, and then remilled with zirconia balls.

Glassy catalysts have also been investigated in plasma-assisted reactions. SiO2 –
B2O3 –SiB4 is one of these [77]. Preparation of such thermally stable Si-borosilicate
glasses requires the reaction between silicon and aluminoborosilicate glass by
melting at temperatures over 1623 K [78].

2.4.4.2 Perovskites
Perovskites are mixed oxides with structure, ABO3 (A – usually a lanthanide
in dodecahedral coordination and B – transition metal for catalytic purposes, in
octahedral coordination), that may accommodate almost all elements of the periodic
table [79, 80]. In addition, the perovskite lattice can accommodate multiple cationic
substitutions with only small changes, and as a consequence, several properties
of the solid, such as sintering and catalytic performance, can be modified. This
compositional flexibility induces interesting and useful properties, but only a few
base formulations are known for their activity in total oxidation reactions, namely,
those based on Fe, Co, Ni, and Mn at B-site with La (partially substituted by other
lanthanide or alkaline earth metals) at A-site [81].
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They can be prepared using the same routes as for the mixed oxides. To
make more clear the differences among these preparation routes, the synthesis of
perovskites is discussed considering the same chemical composition, that is, for
LaCoO3 perovskites.

Solid state reaction of mixed oxides occurs at high temperatures [82]. The perovskite
is prepared by a first short step of hand grinding of La2O3 and Co3O4 in order
to obtain a homogeneous mixture of the single oxides. The powder obtained
is calcined for 10 h at 1273 K (with a reasonable ramp rate = 20 K min−1) for
perovskite crystallization.

The coprecipitation method involves the simultaneous precipitation of the nitrate
precursors La(NO3)3·6H2O and Co(NO3)2·6H2O [82]. They are first dissolved in
distilled water. The precipitation is carried out in the presence of a concentrated
base solution (NaOH, KOH, etc.) that is quickly added to the precursors under
vigorous stirring until pH = 10.5. The precipitate obtained is filtered and washed
with distilled water until the pH of the precipitate is around 7. Then the compound
is dried at 353 K for one night and calcined at 973 K under air (12 h, at a very small
ramp rate = 2 K min−1).

These methods suffer from the drawback of a very small surface area of the
resulting materials, typically less than 1 m2 g−1. Usually, the catalytic applications
require more large surface areas. An increase of this parameter of more than 20
times can be achieved by using the following methodologies.

The sol–gel route starts from La(NO3)3.6H2O and Co(NO3)2.6H2O as precursors
and citric acid monohydrate as the complexating molecule [83]. Other polyacids
can also be used in this approach [84]. Typical procedures use aqueous solutions
with a cation ratio La : Co of 1 : 1 in an excess of complexating molecule. The
slurry is stirred for about 5 h, and water is slowly evaporated at 313 K in a rotary
evaporator. The drying process is completed by heating the powder under vacuum
at 333 K under a pressure of 200 kPa for 16 h. The powder obtained is calcined at
973 K for 6 h in static air. The sol–gel route has also been used for the synthesis of
La0.8 K0.2MnO3 starting from stoichiometric quantities of citrates and nitrates of
Mn and La [85].

The synthesis of the same perovskites can also be carried out via an adapted
sol–gel route [84]. This starts from an ethanolic solution of cobalt nitrate that is
added dropwise to an ethanolic solution of lanthanum nitrate until a La : Co ratio
of 1 : 1 is reached. Ethylene glycol is added to this mixture as complexing agent.
Hydrolysis of these complexes is carried out using water, in a large Ln3+ : H2O
excess. The gelification was done at room temperature under a small vacuum.
Drying is carried out using the same conditions, but by this route, the ABO3

structure can be achieved at a lower calcination temperature, that is, 333 K.
Spray pyrolysis [86, 87] involves the uniform nebulization of nitrate solutions con-

taining La(NO3)3·6H2O and Co(NO3)2·6H2O prepared as a 0.1 M liquid solution of
precursors. Two online furnaces at 250 and 873 K evaporate the solvent (distilled
water) with the dissolved nitrates and produce an initially amorphous perovskite
powder. The collected material is subsequently annealed at 873 K for 4 h, thus pro-
ducing a crystalline perovskite with rhombohedral symmetry. Using this technique,
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Figure 2.2 La0.5Sr0.5CoO3 perovskite: SEM micrograph and
XRD. (Source: Printed with permission from Ref. [87].)

lanthanum-substituted perovskites can be prepared as well. No separate individual
oxides have been identified in the analysis of these materials (Figure 2.2) [88].

Reactive grinding of the single oxides is a method that requires several steps [89].
The oxide precursors are ground for 4 h under O2, in a laboratory grinder (at a
very high rotation speed = 1040 rpm). At the end of this step, the single oxide
conversion into perovskite is complete. In the second step of grinding, an additive
(ZnO) is added to the perovskite. After the second grinding step, the compound
obtained (perovskite + ZnO) is washed repeatedly with dilute NH4NO3 to free the
sample from any trace of additive. This step results in an increase of the specific
surface area developed by the solid. Then the precipitate is dried at 353 K for one
night and calcined at 773 K for 4 h.

Coprecipitation coupled with reactive grinding is done in three steps [82]. The first
step consists in the coprecipitation of the nitrates of lanthanum and cobalt, following
the procedure described for coprecipitation. Then, treatment of the precipitate
obtained follows the steps indicated for the reactive grinding methodology.

The changes in the nature of the rare-earth or transitional metal does not cause
any change in the discussed preparation protocols [90].

In addition to the rare-earth-based perovskites, the nonporous ferroelectric per-
ovskite BaTiO3 with a high dielectric constant (εr ≈ 3000) received a great interest
for plasma-assisted catalytic reactions [10]. BaTiO3 exhibits very specific chemi-
cal and physical properties, such as oxygen transport, ferroelectric, pyroelectric,
piezoelectric, and dielectric behavior [91]. These properties mainly depend on the
crystal size, crystal structure, shape, stoichiometry, homogeneity, and the surface
and interface properties.
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Preparation of BaTiO3 follows methodologies similar to those reported for
rare-earth-based perovskites. Initially, the synthesis of these materials used classical
methods such as conventional solid state reaction and coprecipitation [92]. Sol–gel using
metal alkoxide precursors was then largely reported [93, 94]. Instead of an alkoxide,
barium organic salts such as barium acetate can also be used [95]. The synthesis
of this material can also be carried out via an alkoxide–hydroxide sol-precipitation
method [96]. It involves the hydrolysis and condensation of barium hydroxide
octahydrate and titanium (IV) isopropoxide in an alcoholic solution. Monodisperse
nanoparticles are also prepared via sol–gel protocols using both the surfactant [97]
and β-diketones chelating synthesis routes [98].

Hydrothermal synthesis uses TiCl4 diluted in hydrochloric acid that is mixed
with BaCl2·2H2O dissolved in deionized water. The white homogeneous colloidal
barium titanium slurry obtained after precipitation with NaOH aqueous solu-
tion is then autoclavized at predetermined temperature for a certain time [99].
Microwave-hydrothermal treatment of the slurry can improve the synthesis of
BaTiO3 powders [100]. The effects of water density on polymorph of BaTiO3 parti-
cles synthesized hydrothermally under sub- and supercritical conditions have also
been studied [101]. Experiments were performed within the temperature range of
573–693 K and the pressure of 20–40 MPa using a flow reaction system.

Ball-milling-assisted hydrothermal synthesis is another method used to prepare
BaTiO3 powder from nano- and submicron-sized TiO2 powders [102]. These were
dispersed in distilled water with Ba(OH)2·8H2O, and after adjusting the pH to 14,
the suspension was reacted hydrothermally at 358–473 K for 8 h with a milling
media of 5 mm ZrO2 balls.

Ignition method involves a combustion process of BaO2-TiO2-black carbon (as
fuel) exothermic mixture, attrition milling of reaction products, and subsequent
heat treatment, with the temperature ranging from 973 to 1273 K. The product is a
tetragonal submicron barium titanate particle perovskite [103].

2.4.5
Supported Oxides

Metal oxides are known to have ozone decomposing properties. Oxides of transition
metals such as Mn, Co, Ni, and Ag can be used as ozone degrading catalyst. These
compounds are often supported on materials such as γ-Al2O3, TiO2, SiO2, zeolites,
activated carbon, or combinations of these [28, 104]. In addition, Heisig et al.
[104] found that combinations of metal oxides with various organic and inorganic
additives are effective in enhancing the physical stability and activity of the catalysts.

The preparation of the supported oxides can be carried out using various
procedures: impregnation, coprecipitation, coprecipitation-impregnation, mechanical
mixing, sol–gel, and so on.

Impregnation involves bringing the solution into the pore space of the support
[105]. Accordingly, the precursor is solved in a small volume of solution and is
expected to be retained on the support after drying. From the methodological point
of view, there are two alternatives, one in which the volume of the impregnating



60 2 Catalysts Used in Plasma-Assisted Catalytic Processes: Preparation, Activation, and Regeneration

solution coincides with the pore volume, known as capillary impregnation, and
a second in which the volume of the impregnating solution is much in excess
compared with the pore volume, that is, the diffusional impregnation.

The literature reports both impregnation methodologies for the preparation of
catalysts for plasma applications. MnOx/Al2O3 with different Mn contents were
prepared using manganese acetate as the precursor and capillary impregnation
as the methodology [106]. For the preparation of the catalyst, Al2O3 pellets were
impregnated in the Mn(CH3COO)2 aqueous solution of desired concentration,
followed by evaporation to dryness in a rotary evaporator at 343 K. The resulting
samples were then dried and calcined in air at 773 K to obtain the desired catalyst.

MnO2-coated alumina or other oxides such as TiO2 and SiO2 cylinders [107, 108]
were prepared by wet impregnation method using the nitrate salts. An alternative
method is impregnation with aqueous HMnO4, drying, and calcination [109].
Various characterization techniques suggest that Lewis acid sites, a high surface
concentration of MnO2, and redox properties are important in achieving high
catalytic performance at low temperatures.

High loadings of nickel-oxide-based catalysts (8% w) were prepared by the wet
impregnation method using a concentrated Ni(NO3)2·6H2O solution and γ-Al2O3

as the support [110, 111]. To ensure sufficient contact of the inner pores of alumina
with the solution, ultrasonication is a very efficient tool. After filtration and drying,
the activation of the catalysts is carried out at 823 K, that is, at the stability limit
of the phase γ of the support. Low loadings of Ni/γ-Al2O3 catalysts have also
been investigated in plasma-assisted catalytic reaction [112]. They were prepared
following a very similar impregnation methodology.

Silver was also found to be an active species in various plasma-catalyzed oxidation
reactions [35]. Many of these used γ-Al2O3- or TiO2-supported silver oxide. Typically,
such catalysts are prepared by loading the silver on the γ-Al2O3 or TiO2 chips by
an impregnation method using AgNO3 as precursor [35]. After the evaporation of
water, the catalyst was heated at a quite high temperature (873 K) to generate the
active catalyst.

Incipient wetness impregnation technique has also been used for the preparation of
In/Al2O3 plasma-activated catalysts from aqueous solutions of indium(III) nitrate
pentahydrate [113].

CuO-ZnO/Al2O3 is one of the most widely used catalysts in the industry and has
found plasma-catalytic applications too [114, 115]. It is also an interesting case study
for the preparation of the catalysts. The classic route comprises the coprecipitation
of metal nitrates [(Cu(NO3)2, Zn(NO3)2, Al(NO3)3] with a solution of Na2CO3

as a precipitant. During the precipitation process, pH (±0.1 unit), temperature,
and aging time should be strictly controlled [116] in order to generate a strained
copper lattice rather than bulk copper [117]. Strained copper particles in close
interaction with the ZnO account for the catalytic behavior. The hydroxy carbonate
route leads to the formation of several mixed metal hydroxy carbonates, including
aurichalcite [(Cu, Zn)5(CO3)2(OH)6], zincian-malachite [(Cu, Zn)2(OH)2CO3], and
a Cu–Zn hydrotalcite-like phase [(Cu, Zn)6-Al2(OH)16CO3 · 4H2O] [118]. All these
phases decompose to give well-dispersed oxidic phases. The presence of residual
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carbonate in the calcined sample plays an important role, supposedly due to
subsequent formation of a copper suboxide species, increasing the chemical
activity of catalysts. Studies on the effect of the nature of precipitant (Na2CO3,
NaHCO3/Na2CO3 buffer, and NaHCO3) showed that it has little importance [119].

Other methods used for the preparation of this supported mixed oxide are separate
package, complex package, dry mixing, wet mixing, coprecipitation-sedimentation, and
coprecipitation-impregnation [120]. They include mixing of the copper, zinc and
aluminum salts, and a reducing agent (citric acid, urea, or aminoacetic acid); ball
milling the precursors at a certain milling rate; and calcining. Composite catalysts
were also prepared by mixing the freshly precipitated catalyst precursors, whereas
hybrid catalysts are prepared by mechanical mixing of the two calcined catalyst
components by grinding. However, these catalysts usually exhibit much lower
activity, as compared to those prepared using the conventional method [121].

Sol–gel synthesis of mixed oxide followed by the impregnation of alumina support
or by slurry coating has been reported as well [122–124]. Various gelation initiators
including propylene oxide were used for this purpose [125].

Other plasma-assisted catalytic processes using mixed oxide catalysts prepared
using the same methodologies are CuO/ZnO/MgO/Al2O3 [24] and CuOMnO2/
TiO2 [28].

The preparation of the catalysts is highly dependent on the chemical composition.
Thus, replacing zinc oxide with manganese oxide in CuO-MnOx/Al2O3 limits the
preparation routes to impregnation of alumina with the corresponding nitrate salts
[126]. This catalyst was reported to be active under both plasma [27] and separate
ozonization conditions [127]. The role of manganese in this catalyst is to improve
the dispersivity of CuO and to inhibit the formation of the CuAl2O4 spinel phase.
Other catalysts such as Fe2O3-MnOx/Al2O3 can also be prepared via the same
procedure.

2.4.5.1 Metal Oxides on Metal Foams and Metal Textiles
Nickel foam is a type of metallic foam reported to be effective in plasma-assisted
catalytic applications [128]. Metal foam describes a wide variety of porous metallic
materials, or a mixture of polyurethane foams with a metallic coating. They can be
prepared using various methods such as (i) coating a resin foam via impregnation
with Ni salt (oxalate, acetate, basic carbonate) followed by a reductive calcination
[129], (ii) pasting fine graphite powders into pores of thin polyurethane foam film to
supply electron-conducting seeds for nickel deposition by electroless plating reaction
and removing the remaining polyurethane foam by organic solvent treatment and
graphite particles by ultrasonic cleaning [130], or (iii) making a mixture of a solution
of a metal salt, soluble polymer, and a suitable solvent that is converted into a gel
body. Then the gel body is converted to inorganic foam by heating [131].

Supported CuO, Co3O4, Mn2O3, and Fe2O3 catalysts for plasma-assisted
catalytic reactions can be prepared by impregnation of the above foams with the
corresponding metal salts followed by drying and calcining at temperatures of
873 K [132].
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Another chemical alternative is the dipping of nickel foam into the solution of
the metal salt. This alternative can also be used for the deposition of noble metals
using acidified solutions of metal halides [128].

Sintered metal fiber filters made of stainless steel (Cr 16–18; Ni 10–13; Mo
2–2.5; C < 0.01; Fe balance) have been used as support for metal oxides for plasma
applications as well [26, 133]. This material consists of thin uniform metal fibers
with diameter of ∼2 mm. For the deposition of MnOx and CoOx, the stainless steel
filter was first oxidized at 873 K, followed by wetness impregnation with Co and Mn
nitrate aqueous solutions of desired concentrations.

2.4.6
Metal Catalysts

2.4.6.1 Embedded Nanoparticles
Silver colloids are one example of embedded nanoparticles for plasma-assisted
catalytic application [134]. They were prepared by reducing AgNO3 in an aqueous
solution. In a typical preparation, 0.294 g sodium citrate was added to 50 cm3 of
10 mM AgNO3 aqueous solution in an ice bath. NaBH4 (0.019 g) was added to the
solution at once with strong stirring, and a black powder formed in solution. The
solution was then filtered and dried at room temperature under vacuum.

The embedding of these colloids was carried out using a sol–gel methodology
according to which aluminum butoxide (Al(OBu)3) was dissolved in isobutanol,
which was subsequently added to an isobutanol solution of Pluronic 84((EO)19

(PO)39(EO)19), which acted as the surfactant. The resulting mixture was then heated
to 243 K for 6 h. Water was added, and the reaction was maintained at 353 K for
10 h followed by 373 K for 20 h. The Ag colloid dissolved in water was added to this
mixture under vigorous stirring. The samples were preserved at room temperature
for 48 h, dried under vacuum at 383 K, and then calcined at 773 K with a slope of
0.5 K min−1. This preparation yielded samples with loadings of silver between 1%
w and 5% w. Changing the molar ratio alkoxide : alcohol : water led to modification
of both phase distribution and texture of these catalysts (Figure 2.3) [134].

Gold nanoparticles embedded in SBA-15 catalysts exhibit a high stability in
plasma-assisted reactions because of the methodology used for their preparation
and their stabilization in the silica matrix [33]. Gold nanoparticles confined in
the walls of mesoporous silica were synthesized by dissolving Pluronic P123
(EO20PO70EO20) in HCl solution; subsequently, a mixture of tetraethyl orthosilicate
and 1,4 bis(triethoxysilyl)propane tetrasulfide was added, followed by the addition
of predesignated amounts of aqueous HAuCl4 solution (Figure 2.4) [135]. The gel
was aged at 373 K and then calcined at 773 K.

2.4.6.2 Catalysts Prepared via Electroplating
Electroplating is a technique primarily used for depositing a layer of material to a
surface [137]. This occurs via a plating process in which metal ions in a solution are
moved by an electric field to coat an electrode. The process uses electrical current
to reduce cations of the desired material from a solution.
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Figure 2.3 (a) XRD patterns of the
alumina embedded silver colloids: (A) 3% w
AlAg (molar ratio alkoxide : alcohol : water =
1 : 10: 25), (B) 3% w AlAg (molar ratio alkox-
ide : alcohol : water = 1 : 5 : 10), (C) 5% w

AlAg (molar ratio alkoxide : alcohol : water =
1 : 5 : 10) (o-γ-Al2O3 phase, * – Ag0 phase)
and (b) TEM picture of 3% w AlAg (molar
ratio alkoxide : alcohol : water = 1 : 5 : 10).
(Source: With permission from Ref. [134].)
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Figure 2.4 Graphical representation of the preparation pro-
cesses for mesoporous silica catalysts with gold nanoparti-
cles in the walls. (Source: With Permission from Ref. [136].)

This technique is provides a very simple and efficient instrument to modify the
electrodes usually used in generating plasma, and thus to introduce the catalyst
directly in the plasma region. There are several examples in the literature presenting
such catalysts. Thus, various catalytically active metals, such as iron and nickel, were
electroplated onto a copper rod at a thickness of 100 μm [138]. In the experimental
setup, the exposed end of the supporting metal rod was used as the electrical
contact for the inner metal electrode to the high-voltage alternating current power
source.

2.4.6.3 Catalysts Prepared via Chemical Vapor Infiltration
Chemical vapor infiltration (CVI) is a variant of chemical vapor deposition. Chemical
vapor deposition implies deposition of the active species onto a surface, whereas
CVI implies deposition within a body. CVI originated in efforts to densify porous
graphite bodies by infiltration with carbon. The technique has developed commer-
cially so that half of the carbon composites currently produced is made by this
method. The earliest report of CVI for ceramics was a 1964 patent for infiltrating
fibrous alumina with chromium carbides [139, 140].

According to this technique, the reactant gases diffuse into an isothermal
porous preform, made of long continuous fibers, and form a deposition. When
the infiltrated species is a metal, the precursor is either a metal alkoxide or a
metal chloride that suffers a pyrolytic decomposition [141]. The setup requires
an adequate furnace. Following this procedure, Rh and Rh/Pt were inserted in a
carbon electrode, resulting in a catalyst for environmental plasma applications [142].
The feasibility of the CVI of rhenium was also demonstrated. Statistical analyses
showed that the amount of rhenium deposited increased for higher chlorine flow
rates and lower preform temperatures, 1023 versus 1173 K, for the chlorination
and sublimation processes, respectively [143].

2.4.6.4 Metal Wires
Molybdenum and iron wires were used as catalysts for plasma synthesis of
ammonia and hydrazine in the radio frequency nitrogen–hydrogen plasma, and it
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was reported that the ammonia yield increases with increasing the electron work
function of the metal used as catalyst [144, 145].

Typically, materials wire-containing refractory metals having melting points
higher than 2473 K, such as molybdenum, are prepared by electron beam melting
and pouring the molten refractory material into a molder or extruder [146]. In
some cases graphite is used as lubricant. This requires an additional wet hydrogen
annealing in order to remove it [147].

For more oxidizable metals having melting points lower than 2473 K, such
as iron, it is necessary that the entire process be carried out in a reductive
atmosphere [148]. The initial rate of reduction is greater the higher the temperature
(623–1173 K). Reduction proceeds in two stages, first to FeO and then to Fe. The
micro- and ultrapore structures of the resulting wires also depend on the reduction
temperature and heating rate.

Nanowires of these two categories of metals can be obtained using specific
routes. Metallic molybdenum (Mo(0)) wires with diameters ranging from 15 nm to
1.0 μm and lengths of up to 500 μm were prepared in a two-step procedure [149].
Molybdenum oxide wires were electrodeposited selectively at step edges and then
reduced in hydrogen gas at 773 K to yield Mo(0). The hemicylindrical wires prepared
by this technique were self-uniform. Another method to prepare molybdenum
nanowires consists in their encapsulation inside double-walled carbon nanotubes
[150]. Using this procedure, wires having inner diameters ranging from 0.6 to
0.8 nm can be obtained. These individual structures form spontaneously within the
hollow core of tubes in the absence of any reducing agent.

2.4.6.5 Supported Metals
Reduced metals have been reported in plasma-assisted catalytic applications
too. They can be prepared following different methodologies. The most facile
is the reduction of supported metal oxides prepared following the above-mentioned
methods using a reducing agent such as hydrogen. For this purpose, the samples
are introduced in a flow of H2 in an inert gas at temperatures superior to those
thermodynamically favoring the reduction of the corresponding oxides to metals.

An example is Ni/Al2O3 [151, 152]. However, for plasma applications where
ozone and atomic oxygen species always exist, the use of reducible species is always
questionable.

Another aspect that should be considered when reduction is applied is the
stability of the support. Both the reduction temperature and the reductant may
influence the support stability. If this treatment does not intend to generate changes
of the support as well, it should be carried out with all the precautions.

Stable supported nanoparticle catalysts can be prepared following the
approach proposed for Ni/Mg amesite [153, 154]. Amesites are phylloalumi-
nosilicates with septechlorite structure. Like hydrotalcites, they exhibit lamellar
structures (Scheme 2.3) that can be synthesized by careful coprecipitation.
Following the same methodology, nickel and magnesium can be inserted
in the inter layer of these structures, resulting in Ni–Mg amesite with the
formula (Ni1.8Mg2Al2.2)[Al2.2Si1.8O10](OH)8. After treatment at 873–1073 K in
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Scheme 2.3 Synthesis of metallic nanoparticles via amesite
route. (Source: With permission from Ref. [151].)

hydrogen, the samples contain dispersed metallic nickel particles supported on
Mg-chlorite-vermiculite. It is important to note that none of the catalysts obtained
contained SiO2. The authors reported that the samples were stable in inert gas
and hydrogen atmospheres at 1123 K, as well as in hydrogen plus steam at 20 bar
and 923 K. Thus, one can consider that Ni-containing amesitelike compounds are,
indeed, suitable catalysts for the methane steam reforming process.

The size of the nanoparticles resulting following this methodology ranges in
between 5 and 10 nm. Other nanoparticles such as cobalt can also be obtained
using this procedure. They have been used in plasma-assisted catalytic methane
oxidation [154].

2.4.6.6 Supported Noble Metals
The most common procedures to prepare supported noble metals are impregnation
of the support with the corresponding salts when catalysts with a large dispersion
of metal particles are obtained, and the deposition–precipitation method when, on
the contrary, a narrow particle size-distribution is achieved.

Obviously, noble metals such as Pd, Rh, or Pt are prepared using the impregnation
techniques. As mentioned above, the supported particles prepared in this way
ranged between 4 and 30 nm [50].

Catalysis on gold is strongly dependent on the size of metal particles [155].
Therefore the use of the deposition–precipitation method is highly preferred. This
is also the case of catalysts used in plasma-assisted applications, where the Au
catalyst was supported on the TiO2 pellets by deposition–precipitation method [50].
The method consists of fast precipitation of HAuCl4 in the presence of NaOH
and the support. The addition of NaOH raises the pH of HAuCl4 and allows
hydrolysis of HAuCl4 to take place to form nanogold hydroxide that is attached
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to the support [136]. Using this procedure, diameters of Au particles on the TiO2

pellets in the range of 3–7 nm can be obtained.

2.5
Catalysts Forming

The catalysts used in plasma reactors are usually not in a powder form. They
are typically shaped in different forms with diameters between 2 and 5 mm [106].
Not only the effectiveness of these catalysts but also the stability and mechanical
resistance are enhanced if the constituent powder is shaped. Both the form and
the size of the shaped materials are important since they are catalyzing a chemical
process. To achieve an optimum balance between the minimization of the pore
diffusion effects in the catalyst particles, which typically requires small particles,
and the pressure drop across the catalyst bed, which requires large particles, it is
necessary to establish the correct shape.

To achieve this goal, there are several techniques that are extensively used
both at the laboratory and industrial level: tableting, granulation, extrudation, and
pelletization.

2.5.1
Tableting

Figure 2.5a shows typical images of tablets. Tableting (pilling) produces very
regular shaped bodies (tablets or pills) in the form of cylinders [156]. This form is
achieved by cold isostatic pressing of the material powders. The first condition of
this process is the use of powders with homogeneous size and shape, preferably
spheres. Obviously, the materials shaped in this form have high mechanical
strength.

The deformation behavior of a solid has a major influence in the tableting process,
as the response of the material to applied stress is the main factor controlling the
properties of the resulting tablets [157]. The elastic component of the response
to the applied pressure is also important in this process since it is stored in the
pressed material. This is directly related to the stability because when the pressure
is released it relaxes producing a collapse of the tablet.

Not all materials can be tableted by simple pressing. Raising the pressure is
acceptable till a certain value. A further increase of the pressure can generate
changes in both the structure and texture of the materials. Zeolites, and even more
mesoporous materials, are very sensitive to this parameter, and an increase of the
tableting pressure causes a collapse of the pores.

To avoid very high pressures, this technique frequently uses lubricants as
adjuvants. Their selection depends on both the nature of the materials and on the
applications of the shaped catalysts. The chemical composition of the lubricants
includes a variety of compounds from mineral structures such as graphite or talc
to organic compounds such as polyvinyl alcohol, polyethylene, waxes or greases,
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(a)

(b)

Figure 2.5 (a) Tablet and (b) ball-formed catalysts.

or stearin. They are added in a low content (0.5–1%) under sonic homogen-
ization. Organic compounds can be removed from the tablet by burning under
air atmosphere or even under plasma, while inorganic ones remain inserted in
the catalyst tablet. For thermally labile materials, burning can induce important
changes of the parent catalyst because the temperature developed during this step
can generate phase transformations. This is especially the case of γ-Al2O3, which
at high temperatures is transformed to the form α. The inorganic lubricants do
not introduce the problems related to combustion but they act as diluent for the
catalytic active phase and also induce restrictions in the liquid and gas transport
through the catalyst.

The tableting method using thermally removable lubricants is very feasible for
perovskites, especially when they are prepared using solid state routes that involve
high reaction temperatures. However, in other cases, the lubricant is necessary
to be selected from the category of inorganic oxides. In one example, appropriate
quantities of CaTiO3, SrTiO3, and Li2Si2O5 were wet mixed with ZrO2 balls
and ethanol for 16 h. The mixtures were dried at 85 ◦C and then ground by an
agate mortar. The specimens were uniaxially pressed at 20 MPa, subjected to cold
isostatic pressing under a pressure of 200 MPa, and sintered at 1473 K for 2 h in air
[76, 110, 111].
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2.5.2
Spherudizing

The oil drop method is the most described method for producing very regular
beads of spherical resistant particles (Figure 2.5b). The classic example to produce
this shape refers to alumina and consists of dropping an aqueous acidic alumina
material gel that becomes spherical while falling through a water-immiscible
liquid and coagulates under basic pH conditions [158, 159]. This process involves
in the first step the preparation of a suspension of aluminum hydroxide (as
boehmite) whose viscosity of the slurry is carefully controlled to allow shaping
by drop formation through nozzles. The droplets of slurry are formed in air at
the nozzle tips and fall through the air into a column containing an upper phase
of a water-immiscible liquid, most frequently an oil [160]. The surface tension of
the hydrocarbon forces the droplet to become spherical. The spheres then pass
into a lower ammoniacal phase that provokes acidic alumina charge annulation to
zero point charge and thus solidification. The process may also use pore-forming
agents in order to increase the mesoporosity/macroporosity of the spherical beads.
They are organic compounds such as oils, fats, glycerides, and so on. The alumina
particles obtained with this methodology have diameter of 1–5 mm.

There are also methodologies other than batchwise to produce spherical granules.
Fluidized bed can also be used to prepare such granules [161]. In this case, the feed
suspension prepared from water, fresh bauxite, recycled bauxite dust, and auxiliary
agents such as polyvinyl alcohol and ammonium citrate is atomized in a fluid bed at
823 K. This method ensures a fast estimation and control of the granule diameter.

Spherical granules can also be produced by dispersing pyrogenically produced
aluminum oxide in water, followed by a spray dry step [162]. Spray dry technique
uses slurries containing small particles of the catalyst to be formed, in a mixture
with matrix components that bind the catalyst particles and impart the attrition
resistance. The mixture is sprayed through a nozzle into a chamber into which
hot gas is flowing cocurrently, leading to a fast evaporation and the formation of
spherical granules.

In all these cases, the granules should be calcined to provide the stability required
by plasma-assisted catalytic applications.

2.5.3
Pelletization

Pelletization is a process comprising dry mixing of the catalyst powder with a
binder in particulate form and then moistening the mixture with a granulating
liquid, that is, an aqueous solution of a water-soluble inorganic salt [163]. Small
particles are agitated and stick to each other and thus grow to larger aggregates. The
process is effected in a drum inclined to the horizontal, by introducing the powder
at one end and removing the pelletized at the other end, whereas it is forcibly
transported inside the drum during a desired residence time with execution of a
rocking movement with substantial avoidance of shear forces [164].
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Figure 2.6 Pellet-formed catalysts.

The organic binder can be selected from starch and cellulose derivatives such as
polyacrylates, polymaleates, or polyvinyl pyrrolidone. The nature and properties of
the binder are strongly correlated with the manner the liquid is delivered to the
growing pellets. Thus it can be delivered by pouring, spraying, or melting, if a solid
binder is used with a relatively low melting point.

Figure 2.6 depicts the typical shapes obtained using this forming procedure.
Granulation results in less dense and strong particles compared to tableting or
extrusion. Also, the shape and size of the particles is more irregular.

Pellets are also currently used in plasma-assisted catalytic reactions. In order
to be used in these applications, the pellets should be dried and calcined. As an
example, pellets of CuO-ZnO-Al2O3 catalysts 5.4 mm long and 5.2 mm in diameter
were reported to be effective when they were packed inside the reactor [114].

2.5.4
Extrusion

The extrusion forming method is one of the most used processes for shaping
catalysts, mostly in the case of zeolites. It involves the preparation of a paste of
the particles including several additives that it is pressed through a die sieve. The
form of the die can lead to the formation of a variety of different shapes, from
the simplest case of cylinders to the more complicated shapes such as rings, stars,
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Figure 2.7 Example of extrudates: (a) cylinders, (b) miniliths [165], and (c) honeycombs.

trilobates, starrings, and so on. Monolithic honeycombs can also be produced by
using a suitable die. After collecting from the die, the extrudates are typically cut
off, which leads to extrudate catalysts that are all approximately identical in size.

Figure 2.7 give few examples of commercial extrudates.
Preparation of the paste that should behave as a viscoelastic fluid is a decisive

step in shaping the materials as extrudates. In addition to the size of the powder
and the water content, the peptizing agents and the binders are the most important
parameters. The role of the peptizing agents is to stabilize the sol and to hydrolyze
oxobridges between particles, which are aggregated by bond formation, and thus
further assist in deagglomeration [157]. Nitric acid, formic acid, or acetic acid
solutions are often used in this scope because in addition to the properties
mentioned above they have the advantage of being decomposed tracelessly in the
later calcination step. The role of the binders is to enhance the mechanical strength,
and for such a purpose, inorganic oxide sols or clays are usually selected. Plasticizers
(as additives to improve the rheological behavior of the paste), lubricants (to help
the extrusion process), and porogens (organic compounds added with the purpose
of creating porosity during the calcination step) are also currently used to prepare
extrudates.

There are also many examples of using extrudates for plasma applications.
Thus, Aerolyst was selected, as in plasma catalyst, as an extrudate with cylindrical
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shape and average diameter and length of 2.7–3 mm and 4 mm, respectively [28].
CuO–MnO2/TiO2 was also selected for postplasma catalysis as an extruded catalyst
material cylindrically shaped with an average diameter and length of 1.5 and 4 mm,
respectively [28].

2.5.5
Foams

Forming foams is a methodology applied mostly for ceramics, and it is also of
interest for plasma applications. Ceramic foam articles of controlled permeability
and structural uniformity are typically prepared by a process composed of an
open-celled organic polymer foam material possessing a predetermined perme-
ability and resilience, that is, impregnated with an aqueous slurry of a thixotropic
ceramic composition (Figure 2.8a) [166]. The resulting uniformly impregnated
foam structure is then dried to volatilize moisture and heated to remove the organic
foam component. Metal foams are prepared using the same concept, but the
deposition of the metal is carried out using specific tools such as chemical vapor
deposition, physical vapor deposition, or thermal decomposition [167].

(a)

(b)

Figure 2.8 Example of ceramic foams (a) and metal textile and (b) catalysts.
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2.5.6
Metal Textile Catalysts

Metal textiles are obtained using typical metallurgic procedures (Figure 2.8b) [168].
Among the various materials and textures, they can also find applications in
plasma-assisted catalytic reactions as supports for the active phases.

2.6
Regeneration of the Catalysts Used in Plasma Assisted Reactions

The stability of the catalysts under working conditions is one of the most important
properties governing their application in practice. There are two factors that
can induce deactivation under plasma working conditions. The first one refers
to structural (phase transformation) and textural (pore collapse) modifications
induced either by punctual overheating or by solid state reactions. This kind of
transformation is irreversible and is due to an incorrect activation/pretreatment of
the catalysts used in such applications.

The second one refers to the formation of coke or soot. This generates a
real concern in the catalytic processes of hydrocarbons, and even more in many
environmental applications. Thus, soot is typically deposited on the catalysts used
for elimination of noxes released by cars and trucks. However, this represents a
reversible process, and there are tools that can be used to remove both coke and
soot. On the basis of this very important concern, the preparation of the catalysts
with a poorer population of centers that can induce the deactivation of the catalysts
as a result of the coke formation and the regeneration of the catalysts are extremely
important topics and can be solved by using preparation tools also.

Regeneration of the catalysts by plasma has also been reported. The regeneration
of a CuO-ZnO-Al2O3/γ-Al2O3 catalyst is one example [169]. It was thus reported
that the regeneration with oxygen may allow a complete combustion of coke. Under
conditions of partial coke combustion, the removal of the fraction deposited on
the metal oxide makes it possible to recover the initial activity of the catalyst,
which subsequently undergoes fast deactivation again. Kinetic evaluation of such a
process can differentiate between the different states (i.e., free of coke and covered
by coke) [170]. It is worth to take into consideration that in this type of regeneration
an overheating that can induce an irreversible deactivation is again possible.

A very important feature of working with plasma was recently reported [6]. The
mineralization of organic compounds in plasma in the absence of the catalysts
is always generating condensed polyaromatic compounds (named either coke or
soot). When the catalyst is introduced directly to plasma, a selection of a proper
catalyst can reduce the radicalic reaction route, namely, that responsible for the
formation of these compounds. This has a double advantage, that is, the elimination
of coke and an increased stability of the catalyst, and relates this process to the
selection of the catalyst.
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2.7
Plasma Produced Catalysts and Supports

Fullerene molecules (Figure 2.9a) consist of carbon atoms and come in many
forms; the most abundant forms are carbon 60 (which has a soccer ball shape)
(Figure 2.9a), carbon 70 (which has more of a rugby ball shape) (Figure 2.9c), and
carbon 84 (spherical). Unlike diamond and graphite, that is, the more familiar
forms of carbon, the carbon atoms are located at the corner of the polyhedral
structure consisting of pentagons and hexagons [171, 172]. Following the discovery
of fullerenes, another new carbon structure known as carbon nanotubes was
reported (Figure 2.9d) [173, 174]. Nanotubes are seamless cylinders of hexagonal
carbon networks (tubes) that are formed either as a single-walled molecule or as
multiwalled molecules.

A tremendous growth in the field of carbon nanomaterials has led to the
emergence of carbon nanotubes, fullerenes, mesoporous carbon, and more recently,
graphene or a combination of these [175]. Some of these materials have found
applications and have shown considerable potential as catalysts [176–178]. The
high temperatures and hydrocarbon precursors involved in their synthesis usually
yield highly inert graphitic surfaces, making them very attractive for oxidation
reactions even under plasma conditions [141]. There are also examples in which
the coated electrode also had a graphitic overcoat to increase the surface area [141].

Plasma is a very efficient tool to prepare such materials. Coevaporation of
different elements with carbon leads to the formation of functionalized fullerenes
such as heterofullerenes and endohedrals [179–181].

C20 C24 C28 C36

C70C60C50

C48N12

Carbon
Nitrogen(a)

(b) (c) (d)

Figure 2.9 Fullerenes (a), C60 (b), C70 (c), and carbon nanotubes (d).
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Many elements such as Fe, Co, Ni, rare-earth metal atoms, or B were reported
to significantly influence the process of carbon arc plasma formation of fullerenes
and carbon nanotubes [182]. The concentration of C60 is usually lowered in the
presence of these catalysts, while the nanotube content increases distinctly. Not only
single-walled nanotubes (SWCNTs) but also multi-walled nanotubes (MWCNTs)
were produced in this way. Generally, Fe and Co were reported to exhibit higher
activity than Cu [183]. However, this is still controversial, other reports indicating
Cu as more active than Co and Fe [184].

The experimental setup is based on the arcing procedure [181] the reactor
configuration including both alternating current (AC) or direct current (DC)
feeding modes. The homogeneous graphite electrodes containing one of the above
elements are arced in He atmosphere under pressures up to 60 kPa.

A similar approach can also be used for the preparation of other valuable cat-
alysts and supports. Doping titania with nitrogen, carbon, or sulfur was reported
to enhance the visible-light sensitivity of TiO2, thereby increasing the perfor-
mance of both photovoltaic and photocatalytic devices. Usually, this is generated
using chemical methodologies and urea as reactive species [185]. Plasmas may
offer an alternative to these techniques. Thus using inductively coupled radio
frequency plasmas it was recently demonstrated that nitrogen-doped TiO2 films
could be obtained from a wide range of nitrogen precursors [186]. These treat-
ments resulted in anatase-phased materials with as high as 34% nitrogen content.
The nitrogen-doped TiO2 films produced via plasma treatments displayed colors
ranging from gray to brown to blue to black, paralleling the N/Ti ratios of the films.

N-doped TiO2 was also prepared by using liquid-phase nonthermal plasma
technology [187]. Nonthermal plasma produced in water solutions forms the basis
of an innovative advanced oxidation technology of water treatment [188, 189] and is
frequently used to remove chemical and biological wastes under liquid state even
in a large flux of these. In the particular case of the decomposition of the organic
compound containing nitrogen, this process is made in the benefit of the N-doping
TiO2. The analysis of the resulting material showed that the crystal structure
remained unchanged as anatase after plasma treating at 13.5 W for 40 min.

Microporous Ni-doped TiO2 film photocatalysts can also be prepared by plasma
electrolytic oxidation [190]. The effects of Ni doping on the structure, composition,
and optical absorption properties of the film catalysts indicated that Ni changes
the phase composition and the lattice parameters (interplanar crystal spacing and
cell volume) of the films. The results showed that the film catalyst is composed of
anatase and rutile TiO2 with microporous structure. After the addition of nickel,
the optical absorption range of TiO2 film gradually expands and shifts to the red
with increasing the metal dosages.

Another very creative method offered by plasma to prepare heterogeneous
catalysts is plasma etching. Ag-coated catalysts using the electrospun nanofiber
template is one example [191]. This method offers a facile strategy to fabricate
three-dimensional hierarchically porous Ag films, with clean surfaces. The films
are built of Ag porous nanotubes and are homogeneous in macrosize but rough
and porous in nanoscale. Each nanotube block is micro/nanostructured with



76 2 Catalysts Used in Plasma-Assisted Catalytic Processes: Preparation, Activation, and Regeneration

evenly distributed nanopores on the tube walls. According to the authors, each
film architecture (i.e., the shape, arrangement, distribution density of porous
nanotubes, and the number and size of nanopores) can be easily controlled by the
nanofiber template configuration, Ag coating, and plasma etching conditions. Such
hierarchically porous films could also be very useful as sensors and nanodevices.

2.7.1
Sputtering

Plasma sputtering is an alternate way to chemical techniques. High frequency
(100 MHz) plasma is initiated in argon gas at low pressure (10−1−10 Pa) with a
small input power. The metal atom source is a bare metal which is negatively
biased (300–350 V) with respect to the plasma potential (V = 100 V) so that the
Ar+ ions are attracted and gain sufficient energy to induce sputtering [192].

The literature presents many examples of catalysts prepared using this technique.
Pd, Pt–Rh, and Pt, Rh, thin films were deposited on various amorphous substrates:
amorphous carbon membrane, SiO2 native oxide of Si(100) wafers, SiC, and Si3N4

thick layers on Si(100). Rh was also deposited on cordierite monolith for testing
in methane partial oxidation reaction. It was also possible to coat inside monolith
channels because metal atoms are sputtered with relatively large energy, that is,
∼2 eV. This allows the sputtered atoms to diffuse along the channel inner surface
[193].

Thin films of transition metals such as Pd, Pt, Rh, and corresponding alloys are
known to grow via clusters, mainly because the cohesive energy is often larger than
the interaction energy with the support. After completing the maximum possible
cluster density, clusters start to coalesce and form meandering structures, which
reach percolation [193].

Working under aqueous atmosphere, oxide catalysts and catalyst supports can
be prepared using the same approach [194, 195]. Thin-film oxides and supported
metal-clusters-based catalysts were also obtained using this technique, including
nickel oxide on titania [196], tantalum oxide on titania [197], vanadium oxide on
titania [198], or gold on titania [199].

2.8
Conclusions

The literature reports an impressive number of heterogeneous catalysts for
plasma-assisted applications, including actually all the categories of materials
that have been utilized until now in typical heterogeneous catalytic applications.
Accordingly, the preparation of these catalysts followed multiple methodologies.

Therefore a review of the preparation methodologies allows a discussion of all
the basic methods used for the preparation of materials. In this chapter, we tried
to address only the basic principles of these methods with exemplification on the
catalysts that have been really tested in such reactions.
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Plasma applications also require shaped catalysts, and a large variety of formed
materials has also been reported until now.

In spite of this very important effort, there is no insight demonstrating the ad-
vantage of any specific preparation methodology. Although the important features
of plasma are well known to the physicists, the cooperation with chemistry to
give answer to this problem is still missing or at the beginning and requires a
special attention in the future. In many cases, the positive results appear to be
the effect of chance and not the result of a rational preparation design. Also, it is
missing a correlation between the shape of the catalysts and their efficiency in a
plasma-assisted catalytic reaction.

In conclusion, the new preparations of plasma-active catalysts should use the
known methodologies to provide model materials that incorporate particularities
already observed in plasma applications.
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3
NOx Abatement by Plasma Catalysis
Gérald Djéga-Mariadassou, François Baudin, Ahmed Khacef, and Patrick Da Costa

3.1
Introduction

3.1.1
Why Nonthermal Plasma-Assisted Catalytic NOx Remediation?

In atmospheric chemistry and air pollution, nitrogen oxides refer specifically to NOx

(NO and NO2). They are precursors of ozone and remain the most serious hazards
to human health among the regulated compounds. Their selective reduction to N2

is still a matter of research. Among the existing pollution sources, motor vehicles
are seen as the major contributors to air pollution by NOx, unburned hydrocarbons
(UHCs), and fine particulate matter (PM). No stable and sufficiently active catalyst
for selective catalytic reduction (SCR) of NOx emission from automotive exhaust
gases in lean (i.e., oxygen-rich) conditions has been designed yet.

In order to understand the role of plasma in deNOx catalysis, a deNOx reaction
model is required. A three-function catalyst model for hydrocarbon (HC) SCR of NOx

has been previously defined, in the absence of plasma, by Djéga-Mariadassou and
coworkers [1–4] and is first summarized (Section 3.2).

Nonthermal plasmas (NTPs), also referred to as nonequilibrium plasmas or cold
plasmas, appear as potent technologies for the removal of air pollutants such as
NOx, sulfur oxides (SOx), methane, and volatile organic compounds (VOCs) in the
exhaust gas stream of stationary or mobile sources, under atmospheric pressure.
Many applications of NTPs have been developed [5], and treatments for diesel and
gasoline engine exhausts under lean conditions have been proposed [6–10].

NTPs for environmental applications may be produced by a variety of electrical
discharge devices (corona discharge, surface discharge, dielectric barrier discharge
(DBD), and DC discharge) [11–14] or by electron beam irradiation [15]. The
electron beam technique, which is very efficient for removal of NOx and VOCs, has
been used first. However, pulsed discharges are much more suited than e-beams
for some industrial and domestic applications because of their high selectivity,
moderate operating conditions (atmospheric pressure and room temperature), and
relatively low maintenance requirements, resulting in relatively low energy costs
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of the pollutant treatment. DBD processing is a very mature technology, first
investigated by Siemens in the 1850s for ozone generation. It is now routinely used
in different industrial and fundamental applications such as water purification,
polymer treatment, UV light generation, biological and medical treatment, pollution
control, and exhaust cleaning from CO, NOx, SOx, and VOCs.

In the past years, these various thermal plasmas and NTPs such as DBD,
corona, gliding arc, microwave, glow discharge, and pulsed discharge have also
been widely investigated for methane conversion to higher HCs [16–18], and
methane reforming [19, 20]. Alumina was already used as the catalyst in the
plasma-catalytic process and for NOx abatement [21]. Although various studies
have been performed, only a few of them deal with plasma technology as a way
to oxidize methane to CO2 from emissions of combined heat powers (CHPs).
However, recently, plasma-assisted catalysis was studied by Da Costa et al. [22,
23] using noble metals, and by Hueso et al. [24] using lanthanum-substituted
Perovskites and silica, as catalysts for methane oxidation.

3.2
General deNOx Model over Supported Metal Cations and Role of NTP Reactor:
‘‘Plasma-Assisted Catalytic deNOx Reaction’’

It will be shown that an NTP reactor can play the role of two of the three functions
defined in the model, by coupling the plasma reactor to the catalytic-deNOx one.

The three-function catalyst model for HC SCR of NOx has been des-
cribed [1–4] based on experimental evidence for each function, during
temperature-programmed surface reactions (TPSRs). It has been verified during
stationary experiments. The model has been mainly written for reductants that are
very often inactive at the temperature ‘‘TNO,’’ where NO is able to dissociate and
reduce. It has been shown that TNO can be predetermined by the adsorption of
NO at room temperature and its subsequent temperature-programmed desorption
(TPD). It is verified in Section 3.5.

The release of N2 occurs within function F3 (Figure 3.1). It involves the dissociation of
NO (via a dinitrosyl-adsorbed intermediate) followed by subsequent formation of N2

and scavenging of the adsorbed oxygen species (Oads) left from NO dissociation. If
the initial HC in the feed is not oxidized to CO2/H2O by scavenging Oads at TNO, the
removal of adsorbed oxygen has to be done by the oxidation of activated reductants
(CxHyOz designed as ‘‘oxygenates’’ in the chapter). This reaction corresponds to
‘‘a supported homogeneous catalytic process’’ involving a surface transition metal
complex. The corresponding catalytic sequence of elementary steps occurs in the
coordinative sphere of the metal cation.

Function F2 (Figure 3.1) has to turn over simultaneously to function F3. It has to
deliver the active reductant species CxHyOz to function F3, at the TNO temperature
where function F3 cycle turns over. Function F2 is the mild oxidation of HC (or any
initial oxygenate [25] by NO2, through organic nitrogen-containing intermediates
(RNOx). The important feature is that these RNOx species are quite thermally
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Function F1 Function F2 Function F3

NO oxidation
to NO2

HC mild 
oxidation to 
oxygenates
by NO2

2NO reduction to N2 assisted 
by CxHyOz total oxidation over 
a metal cation

NO2 HC + NO2 =
CxHyOz

(2x−z+y /2)NO + CxHyOz =
(x−z /2+y /4)N2 + xCO2+y /2 H2O

1
2

3

NO + O2 NO2 + HC CxHyOz

+ 2 NO
N2
+

CO2
+

H2O

RNOx

(1) NO 
oxidation

(2) HC 
oxidation

(3) NO 
reduction

Figure 3.1 The three-function model for designing deNOx

catalysts in the presence of a nonreactive hydrocarbon as
reductant [2–4].

instable: they decompose with temperature to CxHyOz + NO (not to N2), according
to the following global equation:

HC
(
or CxHyOz

) + NO2 = Cx′Hy′Oz′ + NO (3.1)

It is therefore obvious that functions F2 and F3 have to turn over simultaneously.
Nevertheless, at the molecular level, these two functions are not in the same
catalytic cycle.

Function F1 has also to turn over simultaneously with functions F2 and F3, as
it has to provide NO2 to function F2 (Eq. (3.1)). The oxidation of NO to NO2 is
therefore the first function of any efficient catalyst.

The concept of ‘‘simultaneous turn over’’ between catalytic functions in multi-
functional catalysis is widely accepted, and this aspect of the proposed mechanism
is a ‘‘normal’’ behavior in steady state.

Figure 3.1 summarizes the model and the corresponding global reactions for
each function.

The three-function model is now extended, in this chapter, to other cases where
reductants can be more easily oxidized to CO2/H2O. Figures 3.2–3.6 describe the
different cases.

• THC � TNO (Figure 3.2). The temperature THC of the reductant oxidation to
CO2/H2O is too low compared to that of NO activation TNO. In this case, as NO is
not activated, deNOx is not observed at THC; furthermore, there will be a lack of
reductant at TNO and a very low deNOx process will be generally observed on the
catalyst at this temperature. The unique global reaction observed around THC is

CnHm +
(

n + 1

4
m

)
O2 = n CO2 + 1

2
m H2O (3.2)
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THC TNO

THC, temperature of HC total oxidation
TNO, temperature of NO dissociation

THC << TNO No reductant for O* scavenging from the surface, 
deNOx is not occurring

HC + O2 =
CO2 + H2O

O2

CO2

H2O

HC

Only total 
HC oxidation

Figure 3.2 The three-function model depending on the tem-
perature of reductant oxidation (to CO2/H2O) compared to
that of activation/dissociation of NO.

• THC = TNO (Figure 3.3). The oxidation of HC is occurring in the temperature
range where NO is activated/reduced (around TNO) and the deNOx reaction takes
place according to the global equation:

CnHm +
(

2n +
1

2
m

)
NO =

(
n +

1

4
m

)
N2 + n CO2 +

1

2
m H2O (3.3)

• The as-defined function F3 of the model turns over. It will be shown hereafter
that competitive oxidation of HC to CO2/H2O by O2 can occur simultaneously
(not reported in Figure 3.3).

• THC = TNO (Figure 3.4). The oxidation of HC is still occurring at TNO. If
functions F1 and F2 turn over simultaneously (depending on the catalyst design
and composition), oxygenates can be delivered to function F3. In this case, a
new deNOx catalytic cycle will be kinetically associated to the HC-deNOx catalytic
cycle of function F3 (Figure 3.4). It is the CxHyOz-deNOx one, according to the
global equation:

CxHyOz +
(

2x + 1

2
y − z

)
NO =

(
x + 1

4
y − 1

2
z

)
N2 + x CO2 + 1

2
y H2O

(3.4)

• Similarly, it will be shown that competitive oxidation of CxHyOz to CO2/H2O can
occur simultaneously (not reported in Figure 3.4).

• THC = TNO (Figure 3.5). Effect of the competitive total oxidations of HC and
oxygenates on the deNOx process. In addition to the (b) and (c) cases, two competitive
catalytic cycles can turn over, kinetically coupled with the HC- and CxHyOz-deNOx
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THC, temperature of HC total oxidation
TNO, temperature of NO dissociation

THC TNO

THC = TNO deNOx

NO + HC = 

N2 + CO2 + H2O

F3 on cationic active sites

O*

HC-deNOx F3
reaction alone

Figure 3.3 Function F3 turns over according to Eq. (3.3) when THC = TNO.

THC, temperature of HC total oxidation

TNO, temperature of NO dissociation

THC = TNO

NO2 + HC = 

(RNOx) =

CxHyOz + NO

F2 on metal oxide active sites

2NO + O2 = 2NO2

F1 on metal oxide active sites

NO + HC = 

N2 + CO2 + H2O

F3 on cationic active sites

2NO + CxHyOz =

N2 + CO2 + H2O

O*

THC = TNO deNOx

Figure 3.4 THC = TCx HyOz = TNO: kinetic coupling of HC
and CxHyOz function F3 cycles (4).
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THC

THC, temperature of HC total oxidation

TNO, temperature of NO dissociation

TNO

THC = TNO deNOx (cont’d)

NO2 + HC =
(RNOx) =

CxHyOz + NO

CuO, Co3O4

F2 on metal oxide active sites

2NO + O2 = 2NO2

F1 on metal oxide active sites

F3 on cationic active sites

NO + HC =

N2 + CO2

+ H2O

2NO + CxHyOz =

N2 + CO2 + H2O

CxHyOz + O2 =

CO2 + H2O

HC + O2 =

CO2 + H2OO*

On metal oxide

Competing reactions 
for deNOx

Figure 3.5 Competitive oxidation of HC and CxHyOz to CO2/H2O by O2.

cycles of Figure 3.4; they are the two oxidations of HC and CxHyOz to CO2/H2O
that can turn over simultaneously (not reported in Figure 3.4).

• Furthermore, depending on the catalyst chemical composition and design, two
other parallel catalytic cycles (not reported in Figure 3.5) can turn over: HC
and CxHyOz oxidation on different catalytic sites, such as other oxides active in
oxidation (Co3O4, CeZrO2, CuO, etc.). These direct reductant oxidations to CO2

and H2O clearly and drastically lead to a strong consumption of reductants and
therefore to a strong decrease of NOx conversion.

• It is shown in Section 3.3 that an NTP reactor can produce stabilized oxygenates that
can be transferred to the deNOx reactor, in the whole range of reaction temperature.

• THC � TNO (Figure 3.6). In this case, the reductant cannot scavenge the adsorbed
oxygen species left by NO dissociation (Oads) and here is the great interest of
the present model: the catalyst has to be designed in order to proceed to the
mild oxidation of HC to oxygenates, at TNO. The three functions are represented
in Figure 3.6. Furthermore, as seen in Figure 3.5, the direct global oxidation
of CxHyOz can turn over simultaneously, decreasing the concentration of the
oxygenate species for the deNOx function F3 cycle. The consumption of oxygenate
on another oxide site, active in its oxidation, is not reported in Figure 3.6.
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THC, temperature of
HC total oxidation

TNO, temperature of
NO dissociation

THCTNO

THC >> TNO HC behaves as an inertgas

2NO + CxHyOz =
N2 + CO2 + H2O

CxHyOz + O2 =

CO2 + H2O

O* On metal cation

Competing reactions 
for deNOx

NO2 + HC = (RNOx =)

CxHyOz + NO

F2 on metal oxide active sites

2NO + O2 = 2NO2

F1 on metal oxide active sites

F3 on cationic active sites

Figure 3.6 The function F3 for THC � TNO. CxHyOz are the
efficient reductants. Oxygenates are produced owing to func-
tion F1 and function F2.

The nonthermal-assisted deNOx catalytic device is able to continuously deliver to
the deNOx reactor efficient reductants working at TNO.

The present model has to be used to optimize catalysts. More particularly,
the coupling of plasma and deNOx reactors has to decrease, as far as possible,
the competitive direct oxidations of reductants by O2. Furthermore, active sites
have to be created, corresponding to the three functions that have to turn over
simultaneously at TNO, owing to active species delivered by the plasma reactor.

As it is very difficult to find the best design of the catalyst to simultaneously
initiate the three functions by itself, an external device can be developed to substitute
functions F1 and F2, providing the catalyst the good oxygenated species, in the full range
of temperature.

There are different ways of developing such an idea. One of them is the NTP-assisted
deNOx reaction. One of the earlier works, by Penetrante and coworkers [6], has
shown that the coupling of an NTP reactor, in front of the alumina catalyst,
was able to produce a significant deNOx of the feed. They did not give, in their
paper, any interpretation of the observed results, but published the composition
of the stabilized gas mixture at the outlet of the plasma reactor, just before the
catalytic reactor containing alumina. The gas mixture contained more oxygenated
compounds.
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Hoard and Balmer [7] and Doraı̈ and Kushner [26] have also found CxHyOz

(CH2O, CH2O2, NO2, and RNOx (CH3ONO2), which are ‘‘intermediates’’ needed
for functions F1 and F2 and, furthermore, for the third function itself.

3.3
About the Nonthermal Plasma for NOx Remediation

The conventional NTP reactors that are widely used for various environmental
applications are subdivided according to the type of discharge mode (pulse, DC,
AC, radio frequency (RF), microwave), presence of a dielectric barrier or catalyst,
and geometry (cylinder, plate). It is important to note that the chemical potential of
each discharge mode differs enormously from one discharge to another. Roughly
speaking, the efficiency of a plasma discharge to remove pollutant from gas stream
mainly depends on its ability to produce a large amount of active species (O
atoms, OH radicals) in the plasma volume. It has been well established that DBD
and corona discharge fulfill that condition [5, 27]. DBDs are attractive for plasma
remediation because of their ability to operate in a stable manner at atmospheric
pressure, with high average power and with low voltage (a few kilovolts to ten
kilovolts) compared to coronas or electron beams. DBDs are compact, efficient
plasma sources commonly used as ozonizers. Detailed characteristics of NTP
reactors may be found in [27–29], and only a brief description of the DBD reactor
that we used is given hereafter. The successful application of DBDs to plasma
remediation of pollutants from mobile sources such as diesel exhausts will largely
depend on the ability to meet the goals of obtaining high efficiency of remediation
(low electron volt per molecule) and low production of undesirable compounds.

In the DBD reactor, the electrode configuration is characterized by the presence
of at least one dielectric barrier in the current path, preventing the formation of
a conducting channel, in addition to the gas gap used for discharge initiation.
At atmospheric pressure, in most gases the discharge is maintained by a large
number of short-lived localized current filaments called microdischarges [30–32].
The NTP conditions in these microdischarges can be influenced and optimized for
different applications. Besides this multifilaments mode with a seemingly random
distribution of microdischarges, regularly patterned discharges and apparently
homogeneous glow discharges have been obtained in such electrode configurations.

For the vehicle exhaust systems, it was established that the observed chemistry
in the plasma includes the conversion of NO to NO2 as well as the partial oxidation
of HCs. The presence of the UHCs in the exhaust is very important for the
plasma-catalytic deNOx process for multiple reasons [6, 8, 13, 33–36].

First, UHCs enhance the gas-phase oxidation of NO to NO2 and lower the energy
cost for this oxidation.

Secondly, their partial oxidation leads to production of chemical species such as
aldehydes and alcohols useful for the catalytic reduction of NOx. For some catalysts,
the partially oxygenated HCs are much more effective compared to original HCs
in reducing NOx to N2.
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Thirdly, UHCs prevent the oxidation of SO2, thus making the plasma-catalytic
process tolerant to the sulfur content of the fuel.

The need for an effective after-treatment process capable of reducing NOx under
lean conditions has produced a large interest in plasma-assisted catalytic reduction
[37–41]. From the literature, especially the Society of Automotive Engineers (SAE)
published papers, catalysts such as γ -Al2O3 and NaY zeolite have shown high
activity when combined with NTP.

3.3.1
The Nanosecond Pulsed DBD Reactor Coupled with a Catalytic deNOx Reactor: a
Laboratory Scale Device Easily Scaled Up at Pilot Level

DBD reactors in cylindrical configuration combined with heterogeneous cata-
lysts have been used. This combination can be either single stage or two stage
(Figure 3.7). In the two-stage system, the catalyst materials are usually placed
downstream from the NTP reactor (PPC: postplasma catalysis configuration). In
the single-stage system, the catalysts are placed directly in the NTP reactor (IPC:
in-plasma catalysis configuration). When the IPC is operated, short lifetime reactive
species, in the range of tens of nanoseconds, as radicals and excited states (O(3P),
O(1D), and OH), created by the NTP can be used efficiently by the catalyst. On
the contrary, when the catalyst is placed postplasma (PPC), long lifetime reactive
species, in the range of milliseconds, such as O3, H2O2, NO, and NO2, could be
used.

As part of our studies, PPC configuration was used for deNOx experiments, while
both the PPC and IPC configurations were tested in VOC oxidation experiments.
It has been stated that the performance of the NTP for the removal of VOC can
be improved by the introduction of the catalytic material into the discharge zone
(IPC) [42–44].

The plasma DBD reactor consisted of a tungsten wire (0.9 mm diameter) centered
in a quartz tube (inner and outer diameters of 11 and 13 mm, respectively). A brass

Dielectric
material

In
HV power

supply

Metal
electrodes

Out

CatalystPlasma

(a)

(b)

Figure 3.7 Schematic overview of the plasma–catalyst configurations: (a) PPC and
(b) IPC.



98 3 NOx Abatement by Plasma Catalysis

Figure 3.8 The plasma DBD reactor followed by the deNOx one in an open furnace.

mesh covered the dielectric tube and formed the outer electrode. The length of
the outer electrode can be adjusted and then determines the active volume of the
plasma reactor. The DBD reactor was placed inside a tubular furnace, and the
gas mixture temperature could be adjusted from room temperature up to 500 ◦C
(Figure 3.8).

For deNOx studies, the plasma reactor was driven by a cable transformer powered
by high voltage (HV) ceramic capacitors disposed in Blumlein-like configuration.
Details of the HV pulse generator are given in Ref. [45]. This pulse generator
is capable of delivering HV up to 30 kV into 80 ns full width at half maximum
(FWHM) pulses and short rate rise time (∼kV ns−1) at repetition rate up to 200 Hz.
The fast voltage rise time allows achieving significant overvoltage at breakdown.
The energy deposition in the plasma reactor (Ed) is defined as the discharge power
to the gas flow rate ratio and is given by the following formula:

Ed
(
J l−1) = Ep · f

Q

where Ep is the discharge pulse energy (J per pulse), f the pulse repetition frequency
(Hz), and Q the gas flow (l s−1) rate at standard conditions. An example of the time
behavior of the voltage–current, discharge power, and discharge pulse energy is
given in Figure 3.9. For the experiments presented here, the input energy density
was adjusted to about 36 J l−1, whatever the temperature.

The deNOx experiments have been conducted to investigate gas mixtures with
more and more complex compositions. The goal is to reach synthetic gas exhausts
simulating diesel and lean-burn gasoline engine exhausts. Typically, the N2-based
mixture consists of O2, H2O, NO, and HCs (C3H6, C3H8, n-C10, and toluene).
The gas mixtures were prepared in a gas-handling system and their composition
was controlled using calibrated high-precision mass flow controllers. Maximum
concentration of different gas components is O2 (10%), H2O (10%), NO (500 ppm),
NO2 (500 ppm), C3H6 (2000 ppmC), C3H8 (150 ppm), n-C10 (1100 ppmC), toluene
(450 ppmC), and N2 as balance.

The reactor outflow was analyzed using a set of specific detectors
(Figure 3.10). A NOx Chemiluminescence Analyzer (Eco Physics CLD
700 AL) allowed the simultaneous detection of NO, NO2, and NOx. An
Infrared (IR) analyzer (Ultramat 6) was used to monitor N2O and a flame
ionization detector (FID) detector to follow the total concentration of HC. Gas
chromatography–mass spectrometry (GC–MS) analyses were performed online
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Figure 3.9 Typical waveforms of (a) pulse voltage–current
and (b) instantaneous discharge power and discharge pulse
energy.

NO2, NO2, NOx

CO, CO2,

HC (FID)

N2O
Feed

Micro-GPC (for N2)

Micro-
reactor

Plasma reactor

GC-MS

Figure 3.10 Experimental device for a complete study of
deNOx process: plasma DBD reactor, GC/MS, micro-gas
phase chomatograph (GPC) (for N2), specific detectors, and
standard microreactor.

using an Agilent device (GC 6890-MS 5973 N) equipped with a CP-PoraBOND
Q capillary column with temperature programming from 50 to 280 ◦C. The NIST
spectral Agilent database was used to identify the detected products. This device also
allowed the analysis of various gases such as H2, O2, N2, CO, and CO2, in a scale
ranging from parts per million to percentage. Some additional chemical analysis
were performed using Fourier transform infrared absorption spectrometer
(FTIR-Nicolet Magna 550 II) equipped with a heated 10 m multiple pass absorption
cell.
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3.3.2
Nonthermal Plasma Chemistry and Kinetics

In these plasmas, the chemistry is initiated by high-energy free electrons (3–6 eV)
and the entire gas stream remains at room temperature. Oxidation is the dominant
process for systems containing dilute concentrations of pollutants (NOx or VOCs)
in gas mixtures of N2, O2, and H2O, particularly when the O2 concentration is
5% or higher. In addition, ozone (mainly produced through three-body reaction
of O with O2) can play an important role in the oxidation processes, particularly
at low temperature. Even though the electrons are short lived under atmospheric
pressure conditions and rarely collide with a pollutant molecule, they undergo
many collisions with the dominant background gas molecules (electron-impact
dissociation and ionization) to produce radicals (N, O, OH, etc.) that, in turn, lead
to the chemical conversion of the NOx or VOC molecules.

During plasma discharge in typical exhausts containing N2, O2, and H2O with
NO (the major form of NOx), primary radicals (N, OH, and O) are created by
electron-impact reactions and rapidly consumed by reactions in the remediation
pathway. They are then regenerated during the next current pulse. The secondary
radicals (HO2, NO3, and O3) are not formed by direct electron-impact events
but rather by reactions involving the primary radicals. They are produced and
consumed on longer time scales than the primary radicals and their densities are
more sensitive to plasma conditions. These radicals initiate chemical reactions,
leading to chemical conversion of pollutant molecules. Production of oxidizing
agents predicted by a self-consistent 0D model in N2 –O2 –H2O mixture at 25 ◦C
and 1 bar [46] is illustrated in Figure 3.11. O and OH maximum densities are
achieved in some tens of nanoseconds, whereas the density of ozone slowly
increases to reach a maximum about 1 ms after the discharge.

Much effort has already been expended on the modeling of the removal by
plasma of pollutant species from vehicle exhaust streams, particularly the direct
removal of NOx. Attention has now turned to studying the chemistry occurring
when an HC is added to the mixture, promoting the conversion of NO to NO2.
Detailed kinetic schemes and discussions of the mechanisms involved in gas-phase
chemistry in the plasma-processing O2, NO, N2, and HC mixtures were studied
extensively [47–49].

In an HC-free mixture, the consumption of NOx mainly occurs through the
oxidation channel. This is due to the fact that the rates of producing O and OH
are higher compared to N because of the lower dissociation energy of H2O and O2

compared to N2. UHCs, often present in diesel exhausts, significantly influence
NOx chemistry during plasma remediation by oxidizing NO into NO2. Globally, the
plasma chemistry shows that the atomic oxygen produced in the discharge is the
initiator of the HC chemistry. These reactions produce HC radical intermediates
such as RO2, OH, and HO2. After the initiation of the kinetics, OH radicals rather
than O atoms become the main HC-consuming species. Although diesel exhausts
are humid, with a typical water content of few percents, the production of OH
radicals by electron-impact dissociation of water is slow [50], and the main source
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Figure 3.11 Time evolution of O, OH, and O3

densities as predicted by a 0D self-consistent model
of the photo-triggered discharge for the N2 –O2 –H2O
(77.6−20–2.4) mixture at 25 ◦C, 1 bar, and specific energy
deposition of about 100 J l−1 [46].

of OH comes from the HC oxidation chemistry. The HO2 radical and, to a lesser
extent, peroxy radicals, RO2, are responsible for the conversion of NO to NO2[10].
The RO radicals then go on to produce the aldehydes [49]. The reaction scheme
recycles the OH and HO2 radicals in a chain mechanism. Niessen et al. [51] used
ethene (C2H4) as a model UHC and showed that the W-value (energy required to
remove one molecule) for NO improved from 60 eV without C2H4 to 10 eV with
2000 ppm of C2H4. In experiments by Khacef et al. [34], NO removal improved
from 50% at 90 J l−1 in the absence of propene (C3H6) to 90% when adding 500 ppm
C3H6, with most of the NO being converted to NO2.

In addition to NO2, plasma processing of a mixture containing O2 –NO–
H2O–HC–N2 led to the production of CO, CO2, aldehydes (CH3CHO, CH2O), alco-
hols (CH3OH), nitrate and nitrite compounds of RNOx type (CH3ONO, CH3ONO2),
nitromethane (CH3NO2), formic acid (CH2O2), propylene oxide (C3H6O), and to
some extent of acids (HNO2, HNO3). Formations of such molecules are predicted
by kinetic models [33, 36, 47, 49, 50] and detected by gas chromatography and FTIR
spectroscopy as well [34, 52, 53]. Examples of FTIR and GC/MS results obtained at
the exit of the pulsed DBD in a dry gas mixture are shown in Figures 3.12 and 3.13.
Other examples are extensively described in Section 3.5.

In C3H6 –O2 –NO–N2 mixture, the maximum efficiency for oxidation of NO
to NO2 increases as the C1/NOx ratio is increased. A C1/NOx ratio of 4 is
required to get 80% oxidation efficiency. In the absence of propene, the oxidation
efficiency is very low (54%) even at high values of electrical energy density input
to the plasma. When the gas mixture was heated, the NO to NO2 oxidation
reaction is counteracted at high temperature by the reduction reaction, as shown
in Figure 3.14. The evolution of the FID signal (total HC concentration) as the
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Figure 3.13 Typical chromatogram plot of the gas phase
from pulsed DBD processing (36 J l−1, 150 ◦C) of O2 (8%),
NO (300 ppm), C3H6 (450 ppmC), and N2.

temperature increases shows that some amount of HC species remains in the gas
phase even at temperatures as high as 400 ◦C.

3.3.3
Plasma Energy Deposition and Energy Cost

One of the most important problems of applied NTP for applications such as
emission control of industrial and automotive exhaust gases is the minimization of
the energy consumption to be competitive with other technologies. The energy cost
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of the plasma-chemical processes are closely related to its mechanisms and the same
plasma processes in different discharge systems or under different conditions result
in entirely different expenses of energy. Usually, the plasma-processing literature
presents the fraction of NOx removed as a function of parameters such as the
specific energy deposited in the discharge, the residence time of the gas in the
reactor, or the applied voltage to the plasma reactor [37–39]. The composition of
the output gaseous components was recorded as a function of energy density,
which is the parameter commonly used to evaluate the NOx conversion efficiency
in the plasma. However, if this parameter is important to characterize the electrical
energy consumption of the process, we should take into account the way to achieve
the chosen energy value [54]. It means that for a specific energy deposited in
given plasma reactor, the plasma chemistry strongly depends on the type of the
discharge (e.g., pulsed or AC voltage) and their HV parameters (amplitude, rise
time, duration, and frequency).

Figure 3.15a shows an example of NO concentrations and C3H6 conversion rate
measured at the exit of an HV-pulsed wire-cylinder DBD reactor for two discharge
regimes: (i) low energy per pulse and high repetition rate and (ii) high energy
per pulse and low repetition rate. These results emphasize that the NO removal
efficiency is optimum for a low deposited energy per pulse and a high HV pulse
repetition frequency. For example, plasma processing at about 27 J l−1 (35 mJ per
pulse and 200 Hz) shows that more than 90% of NO molecules and 36% of C3H6

molecules were converted, respectively. Those conversions are only around 29
and 15%, respectively, for 195 mJ per pulse and 30 Hz case. Whatever the pulsed
discharge regime used in the O2 –NO–C3H6 –N2 mixture, the main products of
the process are NO2, CO, and CO2. Formaldehyde (CH2O) and a large variety of
by-products such as methyl nitrate (CH3ONO2), formic acid (CH2O2), and nitrous
acid (HONO) are observed. However, marked differences in final concentrations of
these species were observed according to the regime used, as shown in Figure 3.15b
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Figure 3.15 (a) NO concentration and C3H6

conversion rate and (b) carbon product con-
centrations at the outlet of an HV-pulsed
wire-cylinder DBD reactor for two excita-
tion regimes: f = 200 Hz and Ep = 35 mJ

(filled symbols); f = 40 Hz and Ep = 195 mJ
(open symbols). Gas mixture: O2 (10%), NO
(500 ppm), C3H6 (1500 ppmC), N2 at 1 bar
and 25 ◦C.

with respect to the carbon products. ‘‘Others’’ represent by-products (formic acid,
methyl nitrate, etc.) not quantified in that study.

It appears from these experiments that if the energy is deposited in small
fractions more often, the energy utilization could be more efficient. The energy
cost of one removed toxic molecule or W-value (electron volts per molecule) mainly
depends on the efficiency of the energy transfer from the power source to the
plasma reactor, configuration of electrodes, and efficiency of chemical reactions
[55]. These results are consistent with the modeling of Doraı̈ and Kushner [56]. In
that model, the energy cost to remove one NOx molecule decreases from 240 eV
for a single pulse (58 J l−1) to 185 eV when the same energy was distributed over 20
pulses. Figure 3.16 shows the change in the NO molecule removal energy cost with
temperature in the presence of C3H6. At the energy density of 27 J l−1, the cost of
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Figure 3.16 Energy cost versus removal rate for NO and
NOx for HV-pulsed DBD reactor at 100 ◦C (filled symbols)
and 260 ◦C (open symbols). Gas mixture: O2 (10%), H2O
(10%), NO (500 ppm), C3H6 (1500 ppmC), and N2.
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15 eV per NO with efficiency of 95% was achieved at the temperature of 100 ◦C. For
the same efficiency, the energy cost at higher gas temperature (260 ◦C) was larger.
These results could be compared with previous data obtained by Bröer et al. [57] in
synthetic gas mixture containing higher O2 concentration (18%), C2H4 instead of
C3H6, and at higher frequency (1 kHz). These authors found that the maximum
NO removal rate was 92% with a W-value around 100 eV.

As a conclusion for pulsed DBD, the optimization of the energy deposition leads
to lowering the energy cost of NOx conversion, which is one of the determinant
parameters in pollution control processes [58]. Pulses with short rise time and
high amplitude voltage have been found to be advantageous because of their ability
to rapidly produce high E/N (electric field/number density) [59]. It has also been
found that it is more efficient with respect to remediation to deposit a given amount
of energy in a large number of shorter duration pulses.

3.4
Special Application of NTP to Catalytic Oxidation of Methane on Alumina-Supported
Noble Metal Catalysts

Catalytic processes for total oxidation of methane have been studied as an al-
ternative to conventional thermal combustion [60–62]. The main application of
total catalytic oxidation is the elimination of methane emissions from natural gas,
which decreases the greenhouse gas effect [63]. Although the several advantages
of natural gas combustion, the emission of unburned methane (natural gas is
typically 90–95% of methane) is a negative point, because methane is a potent
greenhouse gas, which is recognized as contributing more to global atmosphere
warming than CO2 at equivalent emission rates; moreover, its lifetime is quite long
[63]. As methane emissions are now being taken into account in present and future
regulations, the emissions must be necessarily reduced [64].

Several studies have been performed to design catalytic materials that present the
highest activity at the lowest temperature and the best resistance to poisons present
in exhaust gases [65–67]. The most commonly used catalysts for complete methane
oxidation are platinum (Pt)- and palladium (Pd)-based catalysts. There are several
studies in which the Pd-based catalyst and various supports have been tested, such
as alumina, Ta2O3, TiO2, CeO2, and ZrO2 [68]. Fewer studies have been performed
with respect to Pt catalysts supported on oxides supports compared to Pd catalysts
[63]. The future of catalytic oxidation consists of the association of platinum and
palladium in bimetallic catalytic systems in order to combine the high activity of
Pd catalysts to the high resistance of Pt ones against sulfur poisoning. Recently,
rhodium has been also used as a promoter on palladium-based catalysts [69].

In this section, we only paid attention to results of experiments with a DBD for
total methane oxidation in the presence or absence of a catalyst. We also focused
on the effect of water in the feed to reach typical industrial conditions. The same
DBD device was used for this study and for NOx removal studies.
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Table 3.1 Temperature of n% methane conversion, Tn,
under different energy depositions in the presence of DBD
alone for: 150 ppm NO, 8% O2, 7% CO2, and 1000 ppm CH4

in N2 as balance.

Energy n% methane conversion temperature
deposition (J l−1) (Tn for n% conversion) (◦C)

T10 T30 T50 T80

36 348 430 470 –
58 330 410 450 –
80 315 385 430 480

3.4.1
Effect of DBD on the Methane Oxidation in Combined Heat Power (CHP) Conditions

In our experiments, two different reaction mixtures were considered. The reactants
are the following: 150 ppm NO, 8% O2, 7% CO2, 1000 ppm CH4 in N2 as balance
and 150 ppm NO, 8% O2, 7% CO2, 1000 ppm CH4, 4% H2O in N2 as balance, which
is representative of CHP conditions. Furthermore, 150 ppm of NO was chosen in
order to reproduce a gas composition close to those observed in exhaust gases of
CHP. The total gas flow was maintained at 0.25 l min−1 NTP. More details are
discussed elsewhere [23].

3.4.1.1 Effect of Dielectric Material on Methane Oxidation
Table 3.1 presents the effect of the energy deposition on the steady-state methane
conversion as a function of temperature for the following mixture: 150 ppm NO, 8%
O2, 7% CO2, 1000 ppm CH4 in N2 as balance. The methane conversion increases
with the energy deposition. One can see in Table 3.1 that 50% of methane is
converted at 470, 450, and 430 ◦C for Ed = 36, 58, and 80 J l−1, respectively. The
effect of NO was also investigated as a function of energy deposition. The NOx

concentration increased on increasing the temperature and the energy deposition.
Only above 400 ◦C, NOx were formed. Thus, about 10 ppm of NOx were formed
with an Ed = 36 J l−1 at 450 ◦C. This energy deposition is the best to minimize the
NOx formation during the methane oxidation process.

3.4.1.2 Effect of Water on Methane Conversion as a Function of Energy Deposition
The influence of water on methane oxidation in the presence of plasma DBD
was also studied as a function of energy deposition in gas-phase reaction. For
this study, 36 Jl−1 as energy has been chosen. The results are presented in
Figure 3.17. The oxidation of methane is enhanced in the presence of wet feed
only at high temperatures (above 400 ◦C). Indeed, at 450 ◦C, 40% of methane
oxidation is achieved in the absence of water, whereas 48% is converted in the
presence of water. With higher energy deposition (58 J l−1), the influence of water
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Figure 3.17 Effect of H2O in the feed on the CH4 conver-
sion in the absence of a catalyst with an energy deposition
of 36 J l−1.

is more evident and becomes significant at 450 ◦C [23]. Thus, the presence of water
increased the total oxidation of methane by promoting the CO2 formation. It could
be due to the high affinity of water to electrons, in the presence of energy deposition
[70, 71]. In our conditions, even at high temperatures, in the presence of water the
amount of NOx formed is not significant.

3.4.2
Effect of Catalyst Composition on Methane Conversion as a Function of Energy
Deposition

3.4.2.1 Effect of the Support on Plasma-Catalytic Oxidation of Methane
The alumina catalyst was placed after the discharge zone of plasma to improve the
selectivity and the efficiency of the plasma process. Alumina alone is only active at
high temperatures (higher than 600 ◦C) [23]. The methane conversion was followed
as a function of temperature and energy deposition, in the presence of plasma
+ alumina. As reported in Table 3.2, the effect of energy deposition on methane
conversion is evident only at high temperatures for a plasma-catalytic system.
Table 3.2 also indicates that the methane conversion increases with the energy
deposition, in the presence of plasma + alumina. The temperature found for 50%
methane conversion decreases with increasing Ed. These results are in agreement
with those presented in Table 3.1, obtained in the absence of alumina. For a fixed
energy deposition, the presence of alumina leads to a decrease in the temperature
of conversion of about 10–20 ◦C. This better activity in the presence of plasma +
alumina could be explained by the better reactivity of the activated species, induced
by the plasma. In fact, the plasma created reactive species from methane, and
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Table 3.2 Temperature of n% methane conversion, Tn,
under different energy depositions as a function of the
catalyst for: 150 ppm NO, 8% O2, 7% CO2, and 1000 ppm
CH4 in N2 as balance.

Catalyst GHSV (h–1) Energy deposition n% methane conversion
(J l−1) temperature (◦C)

T30 T50 T80

None – 36 430 470 –
None – 58 410 450 –

Support (Al2O3) 20 000 0 470 – –
36 412 448 –
58 398 435 470

Pd(0.5)/Al2O3 40 000 0 315 330 362
36 315 330 362
58 315 330 362

Pd(0.36)/Al2O3 100 000 0 – – –
36 422 460 –
58 395 438 485

Pt(0.36)/Al2O3 20 000 0 462 – –
36 412 448 –
58 388 426 462

then these species reacted with the catalyst, leading to higher methane conversion
[24].

3.4.2.2 Effect of the Noble Metals on Plasma-Catalytic Oxidation of Methane in the
Absence of Water in the Feed
In these experiments, the total flow rate was maintained constant at 250 ml min−1,
and the space velocity gas hourly space velocity (GHSV) was varied depend-
ing on the catalyst to have a significant activity; more details are given else-
where [24].

Palladium-Based Catalysts Palladium-based catalysts are well known to be the most
active catalysts for the catalytic total oxidation of methane [63]. Experiments were
performed with a Pd(0.5)/Al2O3 catalyst using a GHSV = 40 000 h−1 to minimize
the influence of the catalyst in the catalytic plasma-assisted system (Table 3.2).
Fifty percent of methane is converted at 330 ◦C for Ed = 0 and 36 J l−1. Thus, there
is no influence of the energy deposition in the presence of Pd(0.5)/Al2O3. In the
studied experimental conditions, the palladium-based catalysts are highly active
in the temperature range from 350 to 500 ◦C (in which the plasma activates the
methane). Thus, for palladium-based catalysts, there is no influence of plasma on
the methane total oxidation. Let us note that for all the experiments, only CO2 was
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observed as a product, and that in the operating conditions, only about 20 ppm of
NOx was formed at 500 ◦C, whereas 100% methane is converted (Ed = 36 J l−1).

Platinum-Based Catalysts A platinum-based catalyst, Pt(0.36)/Al2O3, has been
prepared and studied in the absence of water with a GHSV 20 000 h−1. The
reaction of methane oxidation was carried out in the absence of plasma and in
the presence of an energy deposition ranging from 36 to 58 J l−1 (Table 3.2). One
can see that in the absence of plasma, the Pt(0.36)/Al2O3 catalyst oxidized the
methane above 350 ◦C. These results are in agreement with the literature [63].
Indeed, the platinum-based catalysts are less active than the palladium ones for
methane total oxidation in the absence of water [63]. In the presence of energy
deposition (36 J l−1), the methane conversion increases with the energy deposition.
In Table 3.2, one can see that 30% of methane is converted at 462, 412, and 388 ◦C
for Ed = 0, 36 and 58 J l−1, respectively. Thus, the influence of plasma is clearly
evident in the presence of a platinum-based catalyst. The catalytic plasma-assisted
system is then efficient for energy deposition of 36 J l−1 and of course for higher
energy deposition.

3.4.2.3 Influence of Water on the Plasma-Assisted Catalytic Methane Oxidation in
CHP Conditions
Table 3.3 presents the results of methane oxidation in the presence of water as
functions of energy deposition and catalyst.

Table 3.3 Temperature of n% conversion, Tn, under
different energy depositions in the presence of a catalyst, in
the presence (W) of water, or in the absence (W/O) of water
in the feed.

Energy deposition Catalysts
(J l–1)

Pt(0.5)/Al2O3 Pt(0.36)/Al2O3

W/O H2O W H2O W/O H2O W H2O

0 T10 290 340 425 475
T30 321 368 475 –
T50 340 390 – –

36 T10 350 295 350 350
T30 310 358 421 421
T50 335 375 452 452

58 T10 295 295 327 327
T30 310 352 389 390
T50 335 372 441 442

Reaction mixture: W/O H2O : 150 ppm NO, 8% O2, 7% CO2, and 1000 ppm CH4 in N2

as balance and W H2O:150 ppm NO, 8% O2, 7% CO2, 1000 ppm CH4, and 4% H2O in
N2 as balance.
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Influence of Wet Mixture on Support The activity of alumina-based catalysts for
methane oxidation was presented elsewhere [23]. In the presence of water, the
methane oxidation was totally inhibited. The alumina alone was inactive in the
studied range of temperature. The one effect observed was the effect of energy
deposition, as already reported in dry conditions [23].

Influence of Water on Platinum- and Palladium-Based Catalysts Since numerous
authors mentioned a strong inhibition of water vapor on the rate of methane
oxidation, which could be responsible for the observed deactivation of Pd catalysts
[72–74], we decided to confirm the effect of water on the noble-metal-based catalysts
in CHP conditions. As reported in the literature [72–74], the methane oxidation
rate decreases with the addition of water in the feed. Indeed, on Pt(0.36)/Al2O3,
10% of methane conversion is obtained at 425 and 475 ◦C in the absence of plasma
in dry and wet conditions, respectively (Table 3.3). In addition, 50% of methane is
converted at 340 ◦C in the absence of water and at 385 ◦C in the presence of water
on Pd(0.5)/Al2O3 (GHSV = 40 000 h−1). The loss of activity on water addition was
then consistent with previous studies on Pd/Al2O3, indicating the strong inhibition
by water vapor [72, 74, 75].

Coupled Plasma–Pt(X)/Al2O3 or Plasma–Pd(X)/Al2O3 for Methane Oxidation in the
Presence of Water in the Feed As already reported in the absence of plasma
(Table 3.2), the platinum catalyst is inactive for methane conversion in the presence
of water. With plasma addition, one can conclude the same. In fact, in Table 3.3, for
Ed = 36 J l−1, whatever the experimental conditions, 50% of methane is converted
at the same temperature, at 452 ◦C. The enhancement of methane oxidation
is only due to the increase in energy deposition, as already reported [57]. We
can then conclude that systems with plasma DBD coupled with platinum-based
catalysts are not efficient systems for methane oxidation in wet exhaust conditions.
On the contrary, a difference in reactivity is observed in plasma coupled with
palladium-based catalysts in the presence of water (Table 3.3). As already reported
in the absence of plasma and in literature [72–75], a loss of activity was observed
in the presence of water. However, for plasma–palladium systems, the influence
of energy deposition becomes significant. Indeed, in comparison to catalytic
systems alone, an increase in activity is observed in wet conditions, whereas no
significant synergetic effect was observed in dry conditions. For Pd(0.5)/Al2O3

(GHSV = 40 000 h−1), 50% of methane conversion is obtained at 390, 375, and
372 ◦C for Ed = 0, 36, and 58 J l−1, respectively. For both palladium catalysts, in wet
conditions, the methane conversion increases on increasing the energy deposition.
The negative effect of water on Pd catalysts, which can be explained by adsorption
competition [72] or by the change of active phase [73, 74, 76], is partially drawn
aside by the positive effect of water on plasma systems, which generates radicals,
accelerating the CO2 formation [70, 71]. In wet CHP conditions, the most efficient
system for methane oxidation is the plasma + Pd(X)/Al2O3 system.
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3.4.3
Conclusions

The methane total oxidation was studied as a function of temperature, by changing
the energy deposition (Ed). At low-energy deposition, Ed = 36 J l−1, methane was
converted from 300 ◦C. The methane conversion increased on increasing the energy
deposition. However, for high temperatures, than for the high methane oxidation
efficiency, NOx were formed during the plasma process. Therefore, to minimize
NOx formation and to obtain the highest methane conversion, we carried out
experiments at temperatures around 400 ◦C, but in the presence of low-energy
deposition, Ed = 36 J l−1. The alumina alone, used as a catalyst, was active at 425 ◦C
and above. The activity of this catalyst is then very poor. However, no NOx were
formed in the absence of plasma with the catalytic system alone. Finally, the
plasma-catalytic oxidation of methane was studied in the presence of alumina.
For the same energy deposition, the methane oxidation is favored in the presence
of plasma + alumina system, in comparison to plasma or alumina alone. This
better activity in the presence of plasma + alumina could be explained by the
better reactivity of the activated species, induced by the plasma. In fact, the plasma
created reactive species from methane, and then these species reacted with the
catalyst, placed after the discharge, leading to higher methane conversion. We
can conclude that the combination of plasma and alumina led to a higher activity
for methane total oxidation than alumina or plasma used alone. However, the
temperatures of total oxidation remain very high. To decrease the temperature
reaction, the alumina catalyst, which had not presented a high activity, could be
replaced by a typical methane oxidation catalyst. Thus, the methane oxidation
reaction was studied in CHP experimental conditions using catalytic systems such
as palladium or platinum catalysts, using plasma DBD alone with energy deposition
of 36 J l−1, or using plasma and catalyst systems. In the absence of water, palladium
catalysts exhibit a superior catalytic activity in methane oxidation. Furthermore, the
plasma-alumina-supported palladium system is as efficient as Pd(X)/Al2O3 alone.
There is then no influence of plasma on methane oxidation for these systems, in
the absence of water. In the presence of water in the feed, the methane oxidation
rate decreases with the addition of water in the feed. Indeed, on noble-metal-based
catalysts, the same methane conversion is obtained at temperatures 50 ◦C higher
in wet conditions in comparison to dry mixtures. The loss of activity on water
addition was then consistent with previous studies on Pd/Al2O3, indicating a
strong inhibition by water vapor and a modification of surface active phase PdO.
In the same experimental conditions, the platinum-based catalysts are inactive.
For DBD plasma alone, it was found that the methane oxidation rate increases
with the water addition and energy deposition. Finally, plasma–catalyst systems
were studied in wet conditions. In the presence of plasma, the methane oxidation
rate observed for plasma–Pt(X)/Al2O3 system only corresponds to the influence
of energy deposition. Indeed, the presence of water creates radicals, which leads
to a higher rate of methane oxidation. Moreover, in the presence of plasma,
for both palladium catalysts, in wet conditions, the rate of methane conversion
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is enhanced significantly compared to the catalytic system alone. In these latter
experiments, the negative effect of water on palladium catalysts is partially drawn
aside by the positive effect of water on plasma systems. In wet CHP conditions, the
most efficient system for methane oxidation is the plasma–Pd(X)/Al2O3 system,
depending on the desired reaction temperature. These coupled plasma/catalysis
systems could be a good alternative to decrease the amount of noble metal in the
combustion of methane and more generally in HC oxidation processes.

3.5
NTP-Assisted Catalytic NOx Remediation from Lean Model Exhausts Gases

3.5.1
Consumption of Oxygenates and RNOx from Plasma during the Reduction of NOx

According to the Function F3: Plasma-Assisted Propene-deNOx in the Presence of
Ce0.68Zr0.32O2

3.5.1.1 Conversion of NOx and Total HC versus Temperature (Light-Off Plot)
In order to check the efficiency and the role of plasma on the deNOx process by
providing oxygenates and nitrocompounds to the catalyst from low temperature,
the conversion of NOx and total HC versus temperature has been conducted in
stationary conditions, by successive isotherms. Results are reported in Figure 3.18;
these plots correspond to the light-off of the catalyst for both NOx and reductants
(HC, RNOx or CxHyOz). The feed is a mixture of C3H6 (2000 ppmC), NO
(500 ppm), O2 (8% vol.), and N2 (complement). When the plasma is ON an energy
density of 36 J l−1 is provided. The NTP reactor is located before the catalyst
reactor.
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Figure 3.18 NOx and total HC conversion versus
temperature. Feed: C3H6 (2000 ppmC) NO (500 ppm), O2

(8% vol.), and N2 (complement); catalyst: Ce0.68Zr0.32O2.
GHSV: 93000 h−1; PON: plasma on; POFF: plasma off.
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• deNOx . As in the case of three-way catalysis [1, 4], the support alone is active in
NO reduction: 8% at 265 ◦C (Figure 3.18, full line, Poff), Ce4+ being the active
site for the function F3.
In the case of plasma–Ce0.68Zr0.32O2 coupling, NOx conversion is rising from
10% at 250 ◦C to 20% at 325 ◦C. Let us note that both conversion and temperature
window are rising.

• HC conversion. ‘‘HC’’ stands for hydrocarbon, oxygenates, and nitrocompounds
as detected by the FID specific detector. Figure 3.18 emphasizes the very strong
effect of plasma on HC total oxidation to CO2 (and H2O, not measured): this very
high conversion shows: (i) the simultaneity between deNOx and the reducers
oxidation in the same range of temperature from 150 ◦C; (ii) the simultaneity
between the lack of HC from 325 ◦C and the decrease in deNOx above this
temperature; and (iii) the kinetic coupling of HC-deNOx and HC oxidation
catalytic cycles in accordance with the function F3 of the model (Figure 3.5).

3.5.1.2 GC/MS Analysis
A strong propene conversion to oxygenates and nitrocompounds in plasma alone
is observed at 265 ◦C (Figure 3.19). Table 3.4 and Figure 3.19a report the ma-
jor compounds detected at the outlet of the plasma reactor in the absence of
catalyst.

Figure 3.19b shows that only propene, propane, methyl nitrite, acetaldehyde,
acetonitrile, and methyl nitrate are detected in the presence of Ce0.68Zr0.32O2

at 265◦C.

• Drastic consumption of HC species in the presence of a catalyst at 265 ◦C, corresponding
to 15% deNOx.

• Comparison between Figures 3.19a,b shows that oxygenates from the plasma
reactor such as acetaldehyde, methylformate, propylene oxide, propanal, acetone,
and propenol have been consumed. Only traces of acetaldehyde are detected.

Table 3.4 Main species detected at the outlet of the plasma
reactor (36 J l−1) at 265 ◦C from C3H6 (2000 ppmC), NO
(500 ppm), O2 (8% vol.), and N2.

HC and oxygenates N-containing compounds

Propene Methyl nitrite
Acetaldehyde Acetonitrile
Methyl Nitroso
Formate Methylamine
Propylene Methyl nitrate
Oxide Nitromethane
Propenal Ethyl nitrate
Propenol –
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Figure 3.19 GC/MS of species from C3H6 (2000 ppmC),
NO (500 ppm), O2 (8% vol.), and N2, in the presence
of plasma (36 J l−1) (a) without catalyst and (b) with
Ce0.68Zr0.32O2 at 265 ◦C.

Furthermore, the nitro methane (RNOx type in the model) has completely
disappeared, in concordance with both functions F2 and F3 of the deNOx model.

• As a conclusion to this first case, oxygenates CxHyOz coming from the initial
propene (HC) in the plasma reactor are probably the reductant species of deNOx

reaction during coupling of the ‘‘plasma − Ce0.68Zr0.32O2’’ reactors.

3.5.2
The NTP is Able to Significantly Increase the deNOx Activity, Extend the Operating
Temperature Window while Decreasing the Reaction Temperature

Propene being a common reductant, plasma-assisted propene-deNOx over alumina
will be used for the sake of demonstration.
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3.5.2.1 TPD of NO for Prediction of the deNOx Temperature over Alumina without
Plasma
As shown in Section 3.3 on the three-function model, the theory is based on the
temperature at which NO is activated and can either desorb or dissociate to Nads

and Oads [2–4] (Figure 3.20).
One of the most interesting results of Penetrante and coworkers [6] is the coupling

of an NTP reactor with a deNOx one containing alumina alone. The explanation of
their results is completely in accordance with the concept of Oads scavenging by
HCs or oxygenates that are able to suffer their total oxidation at the temperature of
NO activation (desorption/dissociation).

It has been shown by Djéga-Mariadassou [3] that a TPD of preadsorbed NO at
room temperature can lead to the temperature of deNOx process.

The NO adsorption has been made by flowing NO (150 ppm), O2 (8% vol.),
and N2 (complement). It is followed by TPD/10 ◦C min−1 in a flowing O2−N2

mixture. (Let us note that adsorption/TPD is still better for the prediction of deNOx

temperature without adding O2 that provokes the simultaneous NO oxidation to
NO2, a parallel reaction as there is no oxygen as reagent in the deNOx function F3
cycle.)

Figure 3.20 shows the two domains where deNOx is able to occur: the first NO
desorption is observed at 255 ◦C and is referred to as the expected ‘‘low-temperature’’
deNOx, in contrast to the ‘‘high-temperature’’ one, occurring at 485 ◦C. The
low-temperature NO2 comes from the NO oxidation to NO2 on alumina, whereas
the NO2 peak observed at high temperature comes from the surface nitrate species
dissociation and NO2 desorption.

50 100 150 200 250 300

255°C

350 400 450 500
0

50

100

150

200
50 100 150 200 250 300 350 400 450 500

0

50

100

150

200

N
O

, N
O

2,
 N

O
x 

(p
pm

)

NO

NO2

NOx

NO

Temperature (°C)

485°C

Figure 3.20 NO, NO2, and NOx (NO + NO2) evolution
during TPD of NO in the presence of O2, as described in
the text, over alumina precalcined for 2 h at 500 ◦C.
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This figure shows that two domains of deNOx can exist over this alumina,
125–350 and 400–500 ◦C, as long as Oads left by NO dissociation is able to be
scavenged by a reductant that oxidized to CO2 + H2O.

3.5.2.2 Coupling of a NTP Reactor with a Catalyst (Alumina) Reactor for
Catalytic-Assisted deNOx

The experiment has been carried out by flowing a C3H6 –NO–O2 –N2 mixture
in the two successive reactors (Figure 3.7). Figure 3.21 shows the conversion
of global HC detected by a specific FID detector (without discrimination of
the nature of compounds), HC being defined as propene, oxygenates CxHyOz,
and nitrogen-containing species. Conversion of NOx versus temperature is also
reported.

• In the absence of plasma, Al2O3 only begins to be active in deNOx at high
temperatures, starting at 350 ◦C, with a NOx conversion of about 10% above
425 ◦C (Figure 3.21).

• Furthermore, HCs are oxidized to CO2/H2O from 270 ◦C, that is, before NO
activation on alumina.
In accordance with the model, the deNOx process is poor (low turnover of the
function F3 catalytic cycle) because of the lack of reducer at high temperature: the
four kinetically coupled catalytic cycles of the function F3 model turn over, leading
to a high competition of oxidation of propene and oxygenates for scavenging Oads

from NO and Oads from O2 on the same active site.
• In the presence of plasma, NOx conversion starts at a low temperature, simulta-

neously with the total oxidation of HC to CO2/H2O: the function F3 of deNOx

model turns over. The NOx conversion is higher than 20% between 200 and
360 ◦C, 40% being obtained at 300 ◦C.
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Figure 3.21 NOx and global HC conversions versus
temperature. Successive isotherms. Feed: NO (500 ppm),
C3H6 (2000 ppmC), O2 (8% vol.), and N2; catalyst: Al2O3;
GHSV: 54 000 h−1.
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This behavior clearly demonstrates the role of the NTP as a promoter of the deNOx

reaction. Comparing Figure 3.21 (deNOx) to Figure 3.20 (TPD of NO), the NTP
delivers active reducers (oxygenates) to alumina and activates the NO reduction at
the temperature of the first NO desorption peak observed in Figure 3.20.

As a conclusion to this section, it can be seen that the NTP is activating the
low-temperature deNOx function of alumina while providing a wide operating
temperature window for deNOx reaction.

To get a larger broad temperature window for deNOx process, a ‘‘composite’’
catalyst system can be used, as seen in next section.

3.5.3
Concept of a ‘‘Composite’’ Catalyst Able to Extend the deNOx Operating Temperature
Window

In a review of the selective reduction of NOx with HCs under lean-burn conditions,
Burch et al. [77] have concluded that the main problems are related to complex real
exhaust emissions and temperature range, which is wider for an engine test than
for a laboratory one.

A ‘‘unit’’ catalyst (with a single cation or oxide) generally works in a narrow
range of temperature. Its activity in the deNOx process is limited by the reductant
oxidation and concentration, as well as by the temperature of NO activation
(dissociation/reduction).

To extend the temperature range of the catalytic material, a composite catalyst
can be designed associating unit catalysts working in different temperature ranges.
These unit catalysts have to be selected according to the nature of reductants:
propene, propane, n-decane, and toluene are studied in this chapter. A narrow
overlap of unit catalysts will be useful to get a continuous deNOx activity of the
composite catalyst. The light-off of unit catalysts should extend the range of deNOx

activity.

• Scheme of the composite catalyst.
A composite catalyst device is presented in Figure 3.22. The unit catalysts have
to turn over successively in the temperature range. Cat 1 is active at high
temperatures and should be the first in the composite device [53]; Cat 3 turns
over at low temperatures and will be the last one for avoiding the reductant
oxidation necessary for Cat 1 to work at high temperatures.

As a consequence, catalytic cycles of unit catalysts will be classified from three to
one in the temperature scale.

The unit catalyst working at high temperatures (around 400 ◦C) will be alumina
(as found in the absence of plasma in Section 5.3.2). Ag/Ce0.68Zr0.2O2 has been
selected for its activity at low temperatures [53]. Finally Rh−Pd/Ce0.68Zr0.32O2 [78]
has been found to be working at intermediate temperatures. The composite catalyst
used for the next section is summarized in Table 3.5.
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Cat
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3
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1
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Feed

Figure 3.22 Scheme of a composite catalyst. ‘‘Cat’’ 1–3 are
three unit catalysts. Cycles 1–3 represent the turn over of
each catalyst unit versus temperature.

Table 3.5 Design of the composite catalyst.

C1 C2 C3

Al2O3 Rh–Pd/Ce0.68Zr0.32O2 Ag/Ce0.68Zr0.2O2

3.5.4
Propene-deNOx on the ‘‘Al2O3 /// Rh–Pd/Ce0.68Zr0.32O2 /// Ag/Ce0.68Zr0.32O2’’
Composite Catalyst

3.5.4.1 NOx and C3H6 Global Conversion versus Temperature
Experiments were conducted with successive isotherms in stationary conditions
(Figure 3.23). The composite catalyst was precalcined in flowing synthetic air, with
a GHSV = 54000 h−1. Propene was the reductant in the following feed composition:
C3H6 (2000 ppmC) NO (500 ppm), O2 (8% vol.), and N2 (balance).

• In the absence of plasma, two conversion peaks are observed (Figure 3.23) with
24 and 18% conversion, at 270 and 485 ◦C, respectively. Considering previous
studies on unit catalysts, the first peak can be attributed to Rh−Pd/Ce0,68Zr0,32O2

/// Ag/Ce0,68Zr0,32O2 and the second peak to Al2O3.
• In the presence of plasma, NOx conversion higher than 50% is observed in the

240–275 ◦C range of temperature.

In both cases, global propene is oxidized from 150 ◦C, simultaneously with the
two deNOx peaks. Nevertheless, for the second peak at high temperature, the
propene oxidation – due to the deNOx function F3 of the composite catalyst – is
competing with that due to the oxidation by dioxygen (see the function F3 model
with four kinetically coupled catalytic cycles in Section 3.2).
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Figure 3.23 NOx and total HC conversion versus
temperature. Feed: C3H6 (2000 ppmC) NO (500 ppm), O2

(8% vol.), and N2 (complement). Composite catalyst: Al2O3

/// Rh−Pd/Ce0.68Zr0.32O2 /// Ag/Ce0.68Zr0.32O2; GHSV:
93000 h−1. With or without plasma (Ed = 36 J l−1).

The NTP leads to a 30% higher deNOx activity of the composite catalyst, the
range of temperature being relatively broader.

3.5.4.2 GC/MS Analysis of Gas Compounds at the Outlet of the Catalyst Reactor
In the presence of plasma, oxygenates (CxHyOz) are due to the plasma interaction
with propene, whereas without plasma, oxygenates (ex-RNOx) are delivered by
the catalyst and responsible for the deNOx reaction only at high temperatures
(Figure 3.24a,b).

• In the presence of plasma at 120 ◦C, the Figure 3.24a shows the presence of propene,
methyl nitrite, acetaldehyde, methyl formate, acetonitrile, nitrosomethylamine,
propenal, propanal, methyl nitrate, acetone, nitromethane, and methyl propenal.

3.5.5
NTP Assisted Catalytic deNOx Reaction in the Presence of a Multireductant Feed:
NO (500 ppm), Decane (1100 ppmC), Toluene (450 ppmC), Propene (400 ppmC),
and Propane (150 ppmC), O2 (8% vol), Ar (Balance)

3.5.5.1 Conversion of NOx and Global HC versus Temperature
Without plasma, NOx conversion is about 40% at 250 ◦C. The promoter effect of NTP
leads to 50–55% in the 230–280 ◦C temperature range (Figure 3.25). For the sake
of deNOx evidence, nitrogen has been measured using a micro-gas chromatograph
(μ-GC). Let us note that the NOx consumption quantitatively corresponds to the
formation of N2 above 200 ◦C. The composite catalyst is able to proceed to the
deNOx reaction in the presence of the complex gas mixture.
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Figure 3.24 GC/MS of products from C3H6 (2000 ppmC),
NO (500 ppm), O2 (8% vol.), and N2, in the presence
of plasma (36 J l−1), with composite catalyst: Al2O3 ///
Rh−Pd/Ce0.68Zr0.32O2 /// Ag/Ce0.68Zr0.32O2. (a) T = 120 ◦C
and (b) T = 260 ◦C.

3.5.5.2 GC/MS Analysis of Products at the Outlet of Associated Reactors

• In the absence of a catalyst, Figure 3.26 shows the numerous species formed in
the plasma and reported in Table 3.6. Baudin [53] has shown this result to be in
agreement with the GC/MS of pure HCs of the gas mixture.

• In the presence of the composite catalyst (Figure 3.27), the GC/MS analysis only de-
tected chloromethane, propene, chloroethane, methyl nitrate, benzene, toluene,
styrene, benzaldehyde, acetophenone, and decane. It has to be noted that all
CxHyOz and nonaromatic RNOx have been completely consumed: these species
produced by plasma are the reductants of the deNOx reaction.
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Figure 3.25 NOx conversion and N2

formation versus temperature. Feed:
NO (500 ppm), decane (1100 ppmC),
toluene (450 ppmC), propene (400 ppmC),
propane (150 ppmC), O2 (8% vol.),

and Ar. Composite catalyst: Al2O3///
Rh−Pd/Ce0.68Zr0.32O2 /// Ag/Ce0.68Zr0.32O2

calcined for 2 h at 500 ◦C, in flow-
ing synthetic air (GHSV: 93 000 h−1);
plasma Ed = 36 J l−1.

Table 3.6 List of compounds detected by GC/MS
(Figure 3.26) classified as HC-CxHyOz and N-containing
compounds.

Methanol Methyl nitrite
Propane Nitromethane
Methyl formate Nitrosomethylamine
Ethanol Methyl nitrate
Acetonitrile Nitromethane
Propylene oxide Ethane nitrile
Propanal C4 –RNOx

Acetone
C3HyOz

C4HyOz

C5HyOz

Toluene
C6HyOz

C7HyOz

Styrene
Benzaldehyde
Decane
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Figure 3.26 GC/MS analysis of species at
the outlet of plasma reactor (36 J l−1), in
the absence of a catalyst. (Total ion current
(TIC) vs time of analysis, in two separated
parts (a,b) for the sake of presentation.)

Feed: NO (500 ppm), decane (1100 ppmC),
toluene (450 ppmC), propene (400 ppmC),
propane (150 ppmC), O2 (8% vol.), and Ar;
plasma Ed = 36 J l−1; T = 235 ◦C.
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Figure 3.27 GC/MS analysis of species at
the outlet of the plasma reactor (36 J l−1),
in the presence of a catalyst. (Total ion cur-
rent (TIC) vs time of analysis, in two sep-
arated parts (a,b) for the sake of presenta-
tion.) Feed: NO (500 ppm), decane (1100
ppmC), toluene (450 ppmC), propene (400

ppmC), propane (150 ppmC), O2 (8%
vol.), and Ar. Composite catalyst: Al2O3///
Rh−Pd/Ce0.68Zr0.32O2 /// Ag/Ce0.68Zr0.32O2

calcined for 2 h at 500 ◦C, in flowing syn-
thetic air (GHSV: 93000 h−1); plasma
Ed = 36 J l−1; T = 230 ◦C.
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3.6
Conclusions

Associated with the NTP theory, the three-function catalyst model developed in this
chapter concerns supported and well-dispersed metal cations on oxides.

Different cases of deNOx processes have been derived from the general model.

• They all depend on the temperature (TNO) of NO dissociation/reduction to Oads

and N2 release in the gas phase.
• The different cases are mainly linked to the relative position of TNO in regard

to the temperature (THC) of the oxidation (to CO2/H2O) of reductants (HC or
CxHyOz).

• More particularly, when the temperature of the reductant is higher than that
of TNO (very often occurring experimentally), the three functions have to turn
over simultaneously at TNO: (i) oxidation of NO to NO2; (ii) mild oxidation of
HC to CxHyOz (oxygenates); and (iii) NO reduction assisted by the oxidation of
reductants to CO2/H2O.

• The catalyst has to simultaneously produce , by itself, all these reactions.

The NTP reactor has been shown to play several roles.

• The NTP plays the role of two of the three functions defined in the catalysis
model when coupling the plasma reactor to the catalytic deNOx device (as far the
catalyst has been designed in order to have the three functions!):
– the conversion of NO to NO2;
– the production of oxygenated compounds CxHyOz and organic nitrogen-

containing intermediates RNOx that are able to decompose to oxygenates.
• It has been shown that in addition to NO2, plasma processing of a mixture con-

taining O2 –NO–H2O–HC–N2 leads to the production of aldehydes (CH3CHO,
CH2O), alcohols (CH3OH), nitrate and intermediate organic nitroso compounds
of R–NOx type (CH3ONO, CH3ONO2), nitro methane (CH3NO2), formic acid
(CH2O2), propylene oxide (C3H6O), and to some extent of acids (HNO2, HNO3).
Formations of such molecules are predicted by kinetic models of NTP.

• The NTP provides these active species to the catalyst and allows the extension of
the temperature windows of deNOx reaction from room temperature.

• Furthermore, it has been found that UHCs of gas exhausts of diesel engines
prevent the oxidation of SO2, thus making the plasma-catalytic process tolerant
to the sulfur content of the fuel.

• DBD processing being a very mature technology, it is now routinely used in
industrial applications and could be adapted to exhaust gas deNOx treatments.

The coupling of NTP-catalytic reactor has been illustrated comparing three kinds
of data:

• The light-off curves of catalytic reactor NTP off and on;
• The NTP activity on reaction mixtures;
• The NTP-catalytic reactor coupling.
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Some deNOx experiments have been selected to investigate gas mixtures with
more and more complex compositions. The goal was to produce synthetic gas
exhausts simulating diesel and lean-burn gasoline engine exhausts. Typically,
the N2-based mixture consists of O2, H2O, NO, and HCs (C3H6, C3H8, n-C10,
and toluene). In all cases, the plasma reactor has been shown to deliver to the
catalyst reactor a rich mixture of NO2, oxygenates, and intermediate organic nitroso
compounds, completely consumed during the deNOx catalytic process and leading to
efficient NOx abatements.

‘‘Composite’’ catalysts have been shown to extend the deNOx operating temper-
ature window in the presence of NTP coupling.

The particular case of plasma-catalytic oxidation of methane was studied in the
presence of alumina. This better activity in the presence of plasma + alumina
could be explained by the better reactivity of the activated species induced by
the plasma. The combination of plasma and alumina led to a higher activity for
methane total oxidation than alumina or plasma used alone. In the presence of
plasma, the methane oxidation rate observed for the plasma–Pt(X)/Al2O3 system
only corresponds to the influence of energy deposition. Indeed, the presence of
water creates radicals, which leads to a higher rate of methane oxidation. Moreover,
in the presence of plasma, for both palladium catalysts, in wet conditions, the
rate of methane conversion is enhanced significantly compared to the catalytic
system alone. In these latter experiments, the negative effect of water on palladium
catalysts is partially drawn aside by the positive effect of water on plasma systems.
In wet CHP conditions, the most efficient system for methane oxidation is the
plasma–Pd(X)/Al2O3 system, depending on the desired reaction temperature.
These coupled plasma/catalysis systems could be a good alternative to decrease the
amount of noble metal in the combustion of methane and more generally in the
HC oxidation processes.
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4
VOC Removal from Air by Plasma-Assisted
Catalysis-Experimental Work
Monica Magureanu

4.1
Introduction

Volatile organic compounds (VOCs) refer to organic chemical compounds that have
a sufficiently low boiling point to allow evaporation in air without decomposition
(usually below 250 ◦C) and that can affect the environment and human health.
Depending on the definitions in different countries, only substances boiling above
50 ◦C, or even methane, are included.

4.1.1
Sources of VOC Emission in the Atmosphere

VOC emissions in the atmosphere result from both natural sources and human
activities. Natural or biogenic sources include vegetation, forest fires, and animals.
Many factors influence VOC emission by plants, such as temperature, light,
stage of plant development, air composition, and the presence of air pollutants,
moisture, mechanical stress, and injury [1, 2]. Biogenic VOCs include isoprene
and monoterpenes, carbonyl compounds, various alkanes, alkenes, organic acids,
alcohols, esters, ethers, and so on [1, 3].

Man-made or anthropogenic sources can be divided into four main categories,
including transportation (emission from cars, trucks, and buses, as well as nonroad
vehicles such as aircraft, ships, and farming and construction equipment), the use
of organic solvents and solvent-containing products (paints, inks, glues, adhesives,
antifreezing agents, etc.), production processes and storage (chemical industry,
production of pharmaceuticals, manufacturing of paper and certain food products,
etc.), and combustion processes (combustion of various fuels such as coal, wood,
oil, and gas) [4].
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4.1.2
Environmental and Health Problems Related to VOCs

VOCs are the precursors of photochemical smog, which appears as a result
of chemical reactions in the presence of sunlight and nitrogen oxides in the
atmosphere. The chemistry involved in the formation of photochemical smog is very
complex [5, 6]. Briefly, it proceeds through photodissociation of nitrogen dioxide
(NO2), forming atomic oxygen, followed by the generation of other oxidizers such as
ozone and hydroxyl radicals by reactions with hydrocarbons and water molecules.
These strong oxidizers react with VOCs, generating hydrocarbon radicals. Further
oxidation leads to the formation of aldehydes and aldehyde peroxyacids, and by
reactions with NO2, peroxyacyl nitrates are formed [7]. These are only a few of the
components of smog, which cause environmental and health impacts, leading to
irritation of the eyes and respiratory tract, damage to lung tissue and reduction in
lung function, and so on.

VOCs are also recognized as precursors to ground-level or tropospheric ozone,
a key component of photochemical smog. Ozone can be transported by wind
currents and affect regions far from original sources, damaging forest ecosystems
and agricultural crops in rural areas [8, 9]. Ozone is also a pollutant of concern
because it is associated with extensive health effects, most notably related to the
respiratory system [10, 11].

Another environmental problem created by VOC emissions is global warming.
Some VOCs, especially halogenated compounds, act as potent greenhouse gases,
with global warming potential (GWP) exceeding that of CO2 by orders of magnitude.

The extent and nature of the health effects produced directly by VOCs depend
on many factors including type of VOC, level of exposure, duration of exposure,
and exposure pathway (ingestion, respiration, and dermal absorption). The toxicity
of VOCs varies largely as a function of the nature of the organic compound; while
some of them have no known health effect, others are highly toxic.

Exposure to VOCs may result in a spectrum of illnesses ranging from mild,
such as irritation, to very severe effects, including cancer. Eye and respiratory tract
irritation are several of the most frequent acute symptoms that appear during or
soon after exposure to some VOCs [12, 13]. Other acute symptoms experienced by
people exposed to VOCs are headaches, nausea, dizziness, fatigue, visual disorders,
allergic skin reactions, and memory impairment.

Many VOCs are not acutely toxic but have chronic effects. Industrial work-
ers who handle these compounds in their workplace experience a high risk of
developing symptoms from long-term exposure to VOCs. In general, long-term
exposure to some VOCs, even at low concentrations, may cause damage to the
liver, kidneys, and central nervous system. Exposure to VOCs, such as polycyclic
aromatic hydrocarbons and aldehydes, has been reported to elevate the risk of
cardiovascular disease by affecting atherogenesis, thrombosis, or blood pressure
regulation [14]. Many organic compounds cause cancer in animals, and some
are suspected of causing cancer in humans (e.g., formaldehyde, trichloroethylene
(TCE), dichloroethylene, perchloroethylene, chloroform) or are known to cause



4.1 Introduction 133

cancer in humans, such as benzene. Scientific evidence, particularly epidemiologic
evidence, regarding the contribution of environmental and occupational exposures
to various types of cancer is reviewed in [15, 16].

Research findings have demonstrated that some air pollutants, including VOCs,
occur more frequently and at a higher concentration in indoor air than in outdoor
air. Since people spend most of their time indoors nowadays, the quality of indoor
air is a matter of utmost importance. The nature of the VOCs that are ubiquitous
in indoor environment and the evidence of adverse health effects associated with
exposure to some of these compounds have been recently reviewed in [17, 18].

4.1.3
Techniques for VOC Removal

The technology of choice for a given case depends on many parameters such as
the type of pollutants and their concentration, the gas flow rate, and the degree of
removal legally required [19]. It depends also on the recovery value of the VOCs
[20]. Recovery is useful in the case of single-VOC exhaust streams, and if the cost
of recovery is less than the cost of purchasing new VOCs, which typically implies
relatively concentrated exhaust streams. In this situation, nondestructive methods
represent a good choice. If the VOC stream has no significant recovery value, as
in case of mixtures of VOCs or for toxic compounds, then destruction is more
appropriate.

Current available techniques for VOC removal are thermal oxidation, catalytic
oxidation, photocatalysis, adsorption, absorption, biofiltration, condensation, and
membrane separation. Each of these methods has advantages as well as drawbacks.
A detailed description of the most widely used techniques for pollution control
is provided in [21]. In the following, a brief description of each method and
its operation principle and conditions are given, as well as a short summary
of the range of applicability. Plasma treatment and plasma catalysis are also
included, since during the past years significant research efforts were devoted to
this nonthermal approach to VOC oxidation and some practical applications have
emerged.

4.1.3.1 Thermal Oxidation
Thermal oxidation of VOCs operates at high temperatures, above the autoignition
temperature of the treated VOCs, in the presence of oxygen. Usually, the tempera-
ture range is 700–900 ◦C and, if maintained for a sufficient time, provides almost
complete oxidation (over 95%) of the VOCs to carbon dioxide and water. Another
advantage of thermal oxidation is its low sensitivity to the type of VOCs. However,
such high temperatures require significant amounts of energy, usually supplied
as natural gas, leading to high operation costs. Therefore, thermal oxidation is
mostly used for relatively high VOC concentrations and is impractical at low VOC
concentrations. Fuel consumption (and hence operating costs) of thermal oxidation
can be reduced by heat recovery using recuperative heat exchangers or employing
ceramic beds. In this case, the high equipment cost and size and the reduced



134 4 VOC Removal from Air by Plasma-Assisted Catalysis-Experimental Work

operating costs have to be balanced. The control of the operating temperature
is very important for this technology, since the formation of NOx, dioxins, and
furan can occur, depending on the gas temperature. Effluent gas scrubbing may be
needed to control the acid vapor, in case of treatment of halogenated VOCs.

4.1.3.2 Catalytic Oxidation
Catalytic oxidation of VOCs operates at substantially lower temperatures than
thermal oxidation, which may be in some cases as low as 250–400 ◦C. Typical
catalysts for VOC oxidation are precious metals (such as Pt, Pd) supported on
ceramic or metal monoliths (honeycombs) or on ceramic pellets, base metals
supported on ceramic pellets, or metal oxides. With proper selection of the
catalyst and operating conditions, the catalytic process also provides quite good
destruction efficiency to the VOC, above 95%. Advantages of this technology are
less NOx formation, given low operating temperatures, and less formation of partial
oxidation products, such as carbon monoxide and aldehydes. The main drawback is
catalyst poisoning and the sensitivity of the catalysts to high temperatures, leading
to deactivation. Especially, noble metal catalysts are sensitive to contaminants in
the feed stream (such as metal or metal oxide dust) and can be easily poisoned.
Heavy hydrocarbons or particulates can also deposit on the catalysts and cause
their deactivation by masking the active sites. However, in some cases, catalyst
lifetime can be extended by regeneration techniques. Unfortunately, in many
cases regenerating the catalyst is not economical; the poisoning is irreversible
because catalyst lifetime can also be limited by failure of the support structure
(or agglomeration of finely dispersed particles). In the case of precious metals,
recycling is more common than regeneration. Another disadvantage of catalytic
oxidation is its sensitivity to the type of VOCs, and therefore several different
catalysts may be required for the effective oxidation of a gas containing a mixture
of VOCs. As in the case of thermal oxidation, treatment of halogenated VOCs leads
to the formation of acid vapor, which can be removed by off-gas scrubbing.

4.1.3.3 Photocatalysis
For such kind of applications, the photocatalytic technique typically uses semi-
conductor pristine metal oxides (mainly TiO2, but also ZnO, WO3, Fe2O3, etc.) or
metal-doped metal oxides as catalysts, activated in the presence of UV radiation.
Under illumination by photons having larger energy than the bandgap of the
semiconductor, highly reactive electron–hole pairs are produced, which leads to
reduction and oxidation, respectively, of the VOCs adsorbed on the photocatalyst
surface. The most widely used photocatalyst for environmental applications is
TiO2 because of its physical and chemical stability, lower cost, nontoxicity, and
resistance to corrosion. Surface modification of TiO2 by doping with various metal
ions has been reported to be beneficial for photocatalytic reactions. Photocatalysis
can be operated at room temperature, and it is a nonselective process having a
broad activity toward various contaminants. The disadvantages of this method are
related mainly to the relatively low efficiency of the lamps and longer residence
time requirements.
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4.1.3.4 Adsorption
In the adsorption process, the VOCs are physically adsorbed on the surface
of an adsorbent material. The method is suitable for low VOC concentrations,
where removal efficiency can exceed 90–95%. Adsorption is a useful method
for the recovery of VOCs with intermediate molecular weights, typically about
45–130. Smaller compounds do not adsorb well because of their high volatility.
Larger compounds are strongly adsorbed and difficult to remove during adsorbent
regeneration. The most common adsorbent is activated carbon, but other materials
such as zeolites, alumina, silica gel, and polymers have been used as well in some
processes. Temperature control is needed, since adsorption is most effective at
relatively low temperatures, so that cooling of hot exhaust gas streams may be
necessary. In addition, the humidity of the gas stream should be kept low in order
to have higher adsorption capacity. Absorbents require regeneration or disposal
after a certain period. In any case, they need to be replaced regularly in order to
prevent VOC escape after saturation.

4.1.3.5 Absorption
In the absorption process, a soluble gaseous pollutant is removed from the gas
stream by dissolution in a solvent liquid. Absorption takes place if the partial
pressure of the soluble gas in the gas mixture exceeds the vapor pressure of the
solute gas in the liquid film in contact with the gas. Some absorption systems
use water as the primary absorbing liquid, while others use a low-volatility organic
liquid. The absorbing liquid containing the absorbed pollutant can be disposed of,
or the pollutant can be separated from the liquid and recovered by distillation or
stripping (desorption), while the absorbing liquid is regenerated and recycled. For
VOC absorption, organic liquids that give the best solubility values are preferred.
A problem of this process consists in the choice of the solvent, so that it does not
become a source of VOC pollution itself when it does not have sufficiently low
vapor pressure. Another condition for the choice of absorbing liquid is its stability
in contact with the carrier gas.

4.1.3.6 Biofiltration
Biofiltration is an oxidation process based on passing the gas stream through an
active microorganism bed (e.g., fungi, bacteria). VOCs provide a food source for
the microorganisms. Through biotransformation of the VOCs, end products are
formed, including carbon dioxide, water, nitrogen, and mineral salts. This method
is generally used for the treatment of low concentrations of VOCs. Biofiltration
is a low-temperature process and implies relatively low operation costs. However,
this method requires a large facility because of the long gas residence times
needed. For successful biofiltration, the design of the biofilter should ensure
a proper environment for the microorganisms, including a rather strict control
of temperature, humidity, pH, oxygen supply, absence of toxic materials, and
inorganic nutrient supply for the microorganisms.
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4.1.3.7 Condensation
Condensation is a nondestructive method for VOC recovery. This technology is
based on reducing the temperature of the gas stream to the level necessary for
the condensation of VOCs, thus enabling the recovery of the VOCs in the liquid
phase. It is suitable especially for high VOC concentration and low gas flow rate.
The optimum temperature range is highly dependent on the vapor pressure of the
treated VOC. Condensation is a flexible technique, having the ability to respond
to changes in the flow rate and concentration of VOCs. The liquid produced via
condensation may require treatment for water removal or may require additional
separation (typically distillation) if multiple VOCs are recovered. Especially when
low boiling point compounds have to be treated, a very low condenser temperature
is required, which will lead to the condensation of large amounts of water. A
disadvantage of condensation is aerosol formation, which is entrained and must
be removed by filters. Another problem of condensation appears when solvents are
used, which become solid at room temperature and will block the condenser. Then,
the condenser must be operated at a higher temperature, limiting the efficiency. In
this case, an additional treatment step could be used.

4.1.3.8 Membrane Separation
Membrane separation is best suited to treat relatively low-flow gas streams con-
taining low to moderate VOC concentrations. The technology utilizes a polymeric
membrane that is more permeable to condensable organic vapor than it is to
noncondensable gases. Thus, the gas stream is separated into a permeate that
contains concentrated VOCs and a treated stream that is depleted of VOCs. Since
the method concentrates the VOC, it can be used with a condenser to recover
the VOC if it has sufficient value. Drawbacks of this technique are the inability
to handle fluctuations in VOC concentrations and the membrane sensitivity to
moisture.

4.1.3.9 Plasma and Plasma Catalysis
The main advantage of nonthermal plasma is the ability to use the energy introduced
in the discharge in a selective manner, using it to generate energetic electrons,
while the background gas remains close to room temperature. The high-energy
electrons react with the background gas molecules, generating chemically active
species (radicals, ions, excited species, etc.). These reactive species can subsequently
react with the pollutant molecules and decompose them. In the presence of oxygen,
strong oxidizers are formed, such as atomic oxygen, hydroxyl radicals, ozone, and
so on, which lead to VOC oxidation. Therefore, a highly reactive environment
can be created in nonthermal plasma without spending energy on heating the
entire gas stream. The main drawback of nonthermal plasma is the formation of
undesired reaction by-products, since plasma reactions are rather nonselective. A
solution to this problem is the combination of plasma and heterogeneous catalysis.
In this way, the high efficiency of nonthermal activation provided by plasma
combined with the high selectivity offered by catalysis can lead to a synergetic effect.
Commercial solutions using plasma are currently available for very low pollutant
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concentrations; odor control appliances have been developed by PlasmaClean,
United Kingdom, or by Airtec, Germany, which is based on nonthermal plasma
followed by an activated carbon.

4.2
Plasma-Catalytic Hybrid Systems for VOC Decomposition

4.2.1
Nonthermal Plasma Reactors

In nonthermal plasmas or nonequilibrium plasmas the electron mean energy is
much higher than the mean energy of ions and neutral gas particles. The elec-
tron energy can reach 1–10 eV, while the gas temperature remains close to room
temperature [22]. There are numerous ways to generate nonthermal plasma at at-
mospheric pressure and ambient temperature, such as corona discharges, dielectric
barrier discharges (DBDs), nonthermal arcs, and microwave and radio-frequency
discharges. The plasma reactors employed in a large number of experiments on
VOC decomposition are based on corona discharges and DBDs. As their operating
principles are addressed in detail in Chapter 1, only a very brief description is
provided here.

Corona discharges are generated in strongly inhomogeneous electric fields
associated with thin wires, needles, or sharp edges of an electrode. The most
well-known corona geometries are pin-to-plate, wire-cylinder, and wire-plane, which
are illustrated in Figure 4.1. The discharge can be operated with constant voltage
(DC corona) or pulsed voltage. Characteristic parameters of corona discharges are
presented in [23, 24].

The DBD is produced in an arrangement consisting of two electrodes, with
a dielectric layer covering one of them or sometimes both electrodes. The most
common discharge configurations are the planar electrode configuration and the
coaxial configuration, which are illustrated in Figure 4.2. Sometimes, geometries

HV
HV

HV

(a) (b) (c)

Figure 4.1 Geometries of corona discharges:
(a) pin-to-plate; (b) wire-cylinder; and (c) wire-plane.
HV, high voltage.
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Figure 4.2 Geometries of dielectric-barrier discharges:
(a) planar configuration and (b) coaxial configuration.
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Figure 4.3 Geometries of packed-bed discharges: (a) planar
configuration and (b) coaxial configuration.

combining needles or wires and planar or cylindrical electrodes covered by dielectric
are also used. DBDs can be operated with AC voltage or pulsed voltage. The most
important parameters characteristic of a DBD are summarized in [22, 24].

Packed-bed reactors are also widely used in VOC decomposition experiments. In
this configuration, the discharge gap is filled with dielectric material. Glass, BaTiO3,
Al2O3, TiO2, and zeolite pellets are some of the most usual packing materials.
Common configurations for packed-bed reactors are illustrated in Figure 4.3.

Especially with ferroelectric packed-bed reactors, wide reactor discharge gaps and
high reactor volumes at moderate breakdown voltages can be obtained. The local
electric field at the contact points between pellets can be significantly enhanced
because of the very high dielectric constant [25–28]. It was reported that the
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introduction of ferroelectric pellets into the discharge zone shifts the electron
distribution toward higher energies [26]. The amplification of the electric field
and, consequently, the increased production of chemically active species in the
discharge zone are considered as the main advantage of ferroelectric packed-bed
reactors, responsible for the higher decomposition efficiency of VOCs [26, 28].

4.2.2
Considerations on Process Selectivity

The desirable process in order to generate the least harmful pollutants is total
oxidation of the VOCs to carbon dioxide and water. However, it was found that a
major drawback of VOC decomposition by nonthermal plasma is the rather low
selectivity to CO2 and the formation of unwanted reaction by-products.

The scaling parameter generally used in plasma and plasma-catalytic decompo-
sition of VOCs is the specific input energy (SIE), defined as the ratio between the
average power dissipated in the electrical discharge and the total gas flow rate.
The important parameters that characterize the efficiency of VOC oxidation are
the conversion and the selectivity toward CO2. Conversion is defined as the ratio
between the amount of VOC decomposed in the process and the amount of VOC
in the influent gas (Eq. (4.1)). The selectivity toward CO2 is defined as the percentage
of the total amount of VOC converted, which is transformed into CO2 (Eq. (4.2)).

conv (%) =
(

1 − [VOC]out

[VOC]in

)
× 100 (4.1)

SCO2 (%) = [CO2]

n × [VOC]in × conv
× 100 (4.2)

where [VOC]out is the concentration of the VOC in the effluent gas, [VOC]in is the
initial concentration of the VOC, [CO2] is the concentration of CO2 in the effluent
gas, and n is the number of carbon atoms in the VOC molecule.

The reaction products resulting from VOC oxidation in plasma as well as the
product distribution depend on many factors such as the type of VOC, its initial
concentration, the input energy, and so on. The most common reaction product
that appears, besides CO2, is carbon monoxide. Other gaseous carbon-containing
compounds have been also reported by some authors as a result of VOC oxidation
in nonthermal plasma. Solid reaction by-products have been observed frequently
as well, especially in the case of aromatic VOCs.

It was generally observed that the concentrations of by-products resulting from
VOC plasma oxidation are diminished in the presence of catalysts. The combination
of nonthermal plasma and heterogeneous catalysis leads to a large improvement in
the selectivity to CO2, shifting the process toward total oxidation. A more detailed
account of the reaction by-products detected from VOC oxidation in plasma and in
plasma-catalytic systems is given in Section 4.3.8.
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4.2.3
Types of Catalysts

Various types of catalysts have been used in combination with plasma for VOC
decomposition, such as noble metals, transition and group IV and V metal oxides,
and zeolites.

Noble metal catalysts, especially Pt and Pd, are known for their high efficiency
for VOC abatement by catalytic oxidation [29, 30]. Plasma-catalytic systems using
noble metals such as Pt, Pd, Au, Ag, and Rh were investigated in numerous works.
The noble metals were deposited on various support materials, such as Al2O3

[31–38], TiO2 [34, 35, 39, 40], or zeolites [41]. In most cases, the catalysts were
placed directly in the plasma zone in ferroelectric packed-bed reactors. The effect
of these catalysts placed downstream of the plasma reactor on VOC oxidation was
investigated in [32] for Pd and in [33] for Au catalysts.

Transition metals such as Co, Cu, Mo, and Ni supported on Al2O3 have been
investigated as well for the plasma-catalytic oxidation of benzene, and the results
were similar to those obtained with noble metals under the same operation
conditions [31].

Transition metal oxides are reported as promising for VOC-catalytic oxidation
[42]. This review summarizes recent results obtained with CeO2, mixed oxides
containing Ce and Zr, as well as Mn oxides mixed with Zr, Fe, Co, and Cu
oxides, showing very good activity for the catalytic combustion of various VOCs
[42]. Transition metal oxides have also been investigated in combination with
nonthermal plasma. Some of these oxides have the ability to decompose ozone,
thus promoting VOC oxidation on the catalyst surface with ozone generated in the
plasma [43–48]. Numerous authors studied the decomposition of various VOCs in
plasma-catalytic hybrid systems containing MnO2 placed either inside the plasma
region [37, 46, 49–53] or downstream of the plasma reactor [41, 44, 48, 50, 54–57].
Mn oxides mixed with Cu oxides or Fe oxides have been investigated as well in
combination with nonthermal plasma [32, 43, 56–58], and CuO and Fe2O3 have
been used in [45] downstream of a DBD reactor. Other metal oxides have been
studied as well in plasma-catalytic systems, such as Cr2O3 [59], CuO–Cr2O3 [43],
Ba–CuO–Cr2O3 [60], CoOx [51, 52], and V2O5 [61].

TiO2 has been widely used as a photocatalyst for decomposing VOCs [62–64].
It is known that electrical discharges in air emit UV radiation in the wavelength
range appropriate for TiO2 activation; therefore, plasma can be used as a UV
source for the photocatalyst. Plasma-catalytic oxidation of VOCs with TiO2 pellets
was studied in packed-bed reactors [34, 35, 39, 65] or corona discharges [66]. Van
Durme et al. [58] used an extruded TiO2 catalyst placed between the electrodes of
a corona discharge. In other experimental works, TiO2 was coated on the wall of
the plasma reactor [46], on the inner electrode [67] or on glass beads [68, 69], silica
gel pellets [46], Al2O3 pellets [68], and glass fibers [70, 71] in packed-bed, DBD or
corona discharges.

Adsorbents have been used as well in combination with nonthermal plasma for
the oxidation of VOCs. Francke et al. [43] investigated the synergy between plasma
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and adsorbent materials (activated carbon and Zeosorb 5A) located downstream of
a DBD reactor in case of butyl acetate removal. Other zeolites such as Na–Y, H–Y,
H–mordenite, and ferrierite, packed inside the plasma reactor have been used
in [72] for toluene decomposition. Kim et al. [34] reported a cycled system based
on adsorption of VOCs on ferrierite, MS-13X and H–Y, followed by treatment of
the adsorbed VOCs by oxygen plasma. A similar cycled operation was investigated
with HZSM-5 zeolite by Fan et al. [41] for the removal of benzene. The effect of
several molecular sieves (MS-3A, MS-4A, MS-5A, and MS-13X) packed between
the BaTiO3 pellets of a ferroelectric packed-bed reactor on benzene oxidation was
studied in [31].

4.2.4
Single-Stage Plasma-Catalytic Systems

Plasma-catalytic systems, where the catalyst is placed directly inside the plasma
region, are generally called single-stage systems [27, 60]. Several other terms have
been used to describe single-stage plasma-catalytic systems, such as in-plasma
catalysis (IPC) [25, 28, 32], plasma-driven catalysis (PDC) [34, 39, 40], and one-stage
plasma catalysis [37]. The most common way to introduce the catalyst in the plasma
reactor is in the form of pellets, which can either completely fill the discharge
region [36, 40, 68] or can occupy only a part of the plasma zone [60, 72]. Catalytic
pellets can be also used in mixtures with noncatalytic material, as in ferroelectric
packed-bed reactors [35, 37, 39]. Catalysts can be also introduced in the plasma
region as coatings on the inner wall of the plasma reactor [46] or as coatings on
the inner electrode [51–53, 67, 73]. Catalysts deposited on ceramic honeycomb
monoliths [74, 75] or on foam [76] have also been used in these plasma-catalytic
systems.

In single-stage systems, the presence of catalytic material can influence plasma
properties, modifying the electron energy distribution or changing the discharge
type. On the other hand, plasma can influence catalyst characteristics, can lead to
thermal activation or UV light activation of catalysts, and can affect the adsorption
process [25, 27]. Short-lived chemically active species generated in plasma, as well
as species with longer lifetimes can react with VOCs on the catalyst surface and
decompose them. The mechanism of plasma-catalytic processes is discussed in
Chapter 5, so they are not detailed here.

4.2.5
Two-Stage Plasma-Catalytic Systems

Plasma-catalytic systems where the catalyst is located outside of the plasma region
are generally called two-stage systems [27, 60]. Another term used by some authors
is postplasma catalysis [25, 28, 32, 65]. Usually, the catalyst is placed downstream
of the plasma reactor in order to remove undesired by-products formed in plasma,
such as NOx, O3, and to shift the process toward total oxidation.
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Unlike single-stage plasma-catalytic systems, in two-stage systems the short-lived
chemically active species generated in the plasma disappear before reaching the
catalyst. Therefore, only chemical species with sufficiently long lifetimes, such as
ozone, can contribute to VOC oxidation on the catalyst surface. The plasma changes
the composition of the gas entering the catalytic reactor; besides ozone formation,
it also has the role to partially convert the VOCs, while the main role of the catalyst
is to enhance process selectivity and efficiency. An advantage of these systems
is that they can combine the optimum operation conditions of the plasma and
catalyst [19].

4.3
VOC Decomposition in Plasma-Catalytic Systems

4.3.1
Results Obtained in Single-Stage Plasma-Catalytic Systems

Recent results obtained in single-stage plasma-catalytic systems are summarized in
Table 4.1. The comparison with results obtained with plasma alone, in the absence
of catalysts, is also included in the table, where available.

In the absence of catalysts, both VOC conversion and CO2 selectivity increase
with increasing SIE, since higher input energy leads to the generation of larger
amounts of chemically active species responsible for VOC oxidation. Several other
parameters influence VOC oxidation in plasma and plasma-catalytic systems, such
as the chemical structure of the VOC, its initial concentration, the gas composition
(O2 partial pressure, presence of water vapor), and temperature, which are discussed
in Sections 4.3.3 and 4.3.4.

Numerous attempts have been made in order to optimize the plasma reactor
for enhancing the efficiency of VOC oxidation. It was found that the geometry of
the ground electrode influences VOC decomposition efficiency [78]: insufficient
contact between the ground electrode and the dielectric can lead to the formation
of parasitic discharge outside of the plasma reactor and consequently to waste
of energy, whereas reducing the air gap between them resulted in higher energy
efficiency. It was also observed that the gap length in DBD reactors influences VOC
conversion [53].

It was reported that packed-bed reactors outperform gas-phase reactors [26, 28,
69] even when the packing material is not catalytically active. Chang and Lin [69]
reported a marked increase in the decomposition efficiency of toluene and acetone
in a glass-packed-bed reactor as compared to the results achieved in the unpacked
reactor. Other authors found similar results for VOC oxidation in the empty DBD
reactor and the reactor packed with glass [26, 28]. However, they obtained an
improvement in conversion and especially in the CO2 selectivity when packing the
reactor with ferroelectric material (PbZrO3 –PbTiO3 or BaTiO3) [26, 28]. The nature
of the ferroelectric material, in particular its dielectric constant, was found also to
affect VOC decomposition [31].
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As seen in Table 4.1, the addition of catalysts generally leads to an enhancement
of VOC conversion and/or CO2 selectivity as compared to the results obtained with
plasma in the absence of catalysts.

Owing to its photocatalytic properties, TiO2 was investigated in combination
with plasma for VOC oxidation by numerous authors. Photocatalytic activity of
TiO2 is related to its ability to create electron–hole pairs as a result of exposure
to ultraviolet radiation with the wavelength shorter than that corresponding to the
bandgap. The resulting free radicals are very efficient oxidizers of organic matter.
Since plasma emits UV light, it can activate the photocatalyst, so it was thought
their combination would be successful for VOC removal. Significant increase of
VOC conversion as compared to plasma alone was found when introducing TiO2

catalysts as pellets or extrudate in the plasma reactor [39, 58, 66]. The selectivity to
CO2 was improved by supporting Ag or Pt on TiO2 [39]. Chang and Lin [69] reported
that coating TiO2 on glass pellets did not enhance the conversion of toluene and
acetone as compared to the glass packing but improved the carbon balance and
the CO2 selectivity. The total oxidation of benzene was more efficient in a plasma
reactor packed with TiO2 coated on γ-Al2O3 beads than in the empty reactor [68] or
in the reactor packed with γ-Al2O3 pellets. Subrahmanyam et al. [67] used an inner
electrode made of stainless steel fibers coated with TiO2 or TiO2 –MnO2 for the
oxidation of TCE. The selectivity toward CO and CO2 is shown in Figure 4.4 for an
ordinary DBD reactor with a Cu inner electrode and for the reactor with a modified
inner electrode. The CO2 selectivity was improved by 10–15% with the TiO2-coated
electrode, while with TiO2 –MnO2 coating much better results were obtained.

Futamura et al. [46] introduced TiO2 as a coating on the inner wall of the
DBD reactor and achieved a benzene conversion approximately two times higher
than with the original DBD reactor, as well as increased CO2 selectivity. The
authors found that TiO2-catalytic activity remains relatively high over time in the
plasma–TiO2 combination, while in a classical photooxidation experiment the
photocatalyst is rapidly deactivated.

Several authors suggested that the better performance achieved in the presence
of TiO2 is due to its activation by UV light emitted by plasma [67, 68]. However,
experiments performed in Ar–O2 mixtures showed higher VOC decomposition
than in air, even if the radiation emitted by the plasma is not in the UV spectral range
[40]. This proves that the radiation emitted by plasma has a negligible contribution
to TiO2 activation. Thevenet et al. [70] also concluded that plasma-emitted UV
light is not able to activate the photocatalyst; however, additional external UV light
induces a significant photocatalytic effect, improving VOC total oxidation.

Noble metal catalysts, such as mainly Pt and Pd and also Ag, have been
investigated in combination with nonthermal plasma, since they are well known
from VOC-catalytic oxidation. Generally, these metals were supported on alumina
pellets and packed inside the plasma region, either alone [36, 39] or in combination
with ferroelectric materials [31, 35, 37]. All authors reported good conversion and
especially high values of CO2 selectivity, significantly improved as compared to the
results with plasma alone. The improvement was more marked for Pt and Pd than
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for Ag [35]. This effect is clearly due to the metal itself, since reactors packed only
with the support material yield inferior results [35, 36, 39].

In numerous studies, transition metal oxides (especially manganese oxides and
cobalt oxides) have been used in combination with plasma for VOC removal because
of their ability to decompose ozone formed in the plasma-generating highly reactive
atomic oxygen, which can oxidize VOCs on the catalyst surface. Mn oxides have
been introduced in the plasma reactor as MnO2 pellets [46], supported on γ-Al2O3

and either mixed with ferroelectric material or not [37, 49] in packed-bed reactors,
or coated on the inner electrode of a DBD reactor [51–53, 67, 73]. Similar results as
those achieved with noble metals have been obtained in [37]. All authors reported
considerable enhancement of VOC total oxidation by the addition of Mn oxide
catalyst. To illustrate the positive effect of these catalysts, the selectivity to CO and
CO2 are plotted in Figures 4.5 and 4.6 for the oxidation of toluene [51] and TCE
[53], respectively. The addition of Co oxides also improved the results obtained in
plasma, but to a lesser extent than Mn oxides [51, 52, 73].

Higher energy efficiency than in plasma oxidation of VOCs has been reported
as well when introducing zeolites in the plasma reactor [31, 72]. Oh et al. [72]
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reported a dramatic increase in toluene conversion in the presence of Na–Y and
H–Y zeolites, while the use of H–Mordenite and Ferrierite gave less spectacular
results. This suggests that adsorption plays an important role in plasma-catalytic
reactions.

4.3.2
Results Obtained in Two-Stage Plasma-Catalytic Systems

Results obtained in two-stage plasma-catalytic systems are summarized in Table 4.2.
The comparison with results obtained with plasma alone, in the absence of catalysts,
is also included in the table, where available.

In two-stage plasma-catalytic systems, the catalyst is not subjected to the direct
influence of electrical discharge and of the short-lived chemically active species
generated in plasma, since these reactive species disappear before reaching the
catalyst. The role of plasma in this case is to modify the composition of the gas
that enters the catalytic reactor by converting the VOCs into chemical compounds
that are more easily oxidized by the catalyst and by generating long-lived oxidizers
(e.g., ozone), which further contribute to VOC decomposition on the catalyst
surface [25, 27].

In order to separate these two effects, several authors introduced the VOCs after
the plasma reactor and thus investigated only the role of ozone on catalytic oxidation
of the VOCs [55, 56, 60, 82]. Catalysts that have the ability to decompose ozone have
been used in these studies. Ogata et al. [60] investigated the oxidation of toluene
and dichloromethane in a plasma-catalytic system with Ba–CuO–Cr2O3/Al2O3

catalyst and achieved higher conversion of these organic compounds when intro-
ducing these VOCs between the plasma reactor and the catalyst as compared with
the results obtained in single-stage configuration. Several other VOCs (TCE, ben-
zene, 1,2-dichloroethane) were successfully decomposed on MnO2 catalysts with
ozone generated in the plasma [82]. However, the concentration of by-products
resulting from TCE oxidation, especially trichloroacetaldehyde, was considerably
higher when TCE was introduced after the plasma reactor than in the direct
plasma-catalytic process [82]. Similar results have been obtained by other authors
[55, 56] in the presence of MnO2 catalysts: the decomposition efficiency was very
good regardless of the VOC introduction in plasma, but the carbon balance was
appreciably improved when the pollutant was first oxidized in the plasma and then
further treated on the catalyst. These results show that ozone has an essential
contribution to VOC decomposition on these catalysts, but short-lived chemically
active species that formed in the plasma are also essential for the total oxidation
of VOCs.

In many of the reported studies, transition metal oxides, especially Mn oxides,
have been used in two-stage plasma-catalytic systems because of their ozone
decomposition properties. These oxide catalysts were found to be very effective and
large improvement of VOC conversion in the plasma-catalytic system as compared
to plasma alone has been reported even at room temperature, as seen in Table 4.2.
The effect of Mn oxide addition on the product distribution is less investigated;
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Figure 4.7 Conversion of low concentrations (1–1.5 ppm)
of benzene, toluene, and xylene, and carbon oxides yields in
a corona discharge (a,b) and in the presence of Mn oxide
catalysts placed downstream of the plasma reactor (c,d) [41].

however, the process is obviously shifted toward total oxidation [41, 55]. Almost
100% selectivity to CO2 has been reported using Pt catalyst downstream of the
plasma, heated to 210 ◦C [79]. An example of the beneficial effect of Mn oxide
catalyst on the oxidation of a mixture of benzene, toluene, and xylene is shown in
Figure 4.7 [41].

Adsorbent materials have been studied as well, downstream of plasma for VOC
removal. Francke et al. [43] did not observe a synergetic effect using activated carbon
or Zeosorb 5A, while the results achieved with mixed transition metal oxides were
much better. On the contrary, Delagrange et al. [57] obtained good conversion with
activated carbon and only a slight improvement with MnO deposited on activated
carbon. They concluded therefore that the activity of the catalyst depends mainly
on the support used. Holzer et al. [83] found that in a two-stage plasma-catalytic
system, the porosity of the catalyst is not a determining parameter, the only
essential property being its ability to decompose ozone. However, in single-stage
configuration, the porosity is important for the selectivity to CO2.
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4.3.3
Effect of VOC Chemical Structure

According to their chemical structure, hydrocarbons can be classified into two
groups: aromatic hydrocarbons and aliphatic hydrocarbons, the latter being further
divided into saturated and unsaturated hydrocarbons. It was found that the chemical
structure of VOCs influences their decomposition efficiency in nonthermal plasma
[19, 84–86]. Futamura et al. [84] investigated the decomposition in a ferroelectric
packed-bed reactor of several aliphatic hydrocarbons (methane, ethane, butane,
and ethylene) and several chlorinated VOCs (1,1,2-trichloroethane, TCE, and
tetrachloroethylene). They observed that the conversion of alkanes increases with
the increasing number of carbon atoms in the VOC molecule. The conversions of
methane, ethane, and butane are much lower than that of ethylene, even if the C=C
bond is stronger than the C–C bond and the dissociation energy of C–H bonds in
ethylene and ethane are similar. It was also found that the chlorinated compounds
are removed easier as compared to the nonchlorinated ones. Pekarek et al. [85]
investigated the decomposition of a complex mixture of volatile hydrocarbons
from gasoline, containing paraffins, iso-paraffins, naphthenes, aromatics, olefins,
and methyl-tert-butyl-ether. Their results confirmed differences in decomposition
efficiency of various hydrocarbon types. These authors also foundsignificantly
higher decomposition of olefins as compared to the other VOCs, suggesting that
the stability of molecules with double C=C bond is lower than that of saturated
hydrocarbons or aromatics. It was also observed that for each type of hydrocarbon,
the decomposition increases with the number of carbon atoms.

A relationship between the reactivity of various VOC molecules to O and OH
radicals (illustrated by the rate constants) and the ionization potential of the
respective VOCs (i.e., the energy required to remove an electron from the VOC
molecule) is given in [19, 87]. The authors showed that VOCs with lower ionization
potential have higher probability of radical attack. This inverse relationship is
applicable to alkanes, alkenes, and aromatic compounds, and, according to the
authors, is a consequence of the electrophilic character of radicals, which tend
to attack chemical structures with large electron density [19]. It is known that
within a group of similar molecules, the ionization potential decreases with
increasing molecular size, since in larger molecules there are more electrons
available for ionization without disrupting the molecule stability. The increase in
VOC conversion obtained in [84–86] with increasing molecular size suggests that
radical reactions play an important role in the decomposition process [19, 87].

On the contrary, no correlation between the ionization potential and the decom-
position was found in a plasma-catalytic system, consisting of a BaTiO3 packed-bed
reactor with Ag/TiO2 catalysts placed in the plasma region, among the ferroelectric
pellets [87]. This shows that the decomposition mechanism is different in gas-phase
plasma reactors as compared to plasma-catalytic systems, where catalytic reactions
play an important role.
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4.3.4
Effect of Experimental Conditions

4.3.4.1 Effect of VOC Initial Concentration
The influence of the initial concentration of VOCs on their total oxidation in
plasma-catalytic systems has been addressed in many works, for various com-
pounds such as benzene [40], toluene [48, 51, 57], styrene [36], formaldehyde [77],
isopropanol [73], and so on. It was generally found that VOC conversion and/or
CO2 selectivity decrease significantly with the increase in the initial concentration.
An illustrative example of this effect is presented in Figure 4.8 [51].

Delagrange et al. [57] noticed that in the presence of a catalyst, the decrease in
VOC conversion toward higher concentration was less marked than with plasma
alone. Kim et al. [40] observed that the amount of removed benzene in a plasma
reactor packed with Ag/TiO2 catalysts is determined only by the SIE, regardless
of the VOC initial concentration. However, in other studies, it was usually found
that at constant SIE, the amount of converted VOCs showed a significant increase
with increasing initial VOC concentration [48, 51, 57, 73, 77]. Therefore, the energy
efficiency for VOC removal is higher for higher VOC concentration. On the other
hand, the formation of by-products, which also increases significantly with VOC
input concentration, must be also considered when determining an optimum
concentration range.

4.3.4.2 Effect of Humidity
It was observed that the presence of water vapor in the treated gas can also influence
VOC removal in plasma-catalytic experiments [32, 44, 58, 71, 88]. Oh et al. [72]
found that low water content (up to 2%) did not affect the toluene decomposition
efficiency in plasma. Moderate humidity slightly improved toluene conversion in
plasma in the absence of catalysts [58, 88]. However, in plasma-catalytic systems, the
VOC conversion was lower in humid air than in dry air [32, 44, 58, 71]. Futamura
et al. [44] noticed that the negative effect of water vapor was less important at
very high input energy, and, in addition, the selectivity to CO2 was improved as
compared to results obtained in dry air. Humidity had a detrimental effect on
the plasma-catalytic mechanism both in single-stage and two-stage systems for
different catalysts [32, 58], as shown in Figure 4.9 [58].

The authors affirm that this effect is due to adsorption of water molecules on
the catalyst surface, blocking catalytic active sites and therefore reducing catalyst
activity [58]. Owing to the competition between VOC molecules and H2O molecules
for adsorption on free catalytic sites, it is clear that the VOC adsorption is essential
for its efficient decomposition. A logarithmic correlation between the equilibrium
sorption coefficient and the VOC removal efficiency was found for constant SIE
[32]. On the basis of an analysis of the sorption behavior of three VOC molecules on
different catalysts in the presence of water vapor, Van Durme et al. [32] concluded
that the negative effect of humidity on plasma-catalytic decomposition of VOCs is
mainly due to van der Waals interactions.
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Figure 4.8 (a) Toluene conversion and (b) selectivity to
CO2 in a DBD and in plasma-catalytic experiments, as a
function of toluene initial concentration [51].

4.3.4.3 Effect of Oxygen Partial Pressure

The influence of O2 content on the oxidation of VOCs in plasma-catalytic systems
has been investigated by several authors [34, 77, 89]. It was generally found that VOC
decomposition in plasma shows a maximum at 2–5% O2 and decrease for higher
O2 concentration [34, 90]. In order to explain this decrease, the authors suggested
that the increase in oxygen partial pressure enhances the consumption of atomic
oxygen or ozone formation, which does not contribute to VOC decomposition in
gas phase. Kim et al. [34] observed that the O2 partial pressure did not significantly
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Figure 4.9 Effect of humidity on toluene conversion in a
corona discharge and in plasma-catalytic experiments with
TiO2 catalysts placed in plasma and CuO–MnO2/TiO2 cata-
lysts postplasma [58]. RH, relative humidity.

affect the selectivities for CO and CO2 obtained from benzene and toluene oxidation
in plasma.

In plasma-catalytic systems, different and sometimes contradictory results are
obtained by various authors. Some researchers reported a similar trend as in plasma
experiments for the removal of toluene [89] and formaldehyde [77], with a maximum
toluene conversion achieved at 5% O2, followed by a decrease at higher oxygen
content. An enhancement of the selectivity to CO2 was found when increasing
O2 content [77]. Kim et al. [34] investigated the effect of O2 concentration on the
oxidation of benzene and toluene in a plasma reactor packed with various catalysts,
such as Al2O3, TiO2, zeolites, and metals (Ag, Au, Pt, Pd, and Ni) supported on
these materials. They found that the increase in O2 partial pressure enhanced both
the VOC conversion and, to a lesser extent, the CO2 selectivity, regardless of the
catalyst used. Some of their results are illustrated in Figure 4.10 [34].

The strong dependence of VOC decomposition on O2 content was explained by
increased formation of reactive oxygen species and their subsequent reactions with
VOC molecules on the catalyst surface [34].

4.3.4.4 Effect of Catalyst Loading

The amount of catalyst and the concentration of the catalytically active material
may influence VOC oxidation in plasma-catalytic systems. More active sites are
available for higher catalyst loading, which is expected to have a positive effect on
VOC decomposition.
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Figure 4.10 Effect of oxygen partial pressure on (a) ben-
zene conversion and on (b) CO2 selectivity obtained using a
plasma reactor packed with various catalysts supported on
γ-Al2O3 [34].

Ogata et al. [60] studied the influence of catalyst amount on toluene and
dichloromethane removal in a plasma-catalytic system with Ba–CuO–Cr2O3/Al2O3

catalyst. They found that when the catalyst was placed in the plasma region, in-
creasing the amount of catalyst had a detrimental effect on VOC decomposition.
On the contrary, a higher catalyst amount in the two-stage configuration led to an
important enhancement of VOC conversion. Futamura et al. [44] observed also an
improvement in benzene conversion with the increase in the amount of MnO2

catalyst up to 1.5 g, while a further increase did not have any noticeable effect.
Gold nanoparticles confined in the walls of mesoporous silica have been used

in [33] for the removal of TCE. Catalysts containing different weight percentage
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Figure 4.11 The concentrations of (a) evolved CO2 and
(b) CO divided by the amount of Au used, as a function of
the Au concentration in the catalysts investigated [33].

of Au (0.5–10%) have been tested in a two-stage plasma-catalytic configuration.
As shown in Figure 4.11, by correlating the resulting concentrations of CO2 and
CO with the amount of Au present in the catalysts, a decrease in the oxidation
ability of the catalysts was observed with an increase in the Au content. Therefore,
the catalyst containing the least amount of Au was the most effective for TCE
oxidation.

The effect of the loading amount of Ag supported on TiO2 and γ-Al2O3 on
benzene oxidation in a packed-bed reactor has been investigated by Kim et al. [34].
Increasing the Ag content from 0 to 2% did not generate any major differences in
the decomposition efficiency, and higher Ag concentration even reduced benzene
conversion. The authors suggested that this effect might be due to the decrease in
the BET surface area of catalysts with increasing Ag content [34].

4.3.5
Combination of Plasma Catalysis and Adsorption

Adsorption is one of the established methods for VOC removal. In addition, it
was previously shown that total oxidation of VOCs in plasma-catalytic systems
is also strongly influenced by their adsorption on the catalyst material. The total
oxidation of hydrocarbons immobilized on porous materials using plasma has been
proved very effective [83]. The authors attributed the remarkably higher selectivity
to CO2 observed in the presence of porous catalysts to longer residence time of
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intermediates in the discharge zone as compared to the case of nonporous materials
or gas-phase discharge reactors [83].

A cycled system has been proposed by Kim et al. [34, 91], consisting of an
adsorption step followed by subsequent decomposition of adsorbed VOCs using
O2 plasma catalysis. Various materials have been tested in this cycled system,
such as metals supported on TiO2 or on γ-Al2O3 and zeolites packed in the plasma
reactor. The best results were obtained with Ag, Au, and Pt supported on TiO2. This
cycled system proved very promising for VOC oxidation, since it is able to oxidize
completely the adsorbed VOCs to CO2 with high energy efficiency. In addition,
operating the plasma in oxygen prevents the formation of nitrogen oxides, which
is otherwise unavoidable [34].

A similar system has been employed by Fan et al. [41] for the oxidation of low
concentrations of benzene in a DBD reactor packed with Ag/HZSM-5. They found
that the Ag loading of HZSM zeolite enhanced significantly its adsorption capacity
even in humid air. Complete oxidation of the benzene to CO2 has also been
achieved and the catalyst was stable over several operation cycles [41].

4.3.6
Comparison between Catalysis and Plasma Catalysis

Francke et al. [43] showed a comparison between the conventional catalytic com-
bustion and plasma catalysis for the removal of VOCs from the off-gas of an
air-stripping groundwater-cleaning plant. Using a pulsed corona discharge in com-
bination with a Fe–Mn oxide catalyst at 90 ◦C, they obtained over 85% removal
of all contaminants in the gas stream (toluene, xylene, ethylbenzene, vinyl chlo-
ride, and 1,2-dichloroethene). In conventional catalysis, the catalyst was heated to
420 ◦C, while under plasma-catalytic conditions the energy deposited in the plasma
corresponded to an equivalent temperature increase of only 35 ◦C [43].

Several authors compared plasma catalysis and conventional catalysis for the
decomposition of benzene and toluene [34, 35, 65], propane and propene [37],
and dichloromethane [38]. In these experiments, various catalysts (MnO2/γ-Al2O3,
Pt/γ-Al2O3, Ag/γ-Al2O3, Ag/γ-TiO2, γ-Al2O3, and TiO2) have been placed in a
BaTiO3 packed-bed reactor, among the BaTiO3 pellets. The results obtained by
Blackbeard et al. [37] for propane oxidation are shown in Figure 4.12.

It was generally found that plasma catalysis is more efficient than conventional
catalysis over the entire temperature range investigated. The difference is more
remarkable at low temperature, below the threshold for thermal activation of the
catalyst, where plasma processes and plasma activation of the catalyst are dominant.
Further increase in the temperature results in thermal activation of the catalyst
and the difference between the results obtained with plasma catalysis and with
conventional catalysis is less striking [37, 65]. Whitehead [38] reported that over
30% energy saving can be achieved using plasma catalysis, since lower electrical
power supplied to the heater is required when using plasma to achieve the same
conversion as in thermal catalysis.
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Figure 4.12 Conversion of propane by catalysis and
plasma catalysis as a function of temperature using Pt and
MnO2 catalysts (� plasma alone; � Pt/γ-Al2O3 thermal;
� Pt/γ-Al2O3 plasma catalysis; � MnO2/γ-Al2O3 thermal;
and � MnO2/γ-Al2O3 plasma catalysis) [37].

4.3.7
Comparison between Single-Stage and Two-Stage Plasma Catalysis

Several studies reported comparisons between single-stage and two-stage
plasma-catalytic systems from the point of view of the performance of VOC
removal. This is of interest both for optimization purposes and for getting an
insight into the mechanisms responsible for VOC decomposition in the two
situations. The results differ mainly as a function of the catalyst used. Harling
et al. [65] used Ag/TiO2 and Ag/Al2O3 catalysts over a wide temperature range and
obtained higher decomposition efficiency of benzene and toluene in single-stage
configuration as compared to the two-stage system. A similar behavior has been
observed by Van Durme et al. [58] in a corona discharge with TiO2 catalysts. On
the contrary, with a CuO–MnO2/TiO2 catalysts, the authors achieved significantly
higher toluene removal in the two-stage configuration, even in humid air [58].
Mixed transition metal oxides (CuO–Cr2O3/Al2O3) have been also used in [60].
It was found that placing the catalyst in the discharge region did not improve
toluene conversion as compared to the plasma results. In two-stage configuration,
an enhancement of the removal efficiency could be achieved with a relatively high
amount of catalyst [60].

Roland et al. [28, 92] proved that in two-stage configuration the ability of the
catalyst to decompose ozone is essential for the effective oxidation of VOCs.
Several nonvolatile hydrocarbons were successfully decomposed using γ-Al2O3

downstream of the plasma reactor, while in the presence of α-Al2O3, silica gel, or
quartz no conversion was detected. However, in single-stage configuration, all the
investigated materials performed equally well, so the authors concluded that in this
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case, short-lived species formed in the plasma generate other reaction pathways for
the oxidation of hydrocarbons [28, 92].

4.3.8
Reaction By-Products

4.3.8.1 Organic By-Products
Various gaseous-carbon-containing compounds have been reported as a result
of VOC oxidation in nonthermal plasma. Table 4.3 summarizes hydrocarbon
by-products detected in experiments of plasma oxidation of several VOCs.

It was generally observed that the concentrations of gaseous hydrocarbons
resulting from VOC plasma oxidation are diminished in the presence of catalysts
[36, 68]. For example, Chang et al. [36] reported that the aromatic hydrocarbons
obtained from styrene oxidation in a DBD can be completely oxidized when the
plasma reactor was packed with Pt–Pd/Al2O3 pellets. Lee et al. [68] found that the
formation of by-products from benzene treatment in a DBD was suppressed in
the presence of TiO2/Al2O3 catalysts. On the contrary, Jarrige and Vervisch [55]
detected acetone as the main reaction product of isopropyl alcohol oxidation in a
pulsed corona discharge, and they found that the addition of MnO2/Al2O3 catalysts
downstream of the plasma reactor led to an increase in the formation yield of
acetone under their experimental conditions.

In case of TCE oxidation, Oda et al. [54] observed a significant decrease in the
concentration of dichloroacetyl chloride (DCAC) in the presence of MnO2 catalysts,
while the concentration of trichloroacetaldehyde (TCAA) shows a marked increase
at low input energy. At higher input energy, both these chlorinated by-products are

Table 4.3 Hydrocarbon by-products detected in experiments of plasma oxidation of VOCs.

VOC Type of discharge Reaction by-products References

Propane Pulsed corona Formaldehyde, methyl nitrate [55]
Isopropyl alcohol Acetone, formaldehyde
Acetylene DBD Formic acid [70]
Trichloroethylene DBD Dichloro acetylchloride,

trichloroacetaldehyde, phosgene
[45, 54]

Trichloroethylene Pulsed corona Dichloro acetylchloride [93]
Trichloroethylene DBD Dichloroacetyl chloride, trichloroacetyl

chloride, trichloroacetaldehyde,
chloro-octane, chlorononane

[53]

Benzene DBD Phenol, benzenediol, benzaldehyde,
benzoic acid, pyridine

[68]

Toluene DC corona Formic acid, benzaldehyde, benzyl alcohol,
nitrophenol, methylnitrophenols,
methyldinitrophenols, methylpropylfuran

[88]

Styrene DBD
packed bed (glass)

Benzene, toluene, benzene acetaldehyde [36]
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oxidized on the catalyst surface. Complete decomposition of chlorine-containing
products of TCE plasma oxidation was reported in [53] for MnOx catalysts, while on
the contrary, on Au catalysts the authors reported a slight increase in chlorinated
by-product concentrations [33].

The formation of solid reaction by-products have also been reported frequently,
especially for the oxidation of aromatic VOCs [28, 36, 46, 57, 69]. For high VOC
concentrations, these polymeric deposits can represent the main products of VOC
treatment. Chang et al. [36] reported that solid-phase products account for 72–91%
of the styrene decomposed in a DBD for initial styrene concentrations in the range
132–1008 ppm. Similar results were obtained for toluene oxidation in a DBD,
where up to 80% of the converted toluene is transformed into solid-polymeric
deposits [28]. Delagrange et al. [57] identified benzoic acid as the main component
of the carbonaceous deposit formed on Al2O3 pellets during nonthermal plasma
oxidation of toluene. Various carboxylic acids containing one, two, or four carbon
atoms have been identified on TiO2 coated glass fibers placed in a DBD reactor
during plasma-catalytic oxidation of acetylene [70].

Roland et al. [28] found that the formation of polymeric deposits during the
oxidation of phenol and toluene is diminished in a ferroelectric packed-bed reactor
(PbZrO3 –PbTiO3 packing) as compared to an empty discharge reactor. The addition
of a LaCoO3 catalyst led to a further reduction in the polymeric deposits [28]. Chang
et al. [36] also reported smaller amounts of solid-phase products in a packed-bed
reactor (glass or Al2O3 packing) than in a nonpacked DBD. They succeeded in
reducing further the carbonaceous deposits by adding a Pt–Pd/Al2O3 catalyst.

4.3.8.2 Inorganic By-Products
The most common reaction product that results from VOC oxidation in plasma,
besides CO2, is carbon monoxide. Numerous authors have reported high concen-
trations of CO, comparable to or exceeding the CO2 concentrations, as shown in
Tables 4.1 and 4.2. The results summarized in these tables prove that the addition
of catalysts increases significantly the CO2 to CO ratio in most cases.

When the plasma is operated in air, the formation of ozone and nitrogen oxides
is unavoidable. These are also harmful by-products, and therefore the need to
remove them from the effluent gas of plasma-catalytic VOC treatment should not
be neglected.

In most studies, it was found that the concentration of ozone generated in the
plasma increases linearly with the SIE [26, 32, 46, 41, 58]. Values between several
hundreds and several thousands parts per million of ozone have been reported.
Holzer et al. [26] observed a different trend in a ferroelectric packed-bed reactor,
where the O3 concentration reached a maximum at intermediate SIE and then
decreased with further increasing SIE. The authors suggested that this behavior
is due to thermal decomposition of ozone in high temperature regions associated
with hot spots [26].

Some of the catalysts used in combination with plasma for VOC oxidation have
a beneficial effect on the O3 removal as well. Van Durme et al. [32] concluded that
mainly the active compound, rather than the support material, determines the rate



164 4 VOC Removal from Air by Plasma-Assisted Catalysis-Experimental Work

of O3 decomposition. One of the most effective materials from the point of view
of ozone removal was MnO2, which can successfully decompose ozone both when
placed directly in the plasma region [49, 52, 67] and downstream of the plasma
reactor [44, 46, 55, 56, 41]. Ozone decomposition was promoted by increasing the
MnO2 loading [44, 49]. Mixed transition metal oxides such as CuO–Cr2O3 [60],
CuO–MnO2 [32, 56, 58], Fe2O3 –MnO2 [32] and noble metals such as Pt and Pd [32,
36] were also reported to reduce O3 concentration in plasma-catalytic experiments
for VOC oxidation. On the contrary, it was found that TiO2 catalysts did not produce
a significant O3 reduction [46, 58, 82].

The formation of nitrogen oxides in plasma-catalytic experiments for VOC
oxidation, as well as the possibilities of their removal, has been investigated. It
was found that the formation of nitrogen oxides strongly depends on the plasma
operating conditions and gas composition. Nitric oxide (NO) was generally not
detected due to efficient oxidation of NO in the presence of ozone and atomic
oxygen [41, 58]. Nitrogen dioxide (NO2) and nitrous oxide (N2O) have been detected
in many works [31, 34, 40, 44, 41, 58], and the reported concentrations reach several
tens of parts per million [34, 40]. The formation of N2O showed a linear relation
to the SIE, while for NO2 a quadratic increase was observed [40]. Kim et al. [34]
investigated the formation of NO2 and N2O in a packed-bed reactor as a function of
the O2 partial pressure. They found that the formation of NO2 changed drastically
with O2 content: a maximum was observed at 10–20% O2 followed by a decreased
with a further increase in O2. N2O concentration was affected by the O2 partial
pressure below 10%. Clearly, the increase in O2 partial pressure can reduce the
formation of nitrogen oxides, but for their complete elimination, O2 plasma is
necessary [34]. The presence of water vapor also reduces significantly the formation
of NO2 [58].

The presence of catalysts was found to be beneficial for the removal of nitrogen
oxides. Ogata et al. [31] reported that in the presence of γ-Al2O3 pellets placed
among the ferroelectric material in a packed-bed reactor the formation of N2O
was reduced. This effect was enhanced by using Ag, Cu, Mo, and Ni supported
on Al2O3. Suppression of NOx formation was obtained using molecular sieves
[31]. NO2 concentrations were also reduced by using ferrierite or Ag/γ-Al2O3 as
packing material [34] or with the TiO2 catalyst placed inside the discharge region
[58]. Effective removal of NO2 was obtained as well using Mn oxide [44, 41] and
CuO–MnO2 catalysts [58] placed downstream of the plasma reactor.

4.4
Concluding Remarks

The decomposition of VOCs is an intensely studied topic because of its relevance to
environmental research. During the past years, an increased interest was directed to
the oxidation of VOCs by nonthermal plasma or by the combination of nonthermal
plasma and heterogeneous catalysis. Plasma treatment shares the advantage of
thermal combustion: no condensate or saturated adsorber needs to be disposed of.
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On the other hand, the application of plasmas may be limited by their consumption
of electrical energy. In addition, owing to their high-energy nature, some difficult
to control by-products such as carbon monoxide, nitrogen oxides, or ozone are
formed, which must be controlled. A promising solution to these problems is the
use of catalysts in combination with plasma. Enhanced decomposition and a shift
of the products distribution toward total oxidation have been generally observed in
plasma-catalytic hybrid systems, as compared with plasma alone. In comparison
with conventional catalysis, plasma catalysis improves the results especially at low
temperature.
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Norbäck, D., and Johanson, G. (2007)
Acute effects of some volatile organic
compounds emitted from water-based
paints. J. Occup. Environ. Med., 49 (8),
880–889.

14. O’Toole, T.E., Conklin, D.J., and
Bhatnagar, A. (2008) Environmental risk
factors for heart disease. Rev. Environ.
Health, 23 (3), 167–202.

15. Irigaray, P., Newby, J.A., Clapp, R.,
Hardell, L., Howard, V., Montagnier,



166 4 VOC Removal from Air by Plasma-Assisted Catalysis-Experimental Work

L., Epstein, S., and Belpomme, D.
(2007) Lifestyle-related factors and en-
vironmental agents causing cancer: an
overview. Biomed. Pharmacother., 61 (10),
640–658.

16. Clapp, R.W., Howe, G.K., and Jacobs,
M.M. (2007) Environmental and occupa-
tional causes of cancer: a call to act on
what we know. Biomed. Pharmacother.,
61 (10), 631–639.

17. Rumchev, K., Brown, H., and Spickett,
J. (2007) Volatile organic compounds: do
they present a risk to our health? Rev.
Environ. Health, 22 (1), 39–55.

18. Bernstein, J.A., Alexis, N., Bacchus,
H., Bernstein, I.L., Fritz, P., Horner,
E., Li, N., Mason, S., Nel, A., Oullette,
J., Reijula, K., Reponen, T., Seltzer, J.,
Smith, A., and Tarlo, S.M. (2008) The
health effects of nonindustrial indoor air
pollution. J. Allergy Clin. Immunol., 121
(3), 585–591.

19. Kim, H.-H., Ogata, A., and Futamura,
S. (2006) in Trends in Catalysis Research
(ed. L.P. Bevy), Nova Science Publishers,
Inc., pp. 1–50.

20. Urashima, K. and Chang, J.-S. (2000)
Removal of volatile organic compounds
from air streams and industrial flue
gases by non-thermal plasma technol-
ogy. IEEE Trans. Dielectrics Electr. Insul.,
7 (5), 602–614.

21. Schnelle, K.B., Jr. and Brown, C.A.
(2002) Air Pollution Control Tech-
nology Handbook, CRC Press LLC,
ISBN-0-8493-9588-7.

22. Eliasson, B. and Kogelschatz, U. (1991)
Nonequilibrium volume plasma chemi-
cal processing. IEEE Trans. Plasma Sci.,
19 (6), 1063–1077.

23. Rutgers, W.A. and van Veldhuizen, E.M.
(2000) in Electrical Discharges for Envi-
ronmental Purposes: Fundamentals and
Applications (ed. E.M. van Veldhuizen),
Nova Science Publishers, Inc., pp.
5–20.

24. Kogelschatz, U. and Salge, J. (2008) in
Low Temperature Plasmas: Fundamen-
tals, Technologies and Techniques (eds R.
Hippler, H. Kersten, M. Schmidt, and
K.H. Schoenbach), Wiley-VCH Verlag
GmbH, pp. 439–462.

25. Van Durme, J., Dewulf, J., Leys, C., and
Van Langenhove, H. (2007) Combining

non-thermal plasma with heterogeneous
catalysis in waste gas treatment: a re-
view. Appl. Catal. B: Environ., 78 (3–4),
324–333.

26. Holzer, F., Kopinke, F.D., and Roland,
U. (2005) Influence of ferroelectric ma-
terials and catalysts on the performance
of non-thermal plasma (NTP) for the
removal of air pollutants. Plasma Chem.
Plasma Process., 25 (6), 595–611.

27. Chen, H.L., Lee, H.M., Chen, S.H.,
Chang, M.B., Yu, S.J., and Li, S.N.
(2009) Removal of volatile organic com-
pounds by single-stage and two-stage
plasma catalysis systems: a review of
the performance enhancement mech-
anisms, current status, and suitable
applications. Environ. Sci. Technol., 43
(7), 2216–2227.

28. Roland, U., Holzer, F., and Kopinke,
F.-D. (2002) Improved oxidation of air
pollutants in a non-thermal plasma.
Catal. Today, 73 (3–4), 315–323.

29. Spivey, J.J. (1987) Complete catalytic
oxidation of volatile organics. Ind. Eng.
Chem. Res., 26 (11), 2165–2180.

30. Everaert, K. and Baeyens, J. (2004) Cat-
alytic combustion of volatile organic
compounds. J. Hazard. Mater., 109
(1–3), 113–139.

31. Ogata, A., Einaga, H., Kabashima, H.,
Futamura, S., Kushiyama, S., and Kim,
H.-H. (2003) Effective combination of
nonthermal plasma and catalysts for
decomposition of benzene in air. Appl.
Catal. B: Environ., 46 (1), 87–95.

32. Van Durme, J., Dewulf, J., Demeestere,
K., Leys, C., and Van Langenhove, H.
(2009) Post-plasma catalytic technology
for the removal of toluene from indoor
air: Effect of humidity. Appl. Catal. B:
Environ., 87 (1–2), 78–83.

33. Magureanu, M., Mandache, N.B., Hu, J.,
Richards, R., Florea, M., and Parvulescu,
V.I. (2007) Plasma-assisted catalysis total
oxidation of trichloroethylene over gold
nano-particles embedded in SBA-15 cat-
alysts. Appl. Catal. B: Environ., 76 (3–4),
275–281.

34. Kim, H.-H., Ogata, A., and
Futamura, S. (2008) Oxygen partial
pressure-dependent behavior of various
catalysts for the total oxidation of VOCs
using cycled system of adsorption and



References 167

oxygen plasma. Appl. Catal. B: Environ.,
79 (4), 356–367.

35. Harling, A.M., Kim, H.-H., Futamura,
S., and Whitehead, J.C. (2007) Temper-
ature dependence of plasma-catalysis
using a nonthermal, atmospheric pres-
sure packed bed; the destruction of
benzene and toluene. J. Phys. Chem. C,
111 (13), 5090–5095.

36. Chang, C.-L., Bai, H., and Lu, S.-J.
(2005) Destruction of styrene in an air
stream by packed dielectric barrier dis-
charge reactors. Plasma Chem. Plasma
Process., 25 (6), 641–656.

37. Blackbeard, T., Demidyuk, V., Hill, S.L.,
and Whitehead, J.C. (2009) The effect
of temperature on the plasma-catalytic
destruction of propane and propene:
a comparison with thermal catalysis.
Plasma Chem. Plasma Process., 29 (6),
411–419.

38. Whitehead, J.C. (2010) Plasma catalysis:
a solution for environmental problems.
Pure Appl. Chem., 82 (6), 1329–1336.

39. Kim, H.-H., Lee, Y.-H., Ogata, A., and
Futamura, S. (2003) Plasma-driven cata-
lyst processing packed with photocatalyst
for gas-phase benzene decomposition.
Catal. Commun., 4 (7), 347–351.

40. Kim, H.-H., Oh, S.-M., Ogata, A., and
Futamura, S. (2005) Decomposition of
gas-phase benzene using plasma-driven
catalyst (PDC) reactor packed with
Ag/TiO2 catalyst. Appl. Catal. B: Envi-
ron., 56 (3), 213–220.

41. Fan, X., Zhu, T.L., Wang, M.Y.,
and Li, X.M. (2009) Removal of
low-concentration BTX in air using
a combined plasma catalysis system.
Chemosphere, 75 (10), 1301–1306.

42. Li, W.B., Wang, J.X., and Gong, H.
(2009) Catalytic combustion of VOCs on
non-noble metal catalysts. Catal. Today,
148 (1–2), 81–87.

43. Francke, K.-P., Miessner, H., and
Rudolph, R. (2000) Plasmacatalytic
processes for environmental problems.
Catal. Today, 59 (3–4), 411–416.

44. Futamura, S., Zhang, A., Einaga, H.,
and Kabashima, H. (2002) Involvement
of catalyst materials in nonthermal
plasma chemical processing of haz-
ardous air pollutants. Catal. Today, 72
(3–4), 259–265.

45. Han, S.-B. and Oda, T. (2007) Decom-
position mechanism of trichloroethylene
based on by-product distribution in the
hybrid barrier discharge plasma pro-
cess. Plasma Sources Sci. Technol., 16 (2),
413–421.

46. Futamura, S., Einaga, H., Kabashima,
H., and Hwan, L.Y. (2004) Synergistic
effect of silent discharge plasma and
catalysts on benzene decomposition.
Catal. Today, 89 (1–2), 89–95.

47. Magureanu, M., Mandache, N.B., Elloy,
P., Gaigneaux, E.M., and Parvulescu,
V.I. (2005) Plasma-assisted catalysis
for volatile organic compounds abate-
ment. Appl. Catal. B: Environ., 61 (1–2),
12–20.

48. Magureanu, M., Mandache, N.B.,
Gaigneaux, E.M., Paun, C., and
Parvulescu, V.I. (2006) Toluene oxi-
dation in a plasma-catalytic system. J.
Appl. Phys., 99 (12), 301–308.

49. Zhu, T., Li, J., Liang, W., and Jin, Y.
(2009) Synergistic effect of catalyst for
oxidation removal of toluene. J. Hazard.
Mater., 165 (1–3), 1258–1260.

50. Chang, C.-L. and Lin, T.-S. (2005) Elim-
ination of carbon monoxide in the gas
streams by dielectric barrier discharge
systems with Mn catalyst. Plasma Chem.
Plasma Process., 25 (4), 387–401.

51. Subrahmanyam, C., Magureanu, M.,
Renken, A., and Kiwi-Minsker, L. (2006)
Catalytic abatement of volatile organic
compounds assisted by non-thermal
plasma. Part 1: a novel dielectric barrier
discharge reactor containing catalytic
electrode. Appl. Catal. B: Environ., 65
(1–2), 150–156.

52. Subrahmanyam, Ch., Renken, A., and
Kiwi-Minsker, L. (2006) Catalytic abate-
ment of volatile organic compounds
assisted by non-thermal plasma: Part II.
Optimized catalytic electrode and operat-
ing conditions. Appl. Catal. B: Environ.,
65 (1–2), 157–162.

53. Magureanu, M., Mandache, N.B.,
Parvulescu, V.I., Subrahmanyam, Ch.,
Renken, A., and Kiwi-Minsker, L. (2007)
Improved performance of non-thermal
plasma reactor during decomposition
of trichloroethylene: optimization of
the reactor geometry and introduction



168 4 VOC Removal from Air by Plasma-Assisted Catalysis-Experimental Work

of catalytic electrode. Appl. Catal. B:
Environ., 74 (3–4), 270–277.

54. Han, S.-B., Oda, T., and Ono, R.
(2005) Improvement of the energy
efficiency in the decomposition of dilute
trichloroethylene by the barrier dis-
charge plasma process. IEEE Trans. Ind.
Appl., 41 (5), 1343–1349.

55. Jarrige, J. and Vervisch, P. (2009)
Plasma-enhanced catalysis of propane
and isopropyl alcohol at ambient tem-
perature on a MnO2-based catalyst. Appl.
Catal. B: Environ., 90 (1–2), 74–82.

56. Harling, A.M., Glover, D.J., Whitehead,
J.C., and Zhang, K. (2009) The role of
ozone in the plasma-catalytic destruction
of environmental pollutants. Appl. Catal.
B: Environ., 90 (1–2), 157–161.

57. Delagrange, S., Pinard, L., and
Tatibouet, J.-M. (2006) Combination
of a non-thermal plasma and a catalyst
for toluene removal from air: Man-
ganese based oxide catalysts. Appl. Catal.
B: Environ., 68 (3–4), 92–98.

58. Van Durme, J., Dewulf, J., Sysmans, W.,
Leys, C., and Van Langenhove, H. (2007)
Efficient toluene abatement in indoor
air by a plasma catalytic hybrid sys-
tem. Appl. Catal. B: Environ., 74 (1–2),
161–169.

59. Mok, Y.S. (2006) Behaviour of
trichloroethylene decomposition in a
plasma-catalytic combined process.
Plasma Sci. Technol., 8 (6), 661–665.

60. Ogata, A., Saito, K., Kim, H.-H.,
Sugasawa, M., Aritani, H., and Einaga,
H. (2010) Performance of an ozone de-
composition catalyst in hybrid plasma
reactors for volatile organic compound
removal. Plasma Chem. Plasma Process.,
30 (1), 33–42.

61. Oda, T., Yamaji, K., and Takahashi,
T. (2004) Decomposition of dilute
trichloroethylene by nonthermal plasma
processing – gas flow rate, catalyst, and
ozone effect. IEEE Trans. Ind. Appl., 40
(2), 430–436.

62. Zou, L., Luo, Y., Hooper, M., and Hu, E.
(2006) Removal of VOCs by photocatal-
ysis process using adsorption enhanced
TiO2 –SiO2 catalyst. Chem. Eng. Process.,
45 (11), 959–964.

63. Mo, J., Zhang, Y., Xu, Q.,
Joaquin Lamson, J., and Zhao, R. (2009)

Photocatalytic purification of volatile
organic compounds in indoor air: a lit-
erature review. Atmos. Environ., 43 (14),
2229–2246.

64. Zhao, J. and Yang, X. (2003) Pho-
tocatalytic oxidation for indoor air
purification: a literature review. Build.
Environ., 38 (5), 645–654.

65. Harling, A.M., Demidyuk, V., Fischer,
S.J., and Whitehead, J.C. (2008)
Plasma-catalysis destruction of aro-
matics for environmental clean-up: effect
of temperature and configuration. Appl.
Catal. B: Environ., 82 (3–4), 180–189.

66. Li, D., Yakushiji, D., Kanazawa, S.,
Ohkubo, T., and Nomoto, Y. (2002)
Decomposition of toluene by streamer
corona discharge with catalyst. J. Electro-
stat., 55 (3–4), 311–319.

67. Subrahmanyam, Ch., Magureanu, M.,
Laub, D., Renken, A., and Kiwi-Minsker,
L. (2007) Nonthermal plasma abatement
of trichloroethylene enhanced by pho-
tocatalysis. J. Phys. Chem. C, 111 (11),
4315–4318.

68. Lee, B.-Y., Park, S.-H., Lee, S.-C., Kang,
M., and Choung, S.-J. (2004) Decompo-
sition of benzene by using a discharge
plasma--photocatalyst hybrid system.
Catal. Today, 93–95, 769–776.

69. Chang, C.-L. and Lin, T.-S. (2005) De-
composition of toluene and acetone in
packed dielectric barrier discharge reac-
tors. Plasma Chem. Plasma Process., 25
(3), 227–243.

70. Thevenet, F., Guaitella, O., Puzenat,
E., Herrmann, J.-M., Rousseau, A., and
Guillard, C. (2007) Oxidation of acety-
lene by photocatalysis coupled with
dielectric barrier discharge. Catal. Today,
122 (1–2), 186–194.

71. Thevenet, F., Guaitella, O., Puzenat,
E., Guillard, C., and Rousseau, A.
(2008) Influence of water vapour on
plasma/photocatalytic oxidation ef-
ficiency of acetylene. Appl. Catal. B:
Environ., 84 (3–4), 813–820.

72. Oh, S.-M., Kim, H.-H., Ogata, A.,
Einaga, H., Futamura, S., and Park,
D.-W. (2005) Effect of zeolite in surface
discharge plasma on the decomposi-
tion of toluene. Catal. Lett., 99 (1–2),
101–104.



References 169

73. Subrahmanyam, Ch., Renken, A., and
Kiwi-Minsker, L. (2007) Novel catalytic
dielectric barrier discharge reactor for
gas-phase abatement of isopropanol.
Plasma Chem. Plasma Process., 27 (1),
13–22.

74. Jeon, S.G., Kim, K.-H., Shin, D.H., Nho,
N.-S., and Lee, K.-H. (2007) Effective
combination of non-thermal plasma and
catalyst for removal of volatile organic
compounds and NOx. Korean J. Chem.
Eng., 24 (3), 522–526.

75. Ayrault, C., Barrault, J., Blin-Simiand,
N., Jorand, F., Pasquiers, S., Rousseau,
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5
VOC Removal from Air by Plasma-Assisted Catalysis:
Mechanisms, Interactions between Plasma and Catalysts
Christophe Leys and Rino Morent

5.1
Introduction

In the previous chapter, different hybrid plasma-catalytic reactor schemes for
volatile organic compound (VOC) abatement were discussed. Ample experimental
evidence indicates that the combination of nonthermal plasma (NTP) with hetero-
geneous catalysts yields an approach that outperforms plasma-alone solutions on
a number of aspects including energy cost, mineralization rate, and by-product
formation. In some cases, synergetic effects are observed in the sense that, for
example, the removal rates obtained with a plasma-catalytic setup are higher than
those predicted by simply adding the effects of plasma and catalyst. In this chapter,
an account is given of the present understanding of the mechanisms involved in
plasma-catalytic processes.

The combination of NTP with heterogeneous catalysts can be divided into two
categories depending on the location of the catalyst (Figure 5.1): in-plasma catalysis
(IPC) and postplasma catalysis (PPC). The latter is a two-stage process where
the catalyst is located downstream of the plasma reactor, while the former is a
single-stage process with the catalyst being exposed to the active plasma.

As in classical heterogeneous catalysis, the catalyst material can be introduced
in the hybrid system in different ways for both IPC and PPC: in the form of pellets
(a so-called packed bed configuration) [1–5], foam [6, 7], or honeycomb monolith
[8, 9] as a layer of catalyst material [10] or as a coating on the reactor wall [11, 12] or
electrodes [13–16].

In an IPC reactor, the catalyst region can partially or entirely occupy the plasma
zone. When pellets are used, the reactor can be packed with purely catalytic pellets
or with a mixture of catalytic and noncatalytic pellets. The mechanisms involved in
IPC are manifold, as bulk plasma processes and heterogeneous catalytic processes
occur simultaneously.

For a PPC reactor, the plasma reactor could be located either downstream or
upstream from the catalyst. The latter is by far the most occurring configuration
for two major reasons [17]. At first, reaction products generated by a catalyst are
typically more stable than those generated by the plasma. Therefore, when the
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Figure 5.1 Plasma–catalyst combinations: (a) in-plasma
catalysis (IPC) and (b) postplasma catalysis (PPC).

plasma reactor is located downstream, the catalytic reaction products will have a
minor influence on the subsequent plasma-chemical processes. In contrast, the
plasma produces a mixture of active species, some of them sufficiently long living
to have an impact on the downstream catalysis. Secondly, unwanted by-products of
plasma treatment (e.g., CO, NOx, O3, other VOCs, etc.) can be selectively removed
by a catalyst placed after the plasma reactor.

The performance enhancement mechanisms in PPC are, in comparison with
IPC, relatively simple, as the catalyst is not directly exposed to short-living active
species produced in the plasma. The key role fulfilled by the plasma in this case is
to alter the gas composition that is fed to the catalyst, by the addition of chemically
reactive species or through the conversion of the pollutant into a compound that is
easier to decompose catalytically. An advantage of PPC is that optimum working
conditions (e.g., temperature) can be independently realized for both the NTP and
catalyst.

Plasma-catalytic mechanisms obviously involve catalytic surface reactions, but
adsorption processes and the influence of the catalyst on the discharge may play
an equally important role in certain aspects of plasma-catalytic synergy [18–20]. In
the following sections, we investigate how combining catalysts with NTP affects
the physicochemical characteristics of both plasma and catalyst and how these
interactions contribute to plasma-catalytic reaction schemes.

Although an attempt is made to present generic mechanisms in this chapter, it is
to be noted that the discussion is often based on experimental findings that pertain
to a specific combination of VOC, catalyst, and discharge type. On the other hand,
it is known that, for instance, for a given catalyst, plasma–catalyst interactions may
differ widely depending on the VOC involved (Kirkpatrick et al. [13]). Nevertheless,
for the full set of experimental details, which are largely omitted in the following
sections, the reader is referred to the source paper.

5.2
Influence of the Catalyst in the Plasma Processes

5.2.1
Physical Properties of the Discharge

When a dielectric surface is introduced in the gap of a streamer-type discharge,
the discharge mode at least partially changes from bulk streamers to more intense
streamers running along the surface (surface flashover) [20]. An example of how
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the presence of a catalyst in the discharge zone influences the discharge pattern
is shown in Figure 5.2. A streamer discharge propagates from the tip of a needle
electrode to a mesh electrode. In configuration (a), the mesh is covered with a bed
of TiO2 pellets, partially filling the discharge gap (IPC), while in configuration (b),
the pellets are located under the mesh, downstream of the discharge zone (PPC).
In the IPC configuration, bright spots appear on the surface of the catalytic bed,
marking the existence of regions of enhanced ionization.

In the presented case, the pellets are arranged in a packed bed configura-
tion. In dielectric barrier discharge (DBD) packed bed reactors, microdischarges
are generated in the voids between pellets because of the high electric field
near the contacting points. The macroscopic effect is that a chemically active
discharge can be sustained at lower voltages [22] or, when keeping the voltage
constant, the enhanced microdischarge activity leads to an increase in the energy
density.

In DBDs, the average energy of the electrons can be influenced by varying the
similarity parameter pd, the product of pressure and gap length [23]. By introducing,
as described in [24], a ceramic foam with an average pore size of 420 μm in a 6 mm
gap, the effective gap length is reduced by a factor of 15. The resulting increase in
breakdown field leads to a shift in the electron energy distribution function toward
higher energies.

Similar field effects can lead to higher average electron energies when the
discharge zone is filled with ferroelectric pellets, leading to a more oxidative
discharge [1]. An increase in electron temperature is also observed in the presence
of zeolite catalysts, which have a very strong electrical field, up to 10 V nm−1, within
the zeolite structure [25].

Parameters that influence the effect of the packed bed on the discharge are the
dielectric constant of the pellet material, and the size and shape of the pellets.
The dielectric constant affects the electric field in the void between the pellets
and thereby the mean electron energy. With increasing pellet size, the number
of microdischarges decreases, but the amount of charge that is transferred per
microdischarge increases. Chen et al. [26] concluded that there exists an optimum

Gas flow
Gas flow

Needle electrode
Needle electrode

Mesh electrode

Perforated
teflon

TiO2 catalyst TiO2 catalyst

(b)(a)

Figure 5.2 Photographs of streamer discharges in (a) IPC and (b) PPC reactor [21].
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pellet size for a specific packing material and reactor geometry. They introduced
the ratio of the gap length to the pellet size or void fraction as a useful parameter in
optimizing packed bed reactors. Finally, the shape of the catalytic pellets matters,
as sharp edges induce high local electrical fields and thereby electrons with high
energies.

5.2.2
Reactive Species Production

Obviously, when introducing a heterogeneous catalyst changes the physical char-
acteristics of the discharge, the chemical activity will be affected as well.

Roland et al. [19] studied the oxidation of various organic substances immobi-
lized on porous and nonporous alumina and silica catalysts and concluded that
short-living active species are formed in the pore volume of porous materials when
exposed to NTP.

Next to merely enhancing the production of active species, the presence of a
particular catalyst can favor the formation of specific species, and thereby influence
the abatement mechanism. Chavadej et al. [27] showed that when using a TiO2

catalyst with 1% Pt, the superoxide radical anion O2
•− is preferentially produced,

which resulted in an increased CO2 selectivity.
On the other hand, introducing a catalyst can reduce the concentration of ionic

species [28]. However, this effect did not impair the catalyst’s role in reducing the
emissions of ozone and carbon monoxide for this particular application (indoor air
control).

5.3
Influence of the Plasma on the Catalytic Processes

5.3.1
Catalyst Properties

NTPs are used for different surface treatment applications [29–32], including
catalyst preparation [33–38]. In the following text, we list a number of examples of
plasma-induced modifications of the catalyst surface.

Plasma treatment of the catalyst enhances the dispersion of active catalytic
components [6, 39] and influences the stability and catalytic activity of the exposed
catalyst material [40].

The oxidation state of the catalyst can be altered by NTP. For instance, when a
Mn2O3 catalyst is exposed to DBD plasma for 40 h with an energy density of 756 J/l,
X-ray diffraction (XRD) spectra reveal the presence of Mn3O4, a lower valent
manganese oxide with a larger oxidation capability. Owing to plasma–catalyst
interactions, less parent Ti–O bonds are found on TiO2 surfaces after several hours
of discharge operation [41]. Even new types of active sites with unusual properties
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may be formed [18], such as stable Al–O–O* with a lifetime exceeding more than
two weeks, as observed in the pores of Al2O3 in IPC experiments [18].

Demidyuk and Whitehead [42] have studied the activation mechanism of
silver–alumina and manganese oxide catalysts. Plasma treatment decreases the
activation energy of silver–alumina because of oxygen radicals generated at the
surface [43]. In the case of manganese oxide, the activation energy is unaltered.
The catalytic destruction efficiency is increased due to the formation of additional
active centers when the oxidation state of the manganese ions is changed [42].
Magureanu et al. [44] observed only a dispersion of manganese on the surface of
manganese oxide-coated electrodes, but no changes in the oxidation state.

Plasma exposure can result in an increase in the specific surface area or
in a change of catalyst structure as evidenced by Guo et al. [6, 40] through
scanning electron microscopic (SEM) and XRD measurements. Figure 5.3 shows
SEM measurements of different catalysts before and after plasma treatment.
The granularity of the grain on the catalyst surface becomes smaller and the
distribution is more uniform after discharge exposure. This results in the formation
of ultrafine particles with higher specific surface and a crystal lattice with a large
number of vacancies. These physical changes induce a higher catalytic activity,
partially explaining the synergetic effect for this particular plasma-catalytic system.
Depending on the catalyst used, plasma treatment can also lead to a decrease
in the surface area. For a zeolite catalyst (HZSM-5), the surface area is almost
halved, while the reduction in the case of alumina and TiO2 catalysts is not
significant [45].

5.3.2
Adsorption

Adsorption processes play an important role in plasma-catalytic reaction mecha-
nisms. If the catalyst has a significant adsorption capacity for pollutant molecules,
it prolongs the pollutant retention time in the reactor. In the case of IPC, the
pollutant concentration in the discharge zone is increased. The resulting higher
collision probability between pollutant molecules and active species enhances the
removal efficiency.

Adsorption of VOC and active species increases with the porosity of the catalyst
[46]. Owing to the very large specific surface, zeolites with micropores may adsorb
a high amount of VOC over a long period of time, and this can adversely affect
the abatement efficiency [47]. However, positive use can be made of the large VOC
adsorption on zeolites when the catalyst is placed at the downstream end of an IPC
reactor or when operating in a PPC configuration [48, 49]. This is the case for a
VOC that is decomposed by active species such as atomic oxygen or ozone, rather
than by direct collisions with high-energy electrons.

Under conditions where plasma-generated ozone is not effective in itself to
destroy pollutants, high decomposition rates are obtained because of the adsorption
of ozone on the catalyst surface and the subsequent dissociation into atomic
oxygen species [50]. As ozone is one of the major unwanted by-products in
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Figure 5.3 (A) SEM micrographs of nickel
foam: (a) 85× and (b) 1000×. (B) SEM
micrographs of CuO/Al2O3/NF catalyst
(1000×): (a) before reaction and (b) af-
ter reaction. (C) SEM micrographs of
Fe2O3/Al2O3/NF catalyst (1000×): (a) before

reaction and (b) after reaction. (D) SEM
micrographs of Co3O4/Al2O3/NF cata-
lyst (1000×): (a) before reaction and (b)
after reaction. (E) SEM micrographs of
Mn2O3/Al2O3/NF catalyst (1000×): (a) be-
fore reaction and (b) after reaction [40].
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NTP-driven gas cleaning, this scenario in which the ozone is decomposed on the
catalyst surface, thereby creating active species to oxidize adsorbed VOC, is quite
attractive for applications and partly accounts for the synergy observed in different
plasma-catalytic systems. Given the long lifetime of ozone near room temperature,
this mechanism is at stake both in IPC and PPC configurations. In fact, from
experiments with a Cu–Cr catalyst, it was concluded that the ozone decomposition
into atomic oxygen is more effective in the two-stage combination than in the
single-stage one [51].

The catalyst characteristics that determine the ozone decomposition efficiency
are specific surface area and the type of active compound [50]. For instance, ozone
is effectively decomposed on a MnOx/Al2O3 catalyst. The proposed mechanism
is an electron transfer from Mnn+ to an ozone molecule [52]. The ozone is
then decomposed into an oxygen molecule and an oxygen atom. Next, unstable
O2

2−Mn(n+2)+ complexes decompose by reducing the oxidized manganese back to
Mn2+ and desorption of an oxygen molecule.

Humidity is a critical parameter in plasma-catalytic processes. The adsorption
of water on the catalyst surface results in a decrease in the reaction probability
of the VOC with the surface and therefore reduces the catalyst activity [7]. Van
Durme et al. [50] investigated the effect of humidity on both ozone and toluene
removal for several catalysts located downstream of a DC corona discharge. While
humidity had no sizeable effect on catalytic ozone decomposition, the toluene
removal efficiency was adversely affected. Moreover, as different toluene removal
efficiencies were determined for different catalysts, even when identical masses of
ozone were converted, it was concluded that not the amount of decomposed ozone
but VOC adsorption is the more critical parameter determining the efficiency of
catalytic VOC oxidation. The measured equilibrium adsorption constants were
found to differ significantly from catalyst to catalyst and to decrease with increasing
humidity, explaining the observed differences at dry and humid conditions between
the tested catalysts.

The equilibrium between adsorption and desorption is influenced by the presence
of a discharge [8]. According to Lin et al. [53], the ionic wind may increase absorption.
NTP can also promote desorption of reaction products, which is instrumental in
maintaining the catalytic activity.

5.4
Thermal Activation

The prolonged operation of a discharge increases the gas temperature due to elastic
and inelastic electron–molecule collisions and vibrational–translational energy
relaxation processes. The temperature increase in a given reactor depends on the
energy density, that is, the ratio of the input power to the flow rate. Measured
temperature rises in plasma-catalytic reactors are of the order of 10–15 K at 10 J l−1

[54] and 70 K at 200 J l−1 [55].
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Although gas heating will result in higher catalyst surface temperatures [56],
the heating effect is, in general, too small to account for thermal activation of the
catalyst. However, hot spots can be formed in packed bed reactors as a result of
localized heating by intense microdischarges that run between sharp edges and
corners of adjacent pellets. Evidence of these hot spots was found by Holzer et al.
[1] when studying ozone degradation in a BaTiO3 packed bed. With the discharge,
running ozone degradation was observed at a packed bed temperature of 330 K,
whereas without discharge, the packed bed had to be heated to 370 K for the ozone
degradation to occur.

Increased catalyst temperatures can promote catalytic VOC removal. This effect
is described by Kim et al. [55] for benzene decomposition on a Pt/Al2O3 catalyst.

5.5
Plasma-Mediated Activation of Photocatalysts

In photocatalysis, VOCs are adsorbed on the surface of a porous semiconductor
material that is exposed to UV radiation. The UV photons generate electron–hole
pairs, inducing the subsequent oxidation of the adsorbed VOC by valence band
holes. In the final step, the oxidation products are desorbed. Among other photo-
catalysts (e.g., ZnO, ZnS, CdS, Fe2O3, and WO3), TiO2 is one of the most efficient
for the decomposition of a wide range of VOCs. Moreover, the combination of
TiO2 with NTP results in higher oxidation efficiencies and better selectivity into
CO2. In the following paragraph, we focus on this poorly understood case of
plasma-catalytic synergy.

As the anatase phase of TiO2 has a band gap of 3.2 eV, it takes a photon with a
wavelength shorter than 388 nm to create an electron–hole pair. Although there are
excited nitrogen states that emit light in this wavelength range, there is experimental
evidence that photocatalysis induced by UV light from the plasma cannot explain the
observed synergy in several hybrid plasma/TiO2 systems reported in the literature.
In an effort to quantify the contribution of plasma-driven photoactivation of TiO2

to the decomposition of acetaldehyde, Sano et al. [12] measured the UV intensity
emitted by a surface discharge in N2/O2 mixtures. Owing to quenching of the
excited N2 levels, the intensity of UV emission decreased with increasing O2

content. In atmospheric air, the photocatalytic decomposition rate was calculated
to be less than 0.2% of the estimated decomposition rate by the plasma itself, as
inferred from literature data on the plasma decomposition of other VOCs in a
similar surface discharge reactor [57].

In some cases, TiO2 shows plasma-induced catalytic activity under conditions
where there is no UV or very little emitted by the plasma [27, 58]. Direct plasma
activation has been observed when TiO2 is exposed to an atmospheric pressure
argon discharge at room temperature [59]. The question then arises how the
plasma-exposed TiO2 is activated, if not by UV photons. Different mechanisms
to bridge the TiO2 band gap by plasma-driven processes can be envisaged, but to
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date there is insufficient information to elaborate on the relative importance of
electrons, ions, metastables, charging effects, surface recombination, and so on.

Even when the plasma is not effective in activating the photocatalyst, plasma
species may still enhance the reactivity of TiO2, activated by external UV lamps
[60, 61]. The synergy between plasma and irradiated TiO2, as observed in ex-
periments on the plasma-photocatalytic decomposition of acetylene in dry air,
is tentatively ascribed to the adsorption of atomic oxygen on TiO2 nanoparticles
supported on silica fibers. When water vapor is added to the gas stream, OH
becomes the dominant oxidative species, and as OH radicals, chemisorbed on the
catalyst surface, react two orders of magnitude slower with acetylene than with O*,
the synergetic effect disappears. This is another example of how water vapor, a
frequent component of industrial effluents, may drastically alter the underpinning
mechanisms that apply to synthetic dry air experiments. We conclude our account
of the acetylene case study by noting that the prominent role of O* adsorption on
TiO2 has recently been confirmed in a series of experiments using plasma-treated
catalysts [62]. It is revealed that a TiO2 catalyst pretreated in oxygen-containing
plasma promotes C2H2 removal in the absence of UV activation, an effect that can
be explained by the permanence after plasma exposure of weakly bonded oxygen
atoms on the catalyst surface.

5.6
Plasma-Catalytic Mechanisms

In plasma-catalysis, synergetic effects are related to the activation of the catalyst by
the plasma. Activation mechanisms include ozone, UV, local heating, changes in
work function, activation of lattice oxygen, plasma-induced adsorption/desorption,
creation of electron–hole pairs, and direct interaction of gas-phase radicals with
adsorbed pollutants [63].

The plasma–catalyst interactions described in the previous sections contribute to
one or more of these catalyst activation mechanisms. The presented experimental
findings, applying to specific working conditions, may appear as scattered pieces
of information. Indeed, further research is needed to connect the loose ends and
unravel the detailed mechanisms. However, it is meaningful to try and extract
some general pathways at this stage.

Kim et al. [63] propose the reaction scheme visualized in Figure 5.4. Two
surface reaction models are believed to play a role in plasma-catalysis. In the
Langmuir–Hinshelwood (LH) model, both reactants (e.g., a plasma-generated
radical and an organic compound) are adsorbed on the catalyst and then migrate to
an active site. In the Eley–Rideal (ER) model, reactions occur between an adsorbed
reactant and a reactant in the gas phase [64, 65].

In plasma-catalytic systems, reactive surface species (e.g., O−, O2
−) can be

generated from the lattice oxygen [66] or from plasma-generated O3 [67] and O [68].
These adsorbed reactive species migrate and eventually recombine or react with
adsorbed VOCs. According to Kim et al. [55, 63], this occurs mainly on the surface
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Figure 5.4 Reaction pathways in plasma-driven catalysis.
Solid lines are based on experimental observations [63].
Dotted lines are expected pathways without experimental
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of the bare catalysts (TiO2, γ-Al2O3, and zeolite), rather than on the supported
metal catalysts. The latter is effective in further oxidizing gas-phase CO. For CO
oxidation on the supported metal catalyst, the ER mechanism is invoked, based on
experiments with a gold nanoparticle catalyst supported on TiO2 [69]. However,
the LH pathway cannot be excluded. As for other dotted-line reaction pathways
in Figure 5.4, much depends on the unresolved behavior of the reactive-oxygen
species on the surface.
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6
Elementary Chemical and Physical Phenomena in Electrical
Discharge Plasma in Gas–Liquid Environments and in Liquids
Bruce R. Locke, Petr Lukes, and Jean-Louis Brisset

6.1
Introduction

Electrical discharges in gas–liquid environments and in liquids (primarily water,
but in some cases also organic liquids) have been studied for a number of years for
applications in electrical transmission, chemical destruction in pollution control,
chemical synthesis, polymer surface treatment, biological inactivation, biomedical
treatment, material and nanoparticle synthesis, and chemical analysis of liquid
solutions [1–14]. Much of this work has focused on discharges in, over, and in
contact with liquid water, but discharges in and over organic liquids (e.g., various
hydrocarbons, alcohols, ionic liquids) in electrical transmission and material and
chemical synthesis are also important [15, 16]. In addition to the type of liquid and
the liquid composition, these types of discharges can be classified by the electrode
configuration [1] and the phase distribution [7].

Figure 6.1 shows the wide variety of electrode configurations that have been
studied in such systems ranging from point to plane, point to point, and wire
cylinder geometry in gas, liquid, and gas–liquid systems. Some other configurations
include diaphragm discharge directly in water, gas-phase gliding arc discharge in
contact with liquid, and plasma jet formed inside the liquid with gas injection.
Generally, the contact between gas and liquid phases can be envisioned in two
ways as conceptually shown in Figure 6.2, whereby in the first mode, the plasma
is formed in the continuous gas phase with the plasma contacting molecules,
clusters, aerosols, droplets, and planar surfaces of the liquid and in the second
mode, the liquid phase is a continuous domain with the plasma formed inside
bubbles introduced into the liquid or the plasma forms channels directly inside
the liquid. In this chapter, we discuss the basic aspects of both the chemical and
physical factors involved in such discharges with an emphasis on liquid water and
atmospheric pressure and temperature conditions.

Electrical discharge plasma formed in a gas phase in contact with a liquid (i.e.,
over a liquid surface, in a preexisting bubble, or interacting with water droplets
and sprays) has significant differences from those formed directly in the liquid
phase. The general means for plasma generation and gas phase breakdown over
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or in contact with a liquid are very similar to those discussed in Chapter 1 dealing
with gas-phase plasma because the breakdown strength in the atmospheric gas
(tens of kilovolts per centimeter) is generally much lower than that in the liquid
(e.g., for liquid water, it is >1 MV cm−1 [3, 19]). The major difference between
gas-phase discharge where both electrodes are in the gas phase in the absence
of liquid surfaces and a discharge in the gas phase over or in contact with liquid
interfaces is the existence of the liquid surface functioning as an electrode; it is
the interaction of the gas-phase-generated plasma with the liquid surface, that
is, gas–liquid interface, that provides new and interesting physics and chemistry,
as well as applications. Nevertheless, because of the similarities among all cases
where the discharge is formed in the gas phase, as discussed in later sections of this
chapter, mathematical models and computer simulations of plasma dynamics have
been adapted from gas-phase work to describe the interactions of the gas-phase
plasma with the condensed surfaces [20–26].

The mechanism for discharge generation directly in the liquid phase, however,
is significantly different from that in the gas since the liquid density is 103 times
larger than the gas and the liquid can have widely variable conductivity and other
properties. Nevertheless, the breakdown in the liquid phase is intimately coupled
to the existence and formation of microbubbles and regions of low liquid density
[19, 27, 28] and liquid heating by the input energy. Further, in the cases of liquid
water, all the above types of discharges have certain common chemical features,
albeit with putatively different reaction mechanisms. For example, these systems
generally lead to the formation of molecular and radical species such as hydrogen
peroxide (H2O2), molecular hydrogen (H2), molecular oxygen (O2), and hydroxyl
radicals (OH•). This chapter seeks to address these commonalities and differences
and to provide fundamental background on the current state of knowledge of the
chemistry and physics of these various types of discharges.

6.2
Physical Mechanisms of Generation of Plasma in Gas–Liquid Environments and
Liquids

6.2.1
Plasma Generation in Gas Phase with Water Vapor

The effects of water vapor on gas plasma propagation have been studied in the
context of atmospheric physics of lightning [29–32], electrostatic precipitators
[33, 34], laboratory corona reactors [35, 36], ozone generation [37–39], and basic
plasma physics [40, 41]. The general features of plasma generation and streamer
propagation are similar to those of dry gases reported elsewhere [42–45], but
some specific aspects of humidity on discharge initiation [41], ion mobility [46],
and formation of ionic clusters can be mentioned here [39, 47–49]. Recently, for
example, through modeling and experimental analysis of pressure and humidity
on DC corona in humid air with (+) DC point-to-plane electrode configuration,
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it was shown that as humidity increases the corona inception voltage decreases
because of lower ionization coefficients and the lower ion mobility at higher
humidity also decreases the corona current [49]. In DC parallel plate discharge
with a uniform field, the electric field for stable discharge streamer formation and
the breakdown increases with increasing humidity [31, 50]. In other studies using
model simulations, it was found that the suppression of streamer propagation
by increasing humidity is due to increased electron ion recombination reactions
rather than negative ion reaction rates [51]. Humidity was also found to lower
the number of streamer pulses and affect the surface dielectric properties in
point-to-plane silent discharge [52]. Breakdown in rod-to-plane gaps [53, 54], electric
fields for streamer propagation [55, 56], and sparking conditions [57] are affected
by humidity. In summary, humidity can affect the physical nature of gas-phase
discharge, including initiation, propagation, and time lags, through a number of
factors discussed above.

6.2.2
Plasma Generation in Gas–Liquid Systems

Electrical discharge formed in the gas phase whereby at least one of the electrodes
contacts the liquid phase or is placed inside the liquid is very similar to discharges
directly in only the gas phase. The discharge is formed in the gas phase where
electrical breakdown occurs, and thereafter, the discharge impinges on the liquid.
A variety of such systems (Figure 6.1) have been studied (see also reviews [1, 5]),
including point or multipoint discharges over the liquid phase [58, 59], with the
ground electrode placed in the liquid (Figure 6.1c, e), and the high-voltage electrode
in the liquid phase with the ground electrode in the gas phase (Figure 6.1b) [60,
61]. Gas discharge over the liquid can also be formed in gliding arc (Figure 6.1j,
k, l) and falling film (Figure 6.1n) configurations. In some cases, both electrodes
are in the liquid phase with an intervening gas gap (Figure 6.1k,m). Gas injection
from an electrode tip through a concentric band of ring barrier electrodes can
form a plasma jet that extends into the liquid (Figure 6.1o) [18]. Various types of
power inputs including AC, DC, pulsed, RF, and microwave discharge over water
surfaces have been investigated in a wide range of electrode configurations [1].
The properties of the plasma can also vary significantly and may depend on the
liquid properties (conductivity, pH, and temperature), gas composition, electrode
materials, and field polarity [1, 5, 62].

6.2.2.1 Discharge over Water
Discharges formed directly over water surfaces are of interest for fundamental stud-
ies of electrohydrodynamics and applications of chemical reactions at gas–liquid
interfaces [63–66]. Figure 6.3 [67] shows examples of discharges generated over a
liquid water surface using a pulsed power supply (capacitor discharge with rotat-
ing spark gap) and a reticulated carbon (multipoint) electrode in the gas phase.
The interactions of the discharge channels propagating along the surface of the
water are clearly shown and suggest similarities with discharges over solid [25]
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10 mm10 mm

(a) (b)

Figure 6.3 Gas-phase pulsed corona discharge generated
in air above liquid using planar electrode from reticulated
vitreous carbon. Effect of discharge gap spacing of (a) 4 mm
and (b) 10 mm. Water conductivity was 100 μS/cm. (Source:
© 2011 IEEE. Reprinted, with permission, from [67].)

surfaces. Figure 6.3a shows discharge with a smaller gap distance between the
gas phase electrode and the liquid surface, and Figure 6.3b shows the case with
a larger gap distance. For the narrow gap case, very fine brushlike discharges
are seen propagating along the surface of the water, and as the gap distance is
increased, the discharge channels become both longer and wider and have less
fine structure. The branching at the surface resembles Lichtenberg figures [63],
and as the conductivity increases, with fixed gap discharge, the channels become
thicker, brighter, and shorter. While both conductivity and gap distance affect the
discharge characteristics, changing gap distance cannot compensate for the effect
of conductivity on the discharge structure. The roles of the electrode placement
and formation of the discharge over the surface on the generation of ozone was
emphasized in these studies [67, 68]. Other work has shown that as the gas gap is
reduced, the thickness of the water layer has a larger effect on the corona to spark
transition [69]. The formation of Taylor cones [70, 71], that is, liquid instabilities
due to electrohydrodynamics [72], the flow induced by the electric field [73, 74],
at the gas–liquid interface for discharge over a planar water surface has also
been observed, and this instability can affect the breakdown conditions in such
discharges [75–78].

Babaeva and Kushner [25, 26] developed a multicomponent two-dimensional
hydrodynamics model of the formation of the electric field for a gas discharge over
a dielectric surface. The conservation balances for the gas components, including
positive and negative ions and neutral and excited state species, coupled to the
Poisson equation for the electric field propagation were solved accounting for elec-
tron energy conservation and determining the electron energy distribution from
the Boltzmann equation. Photoionization by the streamer was incorporated, and
for the gas-phase discharge in dry air, seven species (N2, N∗

2, N∗∗
2 , N+

2 , O2, O+
2 , and

electrons) were included. Electric fields >200 kV cm−1 were found at the heads
of the dielectric barrier discharge (DBD) filaments propagating to the surface,
and it was shown that the electric field increased to as high as 400–800 kV cm−1

as the filament interacts with the surface. Thus, the dielectric surface can affect
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the physical and electrical properties of the plasma filaments, and, for dielectric
surfaces of high dielectric constant (i.e., similar to that of liquid water), they found
that the gaseous ions reach energies of 150 eV as they impinge onto the surface.
Although these simulations do not account for the specific chemical aspects of
water discharge, they demonstrate that the ionic chemistry can be very important
and that the dielectric properties of the boundary have a strong effect on the
electric field. Further work to include the other species, including water and the
dissociation products of water in the plasma, is needed to address specific aspects
of the liquid water surface and to make direct comparison with experimental mea-
surements of reaction products and plasma properties for discharge over the water
surface.

6.2.2.2 Discharge in Bubbles
Discharges directly inside bubbles have also presented an interesting case for
fundamental studies and potential applications because of large surface areas and
the presence of the gas phase for ease of discharge initiation [79–94]. Figure 6.4
shows an example discharge generated within a bubble formed inside a liquid.
In this case, the solution temperature was controlled to near boiling so that large
bubbles formed, which only contained water vapor and possible trace gases that
were dissolved in and released from the liquid [90]. It can be noted that the
discharge initiates in the bubble and propagates along the inside of the bubble at
the gas–liquid interface; the plasma has a filamentary structure similar to those that
occurs for the over-surface discharge shown in Figure 6.3b (both of these example
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Figure 6.4 (a) Point-to-plane discharge in
liquid water, with bubbles showing discharge
along the inside. Large bubble size about
2 cm. The water is near boiling point, and
the bubble contains only water vapor and

reaction products from discharge [90]. (b)
Simulations of electric field propagation in-
side bubbles. (Source: (b) Reprinted from
[24]. Copyright (2009), with permission of
IOP Publishing.)
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cases use pulsed power supply of nominally 60–100 W with pulse energies of 1 J).
Under near-boiling conditions (95◦C), the discharge can easily form from a long
needle electrode submerged in a moderately conductive solution, whereas under
ambient conditions, such a discharge could not form because of the high surface
area of the electrodes. The higher temperature leads to nearly double the production
rates of H2, O2, and H2O2 compared to the same discharge at ambient temperature
[90]. In the case of injected argon bubbles, at ambient temperature, the energy
yields for the production of H2, O2, and H2O2 were independent of input power
and were, in general, lower than those for direct discharge in water and over water
surfaces for the same power [92].

Model simulations using the multicomponent hydrodynamics plasma model
mentioned above but for discharges within humid air in bubbles [22–24] showed
significant similarities to the experimental results [90, 92, 95, 96] whereby the
discharge channels propagate along the interface on the gas side of the bubble
(Figure 6.4). More components were included to account for water vapor and
ozone, but not nitrogen oxides or hydrogen peroxide. The model included N2,
N2(v), N∗

2, N∗∗
2 , N+

2 , N, N∗, N+, N+
4 , O2, O∗

2, O+
2 , O−

2 , O−, O, O∗, O+, O3,
H2O, H2O+, H2, H•, OH•, and electrons. Experimental results showed that the
conductivity (150–3000 μS cm−1) has a small effect on H2 and H2O2 generation
in bubbles and over surfaces with argon gas but strongly reduces the generation
of these species directly in the liquid [92]. It was also found experimentally that
generating discharges within bubbles, either those introduced by bubbling argon
into the liquid or those formed by maintaining the solution temperature near
boiling, are visually very similar, but the higher temperature case produces about
double the H2, O2, and H2O2. This increase in molecular yield was partially
attributed to the larger amount of water vapor contacting the plasma inside the
bubble [90, 92]. Other experimental work demonstrated significant effects of the
gas composition on the nature of the discharge inside bubbles; molecular gases
(N2 and O2) lead to discharge propagation along the gas–liquid interface, whereas
noble gases (He, Ne, Ar) produce more volumetric discharges within the gas bubble
[95]. Further, high-speed imaging of discharges inside air bubbles demonstrated
capillary oscillations of the gas–liquid surface within the bubble arising from the
electric field of the propagating streamer [96]. As in the discharge over water,
additional work to directly compare modeling efforts with experimental results on
chemical species production and plasma properties is needed.

Many other studies of discharges over surfaces and in bubbles have been reported,
and we discuss various aspects of the effect of water surface on the chemistry and
physics of the discharge in the following sections of this chapter [5, 78, 85, 86, 88,
97–102].

6.2.2.3 Discharge with Droplets and Particles
The effects of small droplets and particles in gas-phase discharge are of importance
to topics such as atmospheric chemistry (lightning) [103], environmental analysis
[104], electrostatic precipitation [105], and material synthesis [106]. Electric fields
can lead to droplet breakup by hydrodynamic instabilities [71], and some plasma
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conditions can lead to vaporization of water as well as the effects of water droplets
on streamer propagation [20, 22]. An example of the generation of a gas-phase
discharge in the presence of small aerosol droplets is shown in Figure 6.5 for
a pulsed gliding arc discharge [107, 108]. It is not possible to see the very
small aerosol droplets in this photograph (e.g., 20–50 μm mean diameter), but
as discussed below, diagnostic tools such as emissions spectroscopy show some
similarities and some significant differences from the other types of discharges
with liquid water (see discussion related to Figure 6.11).

Computational analyses of gas-phase plasma containing solid particles and liquid
droplets with the multiple-component hydrodynamics plasma model mentioned
above have shown how the propagating discharge channel interacts with micron-
scale particles suspended in the gas phase [21–24]. Simulations have shown that the
smaller particles are incorporated within the plasma streamers and that the larger
particles can initiate streamers. The permittivity and capacitance of the particles
have strong effects on the streamer propagation, and multiple particles can lead
to large increases of the streamer speed. Experimental results on water sprays in
plasma have focused on the efficiencies of formation of hydrogen peroxide and
hydrogen in gliding arc and pulsed gliding arc reactors with water aerosols in the
range of 20–50 μm [107, 108]. Further work on the physical characterization of
such systems and the coupling of the chemical models (and experiments) with the
physical models are needed.

6.2.3
Plasma Generation Directly in Liquids

In general, the liquid phase can have properties spanning those of a highly
conducting material (e.g., high salt containing liquid) to a more insulating surface

(a) (b) (c)

Figure 6.5 Gliding arc discharge (a) reactor, (b) in flowing
argon, and (c) with water spray flowing into an argon carrier
gas. The fine water droplets of 20 μm are not visible in (c)
(Source: Picture taken at Florida State University by B. R.
Locke.)
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(e.g., organic liquid or highly purified water), and in some cases, the properties of
the liquid can change between these limits during the time of the discharge (e.g.,
ionic reaction products increase conductivity and may affect the solution pH). The
existence of the liquid can have significant effects on both the chemical reactions
and the physical features of the discharge. Some of the key physical aspects for
direct discharge in water are discussed in this section, and we seek to address the
major factors on the chemical effects in Section 6.4.

The generation of an electrical discharge directly in the liquid depends on a
number of factors, including the type of power supply (pulsed, AC, DC, radio fre-
quency (RF), microwave (MW)), the nature and characteristics of the energy input
(energy per pulse, overall power, rise time, pulse width, current and voltage wave-
forms), the electrode geometry and material properties, and the solution properties
(conductivity, pressure, pH, and temperature). Since very large localized electric
fields of the order of megavolts per centimeter are needed for electrical breakdown
of water, the pulsed high voltage and electric field enhancing electrode systems
(point-plate, wire-cylinder, hole-plate, rod-rod, ring-cylinder) are often used to gen-
erate electrical (electrohydraulic) discharge in water. In addition to the electrical
parameters, bulk properties, such as hydrostatic pressure, temperature, solution
conductivity, and deaeration (preexistence of microbubbles) of water, and electrode
conditions, such as electrode material (i.e., work function), electrode conditions
(surface asperities), interfacial properties, and field polarity, are important factors
in the electrical breakdown of water [19, 28].

Several models for the mechanism of breakdown in water stressed to high voltages
have been proposed, and these models, in general, assume formation of low-density
localized regions at (or near) the site of the field enhancement, for example, at an
electrode tip or a bubble interface. The interfaces could either be the metal–liquid
boundary at the electrode surface or the liquid–vapor boundary at a microbubble
site. Field-driven molecular dissociation, as well as localized heating and electron
injection into microbubbles, can play a role. The large electric field, together with
the electronic conditions at the interface boundaries, triggers streamer initiation.
Phase instabilities, heating, local vaporization leading to formation of localized
low-density regions, bubble creation, field-assisted molecular/dipolar dissociation,
and electron transfer between metal and liquid are some of the phenomena that
may play a role in the complex initiation physics [27].

More recently, the roles of surface chemistry at the ceramic–electrolyte interface
and the formation of an electrical double layer at the electrode surface in the
electrical breakdown of water using metallic rod electrodes coated by a thin layer of
porous ceramic (composite electrodes) were also demonstrated [109]. Such design
of electrodes has been developed recently to generate a relatively large volume
of plasma in water [110–112]. The role of the ceramic layer is to redistribute
the electric field on the electrode during the predischarge phase. Owing to the
differences in conductivity and permittivity between the water (εrw = 81) and the
ceramic layer (εrc = 8–12, σc = 2 μS/cm), the electric field strength at the surface
of a composite electrode is many times enhanced in comparison with a metallic
electrode of the same dimensions. Thus, a large number of discharge channels,
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distributed almost homogeneously along the entire surface of the ceramic layer,
can be generated from the pores at relatively moderate levels of applied voltage
(20–30 kV).

Figure 6.6 shows examples of a pulsed discharge with point-to-plane electrode
configuration, and Figure 6.7 shows a multipoint discharge utilizing a porous
ceramic coated on a metal electrode [112]. With the wide range of variables to
consider, it is not currently possible to propose a general theoretical analysis
that explains all the phenomena [19]. Most experimental studies have focused on
point-to-plane geometry [113] with pulsed capacitive discharges since the small

(a) (b) (c)

2.10 ns

1.3 × 1022 1.2  × 1015

Figure 6.6 Point-to-plane discharge in liq-
uid water showing filamentous structure.
(a) Discharge-time-averaged photo in low
conductivity water, (b) single-shot photo of
discharge directly in liquid and (c) model
simulations of branching patterns due to

preexisting bubbles. (Source: a) Picture was
taken at Florida State University by Kai-Yuan
Shih. b) Picture was taken at the Techni-
cal University of Eindhoven by Dr. E. van
Veldhuizen with Dr. B. R. Locke. (c) © 2008
IEEE. Reprinted, with permission, from [21].)

(a) (b)

Figure 6.7 Multichannel pulsed discharge in water using
porous ceramic-coated metal electrodes and pulsed capaci-
tive discharge in water. Effect of water conductivity on dis-
charge characteristics: (a) 1.5 mS cm−1 and (b) 6 mS cm−1.
(Source: © 2008 IEEE. Reprinted, with permission, from
[112].)
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needle-point electrodes have very high curvature and can concentrate the electric
field to very high values (Figures 6.6 and 6.8). Another commonly used electrode
configuration utilizes the pinhole (diaphragm) or capillary discharge, whereby two
planar electrodes are separated by an insulating sheet (diaphragm) with small
holes or with capillary, respectively (Figure 6.1f) [88, 114–122]. In this case, large
electric fields are generated in connecting holes in the diaphragm layer or in the
capillary and electrical breakdown of water (i.e., discharge formation) proceeds by
thermal process when sufficiently high predischarge current in the liquid causes
strong heating in the small hole or the narrow capillary, inducing formation of
vapor bubble inside the diaphragm (capillary) and its subsequent breakdown.
Pulsed, DC, or AC power supplies can be used in this case. Reviews of many
of these configurations have been reported [1–5], and the fundamental issues
revolve around how electrons reach sufficient energy to cause ionization, leading
to breakdown and plasma streamerlike propagation [19, 27].

Traditional explanations of electrical breakdown in liquids have considered
two competing theories. The first is akin to the classical gas-phase breakdown
mechanism, and the second involves formation of small bubbles, primarily through
Joule heating. Detailed discussion of both these theories have been reported [19],
but in this chapter, we focus on the more recent experimental data and conceptual
framework [27]. Owing to the high density of liquids, with corresponding low mean
free paths, high rates of electron solubilization by water, and isotropic scattering of
electrons and generated ions, there is a very low probability that the energy required
for electron or ion impact ionization can be reached in liquids [27]. It has therefore
been suggested that regions of low-density fluid must occur where the electric field
enhancement is high in order for the discharge to initiate. These local regions of
low density can be formed by vaporization, chemical decomposition, or mechanical

t
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Figure 6.8 Time-resolved images of dis-
charge growth in water using emission spec-
troscopy and Schlieren photography. (a) Dis-
charge branching patterns development and
an increase in the emission intensity in the
parent discharge filament within 50 ns. (b)
Schlieren images of primary and secondary

streamer development at different times.
(Source: (a) Reprinted from [123]. Copy-
right (2010), with permission of IOP Pub-
lishing. (b) Reprinted with permission from
[124]. Copyright (2007) American Institute of
Physics.)
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motion [19]. In cases where microbubbles are already present, electrons can impact
with these preexisting microbubbles [125]. Figure 6.6c shows simulations using
the gas-phase multicomponent hydrodynamics model, discussed above [21], of
branching patterns that arise through electric field propagation in a gas phase
with preexisting low-density inhomogeneities. It was argued that the similarities
between observed branching patterns formed in discharge propagation in liquids
and gases point to a common mechanism, and therefore, the gas-phase simulations
provide insight into the discharge directly in the liquid. Such simulations do not
account for the liquid phase, and, in general, the issue of liquid to vapor (and
plasma) phase transition is key to analyzing direct discharge in the liquid phase.
This transition can be strongly affected by the solution properties, particularly
conductivity, the existence of microbubbles, and perhaps pressure, as well as by
the nature of the electric field application (pulse rise time, energy input).

With the advent of high-speed photography and imaging techniques, significant
advances have been made in experimentally analyzing the formation and propa-
gation of direct discharges in liquid water (Figure 6.8) [123, 124]. Time-resolved
imaging has shown that the propagation velocity (30 km s−1) does not depend on
solution conductivity, but the discharge length decreases strongly with conductivity
between 10 and 1000 μS cm−1 [123]. The time delay in the discharge initiation was
found to be consistent with the time for microbubbles to form by Joule heating
[123]. Schlieren photography (Figure 6.8b), used to determine time and spatially
resolved pressure fields, supports the bubble mechanism for primary streamer
formation but not for secondary streamer formation and the fact that the local
pressure in the liquid can be very high [124].

Recent experiments using extremely short pulses (400 ps pulse width and
150 ps rise time) in low-conductivity pure water (5 μS cm−1) have shown that
discharges in water can be formed in the absence of gas bubble formation and
with minimal thermal effects [126]. Discharge channels with 0.5–0.8 mm length
and up to 100 μm diameter propagate at 5000 km s−1 with radial expansion of
250 km s−1. These velocities are significantly larger than the nanosecond pulses
in water of 10–30 km s−1 [123, 127, 128]. For a 220 kV pulse, the electric field
at the estimated 10 μm tip of the plasma channel was 220 MV cm−1, and since
this is much higher than the required 30 MV cm−1 needed for ionization in the
condensed phase, it was concluded that plasma propagation by direct ionization,
as in gas-phase nonequilibrium plasma [45, 129, 130], can occur in the liquid.
Although longer width pulses can lead to thermal effects, heating of the liquid,
and bubble formation, clearly for very fast pulses, there is evidence for plasma
propagation in the liquid by electron impact ionization as occurs in the gas
phase.

A model to account for the liquid to gas phase transition in pulsed dis-
charge (longer pulse widths) for high salt solutions in electrosurgical applications
[131–135] based on thermal energy balances and Maxwell’s equations applied to the
region adjacent to the stressed electrode was developed [136]. The model included
Gauss’s law to determine the electric field (Eq. (6.1)), Ohm’s law to couple the
current density to the electric field (Eq. (6.2)), and the thermal energy balance with
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Joule heating source term (Eq. (6.4)), and this system of equations was solved in
a 2D axisymmetric cylindrical geometry using a finite element code (COMSOL,
Multiphysics). The model included the following equations:

∇ ·
(
ε(T)E

)
= 0 (6.1)

J = σ (T)E (6.2)

E = −∇V (6.3)

ρ(T)Cp(T)
∂T

∂t
− ∇ ·

(
k(T)∇T

)
= J · E (6.4)

where J is the current density vector, E is the electric field vector, ε(T) is the
dielectric constant, ρ(T) is the electrical conductivity, V is the electric potential,
T is the temperature, k(T) is the thermal conductivity, and Cp(T) is the heat
capacity. Simulations considered the transient time scale up to 1 ms for a 10 ms
duration pulse in 0.9% NaCl solution. As the temperature increases to the boiling
point, Heaviside step functions are used for the physical properties (conductivity,
permittivity, density, specific heat, thermal conductivity) to switch from the liquid
state to the vapor state. Model data comparison of the current suggested that the
superheating in the liquid might occur because of the very high rates of temperature
increase (106 K s−1).

In order to account for pressure and volume expansion as well as the overall
electrical circuit and other factors such as radiation transport and water evaporation
and condensation, alternative model formulations based on overall energy, mass,
charge, and momentum conservation balances coupled to equations of state for the
plasma have been applied to a plasma channel [137–142]. No single formulation
can describe all types of discharges in water, and it is important to note that as
the energy deposition into the liquid varies from <1 J pulse−1 to 1 kJ pulse−1 or
greater, significant changes in temperature, radiation emissions [143], pressure
shockwaves [144], and the electrical circuit [69, 145] must be considered in the
model formulation.

The thermal energy balance (Eq. (6.4)) is the basis for another model wherein
the temporal function of the input energy from a capacitor coupled to an assumed
cylindrical geometry and size of a plasma channel are used to estimate the
temperature rise in the plasma channel and to couple this temperature to the
chemical kinetics of water plasma reactions [146, 147]. Physical observations were
used to estimate channel size, and experimental measurements of current and
voltage waveforms were used to estimate the transient temperature rise in the
plasma channel. Estimates of temperatures in the plasma channels of over 5000 K
were found based on this simple energy balance. In Section 6.4, we discuss the
chemical aspects in more detail; however, the chemical model requires knowledge
of the thermal physical properties of H2O and its decomposition products (e.g.,
H2, O2, H•, O•, OH•) over very wide range of temperatures (ambient to >10 000 K)
and pressures (ambient to >10 MPa). Data from thermal arc [148, 149] and other
literature [150] can be used to estimate physical properties, including thermal
conductivity and heat capacity.
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(a) (b) (c)

Figure 6.9 Hybrid reactors. (a) Series re-
actor showing discharge over water surface
and in liquid. Pulsed discharge using 1 J
pulse−1 and 60 Hz. Photo is a long-time ex-
posure showing multiple discharge changes

in the liquid and the gas. The gas-phase
electrode is made of reticulated vitreous car-
bon. (b) Parallel reactor. (c) Series–parallel
reactor. ((a) Source: Photo taken at Florida
State University by M. Sahni.)

The thermal energy analysis has been applied for the cases of high-power pulsed
discharge in water, by including radiation losses from the plasma channel, and the
dynamic nature of the plasma channel expansion [137, 138] (see also [1] for a review
of earlier literature on this subject). For a high-frequency (13.6 MHz) discharge,
relatively large bubbles are formed, and a model coupling the bubble dynamics
[151] and species balances with chemical reactions and thermal energy balance has
been developed [91].

It is also useful to note that hybrid reactors combining the gas and liquid phase
discharge have been investigated (Figure 6.9) [60, 61]. Figure 6.9a shows a series
reactor wherein the high-voltage needle electrode is placed in the liquid and the
ground multipoint electrode is in the gas above the liquid. In Figure 6.1b, the
parallel reactor, high-voltage electrodes are placed in both the gas and liquids and
the ground is placed at the gas–liquid interface. A combined case is shown in
Figure 6.9c. Such reactors may have significant effects on chemical reactions in the
gas and liquid and also present interesting systems for fundamental and practical
study.

6.3
Formation of Primary Chemical Species by Discharge Plasma in Contact with Water

6.3.1
Formation of Chemical Species in Gas Phase with Water Vapor

The earlier chapters dealt with specific aspects of plasma chemistry generated
directly in the gas phase, and reviews are available on this subject [152]. Table 6.1
shows some examples of the electron collision products of water [153]. A more
comprehensive list of 577 reactions with 46 species for water vapor in a He plasma
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Table 6.1 Selected water-electron collision reactions [153].

No. Reaction No. Reaction

1 H2O + e− −−−−→ OH• + H• + e− 9 H2O + e− −−−−→ H+ + O• + H• + 2 e−

2 H2O + e− −−−−→ O• + 2 H• + e− 10 H2O + e− −−−−→ H+
2 + O• + 2 e−

3 H2O + e− −−−−→ O• + H2 + e− 11 H2O + e− −−−−→ OH− + H+ + e−

4 H2O + e− −−−−→ H2O+ + 2 e− 12 H2O + e− −−−−→ O− + H+ + H• + e−

5 H2O + e− −−−−→ OH+ + H• + 2 e− 13 H2O + e− −−−−→ O− + H+
2 + e−

6 H2O + e− −−−−→ O+ + 2 H• + 2 e− 14 H2O + e− −−−−→ H− + OH+ + e−

7 H2O + e− −−−−→ O+ + H2 + 2 e− 15 H2O + e− −−−−→ H− + O+ + H• + e−

8 H2O + e− −−−−→ H+ + OH• + 2 e− 16 H2O + e− −−−−→ H− + O• + H+ + e−

is given in [154], including electron impact excitation, attachment, dissociative
attachment, dissociate recombination, and ion reactions. Of particular note, it was
found that simplified models with as few as (i) 21 species and 28 reactions for
1–30 ppm water vapor and (ii) 29 species and 58 reactions for 30–3000 ppm were
able to predict the main chemical species found in the full model. Of significant
importance to water vapor plasma chemistry is the existence of water clusters and
ions [36, 154, 155].

Generally, analysis of the collision of plasma-generated electrons with molecular
species requires knowledge of the collision cross section σ (e) and the electron
energy distribution function (EEDF) f(e) to determine the reaction rate constant k
by [156]

k =
∫ ∞

0
σ (e)f (e) de (6.5)

Collisional cross-sectional data, either simulated or experimentally measured, is
available for many species including water, oxygen, and nitrogen [153, 157–163].
Figure 6.10 shows the cross sections as functions of the electron energy for some
reactions of electrons with water in the range of 0.1–100 eV [160]. As shown,
vibrational excitation is important between 0.2 eV and over 10 eV, while electron
attachment is significant between 4 eV and over 10 eV, with ionization playing
an important role above 10 eV. The electron energy distribution is often assumed
to be Maxwellian but can also be determined from solution of the Boltzmann
equation [164]. For a gas-phase system with Maxwellian distributions of electrons,
semiempirical rate constants dependent on input power, W, have been successfully
utilized [165]

k[e] = β

√
1

αP
W0.75exp

(
− αP

W

)
(6.6)

where P is pressure, β is a constant dependent on reactor and electrode properties,
and α is a model constant parameter.
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Figure 6.10 Scattering cross-sectional data for water-
electron collisions: (A) vibrational excitation, (B) electron at-
tachment, and (C) ionization (dashed line with solid circles).
For explanation of other lines see original source [161].
(Source: Reprinted from [161]. Copyright (2008), with per-
mission from Elsevier.)

6.3.1.1 Gas-Phase Chemistry with Water Molecules
The addition of water molecules into a plasma leads to water dissociation reactions
(and other reactions shown in Table 6.1, see also [166]) with electrons such as the
following:

H2O + e− −−−→ H• + OH• + e− (6.7)

H2O + e− −−−→ H• + O• + H• + e− (6.8)

The rates of these reactions clearly depend on the water content as well as the
electron energy and collision cross sections for water molecules with electrons as
mentioned above. There is abundant evidence that gas-phase discharge with water
vapor leads to the formation of OH• radicals, and an example emission spectra
showing the characteristic OH band at 308 nm is shown in Figure 6.11a [167–169].
Other discharges with liquid water (e.g., bubbles, directly in water, and droplets)
are shown in Figure 6.11b,c,d. In the case of liquids, such as water droplets, water
surfaces, and even water clusters [170, 171], the cross-sectional data is not available
fully and determination of reaction rates requires future research to obtain such
cross-sectional data and to assess reaction processes.
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Figure 6.11 Thermal equilibrium concentration of water and
its decomposition products. (Source: Reprinted from [175].
Copyright (2011), with permission of IOP Publishing.)

Thermal dissociation may play a role in very high temperature plasmas (over
3000 K [166, 172])

H2O + M −−−→ H• + OH• + M (6.9)

Figure 6.12 shows the equilibrium distribution of the dissociation of water as a
function of temperature, indicating that above 2–3×103 K, water and molecular
hydrogen and oxygen are dissociated into H and O and that maximum H2 and
O2 occur just above 3500 K. For many practical applications, the recombination
reactions that lead to stable molecular products may control or limit the process
efficiency and effectiveness of reactions that require hydroxyl radicals

H• + H• −−−→ H2 (6.10)

OH• + OH• −−−→ H2O2 (6.11)

H• + OH• −−−→ H2O (6.12)

The formation of molecular oxygen is also an important aspect to consider since it
can occur directly from a variety of reactions including

OH• + O• −−−→ O2 + H• (6.13)

H2O2 −−−→ H2O + 1
2 O2 (6.14)

Measurements of key stable molecular species such as O2, H2, and H2O2 can
provide insight into the differences and common features between various types
of plasma [91, 173] and some insight into the reaction mechanisms [146, 147]. To
date, these molecular products have not been linked to the basic plasma properties,
including electron density and temperature, but emissions from OH•, H•, and O•

have been correlated to these molecular products [174]. In general, very few studies
have provided both molecular product measurements and plasma properties for
the same experimental system.
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Analysis of many gas-phase plasma chemical reactions, beyond the electron
collision reactions mentioned above, utilizes the extensive literature on the chemical
reactions and their reaction rate coefficients from atmospheric chemistry. Typically,
in the atmosphere, the concentrations of radicals may be lower than in some local
regions of a plasma discharge. For example, because of the differences in the
radical concentrations between typical plasma reactors and the atmosphere, the
major pathway for hydrogen peroxide generation in the atmosphere is by HO•

2

radical recombination (Eq. (6.15)) [176], while that in plasma is by OH• radical
recombination (Eq. (6.11))

HO•
2 + HO•

2 −−−→ H2O2 + O2 (6.15)

OH• + OH• −−−→ H2O2 (6.11)

Analysis of lightning discharge, on the other hand, in the atmosphere may have
many commonalities including the need to account for the plasma properties [177,
178]. General atmospheric chemistry models have been developed that include
the effects of water vapor on many reactions with nitrogen oxides and other
components of the atmosphere with, for example, simulations including up to 486
species [177, 179–182]. These models can be useful in developing models of plasma
reactors; however, further work is needed to perform parametric sensitivity analysis
[183], to determine the effects of different feed compositions, and to evaluate the
electron energy distributions and concentration input/distribution specific for
given applications as well as to include aerosols and gas–liquid reactions.

Analysis of helium plasma with molecules of water [154] has recently shown the
importance of water clusters. Recent emissions spectroscopy of an Ar–water vapor
plasma 12.7 W capillary discharge showed significant cooling of the plasma with
increasing water content to 4 500 ppm and decreases in the OH• and other radical
intensities in the gas phase with water content [168]. Clearly, the water content in
the plasma, even as a vapor, can have significant effects on the plasma chemical
properties.

The hydroxyl radical is a key species for many chemical reactions generated
in plasma with water vapor and Figure 6.11a shows an example emissions spec-
trograph showing spectral lines for H•, OH•, and O•, as well as those for argon
[169]. For vapor-phase plasma, the reported range of OH• radical densities are in
the range of 1016 to 1021 m−3 [166]. Various methods have been used to estimate
the hydroxyl radical concentration in gas-phase plasma with water molecules. For
example, laser-induced florescence experimental techniques were used by Ono and
Oda [184] to show that the concentration of OH• radicals in a gas-phase humid
air pulsed corona plasma is 7×1020 m−3, and this magnitude is in good agree-
ment with experimental studies using CO reactions [185] of 9×1020 m−3 of pulsed
discharge in argon with water vapor and computational studies [154] in a humid
helium plasma of 1020 m−3. Although the value of hydroxyl radical concentration
is expected to be highly dependent on the many chemical reactions that occur,
particularly if nitrogen oxides or organic compounds are present, the relatively
close agreement between these various experiments and models are significant.
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Bruggeman and Schram discuss OH• production in plasma containing water,
and they provide key insights on the needed plasma diagnostics to determine
electron density and temperature and gas-phase temperature [166]. Key reactions
for the formation of OH• radical from water are given and include major pathways
through thermal dissociation, electron dissociation and attachment, as well as ion
and metastable pathways. Simulations suggest that only above 3000 K is thermal
dissociation (Eq. (6.9)) comparable to ionic pathways. Key loss pathways for OH•

radicals are also discussed and are strongly dependent on the chemical nature of
the gas (i.e., particularly the presence of nitrogen oxides). Hydroxyl radical densities
in the range of 1021 –1024 m−3 can occur depending on the degree of ionization.
The OH• radical densities fall within the range of 1019 –1022 m−3, while electron
densities are fairly narrowly distributed between 1022 to 1023 m−3 for gliding arc,
pulsed arc, pulse streamer, dielectric barrier (AC and pulsed), and microwave
plasma [166]. Electron temperatures are typically about 1 eV, but can vary from 1
to 2 eV, 1 to 10 eV, and 1 to 5 eV for pulsed streamers, AC DBD, and pulsed DBD,
respectively.

Figure 6.11a shows a sample emission spectra for water vapor in an argon carrier
for different amounts of water [169]. The argon lines are clearly visible, while at the
high water content (0.76% H2O), the OH bands and Hα lines become apparent.
In comparison, discharge inside a vapor bubble shows the very small Hβ line as
well as the Hα line and a strong emission of the OH(A-X) band (Figure 6.11b) [88].
At high conductivity, adjusted with NaCl, the Na line (sodium ion) is seen. Other
spectra for discharge in bubbles with different gases (N2, O2, He, Ne, and Ar) show
different intensities for the OH, O, and H lines [81, 82, 95, 186]. Pulsed capacitative
discharges directly in water with energy input of 1 J pulse−1 lead to relatively higher
Hα lines in comparison to the OH bands than discharges in gas bubbles and humid
gas (Figure 6.11c) (see [113, 174, 187, 188] for other example spectra of discharge
directly in water). Figure 6.11d shows the emissions for a discharge in gas (argon)
with water droplets, and while the relative magnitudes of the Hα line to OH bands
are similar to those in gas-phase discharge (with water vapor or in bubbles), the
relative magnitude of the O line (777 nm) compared to the OH band is more like
the direct discharge in liquid water.

Optical emissions spectroscopy is a key diagnostic tool to determine plasma
properties such as electron temperatures and densities [166, 168, 169, 189–191].
The Stark broadening of the Hα line [124, 188, 192] and Hβ line [191, 193]
have been used to estimate the electron density, ne, from the full width at half
maximum (FWHM) for discharges directly in water and in bubbles. As shown in
Figure 6.11, the Hα line is generally more intense and thus may be easier to use.
However, for example, Hβ was used with Eq. (6.16) to determine electron densities
[191, 193].

FWHM = 4.800 nm(ne/1023)0.68116 (6.16)

It was noted that information from both Hα and Hβ required a two-component fit to
the experimental data and suggested that there are two electron densities implying
different populations of electrons in the plasma [191]. Sunka et al. [188] found using
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the Hα line electron densities for direct discharge in water to vary from 1023 to
1025 m−3 depending on solution conductivity. In bubbles of He and Ar/O2,
Bruggeman et al. [191] found electron densities of 1021 and 1022 to 1023 m−3,
respectively.

6.3.1.2 Gas-Phase Chemistry with Water Molecules, Ozone, and Nitrogen Species
In gas-phase plasma with water vapor (and indeed with liquid surfaces), the
composition of the gas is critical to the chemistry. For example, in the case of air
or nitrogen carrier gases, nitrogen oxides can be formed in significant amounts,
and these species can strongly affect the formation and destruction of components
such as hydroxyl radicals and hydrogen peroxide [7]. Ozone generation in plasma
has been well studied and includes the key reactions [194–200]

O2 + e− −−−→ 2 O + e− (6.17)

O + O2 + M −−−→ O3 + M (6.18)

Of particular note for gas-phase ozone generation is the effect of water vapor
on suppressing ozone generation and increasing H2O2 through OH• radical
recombination (Eq. (6.11)) [201, 202].

Using a computational model with 43 reactions and 18 species (and the
Boltzmann equation for electron energy distribution and the coupled charge
carrier continuity equations with Maxwell’s equation for the electron density) of
a DC corona discharge in 100% relative humidity air, it was found that ozone
suppression was due to the direct reaction with hydroxyl radicals [39]

O3 + OH• −−−→ HO2 + O2 (6.19)

and that the reaction of NO with ozone (Eq. (6.29)) (see below) was insignificant at
high humidity but predominated in dry gas.

While most work has dealt with the application of plasma with water vapor or
liquids to remove nitrogen oxides [181, 203–211], the generation of nitrogen oxides
in gas-phase plasma in the presence of liquid water is also of interest. For example,
from a practical perspective, the Birkeland–Eyde process utilized a thermal plasma
arc for the generation of nitrate for use in fertilizers at the beginning of the
twentieth century. This process operated commercially for about 20 years before
being supplanted by the high-temperature Haber catalytic process [152, 212]. The
plasma arc first generated nitric oxide (NO) by the overall and limiting endothermic
reaction

1
2 N2 + 1

2 O2 −−−→ NO �H = 96 kJ mol −1(1 eV per molecule) (6.20)

Downstream of the plasma reactor in the original process, the above reaction was fol-
lowed by the two exothermic, nonplasma reactions involving first, high-temperature
oxidation with oxygen and then, reaction with water

NO + 1
2 O2 −−−→ NO2 �H = −56 kJ mol−1 (6.21)

3 NO2 + H2O −−−→ 2 HNO3 + NO �H = −138 kJ mol−1 (6.22)
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The generation of NO from N2 and O2 in a plasma reactor has been extensively
reviewed [152] (primarily for the dry gas synthesis of NO), and the energy cost for
the production of NO by the Birkeland–Eyde process was 25 eV per molecule. This
result corresponds to a relatively low 4% energy yield based on the enthalpy of
reaction. Thermal plasma systems at very high pressure (2–3 MPa) and temperature
(3000–3500 K) have subsequently been found to lead to an energy efficiency of
11% (9 eV per molecule), and very fast quenching rates (large temporal gradients,
108 K s−1, in the plasma temperature to the ambient) are needed to achieve this
efficiency (for comparison, the commercial production of ozone from oxygen, one
of the most successful applications of nonthermal plasma in industrial processes,
also has an energy yield of about 10% of thermodynamic limits, but experimental
systems can reach over 40% of the thermodynamic limit [213]). In the dry air
plasma, oxygen is dissociated through either dissociative attachment (Eq. (6.23))
or through direct electron dissociation (Eq. (6.17)) (in addition to other electron
collision reactions with molecular oxygen) [158]

O2 + e− −−−→ O + O− (6.23)

The Zeldovich mechanism through vibrationally excited nitrogen (generically
known as N∗

2) has two steps, the first, a limiting endothermic reaction (Eq. (6.24))
(with �H = 289 kJ mol−1 or 3 eV per molecule) and the second, exothermic
reaction

O• + N∗
2 −−−→ NO + N• (6.24)

N• + O2 −−−→ NO + O• (6.25)

Key reactions that suppress the formation of NO and thus limit the achievable
energy efficiencies are the in-plasma and outside-of-plasma reverse reactions

N• + NO −−−→ N2 + O (6.26)

NO + NO −−−→ N2 + O2 (6.27)

The latter reaction, (Eq. (6.27)), occurs strongly at temperatures above 1500 K, and
the former reaction, (Eq. (6.26)), coupled with the branching reaction

NO∗ + O2 −−−→ NO2 + O• (6.28)

leads to high atomic oxygen in the plasma resulting in high ozone concentrations
[152], although typically, ozone does not coexist with NO [214, 215] because of the
rapid reaction (Eq. (6.29)). For the generation of nitrate, the formation of NO2 in
the plasma would be desirable, and ozone and atomic oxygen can further oxidize
both NO and NO2 by reactions (Eqs. 6.29–6.32)

NO + O3 −−−→ O2 + NO2 (6.29)

NO2 + O3 −−−→ O2 + NO3 (6.30)

NO + O• −−−→ NO2 (6.31)

NO2 + O• −−−→ NO3 (6.32)
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Some experimental analysis and kinetic simulations of nitrogen oxide reactions
[214] in the context of nitrogen oxide pollution abatement support the key role of
reaction (Eq. (6.24)) in NO formation and that oxygen concentrations above 2.5%
(in nitrogen carrier) favor the formation of nitrogen oxides in dry gas mixtures.
Combustion models with superimposed plasma also support reaction (Eq. (6.24))
[216]. However, in dry N2/O2 mixtures [165, 214, 217–220] it was found that excited
states of nitrogen have negligible contributions to NOx formation and destruction
and that reaction (Eq. (6.25)) (following from reaction (Eq. (6.33)) is of more
importance in NO generation. Some atmospheric chemistry models also support
the key role of reaction (Eq. (6.25)) [182, 221]. Thus, the importance of reaction
(Eq. (6.24)) compared to the direct electron collisional dissociation of nitrogen or
excited nitrogen [152, 214] by reaction (Eq. (6.33)) followed by reaction (Eq. (6.25))
needs to be further assessed to resolve the differences in the literature.

N2 + e− −−−→ 2 N• + e− (6.33)

Itikawa and Mason [222] show that vibrational excitation cross sections are higher
than direct electron dissociation by reaction (Eq. (6.33)) in the electron energy range
of 1–4 eV and that higher energies can lead to direct dissociation into neutrals and
ions. For example, in a 2.4 GHz HF plasma with O2/N2, Kuhn et al. [223] showed a
broad electron velocity distribution and only used reaction (Eq. (6.33)) to simulate
NO and O3 formation. In a more extensive simulation of nitrogen–oxygen plasma
reactions (in the dry case), Kossyi et al. [224] developed a model with over 400
reactions, including neutrals and ions. They demonstrated the importance of the
reaction of excited state N2 with oxygen atoms by reaction (Eq. (6.24)) to double NO
production.

The addition of water vapor leads to the formation of hydroxyl radicals through
water dissociation and other [157] reactions with electrons (i.e., (Eqs. (6.7)–(6.9))
and Table 6.1). A wide range of reactions (Eqs. (6.34)–(6.37)) with nitrogen oxides
and hydroxyl and hydroperoxyl radicals lead to the formation of nitrite (NO−

2 ) and
nitrate (NO−

3 )

NO + OH• −−−→ HNO2 (6.34)

HNO2 + OH• −−−→ NO2 + H2O (6.35)

NO2 + OH• −−−→ HNO3 (6.36)

NO + HO•
2 −−−→ NO2 + OH• (6.37)

Comparison of the pathways to nitrite and nitrate through ozone with those
through OH• radicals can assist in the analysis of pathways in a given water–plasma
environment. Using the rate constants for reaction of NO with ozone k29 (Eq. (6.29))
and OH• radical k34 (Eq. (6.34)) [225], the relative rates are given by

k29/k34 = 5 × 10−4[O3]/[OH•] (6.38)

Radical measurements and model estimates, discussed above, for OH• radical
concentrations can be used to determine the relative rate (Eq. (6.38)) for comparing
the OH• and ozone pathways. For a 1% ozone concentration, as found in the output
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of a typical ozone generator, the concentration of OH• radicals needs to be about
1021 m−3 for reaction (Eq. (6.34)) to be comparable to that of reaction (Eq. (6.29)),
and these conditions are typically met. It can also be concluded that when water
vapor is present, the ozone concentration will be lower than used in the above
estimate and the OH• radical pathway would be favored.

In humid oxygen/nitrogen mixtures reactions (Eqs. (6.31) and (6.32)) through
dissociated oxygen formed by reactions (Eqs. (6.17) and (6.23)) are perhaps more
likely than direct ozone reactions; however, the roles of these and the other
reactions must be more fully assessed through the combination of experimental
and modeling approaches. Recent emissions spectroscopy of an Ar–water vapor
plasma 12.7 W capillary discharge showed significant cooling of the plasma with
increasing water content to 4500 ppm and decreases in the OH• and other radical
intensities with water content [168].

Gas-phase plasma reactors also form UV light emissions [226], although the
amounts and intensities vary with the type of reactor, gas composition, and other
conditions. The addition of water vapor leads to characteristic emissions of OH• (at
284 and 309 nm) [227, 228] (see also Section 6.3.2 and Figure 6.11). It is known from
atmospheric chemistry that hydrogen peroxide, for example, can be dissociated by
UV at 190–350 nm [229]

H2O2 + hν −−−→ OH• + OH• (6.39)

In addition, water and oxygen can be dissociated by UV with high quantum yields
below 190 nm [230] by

O2 + hν −−−→ O• + O• (6.40)

H2O + hν −−−→ H• + OH• (6.41)

The cross section for reaction (Eq. (6.40)) spans 10−17 –10−18 cm2 [231], with a
quantum yield ∼1 at 120–170 nm [232], and the cross section for reaction (Eq.
(6.41)) is 10−17 –10−18 cm2 [233], with a quantum yield ∼0.4–1 at 120–170 nm
[234]. Reactions that might cause back reactions are given below [229]

NO2 + hν −−−→ NO + O• 202 − 422 nm (6.42)

NO3 + hν −−−→ NO + O2 600 − 670 nm (6.43)

For combustion gas treatment containing NO in the feed, Mok et al. [209] and Hu
et al. [220] found decreases in NO conversion with increasing water vapor. Mok
et al. found that increasing H2O decreases the production of ozone by

OH• + O3 −−−→ HO2 + O2 (6.19)

and that in this reactor, ozone generally causes NO oxidation by reaction (Eq. (6.28)).
They also found that the energy delivered by the pulsed corona decreases with
increasing water content, and this result is consistent with that of Hu et al. [220]
(both groups used pulsed corona wire-cylinder type discharges). Yin et al. [235]
found in DBD that there was no effect of H2O on discharge power but there
was a reduced NO conversion in the N2/NO/H2O plasma with up to 2% water
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vapor; however, the simultaneous effects of oxygen were not reported. This reduced
conversion of NO with the addition of water is also consistent with the reported
increased NO production in an inductively coupled radio frequency (ICRF) plasma
by reaction (Eq. (6.44)) [236]

N• + OH• −−−→ NO + H• (6.44)

Such increases in NO are not desirable in many of the applications for NOx

removal by plasma in pollution control; however, they are important in forming
NO and converting the formed NO into nitrates. Reaction (Eq. (6.44)) could provide
significant enhancement of NO formation by the N• formed in Eqs. (6.33) and
(6.24).

A recent model of DBD in air at 300–500 K and 1.5 W cm−3 utilized 68 chemical
reactions of neutral species and the Boltzmann equation to determine the electron
energy distribution function [237]. Increasing the relative humidity from 20%
to 80% led to approximately three times higher peak concentrations of hydroxyl
radicals (1.6×1019 m−3) and hydrogen peroxide (3.5×1019 m−3), while most of
the other species were not strongly affected by this change in humidity. The
model showed relatively good comparison with experimental measurements on
O3, HNO3, HNO2, N2O5, and NO3 for both levels of humidity, suggesting that most
of the key reactions were included in the model and that the plasma conditions
were accurately simulated.

Clearly, the chemistry of gas-phase plasma with water vapor is quite complex
even in the absence of a liquid. While key reactions in ozone, nitrogen oxide, and
hydrogen peroxide chemistry have been used to analyze and interpret experimental
results in water vapor plasma, further work is needed to develop fully predictive
models coupling the physics and chemistry for a wide range of reactors. In the
presence of a liquid phase, as shown in Figure 6.2, much of the basic gas-phase
chemistry is similar to that discussed above; however, the interactions of the
molecules, radicals, and other active species of the gas with the liquid, the transport
of liquid-phase reactants to the gas phase, and the subsequent reactions in both the
gas and the liquid become important and are discussed in the following sections.

6.3.2
Plasma-Chemical Reactions at Gas–Liquid Interface

When a liquid phase is placed in contact with a plasma region, it is possible
for the plasma-generated electrons and ions to interact with the liquid water and
for species from the liquid phase to, in turn, transfer into the plasma and affect
its properties. In addition, gas- and plasma-phase chemical species, for example,
ozone and hydrogen peroxide [238–240], can strongly affect liquid-phase reactions
[68, 241]. The direct collision of high-energy electrons with liquid surfaces has
some similarities to radiation chemistry; however, the electron energies in most
gas-phase plasma (e.g., 1–10 eV) may not, in general, be as high as those in
liquid-phase radiation chemistry (kiloelectronvolts to megaelectronvolts) [242, 243].
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Nevertheless, much of the basic chemistry of plasma interactions with liquid
water and water vapor stems from the study of radiation chemistry of water [242,
244] (for additional review with more historical references, see [7]). As mentioned
above, one aspect that has not received sufficient attention is the analysis of the
direct collisions of electrons with the condensed water phase and with clusters of
water molecules in the electron energies between about 0.1 and 10 eV, and perhaps
future work using molecular dynamics can lead to progress on this aspect [170,
171, 245–248]. Ionization cross sections, for example, have been determined for
electron impact with ice and liquid water for 10 eV–1000 eV and show higher,
significantly larger cross sections for ice than the condensed phase [247, 248].

Emissions spectroscopy and laser-induced fluorescence (LIF) spectroscopy have
been conducted for electrical discharges over water surfaces, and, as in water vapor
discharges, radicals such as H•, O•, and OH• have been identified and are similar
to those shown in Figure 6.11 [190, 249–252]. Using LIF combined with a chemical
probe to assess liquid-phase OH• concentration, it was suggested that for a plasma
propagating over a water surface the OH• is formed in the gas phase, after which
it diffuses into the liquid [253]. Of course, the gas-phase atmosphere (e.g., air,
nitrogen, oxygen, argon, etc.) will have a large effect on the formation of chemical
species, and of key importance is the formation of ozone as mentioned above
[68]. In analysis of the gas- and liquid-phase chemical reactions, it is necessary to
carefully account for the formation of ozone and hydrogen peroxide and to consider
solution properties such as pH, interfacial surface area, and mass transport [61,
241, 254].

The interaction of the plasma-formed species with the liquid phase is of impor-
tance in order to determine if the chemistry at the gas–liquid interface is governed
by the gas-phase discharge above the water surface and to determine the role of
mass transfer from the gas into the liquid. For example, the penetration of the
plasma-formed radicals into the liquid through the interface and the effects of the
radicals of the plasma on the bulk-phase reactions in the liquid are not well known.
These are the key factors for the kinetic laws observed in the solution (overall zero
and first order). The gas-phase reactants impinging on the liquid–gas interface
may also affect temperature gradients and quenching reactions. Recent work in
atmospheric chemistry on the interactions of hydroxyl radicals with water surfaces
[255] has shown that hydroxyl radicals can transfer into the liquid phase (or into
clusters of water molecules) and form local hydrogen bonds with water molecules
near the surface [255–257]. Such molecular simulations are only guides since they
do not explicitly account for the plasma environment above the liquid surface.

Glow discharge electrolysis involves the formation of a glow discharge over a
liquid solution, and the analysis of the mechanism of chemical processes at the
interface between a gas and liquid relies extensively on concepts from radiation
chemistry. In this work, it is stated that 10–100 eV positive ions formed in the
gas phase impinge on the liquid surface leading to water excitation and ionization
and, ultimately, secondary electron emissions from the water cathode [12]. This ion
energy is higher than the average electron energies reported for gas-phase pulsed
corona, dielectric barrier, and gliding arc discharges, which are all reported in the
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range of 1–5 eV [166, 258]. Owing to the significant role of acidity, it is expected that
ionization is the major pathway for the formation of the final products in the liquid
phase of H+, H2O2, and H2. In contrast to direct discharge in water described
elsewhere where only 20% of the molecular oxygen is formed from H2O2, in the
glow discharge electrolysis, all molecular oxygen is considered to be formed from
H2O2. Another important difference with direct discharge in water and the glow
discharge electrolysis is that no pH change (or very small) is observed in direct
discharge in water in the absence of any added gases (for more about acidic effects
of plasma in water, see Chapter 7). The general pathway for the glow discharge in
water [12] is given by

P+ + xH2O −−−→ xH2O∗ + H2O+ −−−→ (n + 1)H2O+ + ne−
aq −−−→

(n + 1)OH• + (n + 1)H+ + ne−
aq −−−→ (n + 1)/2H2O2 + nH• + H+ (6.45)

where P+ is the positive ion, x is the total number of water molecules that are
impacted by the positive ions, the coefficient n accounts for reverse reactions, and
e−

aq are aqueous electrons. The n moles of hydrogen (H•) transport to the gas phase
where secondary electrons are formed by

nH• −−−→ (n − γ )H• + γ e−
g + γ H+ (6.46)

where γ is the secondary electron emission coefficient. In the glow discharge above
the water surface, the positive ions impinge on the gas–liquid interface, but the
plasma does not penetrate into the liquid phase, and therefore the reactions in
the liquid phase may follow lower-temperature ambient conditions in contrast to
the high-temperature reactions in the corona discharge model in liquid described
above. As mentioned in Section 6.2.2, recent simulations of DBD gas discharges
over dielectric surfaces by Babaeva and Kushner [25] support the possibility of
high-energy ion formation over the surface and impingement onto the surface.
These results are quite supportive of the general aspects of high-energy ions
impinging on the surface, although details of reaction chemistry, specifically for
water vapor and water surfaces, were not considered in these simulations.

Thagard et al. [62] showed that hydrogen peroxide formation and emissions spec-
troscopy for different polarity discharges over water surfaces are strong functions
of the solution pH and conductivity. These results were interpreted within the
context of changing secondary emissions coefficients with pH, and the highest
production of hydrogen peroxide occurred at the lower pH because of the high
production of gas-phase ions. In negative polarity discharges over the liquid–water
surface, it was suggested that electrons generated in the gas phase propagate into
the liquid phase, where they react; positive polarity discharges over the liquid
showed no similar effects.

The reactions of ozone (generated by the gas-phase plasma) in the liquid phase
and liquid-phase-induced electrical discharge reactions to form H2O2 and OH• for
the oxidation of phenol were included in a model of plasma discharge in hybrid
(Figure 6.1b) gas–liquid reactors and in reactions with oxygen flowing through the
high-voltage needle electrodes [60, 259]. Relative reactions of ozone from the gas
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phase and OH• in the liquid are quite important in assessing reaction pathways of
organic compounds in the liquid.

6.3.3
Plasma Chemistry Induced by Discharge Plasmas in Bubbles and Foams

The basic chemistry of discharges in bubbles and foams is generally expected to be
similar to that in the gas phase with water vapor (Section 6.3.1) and in gas-phase
discharge over a liquid surface (Section 6.3.2). Electrical discharges in single bubbles
and in foams and bubbly liquids may lead to increased mass transfer rates of
gaseous phase species into the liquid and reduced energy requirements to generate
the plasma compared to directly in the liquid. Analysis of fundamental aspects
of the gas–liquid interfacial plasma may also be facilitated through utilization of
these contacting patterns. It can be noted that experiments with bubbles formed
in the liquid by the electrical discharge, with preexisting bubbles that may arise
in solutions near the boiling point, can be distinguished from those where the
bubbles are introduced [90, 92].

Discharges in single bubbles suspended in the liquid or in a capillary tube have
been analyzed with regard to emissions spectroscopy, hydroxyl radical formation,
and hydrogen peroxide formation [79–82, 85, 86, 88, 89, 94, 95, 101] (Figure 6.11b).
Emissions spectra clearly show the existence of OH• radicals and have been used
to estimate electron density and temperature [85, 101]. Discharges in foams and
bubbly liquids have been developed and characterized with regard to chemical
species formation including hydrogen peroxide and ozone [80–82, 84, 87, 93,
260–264].

In general, two recent reviews [7, 265] have suggested that plasma reactors with
high surface area of gas–liquid contact, but with the discharge formed in the gas,
are generally more efficient for both chemical species formation from liquid water,
for example, hydrogen peroxide, and for initial dye decolorization. Figure 6.13
shows the range of energy efficiency, given by energy yield, for hydrogen peroxide
formation by a wide variety of electrical discharge reactors in contact with liquids.
Clearly, the most efficient is that with gas-phase plasma in contact with water
aerosols flowing through the plasma. It is suggested that plasma-quenching steps
limit efficiency [7] in the peroxide formation. In contrast, for high degrees of
mineralization, more intense, and higher energy density and temperature, plasma
is required. Further, the energy yields for the formation of hydrogen peroxide,
hydrogen, and oxygen were found to be independent of input power over the range
of conditions whereby discharges were formed in the bubbles [90, 92].

A recent model was developed that includes gas-phase plasma chemistry inside
a bubble coupled with liquid-phase reactions and the mass transfer between the
gas and the liquid [266]. Water (Eq. (6.7)), oxygen (Eq. (6.17)), and ozone reactions
with electrons were included in the gas phase along with 37 gas-phase reactions
and 16 liquid-phase reactions of species, including some ions in the liquid and
all neutrals in the gas phase. In order to account for an increased amount of
OH• radicals, it was postulated that additional OH• radicals are produced at the
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Figure 6.13 Energy yield for hydrogen peroxide generation
by a wide range of gas–liquid plasma systems. (Source:
Reprinted from [7]. Copyright (2011), with permission of IOP
Publishing.)

gas–liquid interface by the reaction of plasma-generated O

H2O(l) + O•(g) −−−→ 2OH•(l) (6.47)

It was necessary to adjust the rate constant for this reaction to fit the experimental
data on H2O2 formation and acetic acid degradation. Ozone generation in the gas
phase and mass transfer into the liquid with subsequent liquid-phase reactions
were also found to be important.

Oxygen bubbled through high-voltage electrodes immersed in water has been
shown to lead to ozone formation and dissolution into the liquid [60, 80, 113, 259,
267] and bubble and gas–liquid discharge systems can lead to the cogeneration of
ozone and hydrogen peroxide [259, 268, 269]. In some discharges in water with
bubbles where the temperature can be high, radical and molecular decomposition
reactions can be supplemented by thermal decomposition. For example, thermal
pyrolysis in plasma generated in bubbles and OH• radical reactions in the liquid
near the interface were assessed for phenol degradation [270]. It was found that
for phenol concentrations below 1 mmol l−1, 75%–80% of the degradation occurs
in the liquid phase by radical reactions, while at 10 mmol l−1, there is about 50%
degradation in the liquid by radical reactions and the rest by thermal pyrolysis,
and as concentration increases polymerization of phenol occurs and liquid-phase
reactions dominate again.
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6.3.4
Plasma Chemistry Induced by Discharge Plasmas in Water Spray and Aerosols

The injection of liquid or solid particles into plasma and/or the corresponding
formation of liquid or solid products from reactions in the plasma have many
interesting applications. For example, plasma generated in the presence of par-
ticulate matter [20], for example, dusty plasma, is of interest in processes for
material synthesis [106] such as the generation of airborne nanoparticles and air
pollution control [271]. Liquid water injection into thermal plasma arcs have been
analyzed and utilized for waste treatment and gasification [272–278]. In the case
of organic liquid droplets introduced into the plasma, there is increasing interest
in the field of plasma-assisted combustion as well as gasification [275, 279–282].
The introduction of water droplets (aerosols) into the plasma has potential ap-
plications in water cleaning [108, 283, 284], disinfection [285], air cleaning [286],
and direct chemical synthesis of useful compounds such as hydrogen peroxide,
hydrogen, and nitrates [107]. It is important to note that the conditions for de-
struction of chemical or biological materials and for the synthesis of chemical
products can be dramatically different [7]. To synthesize a given species, high prod-
uct selectivity is required. To destroy and mineralize materials, selectivity is less
important.

High-temperature thermal plasma conditions (>10 000–50 000 K) generally have
sufficient energy to vaporize most solids and liquids, and the plasma quenching or
transition zone (either spatial or temporal) may play a significant role in the final
product composition and form [152]. Thermal plasma arc water properties up to
very high temperature have been estimated [148, 149] and may be useful in some
arclike plasma discharges with liquid water where temperatures can be very high.
For example, the temperatures of gliding arc reactors (in the absence of liquid
water) have been estimated to exceed 5 000 K [287–289].

In high-power plasma arcs, for example, gliding arc discharges (400 to 500 W),
with the addition of liquid water the energy introduced into the plasma is sufficient
to vaporize completely the water droplets and can lead to effective pollutant
mineralization [290, 291]. In such plasma, whether thermal or nonthermal or with
regions of both thermal and nonthermal conditions, the reactor conditions can
be analyzed using more conventional gas-phase plasma techniques for thermal
plasma [292–294] and for nonthermal plasma (see Section 6.3.1). Experimental
studies with 400–500 W gliding arc discharges have shown the formation of H2O2,
H2 from water droplets with noble gases and oxygen [295]. Modeling efforts of
chemical kinetics have shown the importance of quenching on thermal reactions
and formation of stable molecular species [172].

On the other hand, if the input energy of the plasma is insufficient to vaporize the
injected water droplets, the multiphase nature of the plasma–aerosol interactions
must be considered [7]. A water droplet flowing through the plasma with insufficient
energy to vaporize the droplet can interact with the plasma in several ways. In
the dilute solution limit where the water droplets have little direct effect on the
plasma properties, some water may evaporate into the gas-phase plasma where it
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participates in direct reactions with electrons (and other species) generated in the
plasma. In such a case, the water droplets serve as a source of reactants (here water)
and can deliver significantly more water molecules into the plasma than occur with
humidified gases.

Further, these water droplets can function as a product collector. For example, in
the case of hydrogen peroxide generated in water-spray plasma, the high solubility
of hydrogen peroxide in the liquid droplet and the lower concentration of hydroxyl
radicals in the liquid phase allows for high-efficiency production of hydrogen
peroxide. The hydrogen peroxide formed in the gas phase or at the interface
between the gas and liquid phase transports into the liquid droplet where it is
protected from the plasma radicals that tend to degrade the product [7]. The plasma
is effectively quenched by the water droplets. There is also evidence that H2O2

found in rainwater is produced by thunderstorms [296].
Other applications of this concept are the removal of nitrogen oxides by discharges

in contact with liquid surfaces and droplets [210, 211, 286, 297] and the production
of nitrate from water droplets sprayed into air. Following the discussion of
Section 6.3.1 on nitrate chemistry in vapor phase plasma, the presence of water
droplets will strongly influence the overall reaction processes. For example, Yan
et al. [298] found that gas-phase water concentrations over 10% enhance NO
removal in N2/O2/H2O/NO mixtures and suggested that reactions (Eqs. (6.34) and
(6.36)) with OH• radicals and further, reactions (Eqs. (6.48) and (6.49)) by the N2O5

pathway

NO2 + NO3 −−−→ N2O5(g) (6.48)

N2O5(g) � N2O5(l) (6.49)

N2O5(l) + H2O(l) −−−→ 2HNO3(l) (6.50)

can be enhanced in the presence of liquid water, which absorbs the reaction
products. It is possible that the production of N2O from

N• + NO2 −−−→ N2O + O• (6.51)

may also be suppressed in some reactors because of the rapid conversion of NO•
2 by

OH• radicals. Certainly, from an environmental perspective, N2O formation would
be undesirable since it is a greenhouse gas. Since nitrate is highly soluble in the
liquid phase, any nitrate, like hydrogen peroxide, formed in the gas-phase plasma
will rapidly absorb into the liquid. Hydrogen peroxide and nitrate have very high
Henry’s Law constants (0.75 and 2.1 mol (l Pa)−1) in comparison to NO, NO2, N2O,
OH•, and HNO2 (1.9×10−8, 1.0×10−7, 2.5×10−7, 2.5×10−4, and 4.9×10−4 mol (l
Pa) −1, respectively) [229], and thus under atmospheric conditions, the former two
species are rapidly absorbed into the liquid phase. Although some H2O2 and no
HNO3 will exist in the gas phase, all the other species remain in the gas.

It is useful to point out that one other example is known where the existence of
a water droplet enhances the plasma chemical conversion. In the oxidation of SO2

in a plasma reactor with a superimposed electron beam (to generate electrons and
radicals in the liquid phase droplets formed from the sulfuric acid), [299] shows that
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the cyclic chain mechanism with oxygen enhances efficiency and leads to 0.8 eV
per molecule. This work suggests that the presence of water droplets (formed in the
sulfuric acid case or introduced in other cases) enhances gas–plasma production of
condensable products.

A number of important issues remain in the study of discharges with water
droplets. The effects of droplet size and size distribution on the chemical species
formation and energy yields should be determined. Analysis and identification of
the plasma reaction zone near the particle–gas interface should be experimentally
studied. Determination of the mass transport of water from the droplet to the
plasma and of plasma products into the liquid droplet is necessary. As in the
discharge over a water surface, the importance of the penetration of radicals, ions,
and electrons into the liquid droplet from the gas-phase plasma still needs both
experimental and computational verification.

6.4
Chemical Processes Induced by Discharge Plasma Directly in Water

6.4.1
Reaction Mechanisms of Water Dissociation by Discharge Plasma in Water

Figure 6.11c shows a sample emission spectrum for a pulsed discharge directly
in the liquid water. Emission spectroscopy has demonstrated radiation from the
pulsed corona discharge in a wide range of wavelengths (200–1000 nm), which is
dominated by the spectral lines of hydrogen (peaks at 434, 486, 656 nm) and oxygen
atom (777 nm) and by emission from OH• radical (309 nm). Electron density above
1024 m−3 in the streamer discharge has been determined from the Hα spectral
line profile, and this density is a strong function of solution conductivity. From
the molecular OH band spectra, a rotational temperature 2000–5000 K of the OH•

radicals has been estimated. With increasing water conductivity, stronger radiation
and higher electron density in the discharge have been determined (above 1025 m−3)
[3, 124, 187, 188, 192]. In contrast to the water vapor emission spectra shown in
Figure 6.11a, the Hα peak is much higher than the OH peak in the direct discharge
in water. Analysis of the O•, H•, and OH• emission intensities relative to an argon
probe was correlated with the direct measurement of the chemical species (H2, O2,
and H2O2) to show various reaction pathway changes as the solution conductivity
increased [174].

Early efforts to model plasma chemistry directly in the liquid phase (for
low-frequency pulsed discharge) utilized concepts and reaction rates and mecha-
nisms from the radiation chemistry literature coupled with semiempirical overall
rates of formation of H2O2, OH•, and e−

aq [300]. These early modeling efforts
could describe overall reaction chemistry based on H2O2 and OH• radical [60, 259,
301] but did not account properly for subsequent measurements of molecular gas
products (O2 and H2) [173]. When more accurate measurements of OH• radical
formation and reducing species were determined by chemical means [302–304], it
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became necessary to develop a more structured model that dealt with physical and
thermal aspects of the discharge plasma formation [146, 147]. It can be noted that
a wide range of OH• radical scavengers including alcohol (methanol, propanol,
ethanol, acetone) [305, 306] and dimethyl sulfoxide (DMSO) and terephthalic
acid (NaTA) [302] support the mechanism for H2O2 production by OH• radical
recombination (Eq. (6.11)).

Mededovic and Locke [146, 147] proposed a model that assumes that small
regions with temperatures of up to 5000 K can be formed in liquid water with 1 J
per pulse electrical discharges with microsecond pulse widths. The localized nature
and small volume of the discharge channel (with widths in the tens to hundreds
of micrometers scale) strongly supports these high temperatures in the plasma
channels. At such temperatures, thermal dissociation of water, as well as possible
direct electron collisions, is expected and hydroxyl radicals and atomic hydrogen
and oxygen are formed through reactions (Eqs. (6.7)–(6.9)). Through the thermal
energy balance (Eq. (6.4)) and kinetic modeling with the thermal dissociation
reaction (Eq. (6.7)) in the high-temperature range of 2000–5000 K, other important
reactions were found to be Eqs. (6.10), (6.11), and (6.13). In the high-temperature
zone, reaction (Eq. (6.10)) leads to 80% of the total molecular hydrogen formed
and reactions (Eqs. (6.13) and (6.14)) lead to 50% of the total molecular oxygen
formed. It was postulated that the short-lived high-temperature zone rapidly decays
in time and space to a somewhat cooler recombination zone (ambient to 2000 K)
where hydrogen peroxide is formed primarily by hydroxyl radical recombination,
Eq. (6.11), and in this zone, 20% of the total molecular hydrogen is formed by
reaction (Eq. (6.52))

H• + OH• −−−→ O• + H2 (6.52)

In the low-temperature zone, 20% of the molecular oxygen is formed by reactions
(Eq. (6.13)) and

OH• + O• −−−→ O2 + H• (6.53)

but additional oxygen (30%) is formed from hydrogen peroxide by

H2O2 + OH• −−−→ HO2 + H2O (6.54)

HO2 + OH• −−−→ H2O + O2 (6.55)

These modeling efforts are directly supported by experimental measurements of the
formation of hydrogen peroxide, molecular oxygen and hydrogen, hydroxyl radicals,
and oxygen radical ion (see below) [173, 302–304]. These experimental methods
utilized chemical probes to quantify the concentrations of these radicals and
direct measurements by chromatography and colorimetric assays to determine the
molecular species. The experimentally measured stoichiometry of H2 : H2O2 : O2

was 4 : 2 : 1, with current efficiencies of 26 : 13 : 5 moles per mole of electron, much
higher than expected by Faraday’s law. The only adjustable parameter in the model,
other than the assumed temperature profiles and size of the plasma region, is the
pressure. The pressure required to match the model results with the experimentally
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observed quantities of hydrogen peroxide, hydrogen, and oxygen, was 1.4 MPa, and
while smaller than the measured localized transient pressures [124], it is consistent
with the significantly higher ambient pressure in the localized region of the plasma.
Once the pressure is set, the model is able to predict the amounts of hydroxyl radical
and oxygen radical ion formed as an independent check of the model. Although
further modeling refinement is necessary to account for higher pressures observed
in some experiments and to account for possible electron collisions with water, the
model provides an excellent base to build more detailed descriptions.

Figure 6.14 shows example data for the production of OH• radicals, H2O2, and
reductive species for direct discharge in liquid water with point-to-plane geometry
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Figure 6.14 Molecular and radical species (from chemi-
cal probes) formation in direct discharge in water at 1 J per
pulse in point-to-plane geometry. (a) OH and H2O2 [302]
and (b) reductive species [303]. (Source: (a) Adapted with
permission from [302]. Copyright (2006) American Chemical
Society.)
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and 1 J per pulse. The effect of probe concentration (DMSO and NaTA) on OH•

and H2O2 production is shown in Figure 6.14a [302], and as the OH• radical probe
concentration increases, the H2O2 generation decreases, supporting the hypothesis
that H2O2 is generated primarily by OH• radical recombination. Evidence for
reductive species (Figure 6.14b), including H• and O•−

2 radicals, was demonstrated
using two different probes (tetranitromethane (TNM) and nitroblue tetrazolium
chloride (NBT)) [303]. Figure 6.15 shows the effects of conductivity on the formation
of molecular species (O2, H2, and H2O2) and radical species (O•, H•, and OH•

–from emissions spectroscopy) [174]. At the highest conductivity, all molecular
and radical species generation rates are reduced, while in the intermediate range
(150 μS cm−1), H and O intensities were the largest, due to lower power input and
incomplete capacitor discharge below this conductivity.

For a high-frequency discharge in water with a single bubble formation at the
tip of the electrode, another model was developed to account for chemical species
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formation in the plasma in the growing bubble [91]. The model predicted large
temperature gradients inside the bubble, with peak temperatures of near 4500 K
at 300 W input power. In addition, the model predicted H2 : O2 ratios of 1 : 0.3,
while the experimental results gave the ratio 1 : 0.04. The H2O2 concentration in
the model was 104 times lower than measured, but the OH values were comparable
between the model and experiment. It is interesting to note that this 13.6 MHz
discharge in water gives H2O2 energy yields of about 1 g kWh−1, which is similar to
a wide range of other discharges directly in water [7], including pulsed coronalike
discharge [173], but the stoichiometries for H2, O2, and H2O2 are significantly
different.

Another issue in discharges in water is the role of the aqueous or hydrated
electrons. In the radiation chemistry of water [242, 244], liquid water molecules
subject to ionizing radiation lead to

H2O + radiation −−−→ H2O+ + e− (6.56)

The H2O+ has lifetimes below 10−14 s, and over <10−12 s, the electron becomes
solvated to form the aqueous or hydrated electron [242]

e− −−−→ e−
aq (6.57)

Joshi et al. [300] proposed in analogy with the radiation chemistry of water that
aqueous electrons might be formed in direct discharge in water. However, ex-
perimental measurements with the addition of N2O into the liquid to generate
additional hydroxyl radicals [242] by

e−
aq + N2O −−−→ N2 + O− (6.58)

O− + H2O −−−→ OH• + OH− (6.59)

failed to show additional hydroxyl radicals. There are many other reactions of the
aqueous electron that occur in the radiation chemistry of liquid [242], but one
recent study has suggested by experimentally measured reduction of silver ions in
solution that aqueous electrons can be formed in negative polarity discharges over
water surfaces [62]; positive polarity discharge in the same system did not result in
silver ion reduction.

It is possible that aqueous electrons can react with dissolved oxygen in water by

O2 + e−
aq −−−→ O

•−
2 (6.60)

However, it should be noted that the oxygen radical anion can be formed from
atomic hydrogen [303] and molecular oxygen by

H• + O2 −−−→ HO•
2 (6.61)

HO•
2 � H+ + O

•−
2 (6.62)

In other considerations, while direct discharge in water using high-voltage pulses
does not have significant electrolysis reactions [3], glow discharge electrolysis and
similar processes may have features of both electrolytic reactions and radiation
reaction [307–310].
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6.4.2
Effect of Solution Properties and Plasma Characteristics on Plasma Chemical
Processes in Water

Solution conductivity is one of the most important solution-phase properties that
affect direct discharge in water. In earlier work, Jones and Kunhardt [311, 312]
found that solution conductivity did not affect the time lag for breakdown, but
that increasing pressure increased the time lag for breakdown initiation. Using
the Hα line broadening to estimate electron density, Sunka et al. [3] showed that
the electron density increased from 2×1023 m−3 to over 1025 m−3 as conductivity
increased from 0.1 to 1 mS cm−1. Conductivity also has a strong effect on the
formation of molecular species, including H2O2, H2, and O2 [174] (Figure 6.15).
Direct measurements of these chemical species was compared to optical emissions
spectroscopy of radical species (H•, O•, and OH•) in the conductivity range
from 5 μS cm−1 to 1 mS cm−1. As conductivity increased, both H2O2 and OH•

monotonically decreased, supporting the rather close association of these two
species. However, the changes in O• intensity with conductivity were the inverse of
those for O2 generation in the range up to 500 μS cm−1, and above this conductivity,
both species decreased. The patterns for H• and H2 were similar to those for O• and
O2. Overall, these patterns of molecular and radical species formation suggested
a change in the discharge at about 150 μS cm−1 where an optimal amount of
radicals (H• and O•) were produced at the maximum discharge power. This
work also demonstrated the value of using argon emissions to calibrate the
measurements [174].

The radiant energy and photon flux of UV radiation for pulsed discharge
directly in the liquid phase was measured by chemical actinometry with potassium
ferrioxalate [313]. It was found that in the range of 190−280 nm, the photon flux of
UV radiation, J in quanta per pulse, scaled with the discharge mean power, Pp, by

J = 44.33 P2.11
p (6.63)

The generation of hydrogen peroxide decreased with increasing solution conduc-
tivity in the range of 100–500 μS cm−1, and this decrease was partly attributed
to the decomposition of H2O2 by UV photolytic reactions such as Eq. (6.39)
[313].

While electrical breakdown in aqueous salt solutions under high pressure has
been used to analyze the mechanism of discharge formation [311], high pressure
has not led to large changes in aqueous solution chemistry [314]. Electrical discharge
plasma can be formed more easily in supercritical CO2 than in water because of
the lower critical point [315–317]. Nanoparticles [318] can be synthesized and
phenol polymerized [319] in supercritical CO2 with plasma under these conditions.
In gas-phase electrical discharge for a large range of pressure, as the pressure
increases the gap distance between electrodes necessary for generating electrical
discharge decreases [130]. Alternatively, the electric field required for breakdown
increases. Much more complicated behavior was found near the supercritical region
of CO2 [320], where the breakdown voltage exhibits a sharp minimum near the
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critical point. It was suggested that this minimum was due to clustering of CO2

molecules causing more liquidlike behavior. The breakdown behavior of electrical
discharges in water as a function of pressure up to 40 MPa has been shown to be
independent of liquid conductivity [312]. In water having pressure up to 1.4 MPa,
the initiation voltage from a pulsed capacitor discharge (1 J per pulse at 60 Hz) was
linearly related to the pressure, but once a stable discharge was formed, the current
and voltage characteristics as well as the production of H2O2 were not affected by the
externally applied pressure [314]. In a 27 MHz discharge directly in the liquid phase
with the formation of small microbubbles, pressure between 0.1 and 0.4 MPa
caused the OH• temperature to increase from 3500 to 5000 K and the electron
density to increase over 10 times from 3.5×1020 to 5.8×1021 m−3 while the electron
temperature dropped from 3700 to 3200 K [175]. Clearly, the type of discharge has
some effect on these plasma properties, but the relative effects of the discharge
type on the reaction processes under high pressure in liquids are not known.

The material properties of the electrodes can have a significant effect on the
chemical reactions in electrical discharge in water [19, 111, 112, 321–324]. The first
evidence of this effect was in the use of steel electrodes and the demonstration that
the hydrogen peroxide formed by the discharge reacts with ferrous iron released by
the electrode [301, 325] by

Fe2+ + H2O2 −−−→ Fe3+ + OH− + OH• (6.64)

It was subsequently found that platinum particles could sputter from solid platinum
electrode surfaces [323] and thereafter cause heterogeneous catalytic reactions to
reduce ferrous iron to ferric iron by reaction with the plasma-generated H2

[326–328]

H2 + 2 Pt −−−→ 2 Pt − H (6.65)

Fe3+ + Pt − H −−−→ Fe2+ + Pt + H+ (6.66)

A catalytic cycle is set between reactions (Eqs. (6.64)–(6.66)) whereby the Fenton
reaction (Eq. (6.64)) is sustained to continuously produce hydroxyl radicals. Reac-
tions of H2O2 with tungsten (tungstate ions) has also been demonstrated for direct
discharge in water to increase the oxidation of the organic compound DMSO [324]
by

(CH3)2SO + H2O2 + WO2−
4 −−−→ (CH3)2SO2 + H2O + WO2−

4 (6.67)

The initial rates of H2O2 formation with Ti and W electrodes were the same,
but the tungsten electrodes showed a decrease in H2O2 after a certain period of
operating time [324]; similar results were found in a gas–liquid discharge (electrode
series configuration shown in Figure 6.1B) where Ti, Ni–Cr, Cu, stainless steel,
tungsten–copper, and tungsten carbide had the same initial rates of formation,
but the tungsten-containing electrodes showed a drop in H2O2 at longer times
[321]. Other heterogeneous catalysts, including activated carbon, zeolites, and TiO2

photocatalysts have shown varying degrees of activity in electrical discharges in
water [259, 323, 328–333]. Further details on catalytic reactions are discussed in
Chapter 7.
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A fabric electrode was prepared, whereby conducting metal wires were interwoven
with insulating fibers [334]. On application of a DC field, microbubbles of H2 were
formed on the electrode surface and a microplasma was generated after imposition
of a 1.3 kV 10 kHz AC field. The resulting hydrogen plasma in water was suggested
to lead to interesting chemical reduction chemistry based on the atomic hydrogen
and other species. Very limited analysis of the effect of liquid temperature on the
chemical reactions in direct discharge in water has been performed. The main
result of varying temperature to near the boiling point was to facilitate the formation
of bubbles in the liquid and ease the generation of plasma [90].

6.5
Concluding Remarks

Electrical discharges in liquids and in gas–liquid environments are of interest for
many potential applications and are currently under intensive investigations by a
number of laboratories throughout the world. There is a growing interest in this
field, and the complex nature of the subject presents many challenges for both
experimentalists and modelers. While a complete understanding of this rather
general and broad field is not available, many specific aspects have been well
studied, and recent experiments and modeling efforts have shed great insight into
both the chemical and the physical aspects of such systems. Discharges in gases
in contact with liquid water have much in common with those directly in the gas,
but the presence of the condensed phase can affect both the physical nature of the
discharge formation and the chemical reactions induced by the discharge. While
discharge propagation along gas–liquid interfaces and the subsequent reactions
at the interface require significantly more experimental and modeling studies,
gas-phase plasma interactions with water molecules and the subsequent reaction
chemistry are reasonably well understood. Gas-phase discharges over water can
be strongly influenced by both the gas composition and the liquid properties.
Discharges directly in the liquid phase may present significantly different physics
from those in the gas phase. Such direct discharges in water are strongly influenced
by the nature of the power input (e.g., pulse duration, energy level), type and
configuration of electrodes, and other solution-phase properties. Much of the
knowledge of the chemistry of all such systems in water and in gas–liquid liquid
environments is based on radiation chemistry, radical chemistry, photochemistry,
atmospheric chemistry, and gas-phase plasma chemistry.
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7
Aqueous-Phase Chemistry of Electrical Discharge Plasma
in Water and in Gas–Liquid Environments
Petr Lukes, Bruce R. Locke, and Jean-Louis Brisset

7.1
Introduction

Nonthermal electrical discharge plasma in liquids and at gas–liquid interfaces gen-
erate a number of chemical and physical processes (Chapter 6) that can affect both
the chemical and biological components in water. Many organic compounds and
microorganisms have been degraded and inactivated in water using various types
of electrical discharges. The main mechanism of plasmachemical decomposition of
organic compounds in water involves oxidation processes initiated by OH• radicals,
ozone, and hydrogen peroxide (especially in the presence of suitable catalysts such
as iron, platinum, tungsten). In gas-phase discharges with gas–liquid interfaces
in atmospheric air, nitrogen-based reactive species, especially peroxynitrites, also
contribute to the plasmachemical oxidation processes in water. Reductive pathways
can take place as well. In the case of microbial inactivation, the mechanism is more
complex and physical processes such as ultraviolet (UV) photolysis, large electric
fields, and shock waves may also contribute particularly for direct discharge in
water –these mechanisms are elaborated in Chapter 8. In this chapter, we provide
an overview of the chemistry and reaction kinetics of the main primary and sec-
ondary chemical species (OH• radicals, ozone, hydrogen peroxide, peroxynitrite)
generated by plasma discharge in water and gas–liquid interfaces. We also address
the mechanisms of plasma interaction with the chemical compounds in water and
the plasma-catalytic processes in liquid and gas–liquid environments.

7.2
Aqueous-Phase Plasmachemical Reactions

Depending on the type of discharge, its energy, and the chemical composition of
the surrounding environment, various types of plasmachemical reactions can be
initiated and a number of primary and secondary species can be formed by electrical
discharges in liquids and in gas–liquid environments (Chapter 6). Chemical
reactions induced by electrical discharges in water are dependent on several
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Table 7.1 The Main Species Produced by Discharges in Wa-
ter and Gas–Liquid Environments Discussed in This Chapter.

Parent species Primary species Secondary species

H2O, O2, N2 OH•, H•, O•, N•, H2O2, NOx , O3, HNO2, HNO3,
NO• and ions ONOOH, and ions

factors. For example, the aqueous solution composition can affect the reactions
through the presence of electrolytes and radical quenchers. Conductivity affects
the electrical discharge in water, leading to lower rates of formation of some active
species but higher rates of formation of UV light. The nature of the liquid-phase
electrode can also affect the reactions in the liquid. Although direct electrochemical
reactions may not be important, ions and particles released into solution from
the electrode can affect solution chemistry. Furthermore, in gas–liquid discharge
environments, the nature of the gas phase (typically air, oxygen, nitrogen, or
argon) will affect the formation of gas-phase species, which, in turn, will transfer
into the liquid. The liquid may also evaporate and affect gas-phase reactions. It
is important to note that electrical discharge reactions in liquid and gas–liquid
systems can lead to postdischarge reactions that may be due to the longer-lived
radicals and reactive species formed in the discharge. Therefore, the yield of a total
plasmachemical process is due to synergistic contributions of numerous different
elementary reactions taking place simultaneously in a discharge system. In this
chapter, we focus mostly on the aqueous-phase plasmachemical reactions induced
by discharges generated in water and in gas–liquid environments. Table 7.1 lists
some primary and secondary species generated under these conditions.

The most abundant primary species are OH•, H•, O•, and NO• radicals. These
species react with other primary species or with the surrounding gas or liquid
molecules to produce oxygen- and nitrogen-based secondary species (H2O2, NOx,
O3, HNO2, HNO3, ONOOH), which may react with the target molecules. Thus, the
chemical effects induced by the particular type of discharge depend on the chemical
properties of the active species directly or indirectly formed in the discharge, that is,
the primary and secondary species. In the following sections, the plasma chemical
reactions induced in aqueous solutions by discharges directly in water and/or in
the gas phase in contact with the liquid are classified into four main categories.

1) Acid–base reactions due to acidic effects caused in water by the chemical
products formed by the plasma (e.g., nitrous and nitric acids produced in water
by air discharges) (Section 7.2.1)

2) Oxidation reactions caused by oxidative effects of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) produced by the plasma (e.g., OH• radical,
ozone, hydrogen peroxide, and peroxynitrite) (Section 7.2.2)

3) Reduction reactions caused by reductive species produced by the plasma (e.g.,
H•, HO2• radicals) (Section 7.2.3)
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4) Photochemical reactions initiated by UV radiation from the plasma (e.g.,
photolysis of H2O2 and ozone, photocatalysis) (Section 7.2.4).

7.2.1
Acid–Base Reactions

A large number of organic reactions, including oxidation–reduction reactions,
involve hydrogen ions in the reaction medium. Since the reduction potential of
organic species is often pH dependent, the reaction rates may be controlled by
the acidity of the aqueous solution. For example, the basic form of phenol (i.e.,
phenolate ion) is more reactive than the associated acidic form because the electron
liability of the π bonds in the phenol aromatic ring is enhanced [1, 2]. The reactivity
and color stability of many organic dyes is strongly pH dependent, and, for example,
OH• radical reactions with some dyes are much faster at low pH. Solution acidity is
therefore a very important parameter in the plasmachemical degradation of organic
compounds in water and can be important for the plasma-induced inactivation of
microorganisms in water.

The various ROS and RNS produced by discharges in water and in gas–liquid
environments possess acid–base properties since they are able to release hydrogen
ions into aqueous solutions. Table 7.2 shows acid–base reactions and the corre-
sponding dissociation equilibrium constants, pKa, for the most relevant chemical
species produced by discharge plasmas discussed in this chapter [3].

The formation of acids and their effects on various reactions have been reported
in many studies where aqueous solutions were exposed to pulsed corona, dielectric
barrier discharge (DBD), or gliding arc discharges above water surfaces, and some
reports have demonstrated pH effects when the discharge was generated directly in
water [3–20]. Most of this work reported pH changes and their effects on chemical
reactions; rarely were pH indicators used. For discharges generated in gas–liquid
environments, the change in acidity of an aqueous solution was typically found for
electric discharges formed in air. In this case the pH decrease was largely attributed
to the formation of nitrous and nitric acids in the plasma-treated solutions. A
decrease in pH was, however, also reported in solutions treated by the discharge
generated in a nitrogen-free atmosphere [15–19] and in the case when the discharge
was generated directly in water [20]. Even in the cases where the nitrous and nitric

Table 7.2 Acid–Base Dissociation Constants pKa for Se-
lected Chemical Species Produced by Discharges in Water
and Gas–Liquid Environments.

RH ↔ R− + H+ pKa RH ↔ R− + H+ pKa

OH• ↔ O−• + H+ 11.9 HOONO ↔ ONO−
2 + H+ 6.8

H2O2 ↔ HO−•
2 + H+ 11.75 HONO ↔ ONO− + H+ 3.3

HO2• ↔ O−•
2 + H+ 4.8 HNO ↔ NO− + H+ 4.7
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acids were formed, a complete analysis has not been conducted to establish if all
of the pH drop is only due to these acids. Therefore, the gas-phase composition
should be carefully assessed, and the presence of any impurities (e.g., nitrogen
or other species) that might cause change of pH should be either measured or
eliminated.

Among the first studies giving evidence of acidic effects induced by air plasma
in water was that reported by Brisset et al. [4, 5] who used DC point-to-plane
corona discharge in air above the surface of an aqueous solution to study air plasma
acid–base properties (with primary interest in corrosion induced by these plasmas).
Preliminary experiments were performed on drops of aqueous solutions containing
acid–base indicators as targets treated by the corona discharge. Evidence for the
presence of solvated protons in the solution under exposure to the discharge was
found and used to explain the increase in acidity. The pH changes were found to
depend on the polarity of the applied voltage, whereby a negative discharge induced
a larger decrease of the solution pH than a positive discharge, thus indicating a
significant role of ions. By varying the atmosphere by using air or oxygen it was
concluded that in addition to the excited nitrogen species and their products (NO−

2 ,
NO−

3 ), singlet oxygen contributed to the acidification of the solution. This was
proved by experiments performed with the addition of NaN3 used as quencher of
singlet oxygen. Goldman et al. [6] utilized a system with a grid electrode placed
between the high-voltage needle and the water surface (the ground) and a suction
tube placed adjacent to the needle electrode. Using the suction to remove neutral
species or the grid to remove charged species, they found that the combination of
ions and neutrals formed in the gas discharge was responsible for pH changes in
the liquid solution. Thus, activated neutral species had an important role in the pH
decrease.

The formation of nitrate and nitrite ions and the increasing acidity in the liquid
phase was reported by other researchers using corona discharge or DBD generated
above a water surface under an air atmosphere [7–9]. The acidic effect and the
formation of NO−

2 /NO−
3 ions in water accompanied by an increase in solution

conductivity was also demonstrated for gliding arc discharges burning over water
surface [3, 10–13] and for the case when water was sprayed directly through the
gliding arc plasma zone [14–18]. For example, a drop in pH of more than 8 units
was observed in a NaOH solution that was exposed to a gliding arc discharge for
several minutes [3].

A general mechanism to describe the changes of pH and conductivity caused by
air plasma in water is proposed in the following discussion. In addition to some
of the gas-phase reaction pathways shown in Chapter 6, liquid-phase reactions
can also be important. The NO that is formed in an air plasma by the gas-phase
reactions of dissociated nitrogen and oxygen rapidly reacts with oxygen (Eq. (7.1))
or ozone (Eq. (7.2)) to yield NO2.

2NO + O2 −−−→ 2NO2 (7.1)

NO + O3 −−−→ NO2 + O2 (7.2)
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The nitrogen dioxide can subsequently dissolve in water, leading to nitrite NO−
2

and nitrate NO−
3 via an electron capture by nitrogen dioxide NO2 (Eq. (7.3)) or

oxidation by nitric oxide NO (Eq. (7.4)) [21].

NO2(aq) + NO2(aq) + H2O −−−→ NO−
2 + NO−

3 + 2H+ (7.3)

NO(aq) + NO2(aq) + H2O −−−→ 2NO−
2 + 2H+ (7.4)

The pH of the solution is then reduced, which, along with an increase of the
solution conductivity, favors the disproportionation of nitrites into nitrates and
nitric oxide

3 NO−
2 + 3 H+ −−−→ 2 NO + NO−

3 + H3O+ (7.5)

The formation of nitrate may also proceed via the liquid-phase reaction of NO2

with OH• radicals to form peroxynitrous acid or its conjugate base peroxynitrite in
a neutral or basic medium (Eq. (7.6)) (Section 7.2.2.4). This unstable moiety then
isomerizes to the nitrate anion (Eq. (7.7)).

OH + NO2(aq) −−−→ [O=N–OOH] −−−→ O=N–OO− + H+ (7.6)

O=N–OO− −−−→ NO−
3 (7.7)

In the presence of hydrogen peroxide, peroxynitrite can also form by the reaction
of nitrite anion with H2O2 (Section 7.2.2.4). On the other hand, in the presence
of ozone, nitrites are rapidly oxidized to nitrates and oxygen, thereby eliminating
their content in water (Eq. (7.8)).

NO−
2 + O3 −−−→ NO−

3 + O2 (7.8)

In addition to the measurements of nitrate and nitrites in the solutions exposed
to various types of air plasma, attempts were made to correlate changes of pH
with conductivity observed in plasma-treated solutions [15–17]. Although it was
demonstrated that a large part of the conductivity increase can be attributed to the
pH change, the role of nitrates and nitrites was, however, found to be small and
other unidentified ions were proposed to contribute to the conductivity changes.
It can be noted that conductivity and pH are closely connected and that the
contributions of H+ and OH− to conductivity � can be given by

�(μS cm−1) = (349.82[H+] + 198.6[OH−]) × 1000 + �0 (7.9)

where [H+] and [OH−] are the concentrations of hydrogen and hydroxyl ions,
respectively, multiplied by the value of specific conductance of these ions in
equivalents per liter, and �0 is the initial solution conductivity. The effects of
other ions (e.g., nitrate, nitrite, etc.) can be added to the above equation accounting
for their concentrations and specific conductance. For example, nitrate can be
accounted for by adding the term 71.4 [NO−

3 ] × 1000 [17].
Figure 7.1 shows the results of the above model for two cases, with initial

solution conductivity 20 μS cm−1 (at initial pH 5) and 150 μS cm−1 (at initial
pH 6), and comparison with experimental data, which were obtained for different
types of electrical discharges generated either directly in water or in the combined
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gas–liquid environment in the laboratory at Florida State University, Tallahassee,
USA (FSU). This figure shows that as the pH drops, the conductivity increases
because of the higher mobility of H+ relative to OH−. This model relationship
is largely sufficient to describe experimental changes in pH and conductivity
determined in the case of direct discharge in water, where no or only small changes
in pH or conductivity were observed (white circles in Figure 7.1), and in the case of
hybrid series reactor (open and filled squares and triangles in Figure 7.1), in which
discharges are simultaneously generated in the gas and the liquid (Chapter 6).
Figure 7.1 shows the results for pH and conductivity in hybrid series reactor for
Ar, O2, N2, and Ar/O2 carrier gases. For all these hybrid reactor cases, the initial
conditions were 150 μS cm−1 (at pH 6) and the pH dropped with corresponding
increases in conductivity following, in general, the relationship (Eq. (7.9)). For
gliding arc reactors with various carrier gases and water droplet spray, the data fall
either above or below the model predictions depending on the input power (open
diamands, solid circles, and crosses in Figure 7.1). For relatively low power (<1 W),
the data fall below the model results, and in the case with a high power (>300 W),
the data fall above. Some of the effects of the data above the model line are due to
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Figure 7.1 Correlation between conductivity and pH in the
solutions treated by different types of electrical discharges,
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mental data (Source: Data from Refs. [15–17] and provided
by Shih, K., FSU Tallahassee, USA.)
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Figure 7.2 (a,b) Conductivity and pH changes per pass in
the gliding arc discharge reactor with water spray for various
carrier gases. (Source: © 2009 IEEE. Reprinted, with permis-
sion, from [17].)

the increase in conductivity due to nitrates; their inclusion into the model improved
comparison in some cases [17] but not all cases [15].

Recently, Brisset et al. [3] suggested several reasons for the discrepancy between
pH and conductivity measurements observed in the case of humid air gliding
arc plasma burning over aqueous solution, which they attributed mainly to the
peroxynitrite chemistry occurring in water; however, these are preliminary results
(for more about peroxynitrite chemistry, see Section 7.2.2.4). Moreover, a decrease
in pH was also reported in the solutions treated by the discharge generated in a
nitrogen-free atmosphere [15–17]. O2, Ar, He, or CO2 when used as the working
gas in gliding arc discharge with water spray were shown to lead to lower pH
and higher conductivity in solutions exposed to plasma (Figure 7.2). The authors
attributed these changes to H3O+ ions formed from the water because of the
electronic and ionic bombardment since nitrogen oxides were not found in these
cases.

A decrease of pH was also observed in the solutions treated by the discharge
generated directly in water (i.e., without any gases added to the water other than
those dissolved from the atmosphere) [20]. However, the change of pH in this case
was much lower than in gas-phase discharges over water. Table 7.3 shows examples
of pH changes in aqueous solutions of various electrolytes with different initial pH,
which were treated by underwater pulsed corona discharge. Typically, the pH in the
solutions of ionic salts of strong acids and bases (NaCl, Na2SO4, NaClO4, NaNO3)
decreased after treatment by the discharge by about 0.8 units. Smaller changes of
pH were observed in solutions of NaH2PO4 and Na2CO3. No change of pH was
observed in the case of HCl solution, and only a small change was observed in
the case of NaOH solution. The corresponding change of conductivity was about
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Table 7.3 Change of pH of the Solution of Different Chem-
ical Composition After 50 min Treatment with Underwater
Corona Discharge (Solution Conductivity 100 μS cm−1, Vol-
ume 1150 ml, Power Input 100 W, Applied Voltage 20 kV, To-
tal Supplied Energy 300 kJ) [20].

solution c [mmol/l] pH0 pH50

HCl 0.35 3.2 3.2
NaCl 1.0 5.6 4.8
NaClO4 1.0 5.6 4.7
Na2SO4 0.5 5.5 4.6
NaH2PO4 1.4 5.2 4.9
NaNO3 1.0 5.6 4.6
Na2CO3 0.5 9.9 9.8

20-30 μS cm−1. Some other work with similar pulsed corona discharges directly
in the aqueous solution (Figure 7.1), indicates no change in pH or conductivity in
underwater discharge (NaCl solution adjusted to 150 μS cm−1 initial conductivity),
suggesting that further work is needed on this subject to identify discrepancies and
differences.

The reasons for these pH changes are not fully understood. A decrease in pH
might be partly accompanied by accumulation of hydrogen peroxide in water from
the discharge. H2O2 is a weak acid, and depending on the concentration, its pH
can be as low as 4.5. The final concentration of H2O2 in direct discharges in water
was 2 mmol l−1 and this might be too low to cause an observed change in pH.
The second possibility might be in the formation of hydrogen ions as a product
of the reactions of primary and secondary species from underwater plasma. For
example, perhydroxyl radical HO2• dissociates at pH above 4 to superoxide ion O•−

2

(Eqs. 7.10–7.12).

OH• + H2O2 −−−→ HO•
2 + H2O (7.10)

H• + O2 −−−→ HO•
2 (7.11)

HO•
2 −−⇀↽−− H+ + O•−

2 (pKa = 4.8) (7.12)

Acid can also be formed by plasma-induced ionization of a water molecule
(Eqs. (7.13) and (7.14)).

H2O + e− −−−→ H2O+ + 2e− (7.13)

H2O+ + H2O −−−→ H3O+ + OH (7.14)

The lack of pH change in the case of hydrochloric acid solution and only a
small change in the case of NaOH solution might then be caused by a lower
acidic strength of the produced hydrogen peroxide. Smaller changes of pH in
the solutions of NaH2PO4 and Na2CO3 may be attributed to the buffer capacity



7.2 Aqueous-Phase Plasmachemical Reactions 251

of the H2PO−
4 /HPO2−

4 system (pKa=7.21) and HCO−
3 /CO2−

3 system (pKa=10.33),
respectively.

7.2.2
Oxidation Reactions

The oxidizing properties of the chemically active species produced by discharges
in water and in gas–liquid environments are most important for their applicability
to the removal of organic compounds from water and for the inactivation of
microorganisms. Table 7.4 shows the standard oxidation potentials E0

ox for the
most relevant chemical species produced by discharge plasmas concerned in this
chapter, including ROS (OH•, O• radicals, ozone, hydrogen peroxide and oxygen)
and RNS (peroxynitrite, nitrite and nitrate ions, and nitrogen dioxide radical).

The oxidation potentials of these species are generally higher than the corre-
sponding mean standard potentials of organic compounds, which are usually small
(E0 < 0.5 V per NHE). Therefore, the organic compounds are susceptible to strong
oxidizers since the change in the standard state Gibbs free energy �G0 of their
reactions with oxidizing species is strongly negative, that is,

�G0 = −nF(E0
ox − 0.5) (7.15)

�G = �G0 + RT ln
∏

(xi)
vi (7.16)

where n is the number of electrons transferred, F is the Faraday constant, xi is the
mole fraction of species i, and v is the stoichiometric coefficient for the reaction.
Thus, provided the concentrations of reactants and products lead to a negative
Gibbs free energy �G by reaction (Eq. (7.16)), the oxidation of organic compounds
by the discharge is thermodynamically favorable.

Among oxidation species discussed in this chapter, OH• radicals and ozone
are the key oxidants involved in most degradation processes induced by electrical
discharges in water and gas–liquid environments. These species possess high

Table 7.4 Standard Oxidation Potentials E0
ox for Selected

Chemical Species Produced by Discharges in Water and
Gas–Liquid Environments.

Ox + ne− = Red E0
ox [V] Ox + ne− = Red E0

ox [V]

OH• + H+ + e− = H2O 2.85 O3 + 6H+ + 6e− = 3H2O 1.51
O• + 2H+ + 2e− = H2O 2.42 HO2 + H+ + e− = H2O2 1.44
ONOO− + 2H+ + e− = NO2 + H2O 2.41 O2 + 4H+ + 4e− = 2H2O 1.23
O3 + 2H+ + 2e− = O2 + H2O 2.07 HONO + H+ + e− = NO + H2O 1.00
ONOOH + H+ + e− = NO2 + H2O 2.02 NO−

3 + 4H+ + 3e− = NO + 2H2O 0.96
HO2 + 3H+ + 3e− = 2H2O 1.70 NO−

3 + 3H+ + 2e− = HONO + H2O 0.94
H2O2 + 2H+ + 2e− = 2H2O 1.68 NO2• + H+ + e− = HNO2 0.9
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Table 7.5 Rate Constants for Reactions of H•, OH• Radi-
cals, and Ozone with Selected Inorganic and Organic Com-
pounds in Water [l (mol s)−1] [2, 22–25].

Compound H• OH• O3

H2O2 9 × 107 2.7 × 107 <10−2

HO−
2 1.2 × 109 7.5 × 109 5.5 × 106

O2 2.1 × 1010 - -
O3 3.8 × 1010 1.1 × 108 -
H2 - 4.2 × 107 -
OH− 2.2 × 107 1.2 × 1010 70
Fe2+ 7.5 × 106 4.3 × 108 >5 × 105

Fe3+ <2 × 106 - -
NO−

2 7.1 × 108 9.1 × 109 3.7 × 105

NO−
3 1.4 × 106 - <10−4

phenol 1.7 × 109 6.6 × 109 1.3 × 103

phenolate ion - 9.6 × 109 1.4 × 109

4-chlorophenol - 9.3 × 109 6 × 102

4-chlorophenolate ion - NRa 6 × 108

4-nitrophenol - 3.8 × 109 <50
4-nitrophenolate ion - 7.6 × 109 1.6 × 107

methanol 2.8 × 106 8.3 × 108 2 × 10−2

dimethylsulfoxide 9.7 × 106 6.6 × 109 5.7
tetranitromethane 5.5 × 108 - -
trichloroethylene - 1.3 × 109 17
methylene blue 1.1 × 1010 2.1 × 1010 1.34 × 105b

aNR: rate constant not reported in the literature.
bRate constant in l0.5/(mol0.5 s); at pH 7.

reactivity with a large number of organic compounds. Table 7.5 shows examples of
the rate constants for OH• radical and ozone through direct reactions with selected
organic and inorganic compounds in water.

7.2.2.1 Hydroxyl Radical
The hydroxyl radical is the major ROS found in electric discharge plasmas in water
and gas–liquid environments. The OH• radical has a high oxidizing power (E0=
2.85 V), and it is the strongest oxidant that can exist in an aqueous environment. It
reacts unselectively with most organic and many inorganic compounds with rates
that approach diffusion-controlled limits (Table 7.5). Its high reactivity causes a
very short life time of close to 200 μs in the gas phase and less in aqueous solution,
so that it may directly react with a target species only in its immediate surrounding,
which is of special concern for discharges in water.

For the reactions of OH• radical with organic species, there are three common
reaction pathways: (i) hydrogen abstraction (typically from alkyl or hydroxyl groups)
(Eq. (7.17)), (ii) hydroxyl radical electrophilic addition to unsaturated systems (e.g.,
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double bonds) (Eq. (7.18)), and (iii) direct electron transfer (Eq. (7.19)) [26].

OH• + R − H −−−→ R• + H2O (7.17)

OH• + R2C=CR2 −−−→ R•
2(OH)C–CR2 (7.18)

OH• + R − X −−−→ R − X+• + OH− (7.19)

Hydroxyl radicals react primarily by hydrogen abstraction with saturated aliphatic
hydrocarbons and alcohols to yield H2O and an organic radical R• (Eq. (7.17)). On
the other hand, in the case of olefins or aromatic hydrocarbons, OH• radicals add to
the C=C bonds of organic compounds to form a C-centered radical with a hydroxyl
group at the –C atom (Eq. (7.18)). Reduction of hydroxyl radicals to hydroxide
anions by an organic substrate (Eq. (7.19)) is of particular interest in the case where
hydrogen abstraction or electrophilic addition reactions may be unfavorable due to
multiple halogen substitutions or steric hindrances.

Organic radicals formed by such reactions may quickly add an oxygen molecule
(if present in water) to form reactive organoperoxyl radicals (ROO•) that may
become transformed into oxy radicals. Further reactions then often lead to an
abstraction of an H atom by dissolved oxygen and the formation of hydroperoxyl
radicals, hydrogen peroxide, and organic peroxides, aldehydes and acids. During
the process, different types of radical species are simultaneously present. Typical
reaction products include oxygenated and ring-opened species. In some cases,
complete mineralization yields carbon dioxide as a final product (for more details
see Section 7.3.1).

7.2.2.2 Ozone
Ozone is a powerful oxidant, and it has the highest standard redox potential among
conventional oxidants (E0 = 2.07 V) such as chlorine, chlorine dioxide, permaganate,
and hydrogen peroxide. Although ozone is formed by the gas-phase discharge,
when a discharge is generated in close proximity to the water surface, ozone
can transfer from the gas phase into the liquid and subsequently oxidize organic
compounds in the water (in addition to the case when ozone is formed directly in
the liquid, e.g., by the discharge generated in oxygen bubbles). Ozone can oxidize
organic matter in water either directly or through the hydroxyl radicals produced
during the decomposition of ozone (Eq. 7.20–7.22). The direct oxidation with
molecular ozone is of primary importance under acidic conditions; however, this
pathway is relatively slow compared to the OH• radical oxidation since ozone reacts
directly very selectively and is pH dependent (Table 7.5) [27]. Ozone reacts through
direct reactions with organic compounds with specific functional groups in their
molecules. Examples are unsaturated and aromatic hydrocarbons with substituents
such as hydroxyl, methyl, or amine groups. Ozone can react through 1,3-dipolar
cycloaddition, electrophilic substitution and, rarely, nucleophilic reactions [26].
In water, only the first two reactions have been identified for most organics,
and of these two, 1,3-dipolar cycloaddition is the most important (e.g., during
plasma-induced degradation of aromatic hydrocarbons in water, Section 7.3.1.1).
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Another group of ozone direct reactions are those with inorganic species such as
Fe2+, NO−

2 , OH−, and HO−
2 (see Table 7.5) [23].

In neutral and basic solutions, ozone is unstable and decomposes via a series of
chain reactions to produce hydroxyl radicals (Eq. (7.20)) [28].

O3 + H2O
OH−−−−→ •OH + O2 + HO2• (7.20)

The addition of hydrogen peroxide accelerates the decomposition of ozone and
increases the hydroxyl radical concentration. The chemistry involved in the gen-
eration of OH• radicals by the O3/H2O2 process is assumed to be mainly the
decomposition of ozone by the conjugate base of hydrogen peroxide (HO−

2 ) to
produce ozonate radical (O•−

3 ), which gives the hydroxyl radical by rapid reaction
with water (Eq. (7.21) and (7.22)) [29].

O3 + HO−
2 −−−→ HO•

2 + O•−
3 (7.21)

O•−
3 + H2O −−−→ OH• + OH− + O2 (7.22)

This process, also referred to as the Peroxone process, occurs very slowly at low pH,
but at pH values above 5, it is greatly accelerated. The process is further enhanced
by the photochemical generation of hydroxyl radicals in the O3/H2O2/UV process
(Section 7.2.4). The presence of activated carbon (AC), silica gel, or zeolites can also
stimulate the production of OH• radicals from ozone (Sections 7.4.5–7.4.7).

7.2.2.3 Hydrogen Peroxide
Hydrogen peroxide is a very important species, which increases the collective
oxidizing power of the plasma, especially in the case of underwater plasmas,
in which hydrogen peroxide is the most abundant long-lived plasmachemical
product. H2O2 reacts in the gas phase, at the liquid surface, and in the bulk target
solution with solutes since it is highly soluble in water. Similar to ozone, hydrogen
peroxide can react with organic matter through direct and indirect pathways. In
direct mechanisms, hydrogen peroxide participates in redox reactions where it can
behave as an oxidant (E0= 1.77 V) or as a reductant (E0= −0.7 V).

Although H2O2 has a relatively high oxidation potential, the direct oxidation
effect of H2O2 in plasma-treated solutions is low since hydrogen peroxide does
not significantly react with most organic compounds, at least at appreciable rates
for water treatment. Nevertheless, H2O2 affects plasmachemistry in water very
significantly and indirectly in a number of processes including (i) catalytic reactions
with iron in a Fenton-type process via formation of OH• radicals (Section 7.4.1)
and with tungsten via formation of peroxotungstates (Section 7.4.3), (ii) with
ozone in Peroxone process via formation of OH• radicals (Eqs. (7.21) and (7.22)),
(iii) with nitrites via formation of peroxynitrites (Section 7.2.2.4), or (iv) when it is
photolyzed with UV radiation from plasma via formation of OH• and HO2• radicals
(Section 7.2.4). These processes are described separately in the following sections
of this chapter.
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7.2.2.4 Peroxynitrite
It was described in Section 7.2.1 that electrical discharges generated in gas–liquid
environments (especially those generated under an air atmosphere) generate highly
acidic conditions in water, which are largely attributed to the formation of nitrous
and nitric acids. In addition, the oxidation properties of nitrogen-containing reactive
species, especially peroxynitrite, must be considered in aqueous solutions that are
exposed to the electric discharge in air.

Peroxynitrite is produced by (i) the reaction of nitric oxide and superoxide anion
radicals (Eq. (7.23)), (ii) the reaction of the nitrite anion with hydrogen peroxide
(Eq. (7.24)), or (iii) the reaction of NO2• with an OH• radical (Eq. (7.25)) [30–33].

O−•
2 + NO• −−−→ O=N–OO− (7.23)

NO−
2 + H2O2 −−−→ O=N–OO− + H2O (7.24)

OH• + NO•
2 −−−→ O=N–OO− + H+ (7.25)

Among these three pathways, the second, utilizing hydrogen peroxide (Eq. (7.24))
is of particular importance in gas–liquid plasmas since a significant amount of
H2O2 is produced by discharges in contact with water or in humid atmospheres.

The oxidant reactivity of peroxynitrite (E0= 2.05 V) is highly pH dependent and
both anionic (O=N–OO−, peroxynitrite anion) and protonated forms (O=N–OOH,
peroxynitrous acid) (pKa=6.8) can participate in oxidation reactions. Peroxynitrite
can react with organic compounds either directly via one- and two-electron oxidation
reactions or indirectly through reactions of secondary radicals (nitrogen dioxide
(NO2• ), hydroxyl (OH•), or carbonate anion radical (CO•−

3 ), which are formed by
H+ or CO2-catalyzed decomposition of peroxynitrite [30–33].

Direct reactions of peroxynitrite are more likely to occur just under alkaline
conditions (pH>6.8). In acidic solutions, the protonated form of peroxynitrite
predominates (Eq. (7.26)) and it decays into OH• and NO•

2 radicals (Eq. (7.27)),
which subsequently initiate indirect reactions.

O=N–OO− + H+ −−−→ O=N–OOH (7.26)

O=N–OOH −−−→ OH• + NO•
2 (7.27)

OH• + NO•
2 −−−→ NO−

3 + H+ (7.28)

OH• and NO•
2 radicals can recombine to form nitric acid (Eq. (7.28)), however, the

rate constant for this reaction in solution (>3 × 104 l (mol s)−1; [30]) is much lower
than that of most reactions involving the OH• radical (Table 7.5). Thus, under acidic
conditions, the reactivity of peroxynitrite is mainly determined by OH• radicals
formed by its decomposition via reaction (Eq. (7.27)) (which is the most likely
scenario in the case of aqueous solutions exposed to air discharge plasmas, i.e.
considering their acidic effects). The nitrogen dioxide radical is, however, also a
highly reactive and potent oxidant (E0= 0.9 V), capable of initiating, for example,
fatty acid oxidation or the nitrosation of aromatic compounds (Section 7.3.1.1).

Therefore, peroxynitrite chemistry may have a significant role in the
oxidation–degradation processes of pollutant abatement in water induced by air
discharge plasma and even more importantly, in plasma interactions with living
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matter in water exposed to these discharges. For example, peroxynitrite reacts as a
peroxidizing agent with the lipids present in the membranes of living cells and,
thus, it can cause oxidative stress, for example, of bacteria in water. These effects
are described in detail in Chapter 8.

7.2.3
Reduction Reactions

The presence of reductive species in a highly oxidizing environment offers the
possibility that in a mixture of aqueous contaminants some pollutants degrade by
reductive mechanisms, thereby increasing the degradation efficiency of the process.
For example, the reductive species play an important role in the degradation of
compounds with high electron affinity, primarily chlorinated compounds, and
compounds containing nitrogroups [34, 35]. The reductive species were suggested
to participate in degradation of aqueous phase trichloroethylene and polychlorinated
biphenyls using pulsed corona discharge in water [36–38].

The likely reductive species produced from the discharge in water are hydrogen
and superoxide O•−

2 radicals and molecular hydrogen gas. The production of the
H• radical in discharge plasma in water has been demonstrated using emission
spectroscopy [39–42]. The production of hydrogen gas H2 has also been quan-
tified [43]. Production of superoxide radical by the discharge in water has been
demonstrated using the chemical probes tetranitromethane (TNM) and nitroblue
tetrazolium chloride by Sahni et al. [44]. They proposed the superoxide radical as
the main reductive species in the underwater discharge plasma considering the fact
that, in the oxygenated environment of the discharges in water, H• radical reacts
with oxygen to form peroxyl radical HO•

2, which is converted to O•−
2 (Eqs. (7.9)

and (7.10)). Perhydroxyl radicals can be also produced photochemically during the
photolysis of hydrogen peroxide by UV radiation from plasma in water [45] (Eqs.
(7.38), and (7.10)). Another issue in discharges in water is the role of the aque-
ous or hydrated electrons. Joshi et al. [46] proposed in analogy with the radiation
chemistry of water that aqueous electrons might be formed in direct discharge in
water. However, experimental measurements with the addition of N2O into the
liquid to generate additional hydroxyl radicals failed to prove this hypothesis. One
recent study has suggested by experimentally measured reduction of silver ions in
solution that aqueous electrons can be formed in negative polarity discharges over
water surfaces [47]; positive polarity discharge in the same system did not result in
silver ion reduction (Chapter 6).

7.2.3.1 Hydrogen Radical
The H• radical is a powerful reducing agent (E0= −2.3 V). The H• radical undergoes
two general types of reactions with organic compounds: (i) hydrogen addition and
(ii) hydrogen abstraction. With saturated organic compounds, hydrogen atoms
usually abstract hydrogen to give molecular hydrogen and an organic radical (Eq.
(7.29)), while addition reactions occur with unsaturated and aromatic compounds
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(Eq. (7.30)) [22, 48]

H• + R − H −−−→ R• + H2 (7.29)

H• + R2C=CR2 −−−→ R•
2(H)C − CR2 (7.30)

In this respect, the H• radical resembles the hydroxyl radical (Eqs. (7.17) and (7.18)),
although the hydroxyl radical is more reactive and less selective in abstraction
reactions.

7.2.3.2 Perhydroxyl/Superoxide Radical
The perhydroxyl radical (HO•

2) and its conjugate base, the superoxide radical anion
(O•−

2 ), act as oxidizing or reducing agents depending on the solute. The two
forms rapidly equilibrate by the HO•

2/O•−
2 reaction (Eq. (7.10)). The pKa of HO•

2

(4.8) is such that HO•
2 is the predominant form below about pH 4.5, while O•−

2

predominates above about pH 5. Both forms of the radical are inert toward organic
compounds, unless they contain a relatively weakly bonded hydrogen atom so
that hydrogen abstraction can occur (e.g., with hydroquinone). Electron transfer
reactions can take place, for example, with TNM (Eq. (7.31)) [26, 48, 49].

C(NO2)4 + O•−
2 −−−→ C(NO2)−3 + NO•

2 + O2 (7.31)

HO•
2 can also react with organic peroxyradicals (RO•

2) giving organic peroxides and
hydroperoxides

RO•
2 + HO•

2 −−−→ RO2H + O2 (7.32)

7.2.4
Photochemical Reactions

A nonnegligible part of the energy in electrical discharge plasmas in water and
gas–liquid environments is converted to UV light, which may induce photochemi-
cal reactions. Similar to ozonation and hydrogen peroxide oxidation, UV radiation
may act on the organic compounds present in water in two different ways: di-
rect photolysis or indirect photolysis (e.g., oxidation by OH• radical formed from
photolytic decomposition of ozone, H2O2 or TiO2 photocatalysis).

Direct photooxidation of organic compounds with UV light on electronic excita-
tion of the organic substrate (Eq. (7.33)) implies in most cases an electron transfer
from the excited state (C∗) to the ground state molecular oxygen (Eq. (7.34)), with
subsequent recombination of the radical ions or the hydrolysis of the radical cation
or the homolysis of a carbon–halogen bond (Eq. (7.35)) to form radicals, which
then react with oxygen [50].

R + hν−−−→ R∗ (7.33)

R∗ + O2 −−−→ R•+ + O•−
2 (7.34)

R − X+ hν−−−→ R• + X• (7.35)
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The use of UV radiation for the direct photooxidation of organic compounds in
aqueous solutions is very limited since target organics must efficiently absorb the
light required for photodissociation in competition with other absorbers, especially
with water that absorbs significantly in the vacuum UV region. However, UV
photolysis of pollutants may be important in cases where hydroxyl radical reactions
are known to be slow, for example, highly fluorinated or chlorinated saturated
aliphatic compounds may be efficiently eliminated on primary homolysis of a
carbon–halogen bond. The corresponding domains of excitation are <190 nm for
C–F and 210–230 nm for C–Cl bonds [50, 51].

The photolysis of ozone in the 200–280 nm region involves the light-induced
homolysis of ozone and the subsequent production of OH• radicals by the reaction
of excited oxygen O(1D) with water (Eqs. (7.36) and (7.37)) [52].

O3+ hν−−−→ O2 + O(1D) (7.36)

O(1D) + H2O −−−→ 2 OH• (7.37)

The primary process of H2O2 photolysis in the 200–300 nm region is the dissocia-
tion of H2O2 to hydroxyl radicals with a quantum yield of two OH• radicals formed
per quantum of radiation absorbed (Eq. (7.38)) [26, 53, 54].

H2O2+ hν−−−→ 2 OH• (7.38)

The OH• radicals thus formed enter a radical chain mechanism, in which the
propagation cycle gives a high quantum yield of the photolysis of H2O2 (Eqs. (7.10)
and (7.39)).

OH• + H2O2 −−−→ H2O + HO•
2 (7.10)

HO•
2 + H2O2 −−−→ O2 + H2O + OH• (7.39)

This process has been demonstrated to occur in underwater plasma, especially in
solutions of more conductive electrolytes [45].

Nitrites and nitrates can also act as indirect photosensitizers to produce secondary
oxidants such as the oxide atom and superoxide and hydroxyl radicals via the
following mechanism [26]:

NO−
2 + hν−−−→ NO• + O•− (7.40)

NO−
3 + hν−−−→ NO•

2 + O•− (7.41)

NO−
3 + hν−−−→ NO−

2 + O (7.42)

O + H2O −−−→ 2 OH• (7.43)

O•− + H2O −−−→ OH• + OH− (7.44)

2 NO•
2 + H2O2 −−−→ NO−

2 + NO−
3 + 2H+ (7.45)
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Another possible photochemical reaction is the heterogeneous process with photo-
catalysts, for example, titanium dioxide (Section 7.4.4).

7.3
Plasmachemical Decontamination of Water

Electrical discharges in water and gas–liquid environments were successfully
employed to eliminate a variety of organic compounds from water. For example,
organic dyes are often chosen to demonstrate the water decontamination activity
of newly developed or modified plasma reactors because these dyes are particularly
vulnerable to attack by reactive species, there is negligible competition by the
dye intermediates, and the primary dye concentration is easily evaluated by UV
absorption spectroscopy. Phenols are also often used, especially in kinetic studies,
to evaluate the oxidative effects of OH• radicals and ozone caused by electrical
discharges, because the radical oxidation chemistry is well known and the reaction
products are relatively easily determined. The degradation of a number of other
compounds, including highly persistent and toxic chemicals, has been performed
in order to evaluate their degradability by the various types of discharges under
different conditions. It is not the objective of this chapter to list all compounds
treated by discharges in water and gas–liquid environments or to evaluate each of
these methods in terms of the energy efficiency for removal in different types of
discharge reactors. For such analysis, we refer the reader to two recent reviews [55,
56], which used organic dyes or hydrogen peroxide to assess the energy efficiency
of different types of electrical discharge reactors used for water treatment. Several
other papers compared the efficiency of different discharge reactors using phenol
as a probe organic compound [57–60].

In this chapter, we are mainly concerned with the mechanisms of plasmachemical
degradation processes occurring in aqueous solutions and the role of primary and
secondary chemical species produced by different types of discharges in these
processes. In general, both physical and chemical factors may be important in
promoting desirable decontamination effects. Organic compounds either can be
directly degraded by the discharge (e.g., pyrolysis reactions, photolysis reactions,
direct electron impact collisions) or can be degraded indirectly through reactions
with one or more of the primary and secondary molecular, ionic, or radical species
produced by the discharges. The relative importance of these direct and indirect
mechanisms is strongly dependent on the intensity of the energy input to the system
as well as on the composition and concentrations of the reacting environment
and the chemical structure of the treated compound. In the following sections,
three categories of organic compounds have been chosen, aromatic hydrocarbons
(especially various types of phenols, Section 7.3.1), organic dyes (Section 7.3.2), and
several aliphatic hydrocarbons (Section 7.3.3), to present typical plasmachemical
degradation mechanisms induced in aqueous solutions by discharges directly in
water and in the gas phase in contact with the liquid.
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7.3.1
Aromatic Hydrocarbons

Aromatic hydrocarbons include a large body of organic compounds that have been
treated by various types of electrical discharge plasmas in water and gas–liquid
environments. The discussion that follows examines in detail the plasmachemical
degradation of phenol and several substituted phenols as models of more com-
plicated aromatic compounds (Sections 7.3.1.1 and 7.3.1.2). The degradation of
heterocyclic and polycyclic aromatic hydrocarbons is discussed in Section 7.3.1.3,
and organic dyes are described separately in Section 7.3.2.

7.3.1.1 Phenol
Phenol degradation has been extensively studied in many plasma systems utilizing
discharges generated directly in water or in gas–liquid environments [60–83],
in the presence of various additives in the water (iron, titanium oxide, AC,
zeolites, see Section 7.4) [81–103], and in the presence of various gases either
bubbled through water or used as the working atmosphere of the discharge in
the gas/liquid environment (oxygen, argon, air) [60–72]. In most of these studies,
the oxidation of phenol was achieved through reaction with hydroxyl radicals,
although phenol can also react at a slower rate by direct reactions with ozone
(both pathways give catechol, hydroquinone, and 1, 4-benzoquinone as the primary
hydroxylated aromatic products of phenol) or with peroxynitrite, giving, in addition
to hydroxylated products, nitrated products. The degradation of phenol obeyed
first-order kinetics (typical for electrophillic oxidations).

The mechanism of phenol 1 oxidation by OH• radical is schematically shown
in Figure 7.3. The OH• radicals electrophillically attack phenol on the ortho- and
para-positions relative to the phenolic OH group to yield a dihydroxycyclohexadienyl
radical 2 (DCHD•). Depending on the pH and availability of the suitable oxidants
or reductants, which both strongly influence further oxidation pathways, DCHD•

may further react by formation of a dioxygen radical adduct 3 (Figure 7.3, path A)
or by oxidation to a cyclohexadienyl cation 4 (Figure 7.3, path D, OX=for example,
quinone intermediates of phenol) [104–106].

The decay of such transients then leads to the formation of hydroxylated products
of phenol such as catechol 6, hydroquinone 7, and 1, 4-benzoquinone 8 (Figure 7.3,
path C, E). These products might be further oxidized to trihydroxybenzenes
such as pyrogallol, hydroxyhydroquinone, and phloroglucinol [104]. At the same
time, α, α′-endoperoxyalkyl radicals can be formed from DCHD• radical. These
radicals may scavenge another oxygen molecule to form endoperoxyalkylperoxyl
radicals 5, which through dimerization and subsequent decomposition into two
endoperoxides (Figure 7.3, path B), result in the ring cleavage products of saturated
and unsaturated aliphatic C1–C6 hydrocarbons with carboxyl-, aldehyde, ketone,
or alkanol functional groups. Among these products, organic acids such as maleic,
oxalic, and formic acids were typically reported in phenol reaction mixtures on
treatment by the discharge generated directly in water or by gas-liquid phase
discharge generated in an oxygen-free atmosphere.
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Figure 7.3 Mechanism of OH• radical attack on phenol ring.
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Figure 7.4 Mechanism of ozone radical attack on phenol ring.

Electrophilic attack by an ozone molecule on the aromatic ring of phenol proceeds
preferentially on the ortho- and para- positions relative to the phenolic OH group
to yield the same hydroxylated products as in the case of OH• radical attack
(Figure 7.4, path A, C). However, ozone may also react through a 1,3-dipolar
cycloaddition mechanism, which causes direct ring cleavage of the aromatic ring
(Figure 7.4, path B). Such a mechanism leads, in the first stage, to the formation
of cis,cis-muconic acid 9 and/or muconaldehyde 10, which then undergo further
ozonation [107–109].

The effect of ozone (either bubbled through water or formed in an oxygen
atmosphere of a gas-liquid-phase discharge) on the efficiency of plasmachemical
degradation of phenol in water has been reported in a number of studies [60–70].
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For example, in gas-phase pulsed corona discharge over water, it was determined
that phenol removal was most rapid when the gas-phase atmosphere above the water
surface was oxygen rather than argon and that hydroxyl radical reactions as well
as ozone reactions lead to the degradation processes. In addition, different phenol
degradation products were reported depending on the chemical composition of
the atmosphere (argon or oxygen). Formation of cis,cis-muconic acid (along with
its more stable cis, trans isomer) was reported by Lukes and Locke [67], who used
combined gas-liquid-phase discharge generated simultaneously in water and above
the water surface under an oxygen atmosphere. Since these products cannot be
formed by OH• radical attack, formation of cis,cis-muconic acid was clear evidence
of the oxidation mechanism by ozone through the direct ring cleavage of the
aromatic ring of phenol. The authors further proved the mechanism of phenol
oxidation by ozone by the pH-dependent degradation of phenol observed under
an oxygen atmosphere. The rate of phenol degradation increased with increasing
pH and rose more than 3.5 times in the alkaline solution compared with the
acidic case. On the other hand, only a negligible effect of pH on phenol removal
was observed for the argon atmosphere. The reactivity of ozone with dissociating
organic compounds considerably increases with the degree of their dissociation.
For phenol (pKa = 9.89), the rate constant of phenolate ion with ozone is as
much as six orders of magnitude higher than that with phenol (Table 7.5) [2].
Therefore, the larger removal of phenol with increasing solution pH corresponds
to a higher degree of phenol deprotonation and more efficient consumption of
ozone by phenol in its phenolate form. With increasing pH, however, ozone may
also react with phenol through indirect reactions of OH• radicals resulting from the
decomposition of ozone by hydroxide ions and hydrogen peroxide (via Peroxone
process through reactions (Eqs. (7.21) and (7.22), see Section 7.2.2).

In humid air plasmas, such as a gliding arc discharge, 4-nitrosophenol 11 and
4-nitrophenol 13 were detected as by-products of phenol reaction, in addition
to the hydroxylated products (catechol, hydroquinone, and 1,4-benzoquinone), on
spraying of phenol solution through the plasma zone of the discharge [72, 88]. In this
case, the acidic and oxidizing effects of the plasma (see Section 7.2) simultaneously
controlled the phenol degradation. Regarding hydroxylated products of phenol, OH•

radicals were the major oxidizing agent formed either directly by the discharge
or also through peroxynitrous acid decomposition (Eq. (7.27)) (Section 7.2.2.4).
The occurrence of ozone in water and its contribution to the oxidation of phenol
by air–liquid gliding arc discharge was negligible. The reason might be ozone
elimination in the plasma zone of the discharge by NO and NO2 (Chapter 6) or
post-discharge reaction of ozone with nitrites in the liquid (Eq. (7.8)).

Nitrated products of phenol might result from (i) attack of NO•
2 or NO• radicals

formed in the plasma zone of the gliding discharge (Figure 7.5, path A), (ii) the
postdischarge nitration occurring in the acidic solution by nitrous and nitric acid
(Figure 7.5, path B), or (iii) attack by NO•

2 radical formed in the acidic solution by
the decomposition of peroxynitrous acid in reaction (Eq. (7.27)) (Section 7.2.2.4)
(Figure 7.5, path A). Nitration of phenol with these species occurs at ortho- and
para- positions with respect to the OH group, giving 2- and 4-nitrophenol 13,
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Figure 7.5 Mechanism of nitration and nitrosation of phenol.

14 (through the formation of a phenoxy radical intermediate 12 in the case of
NO•

2 and NO•) [110–113]. Nitrosation of phenol takes place at the same positions
giving preferentially 4-nitrosophenol 11. Possible nitrosating agents include NO•

radical (Figure 7.5, path C) and, under acidic conditions, also nitrosonium NO+

ion formed by the protonation of nitrous acid (Figure 7.5, path D) [112, 113]. Under
alkaline conditions, nitrosophenols might also be formed through the direct attack
of phenol by peroxynitrite anion (Figure 7.5, path E) [113–115]. Uppu et al. [115]
reported 4-nitrosophenol as the dominant product of the reaction of phenol with
peroxynitrite at pH > 8, suggesting that in this pH range, peroxynitrite promotes
nitrosation of phenolate ion through nucleophilic reaction.

In addition to the chemical mechanism of phenol degradation, in some discharges
in water with bubbles where the temperature can be high, oxidative decomposition
by radicals can be supplemented by thermal decomposition. For example, thermal
pyrolysis in plasma generated in bubbles and OH• radical reactions in the liquid
near the interface were assessed for phenol degradation [80]. It was found that for
phenol concentrations below 1 mmol l−1, 75%–80% of the degradation occurs in
the liquid phase by radical reactions, while at 10 mmol l−1, there is about 50%
degradation in the liquid by radical reactions and the rest by thermal pyrolysis,
and as concentration increases polymerization of phenol occurs and liquid-phase
reactions dominate again.

7.3.1.2 Substituted Aromatic Hydrocarbons
Amongst various substituted aromatic hydrocarbons, the degradation of chlorinated
and nitrated phenols was studied in many plasma systems utilizing discharges gen-
erated directly in water or in gas–liquid environments [116–131]. Most studies were
conducted with 4-chlorophenol 17 [118–128]. In addition to phenols, plasmachemi-
cal degradation of aniline, benzoic acid, terephtalic acid, cresol, xylene, or acetophe-
none were examined [132–139]. The degradation of more substituted aromatic
hydrocarbons including pentachlorophenol [140, 141] and 2,4,6-trinitrotoluene
[119] were reported using corona or glow discharge above water and pulsed arc
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discharge in water, respectively. The general mechanisms for the degradation of
these compounds were similar to that of phenol (Section 7.3.1.1), that is, initiated
by OH• radicals and/or by ozone attack, giving hydroxylated products. Several stud-
ies also reported the formation of nitrated products using combined gas–liquid
discharge above water with air or nitrogen bubbling [120–122].

The degree of reactivity of the substituted aromatic compounds depends on the
type of substituents present on the aromatic ring, which alter the electron density of
the aromatic ring because of their resonance and inductive effects (such as hydroxyl,
amine, methyl, chlorine, or nitro groups). For example, chlorine, as well as the nitro,
functional groups are electron-withdrawing. They extract electron density from the
aromatic ring and thus primarily reduce the reactivity of the aromatic ring. On
the other hand, the hydroxyl, amine, or alkyl groups are electron-donating, which
increase the aromatic electron density and renders the aromatic ring generally more
susceptible toward oxidation. The number and position of the substituents on the
aromatic ring also play an important role in their reactivity. In monosubstituted
aromatic rings, the –OH, –Cl, –NH2, or –CH3 substituents are ortho/para directors
of the electrophilic substitution, whereas –NO2 or –C=O substituents are meta
directors. Further, OH• attack on bisubstituted aromatic rings is directed to the
ortho/para- positions usually with respect to the –OH and –NH2 groups due to the
stronger directory effect of these groups than that of the other groups.

As a result, there can be a number of reaction pathways during degradation of
substituted aromatic compounds, which yield a wide range of products depending
on the type of the discharge and the reaction conditions. In the following paragraphs
we discuss only several examples.

Detailed studies of plasmachemical degradation of different substituted
aromatic compounds in aqueous solution were performed by Tezuka and Iwasaki
[131–133] using contact glow discharge electrolysis (e.g., monochlorophenols,
aniline, benzoic acid). The authors determined that the OH• radical attack
is the main mechanism for degradation of these compounds based on the
identified hydroxylated products. In the case of monochlorophenols, the products
were chlorohydroquinone, 3- and 4-chlorocatechol, and chlorine-free products
including phenol, hydroquinone, and catechol. Further, hydroxylated products
were hydroxyhydroquinone, pyrogallol, and phloroglucinol. Degradation of aniline
yielded ortho, meta, and para isomers of aminophenol. Degradation of benzoic
acid gave 4-hydroxybenzoic acid and 3-hydroxybenzoic acid as the primary
products. Further oxidation of these products yielded 3,4-dihydroxybenzoic and
2,3-dihydroxybenzoic acids. Oxalic, formic, and malonic acids were determined as
ring-opened products of all studied substituted aromatics.

Lukes and Locke [117] studied nonthermal plasma-induced decomposition of
ortho, meta, and para isomers of hydroxy-, chloro-, and nitrophenols in water using
the hybrid series gas–liquid electrical discharge reactor that generates gas-phase
discharge above the water surface simultaneously with the electrical discharge
directly in the liquid. Degradation of substituted phenols was evaluated for two
gas-phase compositions, pure argon and pure oxygen, above the aqueous solution.
Removal of all phenols was found to follow first-order kinetics. The rates of
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Figure 7.6 Primary products of plasmachemical degrada-
tion of 2-,3-,4-chlorophenol in combined gas–liquid phase
discharge.

oxidation in the oxygen atmosphere of the hydroxylated phenols were greater than
those obtained for the chloro- and the nitro- substituted phenols. The order of
reactivity by substituent was –OH > –Cl > –NO2. On the other hand, with use of an
argon atmosphere, the oxidation of hydroxylated phenols was the slowest and the
order of reactivity was –Cl > –NO2 > –OH. Electrophilic attack by hydroxyl radicals
and ozone were determined to be the main oxidation pathways for degradation
of phenols in the hybrid series reactor under argon and oxygen atmospheres,
respectively. Hydroxylated aromatic by-products were identified during degradation
of all substituted phenols under both gas-phase compositions.

2-hydroxy-1,4-benzoquinone was detected during degradation of hy-
droxylated phenols. For chlorinated phenols 15-17, the products were
2-chloro-1,4-benzoquinone 18, chlorohydroquinone 19, 3-chlorocatechol 20, and
4-chlorocatechol 21 (Figure 7.6). For nitrophenols, they were nitrohydroquinone,
3-nitrocatechol, and 4-nitrocatechol. Dechlorinated and denitrated aromatic prod-
ucts such as hydroquinone 22 for 4-chlorophenol 17; 2-hydroxy-1,4-benzoquinone
and 1,4-benzoquinone for 3- and 4-nitrophenol were also detected. In addition,
cis,cis-muconic acid was detected during degradation of catechol under an oxygen
atmosphere. An electrophilic substitution reaction mechanism was also proved by
the significant correlation between the relative rates of oxidation of substituted
phenols obtained in the hybrid series reactor and the Hammett substituent
constants. Dechlorination and denitration of chlorophenols and nitrophenols,
respectively, corresponded typically to about 50% of total conversion of parent
compounds.

7.3.1.3 Polycyclic and Heterocyclic Aromatic Hydrocarbons
Polycyclic and heterocyclic aromatic hydrocarbons are examples of highly persis-
tent and toxic chemicals. A limited number of studies focused on plasmachemical
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degradation of these compounds in aqueous solution. Sahni et al. [37] conducted
degradation experiments with the model polychlorinated biphenyl (PCB) com-
pound, 2,2′,4,4′-tetrachlorobiphenyl (TCB) using direct liquid and combined
gas–liquid discharges. The degradation mechanism in both reactor configura-
tions was similar and was dominated by hydroxyl radical attack. In addition to
hydroxyl radical attack, the authors suggested possible contribution of reductive
species in TCB degradation. The rate of PCB degradation increased with lower
number of chlorine substituents as determined by the comparison of TCB with the
degradation of 2-chlorobiphenyl.

Mededovic and Locke [142] performed a detailed study of the degradation of
atrazine by the discharge in water. The authors identified the main products of
atrazine degradation and determined that the degradation followed an oxidative
pathway by OH• radical attack where processes such as dealkylation and dehalo-
genation of the s-triazine ring take place. In the first step, atrazine amide and
simazine amide were formed by the alkyl chain oxidation. Further dealkylation
yielded atrazine desethyl and atrazine deisopropyl. In the next step, these two
compounds formed the final degradation by-product ammeline. The mechanism
of atrazine degradation by OH• radical in the discharge in water was confirmed by
an experiment with t-butanol addition, showing no atrazine degradation. The same
authors also studied degradation of s-triazine [143]. The Fenton reaction alone gave
fairly poor mineralization of s-triazine, but mineralization was increased by a factor
of 2 when the reaction was combined with electrical discharge. The authors also
used sodium persulfate, whose addition led to increased s-triazine degradation by
the discharge but not to decreases in total organic carbon (TOC). They suggested that
thermal effects from plasma can locally induce decomposition of sodium persulfate,
which produces sulfate radical anion and hydroxyl radical (Eqs. (7.46) and (7.47)).

S2O2−
8

�T−→ 2SO•−
4 (7.46)

SO•−
4 + H2O −−−→ OH• + HSO−

4 (7.47)

Wang et al. [144] investigated the degradation of bisphenol A induced by
glow discharge plasma in contact with an aqueous solution with or without
the presence of ferrous or ferric ions. Four major aromatic intermediate prod-
ucts were identified: 2,2-bis(4-hydroxyphenyl) propanol, 2,2-bis(4-hydroxyphenyl)
propanal, 2,2-bis(4-hydroxyphenyl) propanoic acid, and 2-(4hydroxylphenyl)-2-(3,
4-dihydroxyphenyl) propane. In addition, aliphatic organic acids such as oxalic,
formic, malonic, and acetic acids were identified. A possible degradation mech-
anism of bisphenol was proposed involving primary OH• radical attack on the
aromatic ring and/or on the methyl group at the central carbon atom between
the aromatic rings. Abdelmalek et al. [145] studied the degradation of the same
compound by gas–liquid gliding arc discharge under different working gases
(air, argon, oxygen–argon mixtures) and with and without the addition of fer-
rous ions. Under an air atmosphere, nitrated products 3,3-dinitrobisphenol A and
3-nitrobisphenol A were identified. Oxygen/argon (20/80) as the working gas in
the presence of Fe(II) showed the best removal of bisphenol A.



7.3 Plasmachemical Decontamination of Water 267

The degradation of pharmaceutical compounds using nonthermal plasma has
been recently studied by several authors [146–150]. Krause et al. [147, 148] used a
corona discharge over water in order to remove several endocrine disrupting chem-
icals including carbamazepine, clofibric acid, and iopromide. Gerrity et al. [146]
evaluated the degradation of meprobamate, dilantin, primidone, carbamazepine,
atenolol, trimethoprim, and atrazine using pulsed corona discharge above wa-
ter. Carbamazepine and trimethoprim were the compounds most susceptible to
the degradation, while primidone, meprobamate, and atrazine were the most
recalcitrant compounds. Magureanu et al. [149, 150] reported the degradation of
pentoxifylline and three β-lactam antibiotics (amoxicillin, oxacillin, and ampicillin)
in water using a pulsed DBD. The authors identified the degradation products
resulting from the decomposition of the antibiotics and proposed the degradation
mechanism by OH• radicals and ozone.

7.3.2
Organic Dyes

Different types of electrical discharges have been successfully applied for the
removal of a variety of organic dyes from model aqueous solutions as well as from
from real wastewaters of dye effluents, for example, indigo carmine, methylene
blue, acid orange 7, methyl orange, rhodamine B, reactive blue 137, methyl
yellow, phenol red, and so forth [151–208]. The dye degradation was usually
evaluated by the degree of decolorization of the dye solution as measured by
absorption spectrophotometry at the wavelength of maximum absorption of the
particular dye. The absorption spectrum of a dye is determined by the chemical
structure of the chromophoric group(s) in the dye molecule (i.e., azo (–N=N–),
carbonyl (–C=O), methine (–CH=), or nitro (–NO2) groups). The change in
absorbance and color of the dye is thus connected with the change/destruction
of the dye chromophoric group(s). In some studies the degradation of the dye
was evaluated using more advanced analytical techniques allowing identification
of some degradation by-products. On the basis of the dye intermediates, several
reaction mechanisms for the degradation of organic dyes in the discharge have been
proposed depending on the chemical structure of the dye and the type of discharge.
In general, the degradation of dyes by the discharge was mainly attributed to the
oxidative attack by OH• radical, ozone, or peroxynitrite, for example, [13, 151, 180].
Solution acidity (Section 7.2.1) was also found to contribute significantly to the
degradation of dyes by the discharge [3, 11]. In less-colored solutions, dyes could
be degraded photochemically by UV radiation from the discharge plasma. In the
following sections, an overview of the chemical mechanisms assigned to the three
basic categories of organic dyes mainly used in the plasmachemical studies, that
is, azo (Section 7.3.2.1), carbonyl (Section 7.3.2.2), and aryl carbonium ion dyes
(Section 7.3.2.3), is presented.



268 7 Aqueous-Phase Chemistry of Electrical Discharge Plasma

7.3.2.1 Azo Dyes
In general, several groups of organic dyes, distinguished on the basis of their
molecular structure, are azo dyes, carbonyl dyes, phthalocyanines, polymethine
dyes, arylcarbonium ion dyes, dioxazines, sulfur dyes, and nitro dyes [209].
Among these, azo dyes are the most important colorants, and they constitute
a major part of all commercial dyes employed in a wide range of industrial pro-
cesses. Azo dyes are characterized by the presence of the azo group (–N=N–)
attached to two substituents, mainly benzene or naphthalene derivatives, con-
taining electron-withdrawing and/or electron-donating groups (see e.g., molecular
structures of azo dyes methyl orange 23 and acid orange 7 24; Figure 7.7).

The degradation of azo dyes was reported to proceed mainly by OH• radical attack
on the carbon atom bearing the azo group (C–N=N–) [210]. The reactivity of the azo
group with ozone is significantly lower compared to that of the OH• radical. Ozone
attack is considered to proceed mainly on the aromatic rings of the azo dye, which
are more reactive toward ozone than the azo group [211]. Oxidative attack of an azo
dye leads to the breaking of the C–N= and –N=N– bonds and the corresponding
fading of the dye. Primary intermediates from the degradation of azo dyes are
derived from aromatic substituents attached to the azo group (i.e., benzene and
naphtalene derivatives). They are either aromatic amines, naphthoquinones, or
phenolic compounds. By subsequent oxidation, various aliphatic and carboxylic
acids are formed.

Yan et al. [151] studied the degradation of acid orange 7 (AO7) using gliding arc
discharge in air with water spray. The main intermediates of AO7 degradation were
aromatic products including phenol, naphthalene, 2-naphthol 25, phtalic acid 30,
1,3-isobenzofurandione 31, and 2-hydroxymethylbenzoic acid. The products of ring
cleavage were oxalic acid, acetic acid, and malonic acid. Du et al. [152–154] reported
for the same dye using gliding arc discharge in air burning above a water surface the
aromatic products benzenesulfonic acid 26, hydroquinone 7, 1,4-benzoquinone 8,
and 1,2-naphthoquinone 28 and the ring cleavage products oxalic acid, acetic acid,
and malonic acid. The degradation mechanism of the dye driven by OH• radical
attack was proposed in both studies and is schematically shown in Figure 7.8 [210].

Mok et al. [155] reported degradation of AO7 using gas phase DBD reactor
submerged in water combined with TiO2 photocatalyst and ozone bubbling. Li
et al. [156, 157] and Jin et al. [158] used for decolorization of the same dye pulsed
corona discharge in water with TiO2 photocatalyst and contact glow discharge
electrolysis, respectively.

SO3Na N=NN=N N(CH3)2 SO3Na

2423

HO

Figure 7.7 Methyl orange 23 and acid orange 7 24 azo dyes.
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N,N-dimethyl-4-nitroaniline was identified as the primary reaction product of
another azo dye methyl orange (MO), which was treated by the gliding discharge
in air [13]. Several aliphatic oxidation products were reported for the same dye
(2-tert-butoxyethanol, 3-methoxy-3-methyl-1-butanol, 2-ethoxy-2methylpropane),
when degraded by the pulsed corona discharge in water bubbled with oxygen [159].
Degradation of MO was also performed by other types of discharges, for example,
by pulsed discharge in water, by contact glow discharge electrolysis, or by corona
discharge above a water surface with air and oxygen atmospheres [160–166].

The solution acidity was determined to have a significant effect on MO dye
degradation by the discharge in water. The decolorization rate of MO increased
with a decreasing initial pH of the dye solution [160, 162, 212]. This effect was
mainly attributed to the pH-dependent reactivity of MO, which is determined by
acid–base properties of the azo group in this dye molecule (pKa = 3.76).

The same behavior was also observed for other dyes, which were treated by the
discharge in water [161, 168, 212]. The effect of solution acidity on the decolorization
rate of MO was also demonstrated for the gliding discharge in air above a water
surface [13]. In this case, other processes in addition to the pH-dependent reactivity
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of the dye have been demonstrated to contribute to the dye degradation. Specifically,
peroxynitrite and the nitrous acid were suggested to be the main oxidizing agents
of the dye, most likely through indirect reactions of OH• and NO•

2 radicals formed
on pH-dependent homolysis of peroxynitrous acid (Section 7.2.2.4). Ozone was
determined to have a negligible effect on the dye degradation in this case. Similar
results were demonstrated for other dyes exposed to the gliding discharge in air
(e.g., alizarin S, bromothymol blue) [3, 167].

Kozakova et al. [169] studied the decomposition of disazo dye direct red 79
by underwater diaphragm discharge and identified eight aromatic degradation
products of this dye using LC–MS method. For the degradation of the disazo dye
molecule, they proposed a mechanism involving the primary OH• attack at one of
the azo groups followed by detachment of the naphthalene substituent from the azo
group and formation of amine and hydroxylated aromatic derivates. By subsequent
oxidation, the second azo group breakdown occurred and lower-molecular-weight
products were formed from defragmented naphthalene and benzene derivatives.
Other azo dyes that were treated in aqueous solutions by electrical discharges
include methyl yellow, methyl red, chicago sky blue, eriochrome black T, acid
yellow 23, acid red 87, and many reactive azo dyes [14, 15, 159–161, 168–178].

7.3.2.2 Carbonyl Dyes
Carbonyl dyes are characterized by the presence of a carbonyl group (–C=O) as the
essential chromophoric unit. These dyes possess significantly higher reactivity with
ozone than azo dyes. Carbonyl dyes include mainly anthraquinones, indigoids, ben-
zodifuranones, coumarins, naphthalimides, quinacridones, perylenes, perinones,
and diketopyrrolopyrroles [209]. Indigo trisulfonate 32 and anthraquinonic acid
blue 40 were one of the first dyes that were decolorized by the discharge in
water [179]. Specifically, pulsed electrical discharge was operated directly in water
with oxygen flowing through the nozzle needle electrode. The main effect of the
discharge on the dye decolorization was attributed to the ozone produced by the
discharge. With N2 bubbling the discharge produced no decolorization. The indigo
molecule contains only one C=C double bond, which reacts with ozone with a
very high rate [213, 214]. Ozone attack on the C=C bond proceeds by a 1,3-dipolar
cycloaddition and produces sulfonated isatin 33a, 33b as the primary product and
eliminates the blue color of the dye (Figure 7.9). A high reactivity with ozone was
observed also for anthraquinonic dye acid blue 40.

Minamitani et al. [180] used NMR analysis to evaluate the mechanism of indigo
carmine degradation by the gas-phase pulsed corona discharge with the dye
solution sprayed into the plasma. They have determined rapid decomposition of
the chromogenic bond of the indigo dye; however, degradation of unsaturated
bonds (i.e., double bonds of carbon in a benzene ring and the center of the formula
of indigo carmine) took significantly longer. Ozone was determined to be the
dominant species in the decomposing of the chromogenic bond, while the hydroxyl
radical was the dominant species in breaking the unsaturated bonds. Pawlat and
Hensel [181–184] and Wang et al. [185] studied decolorization of indigo blue and
indigo carmine using discharge in foam and spraying DBD, respectively.
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Figure 7.9 Ozone decomposition of indigo trisulfonate 32 to sulfonated isatin 33a, 33b.

Other carbonyl dyes that were treated in aqueous solutions by electrical discharges
include anthraquinonic dyes, acid green 25, alizarin S, alizarin red, reactive blue 49,
acid blue 74, or quinone imine dye oxazin blue [3, 8, 175, 186–189]. For these dyes,
no intermediates were reported, but in some cases, decrease in TOC, chemical
oxygen demand (COD), and adsorbable organic halogens (AOX) were given. For
example, for reactive blue 49 degradation by a diaphragm discharge in water, the
TOC data indicated that partial mineralization of the dye simultaneously proceeded
with the dye decolorization [189]. The rate of decrease of AOX was, however,
significantly slower compared to the decrease of TOC, which was attributed to
the high stability of cyanuric chloride as a reactive part of the dye molecule.
Xue et al. [188] proposed a degradation mechanism of the alizarin red dye in a
hybrid gas–liquid DBD plasma reactor based on evaluation of the chemical bond
dissociation energies of the alizarin dye molecule. They suggested ozone attack as
an initial step of the dye degradation, taking place most likely at the carbon bond
adjacent to –C=O group of the central quinone ring.

7.3.2.3 Aryl Carbonium Ion Dyes
Aryl carbonium ion dyes are characterized by the presence of a methine (–CH=)
group as the chromophoric unit. The essential structural feature of these dyes is
the central (methine) carbon atom attached to either two or three aromatic rings.
Commonly, these compounds are referred to as diarylmethanes and triarylmethanes
(or triphenylmethanes). Auramine O (basic yellow 2) 34 and malachite green 35 are
the typical examples of this class of dyes (Figure 7.10).

Conjugation of C=C and C=N double bonds in aromatic rings and methine group
makes the central carbon atom of the molecule π electron-rich and an attractive cen-
ter for electrophilic attack of these dyes. For the triphenylmethane dye phenol red
(PR), which was treated by the pulsed corona discharge in water with O2 bubbling,
both ozone and hydroxyl radicals were suggested to contribute to the degradation
through oxidative defragmentation of the dye molecule. 4-methoxy-acetophenone,
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Figure 7.10 Auramine O 34 and malachite green 35 aryl carbonium ion dyes.

3,5-di-tert-butyl-4-hydroxybenzaldehyde, phenol, and hydroquinone were identified
as aromatic by-products, along with the aliphatic products 2-tert-butoxyethanol,
3-methoxy-3-methyl-1-butanol, and 2-ethoxy-2methylpropane [159]. Other triph-
enylmethane dyes that were treated in aqueous solutions by electrical discharges
include malachite green (MG), crystal violet, or brilliant green [174, 190–192].

For MG, it has been shown that the electrophilic attack of ozone (and OH•

radical) at central carbon atom may proceed through two degradation pathways
(Figure 7.11) [211, 215, 216]. The attack on the central carbon (CC) may take place
either at the site bonded to the anilinic ring (CN) or at the site bonded to the phenylic
ring (CP). The direction of the attack depends on the electronic character of the
ring substituent(s), which alter electron density of the attached aromatic rings and
the methine group. Electron-donating groups such as dimethylamine (-N(CH3)2)
for MG (or hydroxyl (–OH) for PR) accelerate oxidative attack at the CC–CN

36 37 38 1
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Figure 7.11 Scheme of oxidation of malachite green by
electrophilic attack of ozone or OH• radical at the central
carbon atom.
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Table 7.6 Heterocyclic Aryl Carbonium Ion Dyes and Their Aza Analogues.

R2N Y

X

NR2

+

X-substituent Y-substituent Type of dye

–C(Ar)= –O– Xanthene
–C(Ar)= –S– Thioxanthene
–C(Ar)= –NR– Acridine
–N= –O– Oxazine
–N= –S– Thiazine
–N= –NR– Azine

Source: [209]. Reproduced by permission of the Royal Society of
Chemistry.

bond, while electron-withdrawing groups such as the nitro group (-NO2) activate
the CC-CP carbon site. Thus, the oxidation of MG with ozone and OH• radical
attack at the central carbon atom proceeds preferentially via mechanism I, which
gives p-benzyl-N, N-dimethylaniline 36, and N, N-dimethylaminophenol 37 as the
primary oxidation products (Figure 7.11). In addition, ozone may also react with N,
N-dimethylamine substituents to form N-formyl-N-methylamino derivates [211].

Aryl carbonium dyes also include heterocyclic derivatives, which are derived
from di- and triarylmethane dyes by bridging their aromatic rings at ortho–ortho
positions to the central methine carbon atom with a heteroatom. These heterocyclic
derivatives may be further categorized into xanthenes (oxygen bridged), thiox-
anthenes (sulfur bridged), acridines (nitrogen bridged), and their aza analogues
oxazines, thiazines, and azines. Examples of the general structure of these dyes are
illustrated in Table 7.6 [209].

From the heterocyclic aryl carbonium dyes, the thiazine type 39 methylene
blue (MB) was the most studied dye in decolorization experiments with electrical
discharges generated directly in water (with or without bubbling of O2, O3,
and Ar and the addition of solid catalysts) [78, 95, 159, 193–195], in foams
[182, 184, 196], or above a water surface (under air or oxygen atmosphere)
[190, 197–199, 212]. Other dyes of the same class that were treated in aqueous
solutions by electrical discharges include xanthene-type dyes rhodamine B,
eosin, and fluorescein-4-isothiocyanate [66, 160, 161, 200–202], acridine-type
dye acridine orange [203], or oxazine-type dye direct blue 106 [204–206].
Magureanu et al. [159, 194] have identified two aromatic products of MB
(4-methoxy-acetophenone and 3, 5-di-tert-butyl-4-hydroxybenzaldehyde) and some
aliphatic compounds (2-tert-butoxyethanol, 3-methoxy-3-methyl-1-butanol, and
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2-ethoxy-2methylpropane) during the dye degradation by the pulsed corona
discharge in water bubbled with oxygen. Huang et al. [199] identified benzothiazole
as the cleavage product of MB degradation by DBD air plasma above the water
surface.

The significant role of ozone in MB removal from water by the discharge was
demonstrated [95, 159, 193, 194, 212]. Benitez et al. [24] demonstrated that MB pos-
sesses relatively high reactivity with ozone. They determined a pH-dependent rate
constant for the reaction of aqueous MB with ozone in the fast pseudo-0.5th order
kinetic regime (see Table 7.5) and proposed a mechanism of MB decolorization
by aqueous ozone through primary attack at C–S and C–N bonds at the central
heterocyclic ring of the MB molecule (Figure 7.12). Huang et al. [199] evaluated the
chemical bond dissociation energies in the MB molecule and proposed a different
mechanism of MB degradation by primary attack of ozone (or OH• radical) at the
N-CH3 bonds of N, N-dimethylamine substituents with subsequent rupture of C–S
and C–N bonds at the central heterocyclic ring of the MB molecule.

Magureanu et al. [194] reported that when argon was bubbled through the solu-
tion, the rate of MB degradation by the discharge was much slower than with oxygen
bubbling, suggesting that ozone contributed to MB degradation in addition to the
dye oxidation by OH• radicals. Grabowski et al. [212] observed that the addition of
the OH• scavenger t-butanol did not have a large effect on the degradation of MB
using a pulsed corona discharge generated in air above the water surface. They
estimated that OH• radicals contributed only 20% to the total MB degradation by
the discharge and showed that ozone was the main oxidizing agent.

On the other hand, Velikonja et al. [197] compared MB removal efficiency
obtained by a DBD discharge generated in oxygen above a water surface with MB
degradation obtained by direct ozonation. They supplied either dry or humid ozone
into the chamber in the same concentrations as produced with the discharge.



7.3 Plasmachemical Decontamination of Water 275

Decolorization of aqueous solution of MB (prepared from deionized water) was
three times faster in water treated by the discharge than by only ozonation. The
authors concluded that MB oxidation by OH• radicals produced by the discharge
and possibly through Peroxone chemistry of ozone with hydrogen peroxide might
be the reason for difference in MB degradation obtained by the discharge in
comparison with the effect of direct ozonation (see Table 7.5 for the rate constants
of OH• radical and ozone with MB). Although the significant role of ozone
in MB degradation has been reported and largely accepted, the understanding
of plasmachemical processes participating in MB degradation (and generally of
organic dyes) is limited.

7.3.3
Aliphatic Compounds

The plasmachemical degradation of aliphatic compounds in water has been stud-
ied to a much smaller extent than that of aromatic compounds (Sections 7.3.1
and 7.3.2). Among these species, alcohols have been studied more extensively
because they are often used as scavengers of OH• radicals in studies focused on
fundamental mechanisms of plasmachemical processes in water (e.g., [80, 212,
217]) and also as substrates for generation of hydrogen gas on their decomposi-
tion by liquid-phase plasma [218–234]. Other aliphatic compounds, for example,
dimethylsulfoxide (DMSO) and tetranitromethane (TNM), have been decomposed
by electrical discharges in water and used for evaluation of aqueous-phase oxidative
and reductive plasmachemical processes induced by the electrical discharges in
water [44, 139, 235, 236]. Trichloroethylene was degraded by the corona discharge
above and directly in water [36, 38, 237]. Methyl tert-butyl ether was decomposed
using pulsed arc discharge in water [238] and by corona and glow discharge above
water surface [237, 239]. In the following sections, we have selected methanol
(Section 7.3.3.1), DMSO (Section 7.3.3.2), and TNM (Section 7.3.3.3) as examples
of aliphatic organic compounds to demonstrate the main oxidative and reductive
mechanisms involved in plasmachemical treatment of these compounds in water.

7.3.3.1 Methanol
Alcohols are frequently added to aqueous solutions treated by the electrical dis-
charges to scavenge OH• radicals, for example, to distinguish between the OH•

radical and ozone oxidative mechanisms induced in water by electrical discharges
in gas–liquid environments (see Table 7.5 for the rate constants of OH• radical
and ozone with methanol) or to evaluate the formation mechanisms of hydrogen
peroxide by discharge in water. Methanol, as a representative of simple aliphatic
alcohols, reacts with the OH• radical via hydrogen abstraction, predominantly from
the carbon atom (Eq. (7.48)).

OH• + CH3OH −−−→ H2O + •CH2OH (7.48)
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Methanol radicals both disproportionate and dimerize to form formaldehyde
(Eq. (7.49)) and ethylene glycol (Eq. (7.50))

2•CH2OH −−−→ CH3OH + HCHO (7.49)

2•CH2OH −−−→ OH − CH2CH2 − OH (7.50)

or in the presence of oxygen rapidly react with oxygen to form peroxy radicals (Eq.
(7.51))

•CH2OH + O2 −−−→• O2CH2OH (7.51)

which generally disappear by a second-order process in acid or neutral solution
with hydrogen peroxide and formaldehyde as products (Eqs. (7.52) and (7.53)).

2•O2CH2OH −−−→ 2 HCHO + H2O2 + O2 (7.52)
•O2CH2OH + HO2 −−−→ HCHO + H2O2 + O2 (7.53)

Several authors have investigated methanol decomposition in water using electrical
discharges [218–221]. Liu et al. [219] reported ethylene glycol as the major product of
methanol decomposition in aqueous solution treated by the corona discharge. Yan
et al. [220] reported formaldehyde along with hydrogen, carbon monoxide, methane,
ethane, and propane as the main products of the methanol decomposition induced
by the glow discharge plasma electrolysis. Other authors using electrical discharge
focused primarily on the production of molecular hydrogen from aqueous solutions
or vapors of methanol (or other alcohols) [218–234].

Thagard et al. [218] studied the hydrogen production from varying methanol/
water mixtures, which were treated by liquid-phase pulsed corona discharge. With
the increase in methanol concentration in the mixture (varying from 20 vol.-% to
100 vol.-%) they have determined three times higher productions of hydrogen and
higher energy efficiency. The major liquid and gas-phase products of methanol
decomposition that they determined were methane, ethylene glycol, and CO2.
Chernyak et al. [223, 225] studied the formation of H2 from ethanol/water mixtures
using liquid-phase DC discharge generated between two point electrodes flowed
with air. The H2 yield increased with increasing discharge power, and the maximum
was obtained in 50% ethanol/water mixtures. Burlica et al. [222] studied the
formation of H2 from methanol, propanol, and ethanol solutions exposed to a
nonthermal pulsed plasma gliding arc reactor equipped with a spray nozzle. They
have determined the highest H2 energy yield formation for Ar carrier and pure
methanol.

The main reactions in which molecular hydrogen is produced from methanol
are with hydrogen radical by H-abstraction reaction (Eqs. (7.54) and (7.55)).

H• + CH3OH −−−→ H2 + •CH2OH (7.54)

H• + CH3OH −−−→ H2 + •CH3O (7.55)

In the solutions containing dissolved oxygen, however, methanol competes for
hydrogen radical with oxygen (Eq. (7.9)). Considering the rate constants of H•

radical with oxygen and methanol (Table 7.5), reactions (Eq. (7.54) and (7.55)) occur
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only if the ratio [CH3OH]/[O2] is greater than about 600 : 1 (i.e., if the concentration
of methanol in air-saturated solutions is more than 0.15 mol l−1, which is about
1 vol.-%). Consequently, in solutions with high content of methanol, the hydrogen
radicals are produced by the liquid-phase plasma not only from water (Chapter 6)
but also from methanol

CH3OH + e∗ −−−→ •CH2OH + H + e, �H = 401.7 kJ mol−1 (7.56)

CH3OH + e∗ −−−→ •CH3O + H + e, �H = 384.9 kJ mol−1 (7.57)

where e∗ and e’ represent the excited electrons and electrons with less energy,
respectively.

Additional reaction channels for H2 formation from methanol were proposed
by Han et al. [229]. The authors have used density functional theory (DFT) to
investigate the mechanisms of methanol decomposition in nonthermal plasma and
the feasibility of the production of various products, including hydrogen, carbon
monoxide, and ethylene glycol from methanol. Among the pathways studied by
DFT, the most probable involve direct dissociation of methanol to formaldehyde
and its cis- and trans- hydroxycarbene isomers (HCOH) along with molecular
hydrogen (Eqs. 7.58–7.60).

CH3OH + e∗ −−−→ CH2O + H2 + e′ (7.58)

CH3OH + e∗ −−−→ cis-HCOH + H2 + e′ (7.59)

CH3OH + e∗ −−−→ trans-HCOH + H2 + e′ (7.60)

HCOH rapidly rearranges to formaldehyde by hydrogen tunneling through the
isomerization barrier [240]. Since formaldehyde is highly soluble in water and the
addition of methanol increases the solubility [241], it might be expected that water
and methanol–water solutions could sequester formaldehyde products in the liquid
phase. Water–methanol solutions are commonly used to collect formaldehyde,
which binds with the solvents to form glycols and oligomeric compounds [242].
Thus the chemistry of methanol and formaldehyde in aqueous solutions can be
quite complex and requires further detailed studies in the case of liquid and
gas–liquid electrical discharge plasma.

7.3.3.2 Dimethylsulfoxide
Dimethyl sulfoxide (CH3)2SO is an organosulfur aliphatic compound and an effec-
tive scavenger of OH• radicals similar to alcohols (Table 7.5). The plasmachemical
degradation of DMSO in water was reported by several authors [139, 235, 236]
using the pulsed corona discharge in water. Under these conditions, the DMSO
was degraded mainly to methanesulfonate, formaldehyde, and sulfate ions. Lukes
et al. [236] identified an additional product, dimethylsulfone (CH3)2SO2, whose for-
mation was attributed to the tungstate-catalyzed oxidation of DMSO by hydrogen
peroxide (Section 7.4.3). The formation of methanesulfonate as the major degra-
dation product of DMSO indicated that the degradation of the dimethyl sulfoxide
in the discharge proceeded through OH• radical attack. The reaction of the OH•

radical with DMSO is very fast (Table 7.5) and proceeds mainly by OH• addition to
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form an OH• adduct, which rapidly decomposes into methanesulfinic acid, as the
primary sulfur-containing intermediate of DMSO, and a methyl radical (Eq. (7.61))
[243, 244].

H3C H3C H3CS

O

CH3 CH3CH3
OH

S

O

OH
− H+

S

O

O +

(7.61)

Methanesulfinic acid behaves in many respects like DMSO, that is, the OH•

radical reacts preferentially by OH addition with subsequent fragmentation of the
OH-adduct, giving rise mainly to the methanesulfonyl radical or the splitting off of
a methyl radical along with the formation of bisulfite anion (Eq. (7.62)).

H3C

H3C

CH3

H3CS

O

O
OH

S

O

OH

O

S

O

O

+ OH

+ HSO3

(7.62)

In the presence of oxygen, the methanesulfonyl radical CH3S(O)O• initiates a rapid
chain reaction between methylsulfonylperoxyl radical CH3S(O)2O• (Eq. (7.63)) and
methanesulfinate (Eq. (7.64)), generating methanesulfonic acid (Eq. (7.65)).

H3C H3CS

O

O
O2

S

O

O

O O

(7.63)

H3C H3C H3C H3CS

O

O

O O + S

O

O S

O

O

O O + S

O

O

(7.64)

H3C H3CH3CS

O

O

O O + S

O

O 2 S

O

O

O

(7.65)

Oxidation of methanesulfonate by OH• radical yields formaldehyde and the sulfate
anion. Formaldehyde is also produced with the reaction of the methyl radical
(formed in reactions (Eqs. (7.61) and (7.62)) with oxygen (Eq. (7.67)) through the
formation of the methylperoxyl radical CH3O•

2 intermediate (Eq. (7.66)).
•CH3 + O2 −−−→ CH3O•

2 (7.66)

2 CH3O•
2 + O2 −−−→ 2 HCHO + 2 HO•

2 (7.67)
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Formaldehyde can then be converted by the OH• radical in the presence of oxygen
to formate and the final product carbon dioxide.

Interesting results in the liquid-phase plasma-induced decomposition of DMSO
were reported by Thagard et al. [218], where pure DMSO was used instead of an
aqueous solution. During the discharge treatment, they observed the change in
the color of the DMSO solution, which turned to yellow and then to dark red,
accompanied with the formation of SO2 and methane. They suggested that when
the electrical discharge is generated in the DMSO liquid, the primary pyrolysis
reaction of the DMSO takes place in the discharge plasma zone, which leads to
splitting of the DMSO molecule into radicals (Eq. (7.68)).

H3C H3CCH3 CH3S

O

S

O

+

(7.68)

Methyl radicals may possibly get reduced to form carbon because they observed
formation of diamondlike carbon films on the tip of the tungsten needle discharge
electrode.

7.3.3.3 Tetranitromethane
Tetranitromethane C(NO2)4 reacts with a high reaction rate with reductive species
such as the H• radical (5.5 × 108 l (mol s)−1) [22] and the O•−

2 radical (2 × 109 l
(mol s)−1) [49], and it is extensively used as a probe in free radical studies. TNM
has been degraded by the pulsed corona discharge in water and used for the
detection and quantification of reductive species (H• and O•−

2 radicals) produced
by the discharge in water (Section 7.2.3) [44]. The reaction of TNM with H and O•−

2

radicals proceeds via one-electron reduction, giving the products nitroform anion
C(NO2)−3 and nitrite radical (Eqs. (7.31) and (7.69)).

C(NO2)4 + H• −−−→ C(NO2)−3 + NO•
2 + H+ (7.69)

C(NO2)4 + O•−
2 −−−→ C(NO2)−3 + NO•

2 + O2 (7.31)

The nitroform anion (NF−) formation in TNM solution treated by the discharge
was detected by UV-Vis spectrometry. The authors [44] evaluated the effects of
various oxidative and reductive scavengers (chloroform, 2-propanol, and hydrogen
peroxide) on TNM degradation and determined that the subsequent degradation
of NF− product is dominated by OH• attack. They suggested that because of the
volatile nature of TNM, a portion of the TNM degradation also occurred thermally
in the discharge region or the surrounding high-temperature regions.

7.4
Aqueous-Phase Plasma-Catalytic Processes

A wide variety of homogeneous and heterogeneous catalysts have been introduced
into systems with electrical discharges in water and gas–liquid environments in
order to determine possible effects on plasmachemical processes. The evidence
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for plasma catalytic effects was initially revealed in connection with the erosion of
high-voltage electrodes in plasma generated directly in the liquid phase [245–250].
Different materials either sputtered or dissolved from electrodes into the water were
demonstrated to have significant effects on the plasmachemical processes in water.
For example, high-voltage electrodes made from stainless steel (iron), platinum,
or tungsten, decreased the yield of H2O2 produced by a pulsed corona discharge
in water. At the same time, however, these materials, when used as high-voltage
electrodes, increased the efficiency of plasmachemical removal of organic com-
pounds from water [236, 249–253]. In addition, some electrode materials, such as
silver and copper, have been shown to have bactericidal effects on microorganisms
treated by the discharge in water, which were induced by metal ions and oxide
nanoparticles that were released from the electrodes by the discharge [254–256].
Plasma-chemical activity of electrical discharges in water can also be enhanced by
the addition of solid particles into the water. Several types of materials have been
tested, such as activated carbon, silica gel, glass, alumina, titanium dioxide, and ze-
olites [92–95]. For example, UV radiation generated by the pulsed corona discharge
in water has been demonstrated to cause plasma-induced photocatalytic processes
with suspended TiO2 particles [95–103, 154–157]. However, despite the observed
synergistic effects of catalysts with plasma, there is limited knowledge about the
role of these materials in the plasma-assisted processes in water. Heterogeneous
catalyst materials can also indirectly affect the chemical activity of the discharge
by changing electrical and plasma characteristics of the discharge. Homogeneous
catalysts can affect solution properties such as pH and conductivity, and thereby
change plasma properties. In this section, the main plasma catalytic processes
induced by electrical discharges in aqueous environment are reviewed, with the
main emphasis on the discharges generated directly in water.

7.4.1
Iron

The catalytic effects of iron on enhancing the efficiency of the plasmachemical
removal of organic compounds from water is the most studied plasma catalytic
process in underwater plasma. Pioneering work was published by Sharma et al.
[84], who first demonstrated the positive effect of iron addition on degradation
of phenol by pulsed corona discharge in water due to Fenton’s process (Eq. (7.70))
involving plasmachemically produced hydrogen peroxide and ferrous ions (either
directly added as a salt or released from an iron electrode).

Fe2+ + H2O2 −−−→ Fe3+ + OH− + OH• (7.70)

Since then, many papers have been published on this topic using iron either as
homogeneous or as heterogeneous Fenton-type catalyst (i.e., ferrous/ferric salts or
iron minerals/zeolites, respectively) [85–91, 127–130, 170–174].

Figure 7.13 shows a typical example of the enhancement of phenol degradation
by the addition of an iron salt [20]. Line (1) demonstrates the negligible role of
electrolysis in phenol degradation in this system. In these experiments, the applied
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Figure 7.13 Phenol removal for (1) electrolysis only in
1 mmol l−1 NaCl, (2) corona discharge in 1 mmol l−1 NaCl,
(3) corona discharge in 0.5 mmol l−1 FeCl2 [20].

voltage was slightly below the inception value, and so, no discharge was generated.
Line (2) corresponds to the corona discharge in the same type of solution (NaCl,
without iron salt addition), and shows some slow degradation of phenol, caused
apparently by the oxidative action of OH• radicals produced by the discharge. Line
(3) demonstrates a significant role of iron ions on phenol removal by the discharge
with the addition of FeCl2. Since hydrogen peroxide is produced by the discharge in
water, the effect of iron addition is attributed to the increased yield of OH• radicals
from decomposition of H2O2 in Fenton-type reactions with iron ions (Eq. (7.70)).

The mechanism of the Fenton’s process is well known and involves both
ionic forms of iron [26, 257, 258]. In addition to ferrous ions (Eq. (7.70)), the
decomposition of hydrogen peroxide is also catalyzed by ferric ions. In this process,
Fe(III)-catalyzed decomposition of H2O2 leads to H2O and O2 and a steady-state
concentration of ferrous ions is maintained during peroxide decomposition through
reactions (Eqs. (7.71) and (7.72)).

Fe3+ + H2O2

−H+
−−⇀↽−− Fe[OOH]2+ −−⇀↽−− Fe2+ + HO•

2 (7.71)

Fe3+ + HO•
2 −−−→ Fe2+ + H+ + O2 (7.72)

The oxidizing power of the Fenton-type systems can also be greatly enhanced by
irradiation with UV or UV-visible light (e.g., emitted from the plasma) due to the
photoreduction of hydroxylated ferric ion in aqueous solution (7.73), (7.74) [258].

Fe3+ + OH− −−⇀↽−− Fe(OH)2+ (7.73)

Fe(OH)2++ hν −−−→ Fe2+ + OH• (7.74)
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Thus, the combined process (Eqs. 7.70, 7.73, and (7.74)), known as the photo-Fenton
reaction, or Haber-Weiss process (Eqs. 7.70–7.72), may proceed in water, which
produces a higher yield of OH• radicals, and more importantly, iron cycling
between the (II) and (III) oxidation states. However, in underwater plasma, these
routes of iron cycling are limited (Section 7.4.1.1) and Fe3+ is the only stable
ionic form of iron and Fe2+ ions are the dominant species involved in the
decomposition of H2O2 via reaction (Eq. (7.70)). Nevertheless, depending on the
solution composition (e.g., phenols, Section 7.4.1.1) or material of electrode (e.g.,
platinum, Section 7.4.2.1), other recovery mechanisms of ferrous ion involved in
Fenton’s process can take place.

7.4.1.1 Catalytic Cycle of Iron in Plasmachemical Degradation of Phenol
In the presence of phenol (or other hydroxylated aromatic compounds and aliphatic
organic acids), additional reactions of Fe3+ (Eqs. (7.71)–(7.74)) can take place.
These include (i) reduction of Fe3+ by phenol and formation of phenoxy radical
(Eq. (7.75)) [104], (ii) reduction of Fe3+ by aromatic degradation products of phenol,
that is, dihydroxybenzene and quinone intermediates (Eqs. (7.76)–(7.78)) (Section
8.31) [106], (iii) photolysis of Fe(III)–organic ligands complexes, for example, with
organic acids formed during degradation of phenol (Eq. (7.79)) [259]. Catalytic cycle
of iron between the (II) and (III) oxidation states is thus sustained in this case by
reactions (Eq. (7.70)) and (Eqs. (7.75)–(7.79)).

Fe3+ Fe2++

OH
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(7.75)

Fe3+ Fe2++

OH
OH OH

+

O

+ H+

(7.76)

Fe3+ Fe2++

OH

OH

+

OH

O

+ H+

(7.77)
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(7.78)

[Fe3+(RCOO)−]2+ + hν −−−→ Fe2+ + CO2 + R• (7.79)
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Figure 7.14 Evolution of iron ionic forms (ferrous and fer-
ric) in the solution treated by corona discharge depending
on the presence of 1 mM phenol (PH) (100 μS cm−1, pH
3.4, 21 kV, 100 W). (a) 0.5 mmol l−1 FeCl2, (b) 0.25 mmol l−1

FeCl3 [20].

The above described reaction mechanism is demonstrated in Figure 7.14, which
shows the evolution of ionic forms of iron (ferrous and ferric) in the solution treated
by the corona discharge in the presence and absence of phenol. When a solution of
FeCl2 was treated by the discharge in the absence of phenol (Figure 7.14a), ferrous
ions were completely oxidized to the ferric form in several minutes. In this case,
ferrous ions were oxidized into ferric form by hydrogen peroxide in the Fenton
process (Eq. (7.70)) and also by OH• radicals (Eq. (7.80)) produced directly by the
discharge from water and through the Fenton process (Eq. (7.70)). On the other
hand, when the FeCl3 solution was treated by the discharge, the ferric form of iron
was stable in the solution (Figure 7.14b).

Fe2+ + OH• −−−→ Fe3+ + OH− (7.80)

A different situation occurred in the presence of phenol in the solution. When
iron in the ferrous form was initially in the solution of phenol (Figure 7.14a), the
concentration of ferrous ions (cFe2+) at first partly dropped, but then again recovered
to the same initial value, and a near constant level of cFe2+ was maintained during
the presence of aromatic compounds in the solution.

In this case OH• radicals produced by plasma and in Fenton’s reaction (Eq.
(7.70)) preferentially reacted with phenol rather than with Fe2+, thus phenol served
as an OH• radical scavenger for ferrous ions (Table 7.5). The initial partial decline
in cFe2+ was caused by the consumption of Fe2+ in the reaction with H2O2 from
the discharge (Eq. (7.70)). The subsequent recovery in cFe2+ is attributable to the
reduction of Fe3+ by organic intermediates of phenol (as dihydroxybenzenes and
quinones) on reaching sufficient concentration in the phenol reaction mixture to
participate in the iron(II) regeneration process (Eqs. (7.76)–(7.78)).
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When iron in the ferric form was initially in the solution of phenol (Figure 7.14b),
the ferrous–ferric ion equilibrium in the concentration ratio 2 : 3 was estab-
lished soon after beginning of the discharge treatment. In this case, ferric ions
were reduced by aromatic oxidation by-products of phenol to ferrous form (Eqs.
(7.76)–(7.78)) and possibly also by photolysis of Fe(III) complexes of organic acids
(Eq. (7.79)) induced by UV light emitted from the discharge in water. The subse-
quent decrease of cFe2+ (Figure 7.14a) and slow recovery of cFe3+ (Figure 7.14b),
which were observed in later discharge treatment times, were caused by decreasing
levels of phenol-reducing intermediates in the solution.

Mathematical modeling of the Fenton reaction system for direct discharge in
water [91] fully supported the above mechanism, whereby H2O2 generated by
the plasma in the liquid phase is the predominate source of OH• radicals in
the case of phenol decomposition. Similar kinetic modeling of gas–liquid hybrid
reactors including gas-phase ozone formation and liquid-phase hydrogen peroxide
generation [90, 93] also demonstrated the combined roles of OH• radicals and
ozone and the relative effects of these species on the primary target (phenol) and
various reaction products.

7.4.2
Platinum

It has been demonstrated that platinum, when used as a high-voltage electrode,
reduces the production rates of hydrogen, hydrogen peroxide, and oxygen by
electrical discharge in water and enhances plasmachemical efficiency of pollutant
removal from water in comparison to that with other electrode materials [251–253].
Specifically, it has been shown that Pt electrodes have a significant effect on
removal of polychlorinated biphenyls and s-triazine by the discharge from water
[37, 143]. It has been demonstrated that platinum particles could sputter from the
solid platinum electrode, and thereafter cause heterogeneous catalytic reactions via
a pH-dependent mechanism in which hydrogen, oxygen, and hydroxyl ions are
adsorbed onto platinum metal particles, thereafter reacting with H2O2 molecule
directly from the bulk liquid phase in an Eley–Rideal mechanism [253].

The first steps in the surface-catalyzed hydrogen peroxide decomposition involve
the adsorption of molecular hydrogen (Eq. (7.81)), molecular oxygen (Eq. (7.82)),
and hydroxyl ions (Eq. (7.83)) on the platinum surface.

H2 + 2 Pt −−−→ 2 Pt − H (7.81)
1
2 O2 + Pt −−−→ Pt − O (7.82)

Pt + OH− −−−→ Pt − (OH)ads + e− (7.83)

Hydrogen and oxygen are adsorbed through dissociative adsorption in which
hydrogen and oxygen atoms are directly bonded to the platinum. Hydroxyl ions are
involved in a simple charge transfer reaction strongly dependent on pH.

Pt − H + H2O2 + e− −−−→ Pt + H2O + OH− (7.84)

Pt − (OH)ads + H2O2 −−−→ Pt − (OOH)ads + H2O (7.85)
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Chemisorbed species further react with a molecule of hydrogen peroxide directly
from the bulk liquid phase (Eqs. (7.84) and (7.85)) to form oxygen and water and
recover the free platinum surface (Eqs. (7.86)–(7.88)).

Pt − (OOH)ads + Pt − H −−⇀↽−− 2 Pt + O2 + H2 (7.86)

Pt − O + 2 Pt − H −−⇀↽−− Pt − H2O + 2 Pt (7.87)

Pt − H2O −−−→ Pt + H2O (7.88)

Thus, two mechanisms are responsible for the catalytic hydrogen peroxide decom-
position: (i) a hydrogen mechanism (Eqs. (7.81) and (7.84)), where the adsorbed
hydrogen atoms decompose hydrogen peroxide and (ii) a pH mechanism (Eqs.
(7.83) and (7.85)), which involves adsorption of hydroxyl ions. In acidic and
moderate pH solutions, the first mechanism is dominant and hydrogen perox-
ide decomposition proceeds via hydrogen atom reduction (Pt–H). The second
mechanism largely occurs only under alkaline conditions, causing additional
decomposition of hydrogen peroxide and molecular hydrogen via Pt–OH.

7.4.2.1 The Role of Platinum as a Catalyst in Fenton’s Reaction
It was found that platinum enhances the Fenton’s reaction initiated by pulse
electrical discharge in aqueous solutions containing ferrous/ferric salts [37, 143,
253]. It was shown that platinum particles emitted into the solution from the
high-voltage Pt electrode can reduce ferrous iron to ferric iron by a catalytic
reaction with plasma-generated H2. Hydrogen gas adsorbs on the surface of
platinum particles emitted into solution, where it dissociates forming hydrogen
radicals (Eq. (7.81)), which then react with ferric ions as

Fe3+ + Pt−H −−−→ Fe2+ + Pt + H+ (7.89)

A catalytic cycle of iron between the ferrous and ferric forms is sustained through
reactions (Eqs. (7.70),(7.81), and (7.89)), whereby the Fenton’s reaction (Eq. (7.70))
is sustained to continuously produce hydroxyl radicals.

The reaction mechanism discussed above is demonstrated in Figure 7.15, which
shows the evolution of ferrous ions in the solution treated by the corona discharge
as a function of the electrode material (NiCr or Pt) and the initial form of iron in
the solution (ferrous or ferric). Figure 7.15a shows that when ferrous ions were
initially added to the reactor, cFe2+ dropped to almost zero in the case of the NiCr
electrode, while in the case of Pt electrode, cFe2+ dropped to about one-fifth of
its initial value and thereafter remained constant. When ferric ions were initially
added to the reactor (Figure 7.15b), very small amounts of ferrous ions were formed
in the case of NiCr. On the other hand, when Pt was used as the high-voltage
electrode, there was a continuous increase in the cFe2+. These results demonstrate
that Pt was directly involved in the reduction of the ferric ions to ferrous ions
in the electrical discharge. The experiment with commercially available platinum
particles suspended in solution showed results similar to the cases where Pt was
emitted from the electrode, and these results confirmed that the reduction takes
place on particles suspended in the bulk rather then on the high-voltage electrode.
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Figure 7.15 Ferrous concentration de-
pendending on the material of electrode
(NiCr or Pt) and ionic initial form of
iron in the solution treated by corona
discharge (130 μS cm−1, 45 kV, 60 W).

(a) Ferrous form (0.5 mmol l−1 FeSO4)
and (b) ferric form (0.185 mmol l−1

FeCl3). (Source: Reprinted from [253].
Copyright (2007), with permission from
Elsevier.)

7.4.3
Tungsten

Tungsten used as a high-voltage electrode has been demonstrated to significantly
affect the plasmachemical activity of the discharge in water [236, 250]. Tungstate
ions (WO2−

4 ), and solid particles of tungsten, which were released into the water
from the tungsten electrode by erosion in the discharge, were demonstrated to
cause a catalytic decomposition of H2O2 produced by the corona discharge in water.
While using DMSO as the probe organic compound, it was shown that released
tungstates can also enhance the plasmachemical activity of the discharge due to
tungstate-catalyzed oxidation of DMSO by H2O2 [236].

Reactions of H2O2 with tungsten (tungstate ions) have been demonstrated
through comparison of the yields of H2O2 obtained using tungsten electrodes with
those determined for titanium electrodes. Lower production of H2O2 was found
using the tungsten electrode compared to the titanium electrode, and a subsequent
decrease during the postdischarge period in the H2O2 concentration was observed
in the solution treated using the W electrode after switching off the discharge
[236]. Similar results were found in a gas–liquid discharge where Ti, Ni-Cr, Cu,
stainless steel, tungsten-copper, and tungsten carbide had the same initial rates of
formation, but the tungsten containing electrodes showed a drop in H2O2 at longer
times [250].

A correlation between the amount of eroded tungsten material released into
the solution and the chemical effects induced by the discharge was determined,
and tungstate WO2−

4 ions, which involved up to 70% of the eroded tungsten
electrode material released into the solution, were shown to play a dominant
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role in the decomposition of H2O2. Depending on the reaction conditions,
the tungstate-catalyzed disproportionation of hydrogen peroxide proceeds mainly
through the formation of the mono-, di-, and tetraperoxotungstate intermediates,
[WO4−n(O2)n]2− (n = 1, 2, 4), which are converted back into tungstate anion by
reactions (Eqs. (7.90) and (7.91)) [260, 261].

WO2−
4 + nH2O2 −−−→ [WO4−n(O2)n]2− + nH2O (7.90)

[WO4−n(O2)n]2− + 2nH+ + 2ne− −−−→ WO2−
4 + nH2O (7.91)

The experiment with Na2WO4 added to the solution in the same amount as
determined for the solution treated by the discharge showed a similar decrease in
H2O2 concentration. In addition to WO2−

4 , tungsten particles sputtered from the
W electrode were shown to contribute to the H2O2 decomposition.

Concerning the mechanism of the formation of tungstate ions by the
discharge-induced erosion of tungsten electrodes, several possible pathways have
been proposed. These include formation of tungsten oxide WO3 either by the
electrolytic anodic oxidation of tungsten metal (Eq. (7.92)) or by plasma sputtering
of tungsten, followed by WO3 dissolution into tungstate ions (Eq. (7.93)) [236].

W + 3H2O = WO3 + 6H+ + 6e− (7.92)

WO3 + OH− −−−→ WO2−
4 + H+ (7.93)

Tungsten metal particles released from tungsten electrodes might be also oxidized
in the solution by hydrogen peroxide produced by the discharge into WO2−

4 ions
(Eq. (7.94)).

W + 3H2O2 −−−→ WO2−
4 + 2H+ + 2H2O (7.94)

The effects of the tungsten electrode material and the catalytic role of tungstate
ions in the plasmachemical activity of the corona discharge in water were also
demonstrated by the decomposition of dimethylsulfoxide (CH3)2SO. A higher
degradation of DMSO was determined in the tungsten electrode case compared to
that with the Ti electrode, which was attributed to the combined action of DMSO
oxidation by OH• radicals (Section 7.3.3.2) and tungstate-catalyzed oxidation of
DMSO by hydrogen peroxide (Eq. (7.95)).

(CH3)2SO + H2O2

WO2−
4−−−→ (CH3)2SO2 + H2O (7.95)

Such a mechanism was proved through the detection of the DMSO degradation
by-products (methanesulfonate, sulfate, and dimethyl sulfone). Since the catalytic
oxidation of DMSO in the WO2−

4 /H2O2 system proceeds almost exclusively through
the formation of dimethylsulfone (CH3)2SO2 (Eq. (7.95)) [262, 263], the detection
of dimethylsulfone in the reaction mixture of DMSO provided strong evidence to
the contribution of WO2−

4 ions in the degradation of DMSO by the discharge.
The catalytic role of tungstate ions on the plasmachemical activity of the dis-

charge has also been observed to be affected by the pH of the aqueous solution.
Decomposition of H2O2 and DMSO proceeded more slowly in the NaH2PO4 solu-
tion (pH0 = 5.5) than in the H3PO4 solution (pH0 = 2.9). Since tungstates form
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with decreasing pH (pH < 7.8) a number of different polynuclear species in an
aqueous solution (e.g., W12O12−

42 , W12O10−
41 , HW6O5−

21 , and H3W6O3−
21 ), which have

different reactivities with H2O2 [261, 262], these pH effects were attributed to the
pH-dependent catalytic activity of tungstates in the disproportionation of H2O2.

7.4.4
Titanium Dioxide

Introducing photocatalytically active titanium dioxide solid particles into the liquid
phase of the discharge plasma reactor (either in the form of powder or immobilized
on glass beads or carbon fibers) has been shown to enhance plasmachemical
processes in water. More efficient removal of organic compounds from aqueous
solutions treated by pulsed corona discharge, gliding arc discharge, and DBD has
been demonstrated with the presence of TiO2 compared to the cases without TiO2

in the solution (e.g., phenols, organic dyes, or halocarbons) [95–103, 125, 126,
154–157, 264]. At the same time, higher concentrations of hydrogen peroxide,
OH• radicals, and O• radicals were determined in the liquid-phase plasma systems
combined with TiO2 catalyst [96–98]. Since electrical discharges produce significant
quantities of UV light in the liquid phase [45], the TiO2 enhancement was
attributed mainly to the photocatalytic processes induced on the TiO2 surface by
UV radiation from plasma. Photoelectrocatalytic effects have not been studied
within the context of high-voltage electrical discharge processes; however, at low
voltage, TiO2 photocatalysts can be activated using relatively low-voltage sources in
water [265].

The photocatalytic activity of TiO2 is derived from its ability to form charge
carriers on its surface on illumination with the light of wavelength λ < 390 nm (i.e.,
with photons of greater energy than bandgap energy of TiO2, Ebg = 3.2 eV). These
charge carriers are the excited-state conduction band electrons (e−

cb) and valence
band holes (h+

vb)

TiO2+ hν−−−→ e−
cb + h+

vb (7.96)

In the presence of water and oxygen, these species produce highly reactive species
on the TiO2 surface such as OH• and O•−

2 radicals

H2O + h+
vb −−−→ OH• + H+ (7.97)

OH− + h+
vb −−−→ OH• (7.98)

O2 + e−
cb −−−→ O•−

2 (7.99)

Thus, in the case of a combined plasma/TiO2 system, a higher yield of oxidative
species can be generated and is available for the destruction of organic compounds
in water. The oxidation by OH• radical was found to be the dominant process in
this case through analysis of the reaction intermediates formed during degradation
of probe organic compounds in the liquid-phase plasma systems combined with
the TiO2 catalyst. For example, catechol, hydroquinone, and 1,4-benzoquinone
were found to be the main by-products of phenol decomposition [96, 97], and
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4-chloro-1,4-benzoquinone, hydroquinone, and 1,4-benzoquinone were the main
by-products of 4-chlorophenol [126]. All these by-products correspond to the oxi-
dation by OH• radical via its electrophilic addition to the aromatic ring of phenol
and 4-chlorophenol. The same reaction intermediates were reported during the
photocatalytic decomposition of phenol and 4-chlorophenol in aqueous TiO2 sus-
pensions [266] as well as during plasmachemical degradation of these compounds
by the discharge in water alone (Sections 7.3.1.1 and 7.3.1.2).

Wang et al. [98] demonstrated significantly higher relative emission intensities
of OH• (313 nm) and O• radicals (777 nm) in pulsed corona discharge in water
combined with TiO2 catalyst than that in the discharge alone. While they used
glass beads with immobilized TiO2 as the photocatalyst introduced into the plasma
reactor, the increase in relative emission intensities of OH• and O• radicals
in the plasma/TiO2 system could be partly associated with the change of plasma
characteristics because of the presence of glass beads in the discharge. Nevertheless,
experiments with OH• scavengers (carbonates and n-butanol) performed by the
same group [98, 100] showed a decrease of phenol removal with the increasing
scavenging capacity of Na2CO3 and n-butanol (performed under constant solution
conductivity) when a higher decrease in phenol degradation was determined
in the plasma–photocatalytic system than in the plasma alone system. These
results suggest a synergetic effect of combined pulsed discharge plasma with TiO2

photocatalyst and that the OH• radical is the most important species involved in
enhancing the photocatalytic effect of TiO2 induced in liquid-phase plasma/TiO2

systems.
The enhancement of plasma-catalytic processes in the presence of TiO2 through

solution conductivity has been demonstrated with phenol degradation by pulsed
corona discharge in water [96]. Since the intensity of UV radiation from the
discharge in water increases with the solution conductivity [45], it was concluded that
the effect of solution conductivity is most likely related to the increasing contribution
of plasma-induced photocatalytic processes by TiO2 on phenol degradation with
higher solution conductivity.

Consequently, larger production of hydrogen peroxide was found in aqueous
solutions treated in the plasma/TiO2 systems with organic content compared to the
yields of H2O2 produced by the discharge in water without the TiO2 catalyst and
organic content [96–98]. Since under photocatalysis molecular oxygen dissolved
in water reacts on the TiO2 surface with photogenerated electrons (Eq. (7.99)),
hydrogen peroxide is produced from superoxide radical anion (O•−

2 )

2 O•−
2 + 2 H+ −−−→←−−− 2 HO•

2 −−−→ H2O2 + O2 (7.100)

Hydrogen peroxide is also formed by recombination of OH• radicals produced
in reactions (Eqs. (7.97) and (7.98)). The photocatalytic conversion of hydrogen
peroxide by the conduction band electrons or valence band holes can than also
occur on the TiO2 surface:

H2O2 + e−
cb −−−→ OH• + OH− (7.101)

H2O2 + h+
vb −−−→ HO•

2 + H+ (7.102)
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In addition, the yield of photocatalytically formed H2O2 can also be increased by
the addition of excessive amounts of a suitable organic or inorganic compound
into the solution serving as an electron donor to the positive holes of the TiO2

[266]. The higher production of H2O2 in the plasma/TiO2 system with organic
compounds in water can then be explained by the competition of these electron
donors for valence band holes, with e−

cb/h+
vb recombination allowing conduction

band electrons to react with molecular oxygen. In the absence of such species
that are able to rapidly react with the photo-generated holes, the electron–hole
recombination reaction becomes more efficient compared to molecular oxygen
reduction, and the photocatalytic production of H2O2 is decreased.

7.4.5
Activated Carbon

It has been shown that activated carbon (AC) may function as both an adsorbent
and a catalyst in the liquid-phase electrical discharge. Grymonpre et al. [91–93]
have shown that, compared with pulsed corona discharge alone, the combination
of pulsed corona discharge with suspended AC particles leads to enhancement
of the overall removal of phenol from the aqueous solution. The enhancement
has been attributed to phenol oxidation in the bulk liquid phase induced by
pulsed corona discharge and physical adsorption of phenol on AC, as well as to
putative surface-phase reactions on the AC induced by the electrical discharge. The
combination of the AC and potassium salts, however, has also been shown to affect
the power waveforms of the pulsed corona discharge in water. Oxygen bubbling
through the high-voltage needle electrodes with addition of suspended AC into
the discharge was shown to give the best phenol removal efficiency because of
subsequent reactions of dissolved ozone and the adsorption and reaction effects
on the AC. A mathematical model taking account an adsorption, mass transfer,
and surface reaction on AC has been developed [93]. It was proposed that AC
can participate in radical-based reactions under highly oxidative conditions in
liquid-phase pulsed corona reactors, for example, as a catalyst to convert ozone into
hydroxyl radicals.

Zhang et al. [163, 164] have shown that carbon chemical surface properties
have significant effect on the plasma-induced decomposition of methyl orange by
the pulsed electrical discharge in water combined with AC and ozone. They have
observed an increase in the number of oxygen-containing functional groups of basic
and acidic nature on the AC surface caused by its oxidation by plasma and ozone
in the discharge. Acidic and basic carbon surfaces both accelerated decomposition
of MO by the discharge in combination with AC and ozone. It was shown that
spent carbon can be regenerated in situ by the plasma. When saturated AC was
added into the reactor, its adsorption capacity was recovered after treatment with
the discharge. The authors concluded that AC acts not only as adsorbent but also as
catalyst promoting the decomposition of ozone into OH• radicals and enhancing
the MO degradation by the discharge.
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Their conclusion is supported by work of Alvarez et al. [267] who reported that
surface chemistry on AC plays a key role in promoting surface ozone decomposition
by AC. They have demonstrated that basic and hydroxyl surface oxygen groups
(SOG) of AC are the groups that most influence the ozone decomposition process.
It was deduced that these groups (and also some types of acidic SOG) are the
active sites for ozone transformation into OH• radicals, which proceeds through
the formation of H2O2 on surface of AC and its further dissociation via radical
chain reaction initiated by OH− and HO−

2 ions in the liquid bulk phase.

7.4.6
Silica Gel

Similar plasma-induced synergistic effects of solid-phase catalysts and ozone as in
the case of AC (Section 7.4.5) have been reported for silica gel beads introduced
into the pulse corona discharge directly in water [95]. A significant improvement
in the rate of decomposition of phenol and MB in water was determined in a
hybrid system including an underwater pulse corona discharge with silica gel and
ozone addition. The positive effects of silica gel were explained by surface-mediated
reactions between the adsorbed pollutant molecules and the chemically active
species produced in close proximity to the solid surfaces. The occurrence of
surface-mediated reactions has been demonstrated on the decolorization of blue
beads with preadsorbed MB, which were treated with the corona discharge in the
presence of ozone and distilled water flowing through the reactor. The observed
transparent patches in partially regenerated beads were attributed to the higher
concentration of chemically active species in those regions, which were produced
by surface discharge at the contact points between the beads as a result of a higher
electric field and the difference in permittivities of silica gel and water.

7.4.7
Zeolites

The presence of zeolite particles suspended in the liquid phase with direct discharge
in the liquid and discharges in a combined gas–liquid environment has been shown
to enhance the degradation of some organic dyes and phenol in water [89, 162, 172,
173]. Zeolites were found to affect the decomposition process in water differently
depending on the zeolite type (namely NH4ZSM5, FeZSM5, and HY) and the
presence of ozone in water. Part of the enhancement in the case of HY zeolite
was attributed to its acidic properties, which caused a decrease of pH on addition
of the zeolite into water (pH 3.8) and which also affects dye decolorization.
However, there was an additional effect of HY zeolite beyond that caused by the
acid enhancement since a higher dye removal was obtained with HY zeolite in
the discharge compared to that with dye removal, which was obtained by the
discharge under acidic condition in the solution of the same pH without zeolite.
Similar experiment performed with NH4ZSM5 zeolite, which did not affect pH
of the solution and gave even higher dye removal than that with the HY zeolite,
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implied that enhancement by zeolites can be caused by possible ozone–zeolite
interactions induced by the discharge at the zeolite surface. This mechanism was
further supported by experiments performed with phenol, which showed that the
OH• radical produced by the discharge may be quenched and that ozone reactions
may be enhanced by these zeolites. In the case of Fe-exchanged zeolite, FeZSM5,
it has been demonstrated that the main enhancing effect of zeolite addition into
the discharge is an additional generation of OH• radicals by Fenton reaction
(Eq. (7.70)) between H2O2 produced by the discharge in water and Fe2+ ions doped
in the zeolite framework as well as those leached from zeolite into the bulk solution.

7.5
Concluding Remarks

It has been shown in this chapter that electrical discharge plasma produce in
water a number of chemical effects. The fundamentals of aqueous-phase pro-
cesses induced by electrical discharges in water and gas–liquid interfaces were
discussed and examples of their application in the plasmachemical destruction
of various organic compounds in water were provided. However, there is still a
need for much further work to improve our understanding of the mechanisms of
plasmachemical processes induced in the liquid phase in order to optimize and
enhance their efficiency since different compounds possess different sensitivity
and susceptibility to the chemical effects induced by reactive chemical species
formed by plasma in water and gas–liquid environments. It is also important to
recognize that plasmachemical processes induced by various types of high-voltage
electrical discharges considered in this chapter have many common features with
other advanced oxidation technologies (AOTs) used for water pollutant abatement.
Therefore, it is also necessary to answer a number of questions with regard to the
prospects of using electrical discharges for potential environmental applications.
For example, do electrical discharge processes in the liquid phase lead to funda-
mentally different reaction mechanisms and breakdown pathways than those of
other AOTs? Most of the work on the liquid-phase organic compound degradation
presented in this chapter considers hydroxyl radicals, formed directly in the water
or indirectly through reactions from hydrogen peroxide, ozone, or peroxynitrite, as
the primary reactive species for the degradation of organic compounds in water (in
addition to the direct oxidation by ozone, peroxynitrite, or reduction by hydrogen
or superoxide radicals). However, it is possible that other factors such as direct
UV light, shockwaves, local supercritical conditions formed by the plasma, or even
direct plasma contact may also contribute to the organic compound destruction.
Further work at both the laboratory scale and the pilot scale is necessary to fully
evaluate the potential of these types of processes for water pollution control. It is
vitally important to develop data for the comparison of the various processes under
similar conditions of contaminant concentration, solution pH, and conductivity, as
well as residence time and energy density.
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Furthermore, in addition to the use of plasma in liquids for chemical decontam-
ination processes, plasma is also able to stimulate the processes in the opposite
direction, that is, plasmachemical synthesis. These processes were not covered
in this chapter; however, this field is of growing interest in the plasma-chemical
applications of electrical discharges in the liquid and the gas–liquid environments.
Pioneering work on aqueous-phase plasmachemical synthesis was performed by
Miller [268] who demonstrated that using electric discharge in contact with water
more complex bioorganic compounds, including many amino acids, could be pro-
duced. More recently, plasmas in liquids were used, for example, for the production
of hydrogen gas from hydrocarbons (e.g., aliphatic alcohols, which were briefly
reviewed in Section 7.3.3.1, see also Chapter 9), polymer surface functionalization
[269–273], synthesis of polymers in aqueous solutions (e.g., polymethacrylate,
polyacrylamide-co-acrylic acid hydrogels) [274–276], or production of nanoparti-
cles in the liquid [277–280]. In this case, electrical discharges were generated, in
addition to those in aqueous solutions, in organic solvents or ionic liquids, in
which liquid-phase plasmas induce different type of plasma-chemical processes
[218, 277, 281, 282]. Other applications of high-energy capacitor discharges, pulsed
arcs, in water include simulation of underwater explosions, metal forming, rock
fragmentation, shock wave lithotripsy, and biological and biomedical applications
such as surgery and skin treatment [283]. Some of the last mentioned effects are
evaluated more in the Chapter 8, which is devoted to the biological effects of
electrical discharges in water and gas–liquid environments.
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8
Biological Effects of Electrical Discharge Plasma in Water and in
Gas–Liquid Environments
Petr Lukes, Jean-Louis Brisset, and Bruce R. Locke

8.1
Introduction

Plasma interactions with biologically derived compounds and materials as well as
with live organisms, including proteins, DNA, infectious agents, single microbial
cells and viruses, eukaryotic cells, biofilms, and cellular tissue within living animals,
has recently generated considerable interest for potential contamination control
and medical applications [1–19]. The control of bacteria and other disease-carrying
agents by plasma processes has been investigated for sterilization in food safety
and medical equipment, and, more recently, directly to the human body for wound
healing [20, 21] and dental operations [22, 23]. Other direct applications of plasma to
the human body that do not involve microbial disinfection include cancer treatment
[24–29], lithotripsy [30–33], and electrosurgery [34, 35].

In this chapter, we are specifically concerned with the life science applications of
plasma processes. While this is a very large and growing field, ranging from surgery
to microbial inactivation as mentioned above, there are some common aspects with
regard to the basic chemical and physical processes that are important in many of
these applications. Detailed discussions of both the chemical and physical processes
induced by electrical discharges in gases, liquids, and gas–liquid environments are
covered in Chapters 6 and 7 of this book. In this chapter, the chemical and physical
processes that specifically affect biological materials is discussed, and particular
emphasis is given to the interactions of plasma with bacteria since that is the most
commonly studied cell type.

Methods for inactivating and killing microorganisms, including spores, are gen-
erally based on chemical and physical (ultraviolet (UV) and gamma irradiation),
mechanical (pressure), and thermal processes. Many of the conventional pro-
cesses suffer from disadvantages of cost, difficulty of user-acceptance, formation
of residues on surfaces, formation of disinfection byproducts, changes to surface
properties, and acquired microbial resistances, and there is a need to develop more
effective technologies. Reviews on atmospheric plasma [1–4, 36–43] show that
inactivation of microorganisms in such systems have five major mechanisms for
action. These are thermal, electric field, UV radiation, direct chemical reactions of
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neutral reactive species, and interactions of charged particles [12, 44] with cellular
components. Among these mechanisms, the reactive species (e.g., atomic oxygen,
metastable oxygen molecules, ozone, and OH• radicals) are generally accepted to
play the dominant role in the inactivation process in the nonthermal atmospheric
pressure plasma systems [3, 10]. In general, these oxidizing species are referred to
as reactive oxygen species (ROS), and they have been commonly utilized for antimi-
crobial activity in many fields including the food and pharmaceutical industries and
in medical environments. In the case of plasmas in gas–liquid environments, the
presence of water adds more complexity to the system. For example, in underwater
discharges, it is expected that in addition to the chemical effects (largely attributed
to OH• radicals and hydrogen peroxide), the physical processes such as high electric
field, UV radiation, and shock waves may significantly contribute to the inactivation
of microorganisms [45–53]. There are also possible synergistic effects of the above
mentioned processes on the destructive efficiency of discharge in water. In addition
to the production of ROS, electric discharge plasma can produce reactive nitrogen
species (RNS) under atmospheric conditions with suitable nitrogen sources such
as with air or nitrogen carrier gases. As with ROS, the RNS [54–56] can also directly
lead to DNA damage and some enzymes can protect against RNS [57]. These
effects are described in the following sections of this chapter. We first focus on
the chemical interactions with charged and reactive species since much evidence
given below points to their primary importance in plasma disinfection processes
(Section 8.3). Physical mechanisms of plasma interactions with biological materials
are discussed in Section 8.4. Examples of treated microorganisms using plasmas
in water and in gas–liquid environments are presented in Section 8.2.

8.2
Microbial Inactivation by Nonthermal Plasma

Microbial inactivation by plasma can be classified by the plasma environment
into (i) dry gas plasma, (ii) humid gas plasma, (iii) gas plasma in contact with
liquids, and (iv) plasma formed directly in the liquid phase. Chapter 1 discusses
the major aspects related to category (i) and Chapters 6 and 7 highlight some of
the basic physics and chemistry for categories (ii) through (iv). One of the first
plasma sterilization techniques utilized radio frequency (RF) argon gas plasma
[58], and subsequently many research activities as well as some commercial devices
have been developed for dry gas plasma sterilization. Electric discharge plasma
processes for disinfection applications directly in liquids stem from early studies of
both pulsed electric fields (PEFs) in nonplasma-generating conditions [59–67] and
plasma generation directly in liquid water [45–53]. PEFs in nonplasma-generating
situations are widely used in biological applications, including as a laboratory tech-
nique to deliver DNA into or out of the cell, as well as in other applications [68–72].
Discharges in gas-phase plasmas over liquids are also of particular importance to
many disinfection applications since the microorganisms are typically located on
hydrated surfaces, and in some cases, the desired objective is to purify water that
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contains suspended microbes. Many example plasmas under atmospheric pres-
sure conditions have been used in such sterilization applications [36, 37, 73–75]
including corona discharges [76–79], dielectric barrier discharges (DBD) [80–82],
glow discharge [83–88], contact glow discharge electrolysis, gliding arc discharges
[89], microwave, and RF discharges [90, 91]. In the following sections, we provide
a brief overview of microbial inactivation by plasma classified according to the
plasma environment utilized.

8.2.1
Dry Gas Plasma

A wide range of microbes, including spore forming and nonspore forming,
have been inactivated by various dry-gas plasmas as shown in Tables 8.1, 8.2,
and 8.3 for microwave plasma [92–97], DBD, and glow discharge, respectively.
Additional studies with glow discharge in dry gases have shown inactivation of a
variety of bacteria Staphylococcus aureus, Escherichia coli, Bacillus stearothermophilus,
Bacillus subtilis, Bacillus pumilus (spores), Bacillus subtilis niger (spores), Pseudomonas
aeruginosa, Deinococcus radiodurans, the yeasts Saccharomyces cerevisiae and Candida
albicans, and the viruses bacteriophage phi X174 [83–86].

Corona discharge in various gases including air, oxygen, argon, and nitrogen
showed 3–4 orders of magnitude decreases in colony forming unit (CFU) of a
population of sporulated B. stearothermophillus within 1 h [108], and RF plasma has
been used for killing bacteria [78, 79] and destroying spores [109]. Pointu et al.
[110] found 5 CFU log units with an improved pulse device, and Ekem et al. [111]
inactivated 3.5 CFU log units of St. aureus within 12 min of treatment. The RF
discharge in air to make the plasma needle or pencil has effectively inactivated
E. coli [90, 112], Streptococcus mutans [91]. B. subtilis spores have also been extensively
inactivated with DBD [81] and RF O2 plasma [113].

Table 8.1 Bacterial inactivation by microwave plasma.

Microorganism Gas (log CFU)//(min) References

E. coli O2/N2 13 // 25 [98]
E. coli N2O > 5 // 2 [99]
B. subtilis (spores) O2/CF4 5 // 7.5 [100]
B. subtilis (spores) Ar 2 // 40 [99]
B. subtilis (spores) Ar/O2 7 // 40 [101]
B. subtilis (spores) air 6 // 3 [96]
B. pumilus (spores) Ne 3 // 30 [101]
B. pumilus (spores) air 4 // 30 [101]
B. stearothermophillus (spores) N2O > 5 // 20 [92]
Pseudomonas fluorescens N2O > 5 // 15 [92]
Proteus vulgaris N2O > 5 // 5 [92]
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Table 8.2 Bacterial inactivation by DBD plasma.

Microorganism Gas (log CFU)//(min) References

E.coli air 7 // 20 [102]
E. coli air 5 // 1.5 [103]
E. coli air 4 // 1 [82]
E.coli He 7 // 2 [104]
E. coli Ar 5 // 1 [105]
B. subtilis (spores) air 5 // 2 [103]
B. subtilis (spores) air 1 // 0.3 [3]
B. subtilis (spores) N2; N2O 4 // 10 [106]
B. subtilis (spores) N2 4 // 20 [106]
P. aeruginosa He; air 5 // 15 [1]
St. aureus air 5 // 1.5 [103]
St. aureus Ar 5 // 1.5 [105]
C. albicans air 5 // 0.3 [107]

Table 8.3 Bacterial inactivation by glow discharge plasma.

Microorganism Gas (log CFU)//(min) References

E. coli air 7 // 25 [83]
E. coli air 6 // 0.5 [84]
B. subtilis air 5 // 5 [88]
St. aureus air 4 // 10 [84]
St. aureus air 6 // 0.5 [84]
Virus phiX174 air 3 // 10 [83]
B. strearothermophillus air 5 // 7 [88]

These data generally show that significant amounts and many kinds of bacteria
and other organisms (yeast and viruses) can be inactivated in relatively short time.
While a range of plasma types have been studied, many studies suggest that the
etching mechanism or chemical reactions to destroy the surface of the cells are
the key reasons for dry gas plasma inactivation of bacteria and spores [40, 100,
105–107, 114].

Reactive neutral species (e.g., atomic oxygen, metastable oxygen, ozone, and
OH radicals) are generally accepted to play dominant roles in cellular inactivation
processes in nonthermal atmospheric pressure plasma systems, but the specific
species formed strongly depend on the composition of the carrier gas [5, 8, 36, 37].
For example, plasma with flowing Ar gas and additional UV light destroyed cell
membranes and DNA [76]. Emissions data on oxygen species in plasma has
been reported [115], and it has been demonstrated that the chemical etching by
oxygen radicals on the surface of membranes leads to microorganism inactivation
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[116]. Plasma with nitrogen [117] and with nitrogen–oxygen mixtures [118] have
demonstrated inactivation of dental bacteria [23] and E. coli [98, 117, 119, 120].
The densities of N and O atoms in such plasmas were measured [119], and these
species (rather than UV) were shown to play a major role in microorganism
destruction [3].

Alternatively, and depending on how the bacteria are exposed to the plasma,
stable chemical species can be responsible for sterilization. For example, DBD
are commonly used to generate ozone in dry air or oxygen [121], and the
main mechanisms for sterilization in such systems is by the reactions of ozone
[82, 122, 123].

8.2.2
Humid Gas Plasma

Humidified gases have been found to inactivate E. coli with RF discharge [124]
and bacteria, algae, and protozoa with DBD [80]. Table 8.4 shows examples of
bacterial inactivation using humid gas gliding arc discharge. These data generally
indicate relatively fast inactivation by many orders of magnitude for a range of
bacterial species. In contrast to dry gas plasma systems, the addition of water,
either as a vapor or as a contacting liquid phase, can dramatically change the
reaction products, and therefore the mechanisms of bacterial inactivation. For
example, humidified gas [124] with a high-frequency air plasma led to significant
E. coli inactivation, but complicating the interpretation, the role of water vapor was
found to be optimal at an intermediate relative humidity. Discharges with water,
as discussed in Chapter 6, also produce OH• radicals and hydrogen peroxide.

8.2.3
Gas Plasma in Contact with Liquids

8.2.3.1 Discharge over Water and Hydrated Surfaces
Plasma discharges have been formed in the gas phase over liquid water solutions
containing suspended bacteria or over hydrated (agar) surfaces. A wide variety
of such configurations are shown in Figure 6.1 (see Chapter 6). By way of an

Table 8.4 Bacterial inactivation by gliding arc discharge plasma in humid air.

Microorganism Gas (log CFU)//(min) References

E. coli air 8 // 8 [39]
E. cartovora air 10 // 5 [125]
St. epidermidis air 7 // 5 [126]
H. alvei air 7 // 9 [39, 127]
S. cerevisiae air 4 // 20 [39, 127]
L. mesenteroides air 4 // 20 [39, 127]
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example, the gliding arc plasma discharge can be formed above a liquid solution.
In such a case, the high-velocity gas carries reactive species from the plasma to
the liquid surface, and in some cases, the plasma plume can directly impinge
on the liquid surface, causing the reactive species to be formed in the liquid or
at the liquid–gas interface [128, 129]. Such plasma has been shown to inactivate
bacteria including Erwinia spp. [125, 130] and Hafnia alvei [89]. Very fast, within
seconds, inactivation by 4–5 orders of magnitude of E. coli in agar dishes below a
plasma needle discharge (RF discharge) have been reported [79, 90]. AC discharge
over the liquid phase has been shown to inactivate E. coli, S. aureus, and yeast
[131]. DC discharge over water can inactivate E. coli and P. aeruginosa [132], and
a bipolar pulsed discharge inactivates E. coli [133] and Microcystis aeruginosa [134].
Atmospheric glow plasma over a water solution inactivates E. coli K12, E. coli
O157 : H7, Salmonella typhimurium, and P. aeruginosa [135].

8.2.3.2 Discharge with Water Spray
A very efficient gliding arc reactor incorporating water spray and pulsed low power
has also been developed and demonstrated to have very high energy yields for
hydrogen peroxide generation and for inactivation of E. coli downstream of the
plasma spray [136–140]. Part of this enhancement may be due to the increased
surface area or contact area caused by the liquid spray. However, it is also very likely
that spraying the liquid through the plasma region affects the type and distribution
of active species formed in the plasma by the presence of the condensed water
droplets affecting the radical and reaction quenching processes. DC discharges
with the bacteria contained within the water droplets also showed high degree of
bacterial inactivation [141, 142].

8.2.3.3 Gas Discharge in Bubbles
Further studies of microorganism inactivation in gas–liquid systems involve
injection of bubbles into the liquid phase and/or generation of the discharge within
the bubbles. Details on these reactor configurations and chemical processes are
discussed in Chapter 6; however, it can be noted that the general motivation to
use such configurations is to increase energy efficiency for plasma generation
(in gas bubbles verses directly in the liquid) and to change plasma chemistry by,
for example, the addition of oxygen. Pulsed plasma discharges within bubbles
immersed in the liquid have led to inactivation of Campylobacter jejuni, E. coli,
Listeria monocytogenes, S. aureus, and Salmonella [143, 144]. With gas bubble,
injection into the liquid with a DC discharge generated with a rotating electrode has
led to inactivation of Bacillus, Corynebacterium, Enterobacter, Klebsiella, Micrococcus,
Proteus, Pseudomonas, Shigella, and Staphylococcus [145].

8.2.4
Plasma Directly in Water

Electrical discharges directly in water have been shown to destroy a wide variety
of microorganisms (including bacteria and yeasts, as well as viruses) through
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combinations of chemical and electrical effects. Pulsed electric discharges directly
in the liquid phase with energies in the range of Joules per pulse have been shown
to inactivate a wide range of bacteria including E. coli, S. aureus, S. enterititus,
Microcystis aeruginosa, bacilli, Pseudomonas putida, food pathogens, and others
[45–53, 77, 146–152]. Electrohydraulic discharges generally utilize kiloJoules per
pulse and have been shown to inactivate bacteria directly in solution [49, 153, 154].
Microwave discharges in water have also inactivated E. coli [155]. Contributions
from the high electric fields, UV radiation, and shock waves may also contribute to
the inactivation of microorganisms by discharge directly in water [47–53]. Electric
discharge in water should be clearly distinguished from PEFs where the electric
field is below the threshold for plasma discharge formation [60, 67, 77].

8.2.5
Kinetics of Microbial Inactivation

Analysis of the rates of bacterial inactivation by plasma are generally reported in
survival diagrams showing the number, N, of CFU per unit volume as a function
of the time of exposure to the discharge. These plots are usually composed of
linear sections on semilogarithmic scales [156–165]. Some survival curves have
a single-slope exponential decay (Chick’s law [156]), while many others exhibit
multiexponential decay (Figure 8.1). A more generalized semiempirical formula
for such decay can be written as

dN

dt
= −kmNxCntm−1 (8.1)
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Figure 8.1 Typical first-order and biphasic inactivation of a
bacterial population: (A) first-order kinetics, (B,C) shoulder-
ing period followed by first-order kinetics, (D) rapid decay
followed by slower regime.
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where t is contact time, C is concentration of disinfectant, and m, n, and x are
empirical constants [162]. Chick [156] utilized the chemical kinetic mechanisms
whereby

xN + nC −−−→ p (inactive microbe with rate constant k) (8.2)

For excess disinfectant, this reduces to a first-order decay known as Chick’s law
[156, 162]. Watson utilized an empirical function to account for the amount of
disinfectant that combines with the microbe and utilizing a first-order decay of the
disinfectant concentration reduces to [157, 162]

dN

dt
= −kNCn

0 e−k′tn (8.3)

More details are given in the literature for a variety of proposed disinfection
mechanisms and extensions to the Chick–Waston approach [164], which reproduce
a range of types of observed behaviors like those shown in Figure 8.1 [162].

In general, the characteristics of the plasma inactivation kinetics depend on the
type and state of the bacteria, the type of liquid medium, as well as the type and
working conditions of the electrical discharge, including the method of exposure of
the liquid (direct or indirect). Most of the inactivation processes induced by electric
discharges in liquid and gas–liquid environments obey biexponential behavior
with either a larger initial slope followed by a region with lower slope (Figure 8.1,
line D) or a smaller initial slope (often erroneous referred to as a lag phase) followed
by more steeply decreasing second slope (Figure 8.1, lines B and C). This two-step
inactivation process may be processed automatically with the help of the GinaFiT
program [166], which combines the two kinetic steps, that is, a zero-order step
followed by a first-order step. Other situations such as the ‘‘temporal post-discharge
reactions’’ (TPDR), which develop after the discharge is switched off, are discussed
in Section 8.3.4.

8.2.5.1 Comments on Sterilization and Viability Tests
The basic protocol to assess bacterial inactivation is to grow cells in a suitable
medium after they have been exposed to the plasma inactivation process and
thereafter to count the bacterial population using the classical colony counting
methodology [167]. While care must be taken to establish proper control exper-
iments, measurement of the number of CFUs of the surviving population has
been considered a satisfactory method to determine the efficacy of the inactivation
process. However, more detailed analysis of cell metabolism and viability using
molecular probes can be utilized.

Other tests of bacterial metabolism involve fluorescent indicators (life/death
tests) that are able to pass through the membrane of living cells [168–170]. Clearly,
bacteria that can remain viable but not culturable (VBNC) can present problems in
analysis [171, 172]. In addition, the use of such molecular probes in such life/death
tests should be carefully conducted in plasma systems because the chemical
reagents may be degraded by the active species produced by the plasma if the
reagent is incorporated into the medium before exposure or during post-discharge
situations.
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It is important to note that much work in plasma and other sterilization methods
utilize the concept of sterilization. Since complete sterilization implies no remain-
ing microbes, it is generally linked to the measurement method and sometimes
to the assumption that microorganism inactivation follows exponential kinetics,
which can be extrapolated indefinitely. von Woedtke et al. [173] have defined the
concept of sterilization assurance level (SAL) based on four microbiological safety
levels dependent on the intended products. The first level, related to heat-resistant
species, applies to pharmaceutical sterilization and is set at 10−6 or ‘‘the probability
of not more than one viable microorganism in one million sterilized items of the
final product.’’ The other four levels connote different degrees of sterilization, and
details can be found in Ref. [173].

8.3
Chemical Mechanisms of Electrical Discharge Plasma Interactions with Bacteria
in Water

As already described in Chapters 6 and 7, the type and quantity of the reactive
species formed in the discharge depend on the nature and composition of the
ambient gas and, in the case of liquid water contacting the plasma, the properties
of the solution. The amount of energy delivered by the discharge, other parameters,
(e.g., utilization of a separator or a barrier), and the nature of the working electrodes
can be important. Air is typically used in discharges for environmental applications
because of the nature of the formed species and the low operating costs. Water
is present at many material surfaces exposed to the atmosphere and is the
most common medium containing wastes and microorganism. Microorganisms
generally grow in aqueous media or on wet material surfaces in humid atmospheres
where a thin water layer generally coats the surface of the substrate. In some
cases, very dry environments may be of importance. It is thus reasonable to
utilize solution chemistry in water in order to analyze many decontamination
phenomena occurring under atmospheric pressure plasma that contact liquid
water (detailed consideration of the chemical aspects of plasma with liquids is
covered in Chapters 6 and 7). In addition, the contribution of physical processes
such as the direct impact of plasma species on the external membranes of the
microorganisms or the effects induced by strong electric fields, heat, UV light, and
shockwaves have to be considered, particularly for direct discharge in liquid water
(Section 8.4).

The interaction of chemical species formed in the plasma with bacteria and
other cells begins at the surface of the cell where chemical destruction of the cell
wall and membrane and associated components can occur. This is followed, in
some cases, by transport of active species into the cell where internal cell damage
can occur through destruction of DNA, proteins, and other internal components
of the cell. Figure 8.2 shows SEM images (scanning electron micrograph) of
morphology change of the bacterial membrane of Erwinia spp. after treatment by
a gliding arc discharge generated in humid air above the water surface [174]. The
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Figure 8.2 SEM images of the effects of gliding arc dis-
charge in air on the morphology of Erwinia carotovora. (a)
Nontreated sample, (b–d) bacteria exposed for 1, 2.5, and
5 min to the discharge. (Source: Reproduced from [174] with
permission from American Society for Microbiology.)

corresponding electrophoresis experiments showed an increase in the quantity of
extracted proteins, with slightly reduced molecular masses. This result may be
accounted for by an attack at the lipoproteins present on the bacterial surface
[175–177].

In order to penetrate into the cell or liquid environment, some of the plasma
species must be soluble in water, while for cases where the bacteria directly
contacts the gas, as in biofilms or with dry spores, other plasma species may react
at the gas–cell interface. Therefore, discussion of biocidal effects of plasma at
gas–liquid interfaces suggests humid air as one of the most effective atmospheres.
The oxidizing properties of the species formed in such discharges are largely
known (Chapters 6 and 7). The role of water in the inactivation processes is now
also commonly acknowledged, and this role is well established in the case of
underwater plasma. It should be noted that although electrical discharges directly



8.3 Chemical Mechanisms of Electrical Discharge Plasma Interactions with Bacteria in Water 319

in water and in gas–liquid environments were shown to be efficient tools for
microbial inactivation, we are not yet in a position to mathematically model the
discharge or the associated lethal effects for many bacteria and viruses because
of the complexity of the chemical processes. However, the major chemical effects
have been identified and may be applied to other living matter, for example, other
cell types and tissues.

As discussed in Chapters 6 and 7, depending on the type of plasma contacting
with the liquid and the chemical composition of the gas and liquid environments,
the main reactive species formed in an electric discharge in humid air are ROS
and RNS. The main reactive species formed in a discharge burning in humid air
are hydroxyl radical, ozone, and nitric oxide. The main reactive species formed
by discharges directly in liquid water are hydroxyl radical, hydrogen peroxide, and
peroxynitrite. In the following sections, the main properties of these species in
terms of their biological effects are presented with brief description of the chemical
structure of the cell membrane of bacteria as the primary target of plasma.

8.3.1
Bacterial Structure

All cells have some type of barrier to control interactions with the environment.
In the case of bacteria, the barrier includes phospholipid membranes with integral
proteins and peptidoglycan layers that make up the cell wall. The thickness and
composition of this barrier vary with the type of the bacteria. Gram-positive
bacteria have much thicker cell walls (10–80 nm) than gram-negative bacteria
(10 nm) [178]. The external membrane of gram-positive bacteria consists mainly
of peptidoglycan, teichoic acids (i.e., polymerized ribitol and glycerol phosphates),
and surface proteins. The membrane of gram-negative bacteria is more complex,
because its external surface contains phospholipids and lipopolysaccharides over
a peptidoglycan layer (periplasmic space), with the most common cell lipid being
phosphatidylethanolamine. The membrane of gram-negative bacteria is richer
in lipids and lipopolysaccharides compared to that of gram-positive bacteria. The
murein or peptidoglycan is made of alternate chains of N-acetylmuramic acid (NAM)
and N-acetylglycosamine (NAG) with linking oligopeptides at the NAM molecules.
The bacterial cell wall maintains the rod, spherical, or helical shape and provides
mechanical protection against osmotic pressure effects and other physical and
chemical stresses.

Peptidoglycan and the surrounding protein-containing coatings (exosporium,
spore coat) are present around the bacterial spores. The main components of
exosporium are proteins (52%), polysaccharides (20%), and lipids (18%) [179].
Peptidoglycan is a cross-linked complex of polysaccharide and peptides with C–N,
C–C, and C–O bonds largely weaker than the C–H bond (bonding enthalpy
413 kJ mol−1), which makes them easily broken by direct impact of the plasma
species.

The outer surface of the cells or spores contacts the plasma species and their
products. For example, the degradation of bacterial outer structures by plasma
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species may involve attack on the various functional groups. It is well known that
sugar and alcohol functional groups (OH) in NAM and NAG are easily oxidized. In
addition, chemical species can pass through the external membrane either through
lipopolysaccharides and phospholipids (hydrophobic path) or through proteins
and porines (hydrophilic path). Once inside the cell, for example, peroxynitrite is
reported to attack the RNA bases (e.g., formation of nitrotyrosine). Peptides, either
inside the cell or on the cell surface, can be targets for peroxynitrite.

Examples of microbial inactivation by plasma shown in Section 8.2 illustrate that
electric discharges are efficient in initiating lethal effects for both gram-positive and
gram-negative bacteria in gases, on surfaces, and dispersed in aqueous media, at
temperatures close to ambient, thereby suggesting that chemical degradation path-
ways are more important than thermal effects. Most plasma bacterial degradation is
probably related to chemical effects, since highly oxidizing compounds are present
in plasma formed in dry and humid gas phases and directly in the liquid phase,
that is, OH• radicals, H2O2, and ONOOH. These species attack the membrane
and degrade specific components such as the lipidic part of lipopolysaccharide
(LPS) or phospholipids. The membrane is weakened, and the inner fluid may
leak out, which prevents the bacteria from stimulating the antistress and repairing
processes. An ‘‘etching process’’ was thus postulated.

8.3.2
Reactive Oxygen Species

8.3.2.1 Hydroxyl Radical
The hydroxyl radical OH• is the major ROS produced in electric discharges with
water. The OH• radical has a high oxidizing power (E0 = 2.85 V/SHE), and it is
the strongest oxidant that can exist in an aqueous environment. It reacts with most
organic compounds with rates that approach diffusion-controlled limits (Chapters
6 and 7). In the case of microbial cells, the primary target of the OH• radical is the
outer cell wall, including the cell membrane. The cell membrane, composed largely
of organic compounds such as lipids, proteins, and polysaccharides, is susceptible
to the OH• radical attack via the reaction mechanisms described in Chapter 7.
Lipids are macromolecules of the cell membrane that are most vulnerable to
oxidation. Lipid reactions with OH• radicals proceed mainly via H-abstraction from
the unsaturated carbon bonds of fatty acids, which in the presence of oxygen
causes lipid peroxidation (Figure 8.3) [180]. The final product of this process is
malondialdehyde, which can be quantified spectrophotometrically by its reaction
with thiobarbituric acid. Therefore, malondialdehyde can be used as an indicator of
the peroxidation of membrane lipids because of interaction of the ROS generated in
the plasma with the cell membrane. Malondialdehyde was positively analyzed, for
example, during decontamination of water containing bacteria S. typhimurium and
Bacillus cereus and yeast Saccharomyces cervisiae using water spray DC discharge,
proving the occurrence of such an inactivation route in gas–liquid plasmas
[141, 142].
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Figure 8.3 Scheme of OH radical attack on lipids. (Source:
Modified from Ref. [180]. Copyright (1999), with permission
from Elsevier.)

Similarly, OH• radicals can damage membrane proteins by H abstraction from
α-carbon of peptide bonds –CO–NH– between chain peptide-linked amino acids.
OH• radical attack leads then to peroxidation and backbone cleavage of proteins
(Figure 8.4) [181].

In addition to reaction with OH• radicals, lipids and proteins are sensitive to
oxidation by other ROS such as atomic oxygen and ozone. The reactivities of ozone
and atomic oxygen are, however, more selective compared to the reactivity of the
OH• radical. Ozone is less reactive with saturated and aliphatic hydrocarbons, and
its reactivity in water is strongly pH dependent as discussed in Chapter 7.

8.3.2.2 Hydrogen Peroxide
Hydrogen peroxide is a very important species, which increases the collective
oxidizing power of the plasma, especially in the case of underwater plasmas,
in which hydrogen peroxide is the most abundant long-lived plasmachemical
product. The antimicrobial properties of H2O2 are well recognized, and a variety
of applications have been suggested and developed. H2O2 is able to react in the
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Figure 8.4 Scheme of OH radical attack on proteins. (Source: Modified from Ref. [181].)

gas phase, at the liquid surface, and in the bulk target solution with solutes since
it is completely soluble in water and can readily transfer across cell membranes.
Hydrogen peroxide is a strong oxidizing agent able to oxidize many organic
compounds. This property explains why hydrogen peroxide is of common use for
disinfecting superficial wounds. It is thus reasonable to consider hydrogen peroxide
in the plasma processes of microbial abatement. Its action may take place both
in direct exposure of the target to the discharge and in post-discharge conditions
(Section 8.3.4).

The principal mechanism of the H2O2 cytotoxicity involves penetration into
cells and the generation of hydroxyl radicals through interactions of H2O2

with intracellular transition metals (Cu+ and/or Fe2+) by the Fenton’s reaction
(Chapter 7):

H2O2 + Fe2+ + H+ −−−→ OH• + Fe3+ + H2O (8.4)

In a bacterial cell, this process might be initiated with the reduction of ions Fe3+

to Fe2+ liberated from bacterial iron storage proteins, ferritin or bacterioferritin,
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by superoxide radical O•−
2 . The released Fe2+ ions can then react with H2O2

outside the proteins or close to their surface to yield hydroxyl radicals that might
cause oxidative damage in bacterial cells and stimulate double-strand breaks in
DNA [182].

Such mechanisms, however, require relatively large concentrations of hydrogen
peroxide to penetrate into the cell since it is known that bacterial cells possess
an adaptive response to low concentrations of H2O2 and that they may protect
themselves against its oxidant toxicity with defense proteins and enzymes, and that
they even produce H2O2 [183–189]. For example, E. coli cells generate intracellular
H2O2 at a rate of about 10−20 mol s−1 of H2O2 by a single cell [190]. Experiments
performed with E. coli in pulsed corona discharge in water, which produces H2O2

with the rate of formation typically of the order of 10−6 mol s−1 have shown
that even concentrations of H2O2 of the order of millimoles per liter were not
sufficient to cause significant inactivation effect of bacteria [191]. Sato et al. [48],
on the other hand, have shown H2O2 to be the key chemical agent responsible for
inactivation of yeast cells caused by the same type of discharge through comparison
of the lethal effect of water containing H2O2 generated by the discharge with
nonplasma solutions containing H2O2. However, Imlay et al. [192] found that
H2O2 concentrations between 1.5 and 2.5 mmol l−1 were optimal for E. coli killing
in solution (in absence of electric discharge).

The protective mechanisms of bacterial cells against hydrogen peroxide might be
strongly reduced under the influence of high electric field because of polarization
and a subsequent increase of the cell membrane permeability. Nakamura et al. [193]
determined electric field intensity of 320 kV cm−1 at the streamer tip of a pulsed
streamer discharge in water. Such high-intensity electric field may significantly
increase the flux of H2O2 into the cell, causing the intracellular H2O2 concentration
to overwhelm the basal level of the scavenging capacity of the cell, giving rise to
oxidative stress conditions. In this respect, there is the possibility that the high
electric field induced by the discharge can enhance lethal activity of the H2O2

formed by the discharge. Such synergy was documented in the inactivation of
E. coli performed by means of a homogeneous PEF generated in water using a
plate-to-plate electrode configuration with addition of H2O2 (Figure 8.5). The PEF
caused a decrease in the survival ratio of E. coli, which is in agreement with the
lethal effect of PEF reported in a number of papers [60, 64, 67, 175]. Consequently,
the effect of the PEF was further improved by the addition of 1 mmol l−1 H2O2 to
the bacterial suspension (the value for which only a negligible effect of H2O2 on
viability of E. coli was determined without the presence of PEF) [191]. Abou-Ghazala
et al. [50] compared E. coli decontamination by pulsed corona discharge in water
with the effect of PEF with the conclusion that the decontamination efficiency of
the discharge method was slightly higher than that of the PEF.

Owing to relatively high chemical stability of hydrogen peroxide in water, it
can act on microorganisms dispersed in solutions treated by the plasma and also
in the postdischarge reactions through peroxynitrite chemistry (Sections 8.3.3.1
and 8.3.4).
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8.3.3
Reactive Nitrogen Species

The main RNS to be considered are nitric oxide NO, the primary species formed by
an electric discharge in air, and its derivatives formed with water, including nitrites
NO−

2 , nitrates NO−
3 , and peroxynitrites O=NOO−. NO is the reducing agent of the

NO+/NO system [E0(NO+/NO) = 1.21 V/SHE at pH = 7] [194], whose oxidizer,
the nitrosonium ion NO+, is involved in the selective nitrosation reaction of
primary and secondary amines and in bacterial inactivation [195]. NO participates
in a number of reactions, including the formation of nitrous acid HNO2

OH• + NO + M −−−→ HONO + M (8.5)

Nitrous acid is a medium acid in water (pKa = 3.3) and is not thermodynamically
stable at pH < 6 since it slowly disproportionates into NO and NO−

3 . Nitric oxide
also rapidly reacts with oxygen in air and yields NO2, which is transformed into
nitrite. The pH of the solution is then reduced, which favors the disproportionation
of NO−

2 to NO and NO−
3 . Thus, NO is transformed into nitrates in water by the

sequence (Eq. (8.6), see Chapters 6 and 7)

NO −−−→ NO2 −−−→ NO−
2 −−−→ ONO−

2 ←−→ NO−
3 (8.6)
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The resulting pH change in the liquid is very important in the lethal effects
of atmospheric discharges since acidity significantly contributes to some bacterial
inactivation.

8.3.3.1 Peroxynitrite
Formation of nitrate may also proceed via the formation of peroxynitrite, which
is a very strong oxidizer. The oxidant reactivity of peroxynitrite is highly pH
dependent and both anionic (O=N–OO−, peroxynitrite anion) and protonated
forms (O=N–OOH, peroxynitrous acid) (pKa = 6.8) can participate in oxidation
reactions [E0(ONOOH/NO2) = 2.02 V/SHE; E0(ONOO−/NO2) = 2.44 V/SHE]. It
can be formed by (i) the reaction of nitric oxide and superoxide anion radicals, (ii)
the reaction of the nitrite anion with hydrogen peroxide, or (iii) the reaction of NO•

2

with an OH• radical (for more about peroxynitrite chemistry, see Chapter 7). The
main chemical properties of peroxynitrite/peroxynitrous acid are well established,
and their occurrence in stress phenomena of living matter is now largely accepted.
For more details, see review [196, 197]. Koppenol [195] and Pryor and Squadrito
[198] demonstrated that peroxynitrite was a key agent in oxidative stress and is
involved in various diseases (e.g., HIV, Alzheimer’s disease, arteriosclerosis, gut
inflammation) [199–201].

Peroxynitrite oxidizes organic molecules directly or through H+ or CO2-catalyzed
homolysis, yielding nitrogen dioxide radical NO•

2, OH• radical, or carbonate anion
radical CO•−

3 . Only a few chemical groups directly react with peroxynitrite, which
favors selective reactions with key moieties in proteins, such as thiols, iron/sulfur
centers, and zinc fingers [202]. The half-life of peroxynitrite is short (∼10−20 ms),
but sufficient to allow it to cross cell membranes and diffuse quite far on a cellular
scale (∼one to two cell diameters) [203] and to allow for significant interactions
with most critical biomolecules [198]. This is a significant difference between the
reactivity and biocidal effects of hydroxyl radical in the cell [202, 204]. The hydroxyl
radical is intracellularly formed by a rather slow reaction via the reaction of ferrous
iron with hydrogen peroxide (Section 8.3.2.2), but it is so reactive that it can only
diffuse about the diameter of a typical protein [205]. In contrast, peroxynitrite is
formed each time superoxide and NO• collide, but reacts slowly enough to react
more selectively throughout the cell. Thus, peroxynitrite can have more subtle and
specific actions on cells [206].

The proton-catalyzed decomposition of peroxynitrite to form OH• and NO•
2 radi-

cals may become relevant in hydrophobic phases, resulting in the initiation of lipid
oxidation, which may lead not only to lipid peroxidation but also to the formation
of nitrated products [207]. Figure 8.6 summarizes the peroxynitrite reactivity with
lipids. ONOOH homolyzes to NO•

2 and OH•, and these species abstract H from
unsaturated carbon bonds of lipids to form a carbon-centered radical, which in
the presence of oxygen leads to the formation of peroxyl radical and lipid perox-
idation (Section 8.3.2.1). Nitrated products would arise from NO•

2 reaction with
a carbon-centered radical, potentially via a caged radical rearrangement of unsta-
ble alkyl peroxynitrite intermediates. Alternatively, the NO2

• radical can mediate
nitration of unsaturated fatty acids through homolytic attack at the double bond,
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yielding a β-nitroalkyl radical that, at low oxygen content, combines with a second
NO2

• radical to form nitro/nitrite intermediates. Nitroalkenes are formed from
these intermediates because of the loss of nitrous acid HNO2, while its hydrolysis
yields nitroalcohols. Since NO2

• can also initiate lipid peroxidation reactions, yields
of nitration versus oxidation/peroxidation will depend on O2 levels: at low O2 con-
centrations, nitrated products formation will predominate, while during aerobic
conditions, lipid oxidation processes should be favored. Lipid oxidation is highly
sensitive to inhibition by NO•, which is able to react with unsaturated lipid reactive
species such as alkyl (R•), epoxyallylic (R(O•)), alkoxyl (RO•), or peroxyl (ROO•) rad-
icals, yielding nitrogen-containing lipid derivatives that rearrange or further react to
form nonradical end products of lipid oxidation [207]. Note also the action of CO2,
which reacts with peroxynitrous acid and yields active nitrosoperoxycarbonate.

Owing to its weak chemical instability, the peroxynitrite is difficult to measure;
however, the occurrence of peroxynitrite acid in plasma-treated solutions was
recently identified in aqueous solutions exposed to a gliding arc discharge in a
medium of suitable acidity [208]. The presence of peroxynitrite in plasma-treated
solutions may also be related to the observed failing ion balance in conductivity



8.3 Chemical Mechanisms of Electrical Discharge Plasma Interactions with Bacteria in Water 327

measurements (Section 7.2) [209, 210]. Peroxynitrite attack at the transmembrane
proteins was suggested in the lethal effects of the gliding arc discharge on many
gram-positive and gram-negative bacteria [19, 43, 89, 127].

8.3.4
Post-discharge Phenomena in Bacterial Inactivation

Prolonged antibacterial activity of plasma-treated aqueous solutions was recently
reported for electrical discharges generated directly in water and in gas–liquid
environments. An apparent biocidal effect on microorganisms present in water
was observed even several days after exposure of the solution to the discharge [19, 39,
43, 89, 127, 211–214]. This so-called temporal post-discharge reaction phenomenon
can be generally defined as the chemical reactions that initiate or continue after
the plasma discharge is switched off and in the absence of any external energy
source, and they probably involve the presence of long-lived reactive species.
TPDR was also observed in chemical degradation of organic compounds in
water by a gliding arc discharge air plasma [208, 215]; for example, the TPDR
degradation of slaughterhouse effluents that occurred over at least 9 days [215]. In
the case of microbial inactivation, this phenomenon was known by different names,
for example, plasma-activated water (PAW), plasma acid, plasma pharmacology, or
prolonged microbial resistance of water [211–214]. For solutions that were treated by
air-liquid-phase plasmas, TPDR was tentatively attributed to the effect of low pH
and the remaining H2O2 and peroxynitrite present in noticeable concentrations in
the solution. Note the similarity with the antimicrobial properties of the so-called
electrolyzed oxidizing water in which the TPDR effect was attributed to the chlorine
and oxychlorine ions produced from diluted salt solutions by electrolysis [216].
The TPDR phenomena in water treated by direct liquid-phase discharge was
attributed to the effects of ions and oxide nanoparticles of heavy metals (e.g.,
Ag, Cu) that were released from the electrodes by erosion in the discharge
[148, 211].

Figure 8.7 demonstrates an example of postdischarge reactions for H. alvei,
which was exposed to gliding arc discharge generated in humid air above an
aqueous solution for different discharge treatment times t* (2, 3, 4, and 5 min)
[89]. After switching off the discharge, the cells were left in the aqueous media
without neutralization in order to reveal destruction by temporal postdischarge.
Under these conditions, the treatment time was equal to the plasma discharge
time t* plus the post-discharge time tp. Neutralization was performed after the
post-discharge time. The efficiency of TPDR was clearly affected by the duration of
discharge treatment. For longer time t*, the decay was faster and the lag time was
shorter.

Figure 8.8 shows the postdischarge behavior of H. alvei without precontact with
the discharge. A NaCl solution was exposed to the discharge for 5 min, and the
bacteria were then immediately placed in contact with the plasma-treated solution
(referred to as plasma-activated water) for time tc before neutralization. The effect of
PAW was compared to that obtained for exposure of bacteria to direct discharge for
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5 min. Even if comparable, inactivation was slightly less efficient when cells were
not subjected to the discharge. However, the reduction of more than 5-logs was
obtained with PAW.

Other microorganisms, Leuconostoc mesenteroides, Staphylococcus epidermidis, and
S. cerevisiae, showed similar results to TPDR [212]. Figure 8.9 shows changes in the
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(a) (b)

Figure 8.9 SEM pictures of adherent S. epidermidis in con-
tact with PAW for (a) 0 min and (b) 30 min. PAW was pre-
pared from 0.15 mol l−1 NaCl solution exposed for 5 min to
the gliding arc discharge in humid air [126].

structure of adherent bacteria S. epidermidis on exposure to PAW prepared from
NaCl solution treated by gliding arc discharge in humid air.

Naitali et al. [19, 43] investigated the roles of ROS and RNS produced by the
gliding arc discharge in TPDR inactivation of H. alvei. Table 8.5 shows the
inactivation of H. alvei by treatment with PAW in comparison to acidified solutions
(by HCl) containing nitrites, nitrates, or hydrogen peroxide and their mixtures at

Table 8.5 Inactivation of Hafnia alvei in various solutions.

Solution pH log (CFU0)a log (CFUt)a

5 min 10 min 20 min 30 min

PAWb 3 7.9 6.8 5.7 2.5 <2
H2O 3 8.0 7.9 7.7 7.6 7.6
H2O2 8.0 7.8 7.8 7.7 7.6
NO−

3 3 8.0 7.8 7.7 7.6 7.5
NO−

2 3 7.9 7.6 7.1 5.5 4.0
PAW + sulfamic acidc 2.1 7.9 7.8 7.7 7.4 6.9
NO−

2 + H2O2 3 7.9 7.5 7.0 5.0 3.4
NO−

2 + NO−
3 3 7.9 7.4 6.8 4.7 2.9

NO−
2 + NO−

3 + H2O2 3 7.9 7.3 6.7 3.8 2.2
PAWd 6 7.9 7.8 7.8 7.8 7.7
PAWe 6 7.8 7.8 7.7 7.6 7.6

aCFU0 and CFUt, the number of cultivable cells before and after treatment, respectively.
bPAW was prepared from sterile distilled H2O exposed by gliding arc discharge in air.
cSulfamic acid was added to water before plasma exposure to trap NO−

2 .
dPAW was neutralized by NaOH.
eDistilled H2O was buffered before exposure by gliding arc discharge in air.
Source: Reproduced from [19] with permission from American Society for Microbiology.
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the concentrations found in PAW [19]. The largest inactivation was by treatment
with PAW. However, based on the results shown in the Table 8.5, there are some
contributions to inactivation by the combination of acidified nitrites, nitrates, and
H2O2. Buffered and neutralized PAW was ineffective at inactivating the microbes.
Acidified nitrites were the only compounds that caused a significant lethal effect
when used alone. When nitrite formation was prevented by the use of sulfamic
acid, no lethal effect of PAW was noted. Acidified nitrates and H2O2 were not lethal
when utilized alone; however, their addition to nitrites enhanced the lethal effect
(about 60% of the bacterial reduction achieved by PAW). Additional experiments
showed that PAW slowly looses its efficiency with increasing storage time but
remains active 24 h after it was prepared [89]. These results indicate the important
role of peroxynitrite chemistry involved in the inactivation process by air plasma as
discussed above.

Because rather complex peroxynitrite chemistry is involved in TPDR process, it
is understandable that the comparison of the effects of externally added nitrites or
nitrates and pH of the solutions might not necessary correlate with experimentally
observed phenomena of the antibacterial effects of plasma-treated water. While the
pH-dependent peroxynitrite chemistry might be a reason to explain the prolonged
antibacterial phenomena of plasma-treated water, it is not possible to describe the
exact mechanism of this process. Since the peroxysystem is reversible, intracellular
cytotoxicity of the peroxynitrite system might be driven not only by its decompo-
sition into OH• and NO•

2 radicals but also through superoxide and nitric oxide
radicals (i.e., precursors of O=N–OO− anion), which might be formed through
reversible dissociation of peroxynitrite, when pH becomes more alkaline and thus
more favorable for the reverse reaction of peroxynitrite (Eq. (8.7)) [206].

O•−
2 + NO• ←−→ O=NOO− + H+ ←−→ O=NOOH −−−→ OH• + NO•

2 (8.7)

It was also reported that peroxynitrite might be preserved under alkaline conditions
at −18◦C for several weeks [217]. All these features indicate a very important role
of peroxynitrites in the discharge and in postdischarge processes induced in water
by plasma, which clearly needs more study.

8.4
Physical Mechanisms of Electrical Discharge Plasma Interactions with Living Matter

It is not easy to distinguish physical and chemical properties in complex phenomena
such nonthermal plasma and direct discharges in water. Thermal effects from the
plasma interacting with the liquid water depend strongly on the plasma energy.
In low-energy (Joules per pulse) corona-type discharges in and over water, small
thermal effects are found as is the case in gliding arc discharges developed over
the liquid. However, high-power kiloJoule per pulse discharges and other cases
discussed in Chapter 6 thermal effects and shock waves can be important in
bacterial disinfection. Solution conductivity as well as input power can affect
the formation and intensity of UV light penetrating into the liquid phase. The
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formation of charged species close to or at the liquid surface can also increase the
ionic strength of the liquid and thus form a significant osmotic pressure increase,
which may damage bacterial membranes and induce lethal effects. In addition,
discharges are generally associated with high electric fields that may affect bacterial
inactivation by plasma in liquid. In the following sections, the biological effects of
UV radiation (Section 8.4.1), shock waves (Section 8.4.3), and pulsed electric field
(Section 8.4.5) in relation to their contributions to the electrical discharge plasma
interactions with living matter are briefly reviewed.

8.4.1
UV Radiation

Unlike nonequilibrium air plasmas where UV radiation does not play a significant
direct role in the sterilization process (radiation intensity of 50 μW cm−2) [103], in
the case of plasma formed by direct discharge in water, the role of UV photolysis
on microbial inactivation has to be considered. UV radiation in the 200–300 nm
wavelength range with doses of several miliwatts per square centimeters is known
to cause lethal damage of cells. Among UV effects on bacteria is the dimerization
of thymine bases in their DNA strands (Figure 8.10). This inhibits the ability of
bacteria to replicate properly.

In pulsed high-current/high-voltage arc discharges [49, 218, 219], a large part of
the energy is consumed in the formation of a high-temperature plasma channel
(several tens of thousands of Kelvin). The discharge channel thus functions as a
blackbody radiation source with a significant portion of the radiation in the UV
region of the spectrum [220]. For underwater plasmas initiated by exploding fine
wires, it was shown that up to 28% of the energy transferred into the plasma (1.5 kJ
per pulse) is converted to UV radiation with a peak radiant power of 200 MW [221].
For the pulsed arc discharge generated in the plate-rod reactor, it was found that
the UV light energy has a 3.2% total energy injected into the reactor [222]. Thus,
UV radiation is one of the principal forms of energy, which is dissipated from arc
electrical discharges in water. This radiation, especially vacuum UV (75–185 nm),
could cause photolysis, resulting in the dissociation of water molecules into the
primary radicals, hydrogen atoms, and hydroxyl radicals. UV light with a wavelength
greater than 185 nm penetrates into the bulk of the solution and can inactivate
microorganisms or degrade photolytically labile chemical compounds dissolved in
water. Willberg et al. [219] reported that direct photolysis might be the primary
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mechanism of degradation of 4-chlorophenol in the electrohydraulic discharge
reactor. Ching et al. [49] estimated the UV light intensity generated by the pulsed
arc discharge of the order of 106 W cm−2 and determined the UV radiation as the
main disinfection process in the discharge.

The emission of UV light from the pulsed corona discharge in water using
point-plate electrode geometry has been demonstrated experimentally in [53].
Measurements using chemical actinometry revealed that significant UV emission
from the discharge occurs with increasing solution conductivity and the pulse
radiant power of the emitted UV radiation could reach levels of the order of
tens to hundreds of watts per pulse in the range of solution conductivity of
100–500 μS cm−1. This radiant power corresponds to UV radiation intensity of the
order 0.1–10 mW cm−2. This is a significantly higher intensity level than reported
for nonequilibrium air plasma. It was estimated that the UV radiation from the
underwater corona discharge contributes about 30% to the overall inactivation of
bacteria E. coli [53].

Combined thermal and UV effects on spores of B. atrophaeus in a dry gas of
N2/O2 flowing plasma afterglow showed some synergistic effects of heat and UV
on increasing the inactivation of the spores placed on a polystyrene petri dish [223].
Further studies were conducted with gas-phase high-frequency plasma specifically
to generate significant VUV light intensity without leading to chemical etching that
often affects both the bacteria and the underlying surface [224].

8.4.2
X-Ray Emission

X-ray emission in the energy range 10–42 eV has recently been demonstrated [225]
when a wire-plate corona discharge was operated in ambient air. The feature is
related with the occurrence of streamers in pulse discharges. No biochemical or
biophysical application has been reported, but living tissue is well known to be
sensitive to X-rays. Further investigation of these effects may be of interest.

8.4.3
Shockwaves

In underwater discharges (especially pulsed electrohydraulic sparks/arcs with the
pulse energy of the order of kiloJoules per pulse), a rather significant amount of dis-
charged energy is transformed into the formation of shockwaves in water. Gilliland
and Speck [226, 227] investigated bactericidal action produced by electrohydraulic
shock generated by submerged high-voltage spark discharge in the 1960s. They
concluded that there were no indications of death caused by mechanical disruption
of cellular integrity. Later studies, however, demonstrated the significant role of
shockwaves in electrohydraulic treatment of water when used for decontamination
of sludge, killing of bacteria, and removal of zebra mussels from the intake pipes of
water treatment facilities [154]. Li et al. [51, 52] observed mechanical rupture of in-
tracellular gaseous vacuoles of cyanobacteria cells exposed to underwater streamer
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(a) (b)

Figure 8.11 TEM micrographs showing rupture of gas vesi-
cles of cyanobacteria caused by underwater plasma: (a)
before and (b) after. (Source: Reprinted from [52]. Copy-
right (2008), with permission of Taylor & Francis Group
(http://www.informaworld.com).)

discharge, which was caused presumably by the physical effects of shockwaves
induced by the discharge (Figure 8.11).

Underwater shock waves are also used in extracorporeal shockwave lithotripsy
(ESWL) to noninvasively disintegrate kidney stones and gallstones [30, 31, 33]. In
fact, ESWL is one of the most successful applications of shock waves in medicine.
Since the mid-1980s, lithotripsy has been in clinical use worldwide for treating
kidney stones and continues to be the favored method for uncomplicated, upper
urinary tract calculi, even with the advent of percutaneous surgical methods.
The treatment involves focusing shock waves generated by an ESWL device
(lithotripter) outside the patient’s body to disintegrate the stone at a depth in tissue.
In electrohydraulic lithotripters, the shock wave is generated by an underwater
high-current spark discharge between a pair of electrodes placed at the focus of
an ellipsoidal reflector. The targeted stone is located at the second focus of the
ellipsoid, and several hundreds to thousands of shock wave pulses are delivered
to comminute the stone. Acoustic coupling with the patient is achieved through
water baths or liquid-filled pillows. Stone debris, following urinary stone treatment,
passes down the urinary tract or, in the case of gallstones, is chemically dissolved.
A typical pressure waveform at the lithotripter focus in water consists of a leading
shock front (compressive wave) with a peak positive pressure in the range of
30–150 MPa and a phase duration of 0.5–3 μs, followed by a tensile wave with a
peak negative pressure of 20 MPa and a duration of 2–20 μs [30, 33, 52].

The success of the ESWL stimulated research on applications of focused shock
waves in other branches of medicine. Great attention has been given to the
role of cavitation in ESWL-induced biological effects on soft tissues and possible
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treatment of some types of cancers. This subject was initially studied in order
to identify possible side effects of the lithotripsy therapy such as haematuria,
renal colic, perirenal and intrarenal haematomas, pancreatitis, and arrhythmias
[30]. The evidence suggests that microinhomogeneities or microbubbles in the
fluid (e.g., water or urine) that are located in the vicinity of the focal zone may
produce cavitations, which may interact not only with the stone but also with the
cells/tissue [30]. To accelerate stone comminution and/or reduce/enhance tissue
damage, special generators of shock waves are being designed to modify the
cavitation field and to control cavitation [228–231]. Several authors have reported
controlling bubble growth and collapse by the so-called tandem shock waves, which
intensify the collapse of cavitation bubbles by sending a second shock wave at the
moment before the bubbles produced by the first shock wave start to collapse [33,
232–234]. Most of these experimental studies demonstrated a significant effect on
stone comminution and/or tissue injury, attributed in large part to the modified
cavitation field. Shock waves have been shown to cause significant cytotoxic effects
in tumor cells both in vitro and in vivo. Furthermore, it was discovered that shock
waves induce necroses in tumors, which delay tumor growth. However, the optimal
shock wave profile and pulse combination has not been found [235].

One reason is that there is a fundamental difference in the acoustic impedance
of kidney stones and tissue. A kidney stone represents relatively strong acoustical
nonhomogeneity in comparison with the surrounding liquid and soft tissues.
The nonhomogeneity localizes the action of the shock wave because the shock
propagates through soft tissues and liquid with a small attenuation almost without
interacting with them. In the case of cancer tissue, no acoustical nonhomogeneities
exist between cancer and healthy tissues. The localized action of the shock waves in
an acoustically homogeneous medium (soft tissue) is attributed to the cavitations
produced by focused shock waves. Collapsing cavitation creates strong secondary
shock waves of nanosecond duration (tens of micrometers in scale) that can interact
with cell-scale structures. Local thermal effects (of the order of micrometer dimen-
sions) accompanying cavitation collapse (sonoluminiscence) and the production of
chemical radicals may also play a role in cell damage. In general, the intensity of the
secondary shock wave and the velocity of the microjet are assumed to depend on the
initial bubble radius. The larger the bubbles grow (>1 mm), the more violent their
collapse, which may be more suitable for stone or tissue damage. Small bubble
sizes (<200 μm) that are comparable to the size of cells may be used to enhance
shock-wave-mediated drug delivery and gene transfer. In the case of tandem shock
waves, the second wave can interact with the cavitation produced by the first wave
in a different phase of its evolution. Thus, by using tandem shock waves, inertial
bubble interactions may be tailored for different biomedical applications [231].

8.4.4
Thermal Effects and Electrosurgical Plasmas

Plasma generation in saline solutions for electrosurgery applications involves
significant generation of thermal effects in addition to the chemical species formed
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[34, 35, 236–240]. Local heating near the electrodes leads to the formation of vapor
layers, where plasma is generated [237]. The radicals and ions formed in the plasma
zone, coupled with possible thermal effects, lead to reactions with proteins such
as collagen and tissue cutting and cauterization. Since the denaturing of tissue
protein due to thermal necrosis initiates at temperatures above 43◦C (requiring
only 0.1 s contact with tissue at 60◦C) [31], it is possible that local thermal effects
as well as the chemical effects may participate in the tissue ablation, and clearly,
thermal effects can generally increase the rates of the chemical reactions. Future
work is needed to account for the combination of chemical and thermal effects in
the wide range of discharges in the liquid phase.

8.4.5
Electric Field Effects and Bioelectrics

Existence of high electric fields in plasma discharges can lead to some contribu-
tion to the plasma inactivation of cells, especially in the underwater discharges
(Section 8.3.2.2). Nakamura et al. [193] determined at the streamer tip of a pulsed
streamer intensity of discharge in water of electric field of 320 kV cm−1. Such a
high-intensity electric field may induce significant lethal effects to the cells present
in the liquid close to the discharge zone. Pulsed electric fields are known to induce
changes in morphology and functions of cells depending on the strength of the
field and pulse duration. Electrical pulses with duration in excess of microseconds
caused transient increases in the permeability of the cell membranes because of
the formation of pores [59, 60]. This process, known as electroporation, has been
widely utilized in biological research and applications [68, 241–243]. The physical
mechanism of electroporation is based on the charging of membranes through
capacitive coupling of the voltage pulse to the cell, forming potential difference
across the cell membrane. For applied electric fields with magnitudes that reach
the voltage across the membrane of approximately 1 V, the membrane becomes
permeable to large molecules. This effect may be reversible if the size of the electri-
cally generated pore(s) in the outer membrane stays below a critical diameter, or it
may be irreversible, leading to cell death [244]. Consequently, the size of the pores
and the fate of the cell depend not only on the applied electric field but also on the
duration of the electric field pulse. Typical pulses range from tens of milliseconds
with amplitudes of several 100 V cm−1 to pulses of a few microseconds and several
kV cm−1 [245].

In the area of disinfection, lethal effects of pulsed electric fields have been
used for inactivation of a wide range of microorganisms in water [67] including
bacteria and yeast [60], viruses [48, 62], bacteria and fungi [246], bacteria, yeast,
and spores [63, 65, 247, 248], and food pathogens [249]. There is a multitude of
medical applications for electroporation from gene therapy to electrochemotherapy
[250–253]. The most advanced of these applications is the electrochemotherapy for
cancer treatment, where clinical studies are underway. In electrochemotherapy, a
chemotherapeutic drug is injected into the tumor or intravenously and the tumor
is then treated with pulsed electric fields of 10–100 μs duration and amplitudes on
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the order of 1 kV cm−1. This is done by means of an electrode array that is inserted
into the affected tissue [250, 253].

Advances in pulsed power technology that allow generation of extremely short
high-intensity electrical pulses in the nanosecond to subnanosecond range and
of the high frequency over tens of megahertz range provide new opportunities
for other applications in biomedicine and lead to development of new research
directions in the field of bioelectrics [245, 250, 254–261]. Generally, the electrical
pulses do not affect the intracellular membranes because the outer membrane
shields the interior from the influence of electric fields. However, if the pulse
duration becomes very short and consequently the cutoff frequency of the Fourier
spectrum of the pulse becomes very high, the electric field can penetrate the
outer membrane and affect subcellular structures [250]. This allows control and
stimulation of cell functions such as to induce apoptosis in cancer cells without
permanent damage to outer cell membrane (i.e., programmed cell death –a process
that is inhibited in cancer cells, leading to uncontrolled cell proliferation) [244, 245,
255, 261, 262] and, thus, opening up new possibilities for using pulsed electric
field in medical applications (e.g., in tumor therapy) [29, 263, 264]. Even with
these new developments, however, application of pulsed electrical field relies on
the electrode systems that can be brought close to the tumors. Accordingly, targets
that can be treated have to be located close to the skin surface or they will require
invasive surgery. Thus, a new idea involves focusing strong electric fields in the
picosecond range into a patient by using ultrawideband antennas in somewhat
similar approach as in the case of focused shock waves [265–267].

8.5
Concluding Remarks

Electrical discharge plasma in dry and humid gases as well as over and directly
inside liquid water can clearly effectively inactivate a wide range of microorganisms
over many orders of magnitudes by chemical and physical means. The chemical
interactions of ROS and RNS with cellular components, including membranes,
proteins, and nucleic acids, are responsible for cellular inactivation in both dry
and humid environments. Plasma generated directly in a dry noble gas phase,
for example, can lead to etching of the surface of cellular structures by relatively
nonspecific chemical pathways somewhat akin to plasma etching of inorganic
materials in microelectronics processing. The addition of water vapor, oxygen,
and/or nitrogen carriers leads to the formation of ROS and/or RNS, which react
at relatively high rates with specific functional groups on the various organic
compounds that make up the cellular surface, and in some cases ROS and RNS
can transport into the interior of the cell and disrupt chemical metabolism. These
ROS and RNS can be molecular compounds such as ozone, hydrogen peroxide,
and peroxonitrous acid as well as radicals such as OH•, HO•

2, NO•, and NO•
2. When

plasma is generated directly in the liquid phase, the input power can strongly affect
the formation of UV emissions and the generation of shockwaves, particularly at
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high power (>kiloJoules per pulse) and high solution conductivity, and both these
physical factors, as well as high electric fields, can disrupt cellular structure. While
our knowledge of many of the chemical pathways and the various physical factors
that affect cellular structures are known, there remain many challenges to develop
predictive tools and mathematical analysis to quantify these effects and to determine
how much of a given inactivation is due to the specific factor. Beyond microbial
inactivation, current and future efforts in biomedicine involve plasma interaction
with eukaryotic cells and, in particular, with human cells from stem cells to cancer
cells. These processes were not covered in this chapter; however, the research on
biomedical applications of plasmas, also called plasma medicine [11, 13, 15], is a
rapidly developing field. A wide range of studies in the field of plasma medicine
include the treatment of skin diseases, wound sterilization, treatment of dental
cavities, plasma stimulation of blood coagulation [11, 268, 269], treatment of skin
cancer [27, 28], as well as inactivation of prion, protein, and pyrogenic substances
[270, 271]. Such developments clearly require the combination of new plasma
technologies (e.g., new power supplies, and methods to deliver and control the
plasma) [272] with advanced understanding of the biochemical and physiological
responses. We can also note that the large field of plasma surface modification
on polymers can have significant effects on human cells as, for example, recently
reported for mesenchymal stem cell differentiation [273].
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9
Hydrogen and Syngas Production from Hydrocarbons
Moritz Heintze

9.1
Introduction: Plasma Catalysis

The application of electric gas discharges in chemical synthesis has been under
investigation for a long time. The ability of plasma to enable unconventional
chemical routes and products has been shown as early as 1857 with ozone
synthesis in a dielectric barrier discharge (DBD) [1]. Probably, the most striking
evidence for unconventional plasma reactions may be Miller’s synthesis of amino
acids in an atmosphere simulating earth’s early development [2]. Several books
have been published in the twentieth century, summarizing the results at their
time; some examples are the books by Drost [3], McTaggart [4], and Eremin [5].
The latter may be the most relevant to assess earlier work in the current context,
presenting an empirical but detailed kinetic discussion of hydrocarbon plasma
chemistry. A recent comprehensive review of plasma chemistry can be found in
Fridman’s book [6].

In spite of the potential that plasmas appear to offer in chemical synthesis,
their application for the industrial production of bulk chemicals remained an
exception. The cause of this is the basic nature of plasmas. Thermal plasmas are an
efficient but expensive way to heat a gas to extremely high temperatures of several
thousands degrees, thus enabling the production of compounds that are stable at
those temperatures. However, they may be less economic than chemical heating,
for example, in flames. Nonthermal plasmas provide highly excited species such as
radicals and ions or electronically excited states up to several tens of electron volts
in a relatively cold environment (< 1000 K). These will react to the unconventional
products mentioned above; however, the high-energy intermediates tend to react
to a wide range of products with a poor selectivity.

In technical chemical synthesis, the method of choice for achieving the best
product yields and selectivities is the application of catalysis; a catalyst is, unlike
the reactants, not consumed in the process, but steers the reaction in the desired
direction either by lowering the activation energy or by increasing the probability
of the desired path by steric control.

Plasma Chemistry and Catalysis in Gases and Liquids, First Edition.
Edited by Vasile I. Parvulescu, Monica Magureanu, and Petr Lukes.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The idea of combining the two worlds of plasma chemistry and catalysis has
since quite some time spurred considerable research interest, and several reviews
were published [7–9]. There are, however, two fundamentally different notations
of what plasma catalysis can refer to: (i) the use of plasma-excited species to
initiate a chemical reaction, as discussed in the work done at the Kurchatov
Institute in several examples of hydrocarbon conversion (see [6] for a review): the
plasma contributes only a small amount to the total energy input needed for the
reaction, but leads, similar to a catalyst, to a considerable increase in conversion.
(ii) The plasma is applied to initiate a gas-phase reaction, either in the presence
of or followed by a solid (heterogeneous) catalyst bed, which controls the product
distribution and yield. A review of the possible interactions of plasma-excited
species and solid catalyst surfaces in plasma-catalytic hydrocarbon conversion was
recently published [10], although with detailed examples of the actual processes not
being considered. A third research field, the preparation or activation of catalysts
by plasma before their use, has recently received wide interest; but this is beyond
the scope of the present review.

Since, so far, the conversion of hydrocarbons remains a challenge in many
potentially important applications, it is not surprising that the interest in research
into plasma catalysis persists, in spite of the limited success in the past decades as
far as the introduction of commercial processes is concerned.

9.2
Current State of Hydrogen Production, Applications, and Technical Requirements

At present, hydrogen is perceived as a potentially important energy carrier for
the future. Currently, however, hydrogen production plays a relatively small role
compared to the world’s energy supply: the total energy content of annually
produced hydrogen amounts to only 1.4% of the world’s energy demand [11].
Two factors will almost inevitably lead to an increased use of hydrogen in the
energy supply chain, even if timescale and extent are matters of conjecture: (i)
the decline of crude oil resources and (ii) the need to respond to global warming.
CO2-neutral primary energy sources are emerging, and their increased share is
unanimously predicted; however, they have in common that the major part of the
energy is harvested as electricity. The need for transportation fuel and means of
energy storage remains an unresolved challenge. Obviously, the production and
use of hydrogen constitute one of the most promising alternatives. The options and
perspectives for hydrogen production have been reviewed recently [12]. Not being
biased toward plasma technology, this review sees its scope only in small-scale
applications.

As an intermediate on the way to a sustainable energy supply, natural gas plays a
key role in future development. First, it is more favorable in terms of CO2 balance
than coal or crude oil, and second, the world’s natural gas resources are by far
greater than those of crude oil. Finally, in a renewable energy scenario, technologies
developed for natural gas utilization may eventually be used for biogas processing.
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Already today, the conversion of natural gas to liquid hydrocarbon fuels (GTL) has
become a commercial reality with Shell’s synthetic fuel from the Qatar plant being
part of high-quality diesel or the test flight in 2009 by a commercial airline using
50% GTL fuel [13].

The most obvious source of hydrogen is water. In all reforming processes
employing oxidants, if hydrogen is the desired final product, the carbon monoxide
must be converted to additional hydrogen in the water gas shift (WGS) reaction:

CO + H2O −−−→ CO2 + H2 �H = −41.1 kJ mol−1
(−0.43 eV) (9.1)

Even in steam reforming (SR) of natural gas combined with water gas shifting, half
of the hydrogen originates from the water employed in the reforming and WGS: in
summary, CH4 + 2 H2O → 4 H2 + CO2. Water being abundant and not a cost fac-
tor, the production methods are categorized and named after the hydrocarbon used
or effectively by the energy source. This may be electricity in the case of electrolysis
or coal in the case of coal gasification. Methane contains 25% hydrogen by weight,
whereas coal still contains about 5%; so the choice of fuel in hydrocarbon reforming
does not make a fundamental difference to the process materials’ balance.

In order to judge the relevance and scope for development of potential future
hydrogen production methods, it is important to bear in mind the present day
hydrogen production and use. About 90% of hydrogen is produced by SR from
natural gas and hydrocarbons, mainly heavy oil. Half of this is used for the
production of ammonia, which is further processed to fertilizers. The other half of
hydrogen is produced and used in oil refineries for efficiently processing crude oil
into a range of fuels and other hydrocarbons (e.g., lubricants, wax, ethylene, and
other monomers).

This work reviews recent research into the use of electric gas discharges or
plasma for the production of hydrogen and syngas, the latter being an intermediate
for producing other liquid fuels. Fossil hydrocarbons are also the primary feedstock
in the chemical industry, but here, the same applies as to the hydrogen demand:
by far the largest market is energy supply. Hence, future innovative plasma
processes for hydrogen conversion will have to compete with and outperform
current technology. This need not be in terms of production cost alone; a range of
applications is conceivable where other factors become dominant, such as dynamic
response and small-scale operation.

The work published on plasma reforming and hydrocarbon conversion may, in
principle, be categorized by the process, feedstock, or type of plasma used. Since the
reactions available and the product composition are practically the most prominent
features of a process, the latter is the main classification criterion in this review.

9.2.1
Steam Reforming: SR

SR refers to the conversion of hydrocarbons with steam into syngas. The reaction is
endothermic; in the case of methane, the reaction may be summarized as follows:

CH4 + H2O −−−→ 3 H2 + CO �H = 206.2 kJ mol−1
(2.14 eV) (9.2)
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This is currently the most cost-effective method of hydrogen production, and
high-volume production plants with a capacity up to 100 000 m3 h−1 are in
widespread use. Owing to its endothermic nature, the reaction is carried out
at relatively high temperatures (700–1100 ◦C) over a Ni catalyst. The reactor is
heated by external combustion of part of the hydrocarbon fuel. The advantage is
the ready availability of the reactants in concentrated form, even if desulfurization
of the hydrocarbon is mandatory to prevent catalyst deactivation. Owing to the rel-
atively low productivity per volume GHSV (gas hourly space velocity), the required
preprocessing, and the need of indirect heating at high temperatures, the economic
advantage of SR can only be realized in large-scale installations.

If the syngas is to be used for Fischer–Tropsch synthesis (FTS), the molar ratio
H2/CO must be decreased from 3 to values between 1 and 2, depending on the
details of the subsequent FTS synthesis [14]. The same applies for the processing
of syngas to oxygenates such as methanol or dimethyl ether.

9.2.2
Partial Oxidation: POX

The second path is the partial oxidation (POX) of hydrocarbon fuel in an
oxygen-deficient atmosphere

CH4 + 1

2
O2 −−−→ 2 H2 + CO �H = −43.6 kJ mol−1

(−0.45 eV) (9.3)

The reaction is slightly exothermal; thus, it will readily proceed without the need
of externally heating the reactor. Thus a much simpler and more compact reactor
design may be achieved. The second potential advantage lies in the different
stoichiometry: the molar product ratio is better suited for FTS. One disadvantage is
the need to produce pure oxygen by air separation, which contributes considerably
to the overall process cost. Since in FTS the gaseous reactants are only partly
converted, they need to be run in a cycle, leading to nitrogen accumulation, if air is
used as oxidant in POX.

The product yield in POX is usually limited by the formation of water and
carbon, the latter being particularly critical in a catalytic reactor, where it leads to
catalyst deactivation. POX is currently used in the valorization of heavy oil residues
that would rapidly poison an SR catalyst. POX of natural gas is not yet employed
at a large industrial scale, but it has recently received considerable attention in
the context of realizing small and compact fuel reformers for powering fuel cells
in mobile applications. It is particularly attractive in mobile applications, where
carrying a water supply in addition to the fuel is out of the question. As shown in
the following sections, this is a field where the application of plasma looks most
promising and hence receives a significant amount of attention.

The two processes SR and POX may be combined by supplying both steam and
air to the reformer and adjusting the ratio of oxygen and steam to tune the thermal
balance of the reactor. In principle, the reaction enthalpy can be set to zero; this
is why the process is called autothermal reforming. In fact, a direct temperature
regulation of the reactor by the reactant ratio is conceivable. In addition to thermal
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management, autothermal reforming also offers control of the molar product ratio,
which makes it attractive as a source of syngas for FTS.

9.2.3
Dry Carbon Dioxide Reforming: CDR

Hydrocarbons and, in particular, methane can also be brought to reaction with
carbon dioxide as oxidizer.

CH4 + CO2 −−−→ 2H2 + 2 CO �H = 247.9 kJ mol−1
(2.57 eV) (9.4)

The main incentive for methane dry reforming simply lies in the fact that natural
gas contains large amounts of CO2 that may well exceed 50%. The same applies
to gas generated in anaerobic fermentation of organic material, that is, biogas
or off-gas from municipal waste. Carbon dioxide reforming (CDR) may also be
an effective way to utilize this CO2. CDR could also be an important step in
carbon dioxide sequestration or reuse in a carbon dioxide neutral fuel cycle. A
further advantage of dry reforming consists in its capability to provide a CO-rich
syngas with the composition approximately at optimum for FTS and oxygenate
synthesis.

Consequently, in recent years, CDR has received considerable attention, both
catalytic or plasma induced. In catalytic CDR, the catalyst is particularly prone to
coking and deactivation. Therefore, plasma might be a suitable means for obtaining
a stable process. A general review of different catalytic processes, including but not
restricted to plasma activation, was published recently [15]. The paper provides a
detailed overview of the catalysts and catalyst supports used.

9.2.4
Pyrolysis

Pyrolysis refers to the decomposition of hydrocarbons upon heat or plasma exposure
without the addition of oxygen or an oxygen-containing reactant. In the case of
methane, the pyrolysis reaction is endothermic and methane will decompose
readily to hydrogen and solid carbon at sufficiently high temperatures:

CH4 −−−→ 2H2 + C (s) �H = 74.81 kJ mol−1
(0.78 eV) (9.5)

Methane plasma pyrolysis has received considerable attention for a long time [5].
Currently, it is proposed as a path to hydrogen from natural gas without producing
additional CO2, and it was argued that the process is economically highly attractive
if the carbon soot is additionally used as a raw material. At this point, however,
a word of caution is in place: carbon black is a material with a very complex
microscopic and mesoscopic structure. Depending on this and on the impurity
content, it can be a valuable industrial feedstock or just waste, which must be
disposed of at high cost. An example of the former is the filler for polymers and
rubber, and that for the latter is the carbon by-product in acetylene flame synthesis.
A wide range of energy sources to provide the energy needed for pyrolysis have
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been investigated recently, ranging from nuclear to solar power [16]. This search for
options demonstrates the interest in finding novel carbon-dioxide-free hydrogen
sources.

Methane plasma pyrolysis has also been thoroughly considered for plasma
synthesis of higher hydrocarbons, in particular, acetylene.

2 CH4 −−−→ C2H2 + 3H2 �H = 376.62 kJ mol−1
(3.9 eV) (9.6)

The Hüls process [17], which for some time was an industrially important method
for acetylene production, is one of the very few plasma-driven bulk chemical synthe-
sis processes ever employed at an industrial scale. It was established commercially
in 1939 and is still in use for producing 1,4-butanediol [18].

9.3
Description and Evaluation of the Process

9.3.1
Materials Balance: Conversion, Yield, and Selectivity

The conversion of each reactant describes the fraction that is converted to any of
the products. The measurement of product or reactant streams leaving the reactor
is based on concentration measurements. The conversion may be expressed by the
concentrations at the reactor inlet and outlet:

Conv. (CH4) = 1 − [CH4]out •Total flow out
[CH4]in •Total flow in

(9.7)

Only in the cases when the number of molecules and, hence, the total volume
stream is not changed by the reaction, is the stream of any compound directly
related to its concentration. For reactions under consideration in this review, this
is generally not the case; in fact, the number of molecules and the total volume
stream doubles during methane reforming (Eqs. (9.2)–(9.6)). Therefore, if the
change in total gas stream is neglected, the calculated conversion will be too high.
One method of determining the total stream at the reactor output consists in
adding a known flow of a gas not itself being involved in the process, conveniently
N2 or Ar. In a catalytic reactor, such substances will not react or affect the process if
added in relatively small concentrations. In a plasma reactor, they should, however,
be introduced at the outlet to determine the total product stream.

The yield of a product describes the actual amount produced in relation to the
theoretical amount if all reactants are fully reacting only to the product in question;
in SR, a CO yield of 100% is achieved if the hydrocarbon is completely converted
and no CO2 is formed. The yield of carbon-containing species is usually calculated
on the basis of available carbon in the reactant and for H2, by analogy, on the basis
of available hydrogen.
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Y
(
CxHy

) =
1
x

[
CxHy

]
out

•Total flow out

[CH4]in •Total flow in

Y (H2) = [H2]out •Total flow out(
1
2 [CH4]in + [H2O]in

)
•Total flow in

(9.8)

The selectivity to a particular product describes the amount of reactant that was
converted to this particular product.

S
(
CxHy

) =
1
x

[
CxHy

]
out

•Total flow out

[CH4]in •Total flow in − [CH4]out •Total flow out
(9.9)

These magnitudes are interrelated as Y = Conv. × S. Thus, a high selectivity may
not necessarily imply a high yield, but a high yield requires both a high selectivity
and conversion. The respective by-products, water and soot, are comparatively
difficult to measure and, hence, not determined in several studies. In this case, they
are sometimes neglected in the calculation of Y and S; under these circumstances,
substantial errors of the values quoted can arise.

The carbon balance is the ratio of total carbon in the products analyzed to the
carbon in the reactants. It may be used as an assessment of the carbon deposited
in the reactor or, if the latter is measured, for example, by weighing after a defined
time of operation, as an indication of the total measurement error.

9.3.2
Energy Balance: Energy Requirement and Efficiency

The specific energy input (SEI) or input energy in a plasma chemical reactor is the
electrical energy used to operate the plasma in relation to the reactant stream.

SEI = Plasma power
[CH4]in •Total flow in

(9.10)

The electric energy required to convert the reactant(s) is termed as conversion energy:

Econv. = Plasma power
[CH4]in •Total flow in − [CH4]out •Total flow out

(9.11)

The specific energy requirement (SER), on the other hand, describes the electrical
energy required per amount of product. For syngas this is

SER = Plasma power(
[H2]out + [CO]out

)
•Total flow out

(9.12)

Since the energy of combustion is very similar for H2 and CO, it is justified to
quote the energy requirement per mole of syngas produced.

Two different definitions are used for the reformer efficiency; they should always
be based on the lower heating values (LHVs), that is, the heat available when
using a fuel, not taking into account the condensation of the water formed, since it
normally cannot be recuperated

η = LHV of products(
Plasma power + LHV of reactants

) (9.13)
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This value is always less than 1 in an exothermal reforming reaction and could
approach 1 in an ideal endothermal reaction if all electrical energy was converted
into chemical energy (a case closely approached in electrolysis). The second
definition is the ratio of enthalpy change during the reforming reaction to electric
power. This value could also approach 1 in an ideal endothermal reaction but is
zero in an autothermal process irrespective of the SER and even negative under
exothermal conditions such as POX. To distinguish these, the first was termed fuel
production efficiency and the second chemical energy efficiency [19]. In the following
discussion, efficiencies will be quoted according to Eq. (9.13). In some cases, where
rather high reformer efficiencies around 80% are quoted, this is simply due to
neglecting the plasma power when calculating efficiency.

A characteristic magnitude describing the productivity of a reactor is the product
stream per reactor volume. In heterogeneously catalyzed gas-phase reactions, this
is termed gas hourly space velocity (GHSV), referring to the hourly product volume
per catalyst volume.

9.4
Plasma-Assisted Reforming

9.4.1
Steam Reforming

Being a successful industrial process run at high temperature, SR has been
investigated by many research groups with the objective of achieving a good
dynamic response in small-scale units. In order to achieve satisfactory reformer
efficiency, some of the energy supplied to the plasma must be recovered as chemical
energy in the products.

9.4.1.1 Conversion of Methane
The notion of plasma catalysis in terms of supplying a small amount of the energy
required for the reaction by a plasma was demonstrated at the Kurchatov Institute
[6]. The researchers supplied most of the energy required by preheating the
reactants to 500–570 ◦C and achieved a marked increase in hydrogen production
by adding a relatively small (5–10%) amount of power in the form of a pulsed
microwave plasma. The degree to which the nonthermal plasma can control
SR was investigated at GREMI [20]. Two different configurations (R + and R−)
of the gliding arc (GA) reactor are compared. In the R+ configuration, the
current is higher and the voltage lower, indicating more thermal plasma, whereas
R− provides a higher degree of nonequilibrium plasma. In this configuration,
methane conversion and hydrogen concentration are very similar to the results
of thermal equilibrium calculations, with the nonthermal plasma (R−) yielding
a better methane conversion and carbon selectivity to CO. The energy cost of
hydrogen production is, however, the lowest at CH4/H2O = 4, that is, under
conditions where the reaction proceeds mostly as pyrolysis.
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The energy balance of plasma-SR in a DBD was analyzed at Siemens, Erlangen
[21, 22]. Their reactor is thermally insulated, and the temperatures at the inlet and
outlet are measured. They found that only 3% of plasma power is converted to
chemical enthalpy of the (endothermal) SR. Conversion of steam is much less than
methane conversion, indicating a competition between SR and pyrolysis. From
numeric simulations, the authors concluded that most energy supplied by the
plasma leads to vibrational excitation and thus eventually gas heating. The most
important reaction is the electron-induced hydrogen abstraction

CH4 + e− −−−→ CH3 + H + e− �H = 421 kJ mol−1
(4.36 eV) (9.14)

Most (80%) radicals are lost by recombination with methane, and atomic hydrogen
reacts with methane to form H2 and more CH3 radicals. Hydroxyl radicals from
water dissociations also contribute to the formation of CH3 radicals. In their DBD
reactor, the authors observe a higher yield of C2-hydrocarbons than H2.

In a more recent work using a DBD [23] and running relatively low conversion
values of 10–20%, the main products were also C2H6 and H2, with selectivity to CO
being <5%. Work using a microwave plasma source also shows the competition
between CO and carbon formation [24]. The selectivity to CO was higher than the
selectivity to carbon only at H2O/CH4 = 3.

A more successful approach might be the combination of the gas discharge with
a solid catalyst. A study at the Tokyo Institute of Technology investigated barrier
discharge and catalytic hybrid reactor [25]. The effect of the catalyst + discharge
was compared with both, catalyst and discharge, alone. The discharge led to a
temperature-independent methane conversion with high selectivities to CO2 and
higher hydrocarbons, whereas the catalyst was active only above 600 ◦C, with H2

and CO being the main products. The selectivities to CO and CO2 then were found
to approach the equilibrium values. The combination of plasma and catalyst led to
a considerable synergistic enhancement of the methane conversion.

In later studies [26, 27], Ni/Al2O3 catalyst was used, and the temperature of
the external electrode (controlled by a heater) and the catalyst bed (heated by the
discharge and reaction enthalpy) were monitored by an infrared camera. Methane
conversion and product selectivity was also compared with thermodynamic equilib-
rium calculations. At comparatively high GHSV, the equilibrium conversion was
only reached with catalyst + plasma. The equilibrium nature of the concentrations
was proved by adding CO2 + H2 and observing the backward reaction to CH4.
Under conditions, where equilibrium was not reached, the rate of CH4 dissociation
was analyzed as a function of temperature as shown in Figure 9.1 for different
steam-to-carbon ratios (S/C). The reaction-limited (low T ) and diffusion-limited
(high T ) regions were identified, and the discharge was shown to enhance the
preexponential factors, but not the activation energies. This was tentatively ex-
plained by the population of vibrational excited states through electron impact.
Under equilibrium conditions, the plasma was found to act only as a source of
heat.

One serious problem with the approach of combining plasma and catalysts in
SR may arise from the rapid deactivation of the catalyst by the carbon formed.
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Figure 9.1 Arrhenius plot of the forward CH4 reaction
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9.4.1.2 Conversion of Higher Hydrocarbons
The conversion of higher hydrocarbons to hydrogen had attracted considerable
attention around the year 2000 owing to its potential application in future
fuel-cell-powered vehicles. In a transition from combustion engines to electric cars
powered by battery or hydrogen fuel cells, the conversion of gasoline into hydrogen
followed by generation of electricity in fuel cells were, for some time, regarded as
an attractive intermediate technology. Probably, the slow dynamic response and
recent advances in lithium battery development have stalled these activities.

At present, the standby power in heavy vehicles is generated at low efficiency
by the idling engine. Diesel reforming and fuel cells could be an environmentally
friendly solution. Catalytic reforming is difficult because of the sulfur content and
decomposition near the boiling point. Therefore, GA plasma reformers have been
developed up to the prototype scale [28]. A reformer efficiency of 92.9% was stated
for SR as compared to 74.1% for POX. In principle, the application of plasma
could have two advantages over catalysts: immediate activity on start-up and lack of
deactivation due to carbon deposition. Another application discussed for plasma-SR
of heavy hydrocarbons is the valorization of municipal solid waste [29] or of refining
residues [30].

SR of propane was investigated at GREMI in a sliding discharge reactor [31].
The results show some characteristic differences of higher hydrocarbons when
compared to methane. The selectivity to SR (amount of carbon in CO/total
carbon-containing products) was found to be >60% for H2O/C3H8 up to 19; there-
fore cracking to smaller hydrocarbons and soot is a relevant reaction path even at
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high H2O dilutions. The data were correlated with thermodynamic equilibrium
calculations, showing good agreement of the propane conversion and product
distribution for an equilibrium temperature of 2000 K. The only free fitting pa-
rameter used reflects the fact that the sliding discharge does not fill the reactor
space homogeneously, so that only 40–55% of the inlet gas is processed by the
plasma.

Microwave plasma [32] was found to yield a good product selectivity in the SR
of hexane, with very little carbon produced or unreacted water at O/C = 1. The
authors also compared SR of hexane and isooctane [33] and obtained the following
results: experimental production rates fall short of thermodynamic equilibrium
calculations, hexane can be converted at slightly better energy efficiency, and the
energy conversion efficiency is rather low at about 50%, both experimentally and
using calculations. Consequently, the total energy balance of a system comprising
the plasma reformer and fuel cell generator is negative, even when several optimistic
assumptions regarding other system losses (e.g., magnetron efficiency, energy need
for water gas shift) are made.

Toluene was investigated as a model substance for reforming tars that are
generated in the gasification of biomass [34]. A spark gap followed by a Ni/SiO2

solid catalyst bed is used. The temperature was fixed at 500 ◦C. The authors compare
all four configurations: (i) empty tube, (ii) catalyst only, (iii) spark gap only, and
(iv) spark gap above catalyst. The toluene conversion increased with catalyst to the
same extent as with discharge, but syngas formation appeared to be enhanced to a
higher extent by the discharge.

9.4.1.3 Conversion of Oxygenates
Oxygenates are an option for the synthesis of hydrogen in small mobile fuel cell
power generators. Some of them, such as methanol, may be directly pyrolyzed to
syngas, which is discussed in Section 9.4.4.3. With the addition of steam, one might
attempt to increase hydrogen yield and to shift the product distribution toward
CO2 by adding water gas shift. Methanol reforming was found to proceed at high
conversion and good selectivity to H2 in a ferroelectric bed DBD using BaTiO3 [35].
When adding steam, the conversion was raised to 100% and the CO could be partly
converted to CO2. Steam addition was found to be beneficial with and without the
presence of a Cu–Mn catalyst to the reactor.

The reforming of ethanol is more of a technical interest, since it can be produced
directly from biomass. Several research groups use a novel type of reactor in ethanol
reforming in which the liquid is in direct contact with the plasma, and the plasma
serves two purposes such as evaporation and initiation of the reforming reaction.
One arrangement consists in a discharge between two pointed electrodes immersed
in the liquid, where the current path is focused by a narrow diaphragm between
the electrodes. With this arrangement, ethanol reforming efficiency was found to
improve for small pinhole diameters [36]. In a 10-mm spark operated at the liquid
surface of ethanol/water mixtures [37], the simultaneous reforming to H2, CO, and
CO2 was observed. However, undesirable by-products such as methane, ethylene,
and acetylene were also observed. The plasma power was mainly consumed for
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reactant evaporation and to a lesser extent for providing the enthalpy driving the
(endothermic) reforming reaction.

Another process with direct plasma formation in the liquid reactant mixture
was termed glow discharge plasma electrolysis. In the U-shaped glass tube shown in
Figure 9.2, two electrodes were inserted, one stainless steel plate and one tungsten
needle. Methanol [38] or ethanol [39] was used for reforming, and the alcohol was
made conductive by adding alkaline electrolyte. At a breakdown voltage of about
300–500 V, a gas envelope formed around the tungsten electrode, within which
the plasma was ignited. The addition of water favored CO2 formation; however,
the main reaction products were formaldehyde (in the case of methanol) and
acetaldehyde (in the case of ethanol).

Coevaporated ethanol and water were used in a reactor with a spark gap inside a
catalyst bed at 420–520 ◦C [40]. Three catalysts were tested: Pd, Rh, and Pt on CeO2.
The activity of the catalysts under thermal conditions was very low, with conversions
<10%. Comparatively low voltages (130–600 V) and power levels (0.6–2 W) were
required to increase the conversion to 60–70%. The authors maintain that the
enhancement is not due to a discharge but solely caused by the electric field.
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Figure 9.2 Reactor for the glow discharge plasma electrolysis of methanol and ethanol
[39].
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However, it has to be borne in mind that such spark gaps can form very small and
poorly visible corona discharges or just hot spots at the tips.

Recently, the SR of ethanol was reported in a modified point-to-plate pulsed
corona directly from liquid precursor [41]. Reformer efficiencies (Eq. (9.13)) up to
65% were reported based on H2 and CO in the reformate. The efficiency could
even be improved by raising the gas pressure up to 2 bar (absolute).

9.4.2
Partial Oxidation

The POX of hydrocarbons in a plasma-assisted reactor has been intensively
investigated over the past decades because of the possibility of realizing compact
systems with fast dynamic responses for mobile applications. Being an exothermal
reaction, the chances are high that both requirements might be met in a plasma
reactor that produces active radicals instantly on start-up. Extensive research was
carried out at the MIT, beginning in the 1990s with a thermal plasma torch, the
plasmatron. Results until about 2005 have been reviewed in Fridman’s book [6].
In later work, the initial arc plasma design, which essentially provides a thermal
plasma source, was abandoned in favor of GA varieties, where a nonequilibrium
arc is maintained by an appropriate control of the gas flow.

Technical applications range from the hydrogen production for fuel cells to
the enhancement of the operation of internal combustion engines by providing
hydrogen as a fuel additive. The latter application was proposed at the MIT, and
the performance enhancement was also shown in recent work [42]. A further
application might be cleaning of diesel particulate filters by a hydrogen-rich
reformate.

9.4.2.1 Conversion of Methane
The POX of methane was investigated partly as a model substance for the
conversion of liquid hydrocarbons to hydrogen or simply for the use of natural
gas. Depending on the reaction conditions, however, higher hydrocarbons or soot
are formed in varying quantities. In an RF-plasma reactor at reduced pressure, a
wide range of polycyclic aromatic hydrocarbons were formed [43] or, in another
recent example, methanol, formaldehyde, and formic acid were produced in a
microplasma reactor [44] with high selectivity to the oxygenates of up to 80%.

The simplest system investigated uses methane and oxygen in a reactor without
catalyst. In a microwave plasma torch at a slightly reduced pressure of 933 mbar,
maximum selectivities to CO and H2 near 100% were reached at a stoichiometric
feed gas ratio [45]. Lower O/C ratios favor acetylene, and higher ratios favor CO2

by-product formation. As an alternative to pure oxygen, air was studied as oxidant,
thus reflecting conditions more closely related to practical applications. Plasma
sources used include spark gaps [46, 47], or GAs [48, 49]. Increasing the number
of reactor stages from one to four enhanced the conversion of CH4 and O2 from
about 20 to 70%, however, at the penalty of 50% increase in power consumption
per amount of hydrogen produced [49]. Low O/C ratios favor low energy cost
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for hydrogen production and low CO2 formation, however, usually at the cost of
incomplete methane conversion.

Several studies focus on the combination of plasma and a catalyst. A spark plasma
with Pt–Rh commercial monolith catalyst yielded thermal reformer efficiencies of
about 70%, which could be increased to 77% by applying heat insulation [50]. The
contribution of the catalyst to the conversion was not investigated separately.

In a DBD, the activity of a Ni catalyst on γ-Al2O3 was studied by comparing the
reaction with reduced and oxidized catalyst as well as with the alumina support only
[51]. Temperature-programed reduction/oxidation results (TPR/O) of the catalyst
were correlated with the temperature of activity onset. The result is shown in
Figures 9.3 and 9.4. The activity of the catalyst was found to depend on its ability to
be reduced and oxidized: The temperature at which the catalyst becomes active and
induces CO2 formation (Figure 9.3) corresponds to the peak in TPR/O (Figure 9.4)
between 300 and 400 ◦C. It has to be born in mind that at 400 ◦C, the equilibrium
concentration of CO2 is high and that only above 700 ◦C CO is favored [25]. A
detailed study in the same reactor with Ni–Mg amnesite clay catalyst showed
that the discharge leads to some methane conversion below the catalyst extinction
temperature, but that the product composition is determined by the chemical
equilibrium, when the catalyst is active. Some increase in methane conversion
with increasing plasma power is observed, but this can be explained by a local
overheating of the catalyst surface by ∼30–40 ◦K [52].

In a GA plasma reactor followed by a Ni–γ-Al2O3 catalyst bed, the catalyst was
found to increase H2 concentration, CH4 conversion, and reformer efficiency by
20, 31, and 25%, respectively [53]. Methane conversion was about 70% and the
reformer thermal efficiency about 50%.
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9.4.2.2 Conversion of Higher Hydrocarbons
Propane was studied in a spark reactor followed by a Pt–Rh commercial catalyst
[54]. Fuel conversion, hydrogen yield, and thermal efficiency of the reactor were
significantly dependent on reformate gas temperature, this being in close corre-
spondence with equilibrium calculations. A good reformer thermal efficiency was
achieved for methane above 750 ◦C at 72% as shown in Figure 9.5. With propane,
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the results were less favorable, with 58% efficiency at 850 ◦C. A comparison of
different catalysts shows that a high Pt/Rh ratio and a high density of catalyst cells
favors good conversion. The selectivity to H2 and CO, however, tends to be better
with catalysts yielding less conversion [55].

Since Fridman’s review, the work on plasma reforming of diesel fuel at Drexel
University has led to a well-characterized GA reformer [56]. Two different concepts
to stabilize the nonthermal plasma were used: the reverse vortex flow gliding arc
reactor (RVF-GA) and the GA-plasmatron. Both reactors performed equally well.
The product yield was collated with equilibrium calculations in a 400 ◦C adiabatic
flame: n-tetradecane was used as diesel surrogate and owing to its composition,
the highest CO and H2 yields were expected at an O/C ratio near one. While
under equilibrium conditions yields of almost 100% are expected, experimental
values reached about 60% for the CO yield and 40% for hydrogen. The missing
products were identified as light hydrocarbons from incomplete reforming. The
plasma power was set to only 2–5% of the total chemical energy of the processed
fuel. If the light hydrocarbons are included in the product balance, the reformer
thermal efficiency, shown in Figure 9.6, is 80–90%. Water formation was higher
than predicted for the chemical equilibrium. This and the observed hydrocarbons
were explained by the short dwell time in the active reaction zone. It is known that
the POX proceeds in two steps: the first is rapid oxidation until all free oxygen is
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consumed and the second is the actual reforming by the water formed as a result
of oxidation. In conclusion, there is a scope for optimizing the reactor design, but
as yet, the reformate is well suited to fuel solid oxide fuel cells (SOFCs), which can
handle methane and CO. At the Kurchatov Institute, it was shown that microwave
plasma can be more efficient than thermal energy in kerosene POX [57].

The research is currently followed by prototype development from several
research groups and commercial enterprises [28, 58, 59]. During the AIChE
2009, spring meeting session #17 was addressing plasma reformers and fuel cell
systems [60]. One current main goal is the development of a shipborne electricity
supply [59].

Oxygenates were also subjected to reforming by POX. In a spark discharge
reactor, dimethyl ether was converted at an efficiency of only 4.2% [61]. In a GA
reformer, a mixture of glycerol and natural gas was converted to syngas using
oxygen-enriched air [62]. An energetic reformer efficiency of 64% was obtained
with a reformate output (LHV) of 2.8 kW at 50 W plasma power.

9.4.3
Carbon Dioxide Dry Reforming

9.4.3.1 Reforming of Methane to Syngas
The research in CDR in nonthermal plasmas was reviewed some years ago,
with the emphasis on DBD, corona, and especially on the combination of the
plasma with catalysts [63]. These discharges often lead to considerable oxidative
methane coupling and are discussed in the next section. The characteristic of
most work is a much lower conversion of CO2 as compared to CH4. Equal
selectivities to H2 and CO were found, for example, in an investigation using a
spatially homogeneous atmospheric pressure pulsed glow discharge [64]. In this
configuration, the conversion was about 25% at stoichiometric composition and
chemical energy efficiency (enthalpy gain/power input) was about 20%. As a reason
for the efficient CO2 activation, the authors discuss the high vibrational excitation
available in the short (tens of nanoseconds) plasma pulses. In a later study [19],
they showed that the efficiency is improved by using lower pulse energy, raising the
chemical energy efficiency to over 30%. A C2 selectivity of about 20% was reported
for this system.

In a study at Bochum University, CO2 and CH4 were reacted in a microwave
plasma at a scale large enough for allowing an assessment of economic feasibility
[65–67]. The authors used a CYRANNUS� plasma source that supplies microwave
power at 2.45 GHz to a cylindrical resonator through a slotted annular waveguide.
A fairly uniform plasma with a diameter of about 13 cm can be produced using this
source at power levels around 5 kW. The reactor, without the annular waveguide
around the plasma, is shown in Figure 9.7.

Gas temperatures were relatively high, that is, up to 800 ◦C. Maximum conver-
sions and syngas yields around 95% were obtained at O/C near one, when 70% Ar
was added to the process gas. Soot formation is a problem that limits the range of
O/C ratios, which permit a stable process. Ar was reduced to 6% of the total gas
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Figure 9.7 Technical scale plasma reactor [67]. The
diameter of the plasma chamber is 130 mm.

flow, although at increased soot formation. Emission spectroscopy revealed C2, C3,
and C4 species as intermediates in the plasma; they were, however, absent in the
product stream. The energy requirement was much lower than values reported for
a DBD, meaning that about 60% of electrical energy was recovered as chemical
enthalpy. The authors presented a concept study for the technical implementation
of microwave plasma reforming [68]. Process control with optical emission spec-
troscopy was demonstrated. The appearance of emission from Hα and C4 clusters
was shown to be a good indication of soot formation, which should be avoided in
a stable process by adjusting the reactant ratio. Cost estimation was carried out
taking into account both operating costs and capital depreciation. On the basis
of a possible scale-up to 75 kW sources running at 915 MHz, the cost was still
considered prohibitively high for profitable industrial application; however, it was
out only by about a factor of two.

In a cold plasma jet with a gas temperature of 630 ◦C [69] and followed by
a Ni/γ-Al2O3 catalyst, similarly high efficiencies were reported, with an SER of
150 kJ mol−1 syngas. The plasma jet was operated at an AC frequency of 20 kHz
and 50% dilution of the reactants in N2.

A thermal arc also appears to work rather well in methane CDR with a chemical
efficiency of about 55% [70]. The authors compare the efficiencies reported in
several studies, confirming the better results in homogeneous discharges such
as pulsed microwave plasma or abnormal glow. Thermodynamic equilibrium
calculations confirm the significance of sufficiently high temperatures for methane
dry reforming [71]. However, the model does not include the formation of higher
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hydrocarbons or acetylene. For achieving almost complete conversion, 800 ◦C was
required, and at lower temperatures, an increased reaction to water and solid
carbon was predicted. Also, as shown in Figure 9.8, the CH4/CO2 ratio should not
exceed 1 for the highest hydrogen yields and to prevent water formation.

The synergistic effect of a plasma combined with a catalyst may be expressed
as the ratio of conversion(catalyst+plasma)/conversion(catalyst) + conversion(plasma). This
was analyzed for a DBD reactor using a Ni/Al2O3 catalyst [72, 73]. The ratio was
found to be about 1, ranging from 0.5 to about 1.5. The catalytic reaction gradually
started above 300 ◦C, attaining conversions of about 40% for CH4 and 20% for
CO2 at 550 ◦C. As an alternative to the packed bed, a fluidized bed reactor was
studied, although without any significant improvement of the catalyst activity.
Fluidized bed catalyst reactors are well established in chemical processing, and
although they seem, in principle, well suited for plasma–catalyst combination,
they have received only little attention so far. Another example is mentioned in
Section 9.4.4.2.

In a study aimed at biogas reforming, small traces of H2S were shown to be
effectively decomposed to sulfur and to actually enhance the CDR reaction. This
might turn out to be an interesting alternative to desulfurizing and separating CO2

from biogas before use [74, 75].
A review on methane CDR in different cold and thermal plasmas was published

at the time of writing this chapter [76]. The authors present a compilation of the
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SER and reformer efficiencies obtained in 13 different studies. From this, it may
be concluded that some typical cold plasmas such as DBD or corona discharges are
much less effective in CDR than thermal plasmas. The most successful plasmas,
however, are dense nonequilibrium plasmas.

9.4.3.2 Coupling to Higher Hydrocarbons
While in POX usually only a small percentage of the reactants are converted into
higher hydrocarbons, selectivities to higher hydrocarbons and oxygenates in the
range of 20% were reported by several authors in CDR. This may appear as a highly
desirable situation; however, one has to be careful in distinguishing between a
valuable product and undesired by-products. Often the cost of product separation
counteracts the success of a seemingly attractive direct synthesis method. Plasma
chemical processes are particularly prone to an unspecific product distribution
because of the high reactivities of the plasma radicals. In fact, in catalysis research,
the effort during the past years was directed toward achieving selectivities to the
desired products close to 100%, quite far from what can be seen in most work on
plasma catalysis.

It is, however, interesting that in DBD and corona-CDR, the carbon chain
growth is favored over the dehydrogenation of the C2 hydrocarbons in the first
C–C coupling step. In the earlier work at ABB, Switzerland, the selectivity to
acetylene was only 1–2%, and to C4 and higher hydrocarbons, almost 50% [77]. In
a computational study, the authors identified hydrogen attachment to unsaturated
species as part of the main chain growth mechanism [78]. More recent research
confirmed the preferential chain growth. In a study comparing a plain Al2O3

carrier in a DBD with noble metal catalysts [79], the catalyst had only little effect
on the conversion and product selectivities between 120 and 300 ◦C. In a DBD, in a
cordierite monolith with Ni/La2O3 catalyst on an alumina washcoat, the conversion
was only found to double on increasing the temperature from 20 to 500 ◦C and
the selectivity to higher hydrocarbons was almost as high as that to hydrogen [80].
This was probably due to the catalyst not being active in the temperature range
investigated. During CDR in a GA discharge, on the other hand, dehydrogenation
was found to be more prominent [81]: The selectivity to acetylene was always higher
(up to 37% at CH4/CO2 = 2) than to ethylene (up to 20%), and no noticeable
ethane was produced.

9.4.3.3 Reforming of Higher Hydrocarbons
Only limited research effort focuses on the CDR of higher hydrocarbons. At AIST,
Ibaraki, Japan, the reactivity of methane, propane, and neopentane was compared
in a ferroelectric packed bed reactor [82]. Hydrocarbon conversion increased in the
sequence CH4 � C3H8 � C5H12, reflecting the different covalent bond strengths.
In addition, the conversion was found to increase with temperature, especially in
the case of methane. Hydrogen yield was much higher for propane and neopentane
than for methane. The latter apparently led to water formation, since the carbon
balance was better (less soot produced) for methane than for higher hydrocarbons.
These results may, however, not be representative of practical conditions, since the
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process gases were highly diluted in N2. Unlike a normal DBD, the ferroelectric
packed bed reactor only leads to rather limited C–C coupling of methane, and
hydrogen abstraction is regarded as a dominating step [83].

The oxidative dehydrogenation of ethane was investigated in a pulsed corona over
rare earth catalysts with the objective to upgrade ethane as the main constituent of
natural gas [84]. The selectivity to acetylene was higher than to ethylene; however,
an energy input of 1500 kJ mol−1 was necessary to achieve 72% conversion, which
approximately corresponds to the heat of ethane combustion.

9.4.4
Plasma Pyrolysis

Plasma pyrolysis of methane is probably one of the best investigated plasma
chemical processes. A detailed macrokinetic analysis was made on the basis of
results obtained about 50 years ago [5] Already at that time, two distinct regimes
in the methane plasma chemistry were recognized: (i) low SEI with relatively
low conversion and a high selectivity to alkane or alkene chain growth and (ii)
the conditions of high SEI, where hydrogen abstraction dominates and the main
products are acetylene or soot.

Low pressure is the obvious way to generate cold and homogeneous plasma.
Under such conditions, higher hydrocarbons are formed as intermediates to
solid polymer formation. In an inductively coupled plasma, the above-mentioned
dependence of methane conversion on SEI was also shown [85]: At an SEI below
10 eV, conversion depends on electron impact and is proportional to the SEI, and
above 10 eV, the conversion is boosted by secondary reactions of plasma-generated
radicals.

9.4.4.1 Methane Pyrolysis to Hydrogen and Carbon
The production of hydrogen and carbon black with a thermal plasma torch was
developed in the 1980s by Kvaerner Engineering S.A., Norway [86]. However,
after tests with a 3 MW pilot plant, the activities have apparently been abandoned.
Simultaneous production of carbon black and hydrogen was studied using the
CYRANNUS microwave plasma source mentioned in Section 9.4.3.1 [87]. The
plasma was operated at reduced pressure of 100–300 mbar, and noble metal
catalysts were introduced for enhancing the conversion efficiency. The carbon
black was characterized by high-resolution TEM, specific surface measurement,
and thermal and electrical analysis. TEM results are shown in Figure 9.9. The
properties and particle size were found comparable to classic furnace black.
Nevertheless, the energy requirement was not analyzed.

In a high flow rate microwave plasma source (quartz cylinder through waveguide),
methane was decomposed into hydrogen and carbon at 99% conversion and 100%
selectivity to H2 [88, 89]. Microwave power of 577 g H2 per kWh of is reported,
which amounts to an SER of 12.4 eV. Given the endothermic nature of the reaction
(Eq. (9.5)), this leaves the source of the reaction enthalpy unclear. Recently, another
Norwegian company named GasPlas [90] promotes hydrogen and carbon black
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(a) (b)

100 nm 100 nm

Figure 9.9 (a) TEM micrograph of plasma-produced car-
bon black. The magnified image (b) shows the concentric
structure of the particles [87].

production from natural gas in a cold microwave discharge, but no results were
published so far.

Yet another possible future application of methane pyrolysis consists in closed
cycle oxygen supply in future manned space missions. Oxygen can be recuper-
ated from CO2 by methane formation in the Sabatier reaction (CO2 + 4H2 →
CH4 + 2H2O). If the latter is pyrolyzed to hydrogen, the only waste will be the
resulting carbon. To this end, a microwave plasma was investigated [91]. Plasma
is an attractive alternative to the catalytic route in this case, since a compact
reactor is needed for which long-term reliability is more important than energy
efficiency.

9.4.4.2 Production of Acetylene
As in CDR (Section 9.4.3.2), cold plasma pyrolysis tends to lead to hydrocarbon
chain growth. A large number of papers, even as per today [92], report alkanes,
alkenes, and acetylene in varying concentrations. However, it has to be pointed
out clearly that (i) the C2 –C6 alkanes are common constituents of natural gas or
crude oil and (ii) the cost of recovering desired compounds, for example, alkenes
from a typical product mixture may be prohibitive. Therefore, this work is not
reviewed here in further detail. Acetylene, on the other hand, may be obtained with
comparatively small amounts of by-products.

Since the commercialization of the Hüls process, there is a clear benchmark
for the production of acetylene from methane [17] with 70% conversion and 75%
selectivity at an SEI of 3 eV and an SER of 11 eV. In the 1990s, the Kurchatov Institute
claimed a lower SER of 6 eV in nonequilibrium microwave plasma [93], which,
however, has not been confirmed so far. At RITE, Kyoto, a high-frequency pulsed
plasma was developed, and the maximum efficiency for acetylene and hydrogen
coproduction was found in a point-to-point spark discharge [94]. Acetylene is
obtained at 9.2 kWh kg−1, which amounts to 8.9 eV, although at a rather low
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methane conversion at 23.5%. Comparing their process with the Hüls arc and
thermal synthesis through POX (at present the most widespread method), the
authors conclude that the high-frequency pulsed plasma may be the favorable
method [95]. This would require recycling of unreacted methane, given a rather
low methane conversion of 39% and a high acetylene selectivity of 83%.

In a pulsed microwave plasma operated at a reduced pressure of 30 mbar,
acetylene formation was optimized [96]. In this study, both mass spectrometry and
gas chromatography were used for analysis, intended at minimizing the risk of
measurement errors. As shown in Figure 9.10, it was found that a high SEI and,
consequently, high methane conversion favor acetylene formation at low energy
cost.

This is in agreement with results mentioned above and also correlates with the
gas-phase temperature as measured by the rotational distribution in the C2 (Swan)
and H2 (Fulcher) bands [97]. In a reactor with 1200 W peak power, the SER could
be reduced from 900 eV to about 20 eV by increasing the SEI from 1.6 to about
7 eV. Time-resolved OES during the microwave plasma pulses showed the instant
presence of CH emission from CH4 excitation and the gradual increase of emission
from reaction products (Hα and C2).

The experiments were also scaled up to a 30 mm diameter quartz reactor running
at 1500 W continuous power [98]. A reduction of the SER for C2H2 to 10 eV was
achieved at a pressure around 120 mbar. This translates to about 3.3 eV for the
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coproduced hydrogen. From the blackbody radiation of the soot particles formed,
the gas temperature was determined to be 2600–2700 ◦C. Soot formation could be
suppressed by applying a pulsed mode.

A potentially interesting reactor for the combination of plasma and catalyst is
the operation of a GA plasma in a spouted bed of catalyst particles shown in
Figure 9.11. The local injection of the process gas at the bottom of the reactor
between the electrodes will lead to a good control of the GA and will agitate the
particle bed.

A study using different supported metal catalysts found some suppression of soot
formation by the spouted bed [99]. Noteworthy is the reduced selectivity to acetylene
in favor of ethylene and ethane in the presence of Pt catalyst. Pt is known to rapidly
absorb and recombine atomic hydrogen, thus reducing the hydrogen abstraction
to acetylene. Recently, similar experiments in a spouted bed were reported [100].
The authors attribute the decreased acetylene formation in the presence of noble
metal catalysts to a hydrogenation reaction.

Further alternative products from methane dehydrogenation might be aromatic
compounds, which themselves could be used as liquid fuels. With a suitable com-
bination of microwave plasma excitation and surface catalysis [101], the selectivity
to benzene was found to be up to about 100 times higher than to aliphatic C6 com-
pounds. The formation of aromatics was catalyzed by the carbon deposit formed
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Figure 9.11 Gliding arc plasma reactor with
spouted bed [99]. 1, gas inlet; 2, electrodes; 3, ce-
ramic lining; 4, spouted bed of catalyst; 5, nozzle;
6, gas outlet; 7, thermocouple.
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during the first minutes of operating the discharge. A similar product distribution
was reported in a streamer discharge combined with a HZSM-5 catalyst [102].

9.4.4.3 Pyrolysis of Oxygenates
In certain cases, oxygenates may be desirable sources of hydrogen in small mobile
applications. Thus, they may be used as liquid fuels for transportation or for
replacing batteries, when recharging from an external electrical source is not
feasible. Usually, they are easier to convert into hydrogen than CxHy hydrocarbons
owing to their better reactivity. The simplest example is methanol, which directly
can be split into syngas

CH3OH −−−→ CO + 2H2 �H = 90.5 kJ mol−1
(0.94 eV) (9.15)

Methanol, however, is itself produced from syngas and therefore must only
be considered an intermediate energy store. Even if it were energetically quite
attractive, there would still remain considerable environmental problems in the
use of methanol as automotive fuel, since it will readily mix with and contaminate
ground water in the case of accidental spilling. It is therefore not surprising that
work published on methanol is rather scarce.

Methanol pyrolysis was studied in a ferroelectric packed bed DBD, with and
without the addition of a Cu–Mn catalyst [35]. Maximum conversion was 96 and
92%, respectively. The catalyst, however, led to some water formation, reducing the
H2 yield from 100 to 80%. In a later study, the authors studied the conversion in
three different DBD arrangements: (i) empty discharge gap, (ii) alumina packed bed,
and (iii) barium titanate (ferroelectric) packed bed [103]. The highest conversion of
92% was achieved in alumina, although at an SER of 15 eV, which could be lowered
to 8.3 eV by decreasing the conversion to 76%.

Glycerol, which is currently available as a by-product of biofuel fabrication, is also
a potential candidate for an intermediate liquid fuel for fuel cells. Plasma reforming
of glycerol was demonstrated in a point-to-plate corona reactor, featuring direct
liquid injection in the needle [104]. Pure glycerol could be converted to syngas at
80–90% conversion and 15% selectivity to C2. The addition of 8% water reduced
the conversion to 60–80% at about 10% selectivity to C2. The SER of syngas
production (H2 + CO) was about 3 eV, corresponding to a reformer efficiency of
about 50%.

9.4.5
Combined Processes

The introduction of a third reactant evidently leads to an increased complexity of
the reaction pathways, and it becomes considerably more difficult to determine the
relative contribution of the different reactions. With two oxygen-containing species,
a careful analysis may be needed to correctly determine which species is consumed
and which is just a by-product.
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9.4.5.1 Autothermal Reforming of Methane
The addition of oxygen to SR was investigated in a sliding discharge [105]. However,
an increased methane conversion was not observed, and the oxygen was found
to cause increased water formation. The addition of steam to POX was studied
in arc plasma, and an augmented hydrogen yield was reported [106]. However,
H2/CO = 6.6 in the reformate was rather high at 99% methane conversion, and
other carbon-containing products (CO2, C2H2) were seen only in small amounts,
indicating that there must have been considerable soot formation.

The combined oxygen-SR was examined in a DBD with or without Ni catalyst
[107]. In plasma reforming without catalyst, the steam concentration at the reactor
output was higher than at the entrance. Therefore, H2O has to be regarded as
a product rather than as a reactant. Over Ni catalyst, the steam increased the
hydrogen yield through WGS, provided the temperature was sufficiently high for
the catalyst to become active, and full oxygen conversion was achieved. At lower
temperatures, the addition of steam decreased the conversion of methane and
oxygen. In this study, some critical points in operating a reactor with combined
plasma and catalyst are also described: depending on the amount of catalyst
used, the plasma can ignite the reaction locally, leading to the formation of a hot
spot, where the reaction will proceed even if the plasma is shut off. Also, after
some time onstream, the active catalyst volume may be reduced by local coke
deposition.

One method to analyze chemical reactions in more detail consists in using
isotopes in the reactants. This was done by combining CH4 with deuterated water
D2O in SR and combined reforming [108]. In SR with S/C = 2, 67% H2 and 25%
HD were found, whereas in the combined reforming at CH4/O2 = 2 and higher, no
significant HD was formed, confirming the missing steam conversion in combined
reforming. The DBD was operated at 130 ◦C under three conditions: gas phase,
alumina beads, and Ni/Al2O3 catalyst, and no significant effect of the solid bed or
catalyst was reported. Kinetic modeling and a sensitivity analysis showed that C1

oxygenates are important intermediates in plasma-activated POX.

9.4.5.2 Autothermal Reforming of Liquid Fuels
The work on plasma reforming for mobile applications published until 2006
was reviewed at the CEP, Paris [109]. The processes include SR, POX, and
combinations thereof. Thermal and nonthermal reactors of some research groups
were reviewed, and a compilation of the SERs, fuel conversions, and reformer
efficiencies was given. The graphic summary of SER values reported is reproduced
in Figure 9.12. Numerical modeling supporting the experimental work was also
reviewed. In conclusion, dense nonthermal plasmas were considered the most
efficient.

Following their review, the CEP published the results of an extensive study
in gasoline reforming carried out in cooperation with Renault [110]. For the
experimental work, a compact reactor with a nonthermal plasma torch followed
by a reaction zone with 25 mm diameter was employed. A schematic view is
reproduced in Figure 9.13.
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Cylindrical electrode Arc discharge Ionized zone

Inner electrode I II

Figure 9.13 Nonthermal plasma torch reactor for the re-
forming of gasoline [110–112]. ‘‘I’’ refers to the plasma zone
in the modeling and ‘‘II’’ to the postdischarge zone.

In this reactor, the arc was controlled by the gas flow, and the final electrode
geometry allowing stable plasma operation resulted from a design optimization.
The highest gasoline conversion rate was found at O/C = 2.4, corresponding to a
reformer efficiency of 35%. The highest efficiency of 48% was achieved at O/C = 1
and a gasoline conversion of 81%. The addition of steam up to H2O/C = 0.2
enhanced hydrogen formation, while at raised steam addition, the H2 yield was
reduced and increasing amounts of CO2 and CH4 were produced. This reactor
combines the advantages of compactness, low electrode wear, and catalyst-free
operation.

The reformer was addressed using three different mathematical models [111]:
(i) thermodynamic modeling with minimization of Gibbs free energy allows
determining the reactant conversion and product distribution finally available for
long residence times, (ii) a perfectly stirred reactor is capable of showing how far
conversion will proceed in a spatially confined reactor, and (iii) an adiabatic plug
flow reactor demonstrates the spatial evolution of intermediates and products.

The temperature needed to achieve 98% conversion to syngas was shown to
be constant at 1200 K for H2O/C + O/C > 1. At higher oxidant concentration,
the conversion temperature drops sharply when H2O or CO2 is formed. The
thermodynamic model also provided predictions of the theoretical limit pertinent
to reformer efficiency. From the modeling, it was concluded that the highest
efficiency (up to 86%) was available in SR. However, SR is also the slowest reaction
and remains incomplete in a compact reformer.

In a later paper, the authors combined the three models in order to model their
plasma reformer as realistically as possible [112]. The arc reactor was modeled as
two parallel reactors, to take into account the fact that only a part of the reactant gas
stream passes through the discharge zone. This was modeled as a perfectly stirred
reactor, into which the plasma power was introduced as heat. The postdischarge
zone was modeled as a plug flow reactor and the two parallel gas streams were
instantly mixed at the border between the plasma torch and the postdischarge zone.
The authors point out that the flow ratio arc/bypass is not known a priori, but that
it did not markedly affect the final result, because thermal equilibrium was rapidly
established after mixing. The model did not take into account the ionic reactions
specific to a gas discharge. This might be its main limitation. The parametric
study predicts the best reformer performance at O/C = 1.1 without steam and
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electric power input of 20–25% fuel LHV. The model confirms some experimental
findings, such as the relatively high reforming performance of rather small and
dense plasma sources as compared to, for example, the DBD.

9.4.5.3 Reforming with Carbon Dioxide and Oxygen
CDR and POX were combined for assessing the reforming of natural gas con-
taining high amounts of CO2 and for the valorization of biogas. In the first
study on CO2 containing natural gas performed at the Chulalongkorn University,
Bangkok [113], the authors compared the conversion of pure methane and its
mixtures with He, higher hydrocarbons, and CO2 in a GA reactor. Considerable
formation of higher hydrocarbons was observed at the conditions chosen, and
the addition of CO2 significantly helped to increase H2 yield and to reduce the
specific energy requirement. Both chain growth to C4H10 and dehydrogenation
to C2H4 and C2H2 were observed. The conversions decreased in the sequence
of propane > ethane > methane > CO2. Unfortunately, the authors did not
quantify soot formation.

In later studies, a simulated natural gas was used, having a CH4/C2H6/C3H8/CO2

molar ratio of 70/5/5/20% [114]. Both pure oxygen and air were investigated as
oxidants. The reformer was operated at relatively low methane conversion values
between 6 and 24%. The addition of oxidant markedly improved the conversion and
selectivity to CO and H2. Air was found to be more effective than pure oxygen, and
an SER as low as 17 eV was reported. The reaction was investigated in a multistage
GA reactor with the performance being studied in one to four stages, keeping either
the residence time or the total flow constant. Methane conversion was raised up to
about 40%, and optimum SER was 20 eV [115]. The selectivity to C2 hydrocarbons
was rather high (Sacetylene ≈ 30%), which would not be desirable in a practical fuel
reformer.

9.4.5.4 Reforming with Carbon Dioxide and Steam
The reforming with carbon dioxide and steam could be of practical interest
on a relatively small scale for the hydrogen production from biogas by SR.
Some work was reported recently, but the results were not conclusive [116]. The
quantitative description of this process is particularly challenging, since both CO2

and steam may be the reactant or product, and hydrogen or CO selectivities might
be based either on methane only or on combined CH4 + H2O or CH4 + CO2,
respectively.

9.4.5.5 Other Feedstock
The reforming of ethanol combining SR and POX was studied in a plasma–liquid
reactor, similar to the work described in Section 9.4.1.3 on SR. A spark discharge
was operated in a tank containing a mixture of ethanol and water, shown in
Figure 9.14. The two electrodes were equipped with a quartz glass envelope,
through which air was blown into the discharge zone [117, 118]. Minor by-products
were methane, and C2 hydrocarbons, and a fairly high reformer efficiency of 50%
was reported.
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Figure 9.14 Reactor with spark discharge operated in direct
contact with liquid reactant [117].

In recent years, several studies are reported on the plasma gasification of mu-
nicipal waste or biomass [119–121]. Several studies are reported in a pilot scale
to demonstrate the economic viability. Usually, commercially available thermal
plasma torches are employed, so that the investigations, strictly speaking, do not
fall into the scope of this review; however, nonthermal plasma sources could be an
interesting alternative in the future. Thermochemical and electrochemical model-
ing indicates 33% electric efficiency for the integrated plasma gasification/fuel cell
system shown in Figure 9.15 [122].

9.5
Summary of the Results and Outlook

Of the research published in recent years on hydrocarbon conversion using
plasmas, about 74% started from methane, 17% from higher hydrocarbons, and
9% from oxygenates. About 18% investigated SR, 17% POX, 30% CDR, and 35%
pyrolysis. This is somewhat surprising, since plasma POX or SR appears to be the
most promising candidates for small-scale applications in fuel-cell-based auxiliary
power units (APUs). For all four processes, demonstrator or prototype scale units
have been presented recently, underlining the persistent interest in the field.

The best reforming performance was observed from the nonthermal arc dis-
charges and microwave plasmas. The latter are, however, relatively expensive
because of the magnetrons required for excitation. Also, maximum powers and
efficiencies available from magnetrons are restricted (about 10 kW and 60% at
2.45 GHz and 75 kW and 80% efficiency at 915 MHz), and currently, there is no
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development to surpass these boundaries. As for arcs, whether operated at AC,
high frequency or pulsed, in the future, their performance will profit from the
ongoing development of power-conditioning electronics.

A recent study by authors from Drexel University and Chevron [123] uses for such
dense, yet nonthermal plasmas, the term warm plasmas and gives an explanation
for their high efficiency when compared to cold plasmas on one hand and hot
(thermal) plasmas on the other: in warm plasmas, the temperature is high enough to
support chemical reactions forming excited molecules in high concentrations, and
hence stepwise ionization becomes important as compared to direct ionization.
Such an understanding may in the future help to develop optimum plasma
reformers.

Plasma hydrocarbon reforming is a field of research that has received consider-
able attention over a long time. Several studies in recent years only reiterate what
has been found in previous work. In addition to this, the analysis of the products is
often incomplete because of its complexity so that the relevant process characteris-
tics reported are incomplete or inaccurate. Plasma hydrocarbon reforming appears
somehow just as the search for the Holy Grail with great hopes but only few really
promising approaches.

Several efforts have succeeded in making the transition from research to prototype
development. Generally, in such cases, the developers keep quiet about their
progress until the introduction of the final product to the market. However, some
large prototype units have been constructed in the past 30 years, which have not led
to commercialization. This may be partly due to the fact that power conditioning
for nonthermal plasmas in the megawatt scale was expensive in the past, but here,
much progress is to be expected in the future. The most probable breakthrough
might be in the field of small APUs. Their success, however, also depends on
another technology, that is, on fuel cells.

In the late 1990s, the prevailing opinion in the oil-refining industry was that
at stable crude oil prices below US$ 20 per barrel, there was no economically
reasonable scope for GTL or hydrogen as energy carrier. At present, the continuing
research into new and unconventional reforming technologies is also motivated
by the drastic increase in crude oil prices, and it remains the hope that one or
another practical application of plasma technology in this field will emerge in the
near future.
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