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Dedication (In Memoriam)

In Memoriam: Marye Anne Fox (1947-2021)

In celebration of the life of Marye Anne Fox who passed away on May 9, 2021
after a long illness in Austin, Texas. Chemistry Professor (1974-1998) and Vice-
Chancellor Research (1994-1998) at the University of Texas at Austin, Science
Advisor to George W. Bush then Governor of Texas, Member of the National
Academy of Sciences (1994), Member of the American Philosophical Society
(1996), First female Chancellor of North Carolina State University (1998-2004),
First female Chancellor of the University of California San Diego (2004-2012),
and recipient of the highest honor the National Medal of Science (2010; presented
by President Obama)—and many more awards such as the Teaching Excellence
Award by the UT College of Natural Sciences, named Rowland Pettit Centennial
Professor at UT Austin, and the first UT chemist to hold the M. June and J. Virgil
Waggoner Regents Chair in Chemistry (1991). Marye Anne was a public servant
and leader beyond academia. She worked hard to advance science policy in the
United States.
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She was a giant in the Organic Photochemistry and Photoelectrochemistry
community, which will sorely miss her. Marye Anne was a role model of women
in science—one of her principal goals being “to build talent in girls—and grit. . .
She had grit and wanted others to have it too....Fox never ran away from
criticism. She faced issues—and people—head on (Gary Robbins, San Diego
Union-Tribune, May 11, 2021).” Mary Anne also had a softer side that came
out in small and modest ways. As Chancellor at UC San Diego, she held events
such as Lunch with the Chancellor in which attendees were given an old-fashioned
lunchbox that carried artwork that depicted her in a humorous way. A former
graduate student at UT Austin (Maria Dulay) noted after learning of her passing
“Marye Anne was an amazing Ph.D. advisor. Many of the lessons that she taught
me I have carried throughout my scientific career, especially when mentoring
students. Her mentorship and counsel has undoubtedly shaped me and has had a
profound impact on the scientist that I am today. Marye Anne's legacy burns strong
in me and the countless others who have had the privilege to learn from and to
work with her.” She was a devoted mother to her children (5), grandchildren (13),
and great grandchildren (2).

As a personal note, [ have lost a dear friend and colleague with whom we had an
occasion to collaborate in the field of semiconductor-based photocatalysis. She was
one of the pioneers in the fundamental understanding of TiO, both as a semicon-
ductor and as a photocatalyst in environmental remediation. One of my former PhD
students, who spent a couple of semesters in Marye Anne’s laboratory at UT Austin,
said of her: “She was always very kind and welcoming to me when I went to
Austin. . Such a smart lady and so hard-working. And a tremendous role model
for women in science. A big loss....” Yes indeed!

May 18, 2021 Nick Serpone
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In Memoriam: Bob Schiffmann (1935-2021)

With some sadness, we have also been apprised that following a short illness
IMPT’s beloved President Bob Schiffmann has passed away on September 4, 2021.

Bob has been known to many in the field of microwaves as the microwave guru
and as the go-fo guy, who has made significant contributions into the applications of
microwave heating for the past 50 years. During these years, he was closely involved
in developing special microwave ovens, in testing and research on microwave ovens,
in developing and testing a variety of microwavable food products, as well as in
microwave packaging and cookware. Not least, Bob has also been responsible for
designing, developing, and constructing a number of industrial microwave heating
systems that included the production of muesli, airplane components, bakery prod-
ucts, and extrusion systems, among others (for example: baking ovens, proofers and
fryers, granola processing, and sausage manufacturing).

After receiving his BS in Pharmacy from Columbia University (1955) and his MS
in Physical and Analytical Chemistry from Purdue University (1959), Bob joined
DCA Food Industries, Inc. (1959-1963), followed by a year (1963-1964) as VP
Research at Nucleonics Corporation of America, returning to DCA Food Industries,
Inc. (1964-1971) during which time he also pursued advanced studies in Biophysics
at New York University (1968-1970); he subsequently became a Partner at
Bedrosian & Associates (1971-1978). In 1978 he founded and until his passing
was the president of R.F. Schiffmann Associates, Inc. a consulting firm with many
industry giants as its clients (e.g., Nestle, General Foods, Pillsbury, Proctor and
Gamble, American Home Foods, Rubbermaid, and Chlorox among others).

Among his many achievements, Bob found time to devote being President of the
Board of the International Microwave Power Institute (IMPI) for 22 years, and with
several publications and 28 patents to his name, he also found time to author,
co-author, and/or co-edit several books on microwave technology, the most recent
one being Microwave Chemical & Materials Processing—A Tutorial (Springer,
2017). Bob Schiffmann was no doubt the most sought-after consultant in the
microwave field that included domestic applications of microwaves as well as
industrial applications of microwave energy. In addition he was also a frequent
sought-after legal expert witness on all matters related to microwave heating, such as
patent infringement, injuries, fires, contracts, and more. He has been the recipient of
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several awards and honors, among which are the 2019 AMPERE Gold Medal from
the Association for Microwave Power in Europe for Research and Education; the
Metaxas Microwave Pioneer Award (as its first recipient); and the Putnam Award for
Outstanding Food Process.

Accordingly, this book Agritech: Innovative Agriculture Using Microwaves
and Plasmas: Thermal and Non-Thermal Processing is dedicated to the memory
and the many achievements and accomplishments of both Prof. Marye Anne Fox
and Dr. Robert F. Schiffmann.

Tokyo, Japan Satoshi Horikoshi
Parkville, VIC, Australia Graham Brodie
Morioka, Iwate, Japan Koichi Takaki

Pavia, Italy Nick Serpone



Preface

This book describes innovative agricultural methods that make use of the energies
from thermal and non-thermal microwaves and plasma.

Humans tended to live a nomadic life in the past, but can now stably obtain food
by developments in agriculture, especially over the last several decades. Cities
formed as a result of agricultural developments through the centuries. Prior to the
1950s, agriculture relied mostly on natural fertilizers (organic animal-based manure,
compost, and dung), crop rotation, and manual removal of weeds by hand, all of
which to be replaced by chemical fertilizers, pesticides, and herbicides to increase
crop yields and stabilize the food supply. As such, recent years have witnessed
significant improvements in crop productivity and diversification and in gene
recombination (genetic engineering) as a result of progress in biotechnology that
continues to develop further. However, as good as these technologies may have
been, they have nonetheless resulted in agricultural soils to be polluted by herbicide
and pesticide residues that can pose safety risks. The innovative new developments
in agriculture explained in this book are based on the use of microwaves and plasma
that do not rely on chemicals and genetic modification to increase crop yields and
food safety.

This is one of the first books that focuses on the agricultural usage of microwaves.
It is a technical book that also incorporates plasma into agriculture. From this
perspective, the book covers microwaves and plasmas, two completely different
fields. Consequently, it will be of interest to those readers who wish to acquaint
themselves with these alternative technologies and may wish to implement them.
Moreover, the book will be useful to a broad readership including researchers and
technicians at universities and practitioners in industries. It is accessible to readers
across different fields through inclusion of abundant figures and limiting the use of
equations to the maximal possible extent.

In the seventeenth century, at the time that Sir Isaac Newton earned his PhD
degree, the plague epidemic ravaged across Europe causing many universities to
close down, thereby delaying many scientific and technological advances. In the
meantime, Newton returned to his hometown and discovered that the forced

ix
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"creative vacation" was a stimulus for later advances in science: calculus, the laws of
optics, and the law of universal gravitation.

Today, as in Newton’s period, the current Covid-19 viral pandemic has limited
the progress of much research. Accordingly, it may be time to consider changes and
ponder on new research studies over time as Newton did. Thus, it is our hope that
this book will trigger novel innovative ideas by researchers during this current
"creative period" brought about by the current pandemic.

Finally, the Editors wish to express their gratitude to all the authors who kindly
responded to the authors’ call and submitted manuscripts in short time. As well, we
would also like to thank the staff at Springer Nature for their valuable suggestions
prior to publication and for their tremendous support and management.

Tokyo, Japan Satoshi Horikoshi
Parkville, VIC, Australia Graham Brodie
Morioka, Iwate, Japan Koichi Takaki

Pavia, Italy Nick Serpone
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Chapter 1 ®)
Microwave Thermal and Nonthermal Check for
Processes

Satoshi Horikoshi and Nick Serpone

Abstract The microwave heat process and the microwaves heating mechanism are
outlined. With regard to the thermal process, both the heating principles and features
are summarized. In addition, nonthermal processes are presented, defined, and
paraphrased as electromagnetic wave processes. In other words, some of the effects
that microwaves display are introduced—particularly at weak microwave power
levels that do not generate heat—rather than electromagnetic wave processes that
occur in combination with thermal utilization of the microwaves.

Keywords Microwaves - Thermal processes - Nonthermal processes -
Electromagnetic wave effects - Electromagnetic wave processes

1.1 Microwave Thermal Processes

1.1.1 Microwave Heating Mechanism

There are tens, if not hundreds of research studies that have been carried out on the
thermal use of microwaves, together with their innovative use described in this book.
Consequently, herein we examine the principle and the characteristic features of
microwave heating.

Microwave radiation is electromagnetic radiation that spans a frequency in the
range from 300 GHz to 300 MHz (i.e., from a wavelength of 1 mm to 1 m). It is used
widely in communications and in heating, especially in the heating of foodstuff.

S. Horikoshi (><)

Department of Materials and Life Sciences, Faculty of Science and Technology, Sophia
University, Chiyodaku, Tokyo, Japan

e-mail: horikosi@sophia.ac.jp

N. Serpone
PhotoGreen Laboratory, Dipartimento di Chimica, Universita di Pavia, Pavia, Italy
e-mail: nick.serpone @unipv.it

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 3
S. Horikoshi et al. (eds.), Agritech: Innovative Agriculture Using Microwaves
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Polar molecule

Fig. 1.1 Image illustrating a dipole rotation of a polar molecule in an electric field (E-field)

When microwave heating is applied to polar molecules or clusters of molecules, it
affects the electrical equilibrium that was originally relaxed within those assemblies.
When microwaves are applied to a molecule or cluster, the microwaves’ electric field
will have a noninsignificant influence on the electric dipole of the molecule or cluster
(Fig. 1.1) [1]. The microwaves’ electric field (E-field) exercises a torque (N) on the
electric dipole of the molecule such that its dipole will consequently rotate to align
itself with the applied electric field thus causing orientation polarization to occur
[2]. If the field changes direction, the torque will also change. The orientation
polarization changes through a vibration in a microwave electric field. A time
difference occurs between the frequency of the microwave electric field and the
electric dipole of molecules or cluster. At the general frequency of 2.45-GHz, the
microwaves vibrates at 2,450,000,000 times per second, so that a molecular cluster
cannot follow this vibration through the power chain with the surrounding mole-
cules. This delay changes to heat energy (i.e., kinetic energy) as loss of the electro-
magnetic wave energy. The heat generated by such changes is referred to as
dielectric heating (dielectric loss heating). The friction accompanying the orienta-
tion of the dipole will contribute to dielectric losses. Alignment polarization (molec-
ular alignment) occurs only when the polarity of the molecules is affected by the
electric field because of their permanent dipoles. A substance with a partial electric
charge (dielectric) can also act as an insulator of solid substances. A slight distortion
of the atomic positions (lattice points) in a structure lattice may cause a lattice strain
of a crystalline solid substance such that it cannot follow the changing time of the
microwave electric field. As a result, microwave heating of a solid substance
develops by these phenomena [3].

Generally, microwave heating is thought of as dielectric loss heating; however,
there exist two other heating mechanisms: (i) magnetic loss heating, and (ii) Joule
heating. The heating of solid substances possessing magnetic dipole moments
occurs by the microwaves’ magnetic field component. The heating process is a
similar phenomenon as by the microwaves’ electric field [4]. Generation of heat
by magnetic loss heating is expected only in magnetic (solid) materials. Joule
heating progresses by the interaction of microwaves with an ionic solution, or with
activated carbon possessing conductivity-like metallic properties [5].
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The three types of heating phenomena caused by microwaves are summarized in
Eq. (1.1) [1]. The thermal energy P produced per unit volume originates from
microwave radiation. The first term in Eq. (1.1) expresses conduction loss heating;
the second term denotes dielectric loss heating, whereas magnetic loss heating is
given by the third term.

P = SolE] + afeoe,"|E + afuon,"|HI’ (1.1)
where |[E| and |HI denote the strength of the microwaves’ electric and magnetic fields,
respectively; o is the electrical conductivity; f is the frequency of the microwaves; g,
is the permittivity in vacuum; &, is the relative dielectric loss factor; p, is the
magnetic permeability in vacuum; and p,”’ is the relative magnetic loss. These
heating mechanisms are related to the electrical properties of a substance: dielectric
loss, magnetic loss, and conductivity, and their magnitude determines the microwave
heating efficiency. Heating with 2.45-GHz microwaves in a liquid is the sum of
dielectric heating and Joule heating. In addition, as the frequency decreases, the
contribution from dielectric heating relative to Joule heating increases.

When considering microwave heating efficiency, is it relevant to query whether
everything follows Eq. (1.1)? When microwaves are actually used in a process, their
penetration depth into the substrate(s) must be taken into consideration. Just like
light, microwaves are electromagnetic waves that are attenuated by the absorption of
energy by the substrate(s). The penetration depth (D)) refers to the distance from
which the microwave power density (W/cm?) decreases by 36.8% (1/e) from the
surface; D, can be obtained from Eq. (1.2).

1/2
A 2

A e (T T - )

where A is the wavelength of the radiation, Az 4561z = 12.24 cm, €’ is the dielectric
constant and &” is the dielectric loss factor. Inasmuch as the dielectric constant and
the dielectric loss are components of this equation, we can expect that the penetration
depth will change with an increase of temperature. For example, since the penetra-
tion depth at 25 °C is ca. 1.8 cm for water, even if we used a 10-cm (diameter)
reactor, the microwaves would not reach the center of the reactor. However, at 50 °C,
the penetration depth is 3.1 cm, and at 90 °C it is 5.4 cm so that now the microwaves
can and do reach the center of the water sample [6].

D, (1.2)

1.1.2 Features of Microwave Heating

How is microwave different from existing heating methods? In microwave heating,
the heating efficiency is determined by how much microwave energy is absorbed by
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or has penetrated into the substance and how much is lost. Therefore, heat generation
progresses at the molecular level and cluster level without depending on heat
transfer. The advantages of microwave heating can be broadly classified into the
following items:

Internal heating: Many dielectrics have low thermal conductivity. Thus, it takes a
long time to heat the center of the sample. Microwaves do not depend on heat
conduction because the sample self-heats. Therefore, even if the sample pos-
sessed a complicated shape, it could nevertheless be uniformly heated from the
inside in a short time.

High-precision heating control: Since the sample self-heats in microwave heating,
the sample cools rapidly when microwave irradiation is stopped because of the
surrounding atmospheric environment (atmosphere or container). Therefore,
precise temperature control can be performed by repeatedly turning ON and
OFF the microwaves.

Selective heating: Since the heat generation efficiency of microwaves is determined
by the relative permittivity loss of substances, the heating efficiency of each
substance differs greatly when a heterogeneous mixture with a large difference of
such loss is irradiated with microwaves. Therefore, even if the sample consisted
of a mixture, only the target substance can be selectively heated. In addition, it is
also possible for local hot spots to occur.

Energy saving: Microwave heating, in which the sample generates heat directly,
does not require extra energy because it does not need to heat the furnace
assembly or the atmospheric environment. Also, if there is a space (air) between
the container and the sample, it will take a long time to heat the sample inside
because the thermal conductivity of the reactor may be rather poor from the
outside to the inside of the container. Nonetheless, microwaves can propagate in
space gap and can heat the sample directly.

Low environmental load: Microwave heating is electrically driven and does not
require fossil fuels. In any case, in order to master microwave heating, it is
necessary to understand the problems of microwave heating. The problems
with general microwave heating are summarized below; solving these problems
will make the use of microwaves in Microwave Chemistry run more smoothly.

Electric discharge phenomenon: When a conductive substance such as metal is
contained in the sample, microwaves may concentrate and discharge on the
surface of the conductive substance. The latter may then cause burning of the
sample or else may ignite the volatile solvent.

Penetration depth: Since the heating of a substance proceeds due to the loss of
microwave energy, there is a limit to the distance that microwaves can reach
(penetration depth). This is because the sample with higher heating efficiency has
a shallower penetration depth.

Nonuniform heating: 1t is difficult to uniformly heat nonuniform mixed samples
with different relative permittivities. In addition, since the surface of the sample
cools depending on the container and the atmospheric environment, it is neces-
sary to devise measures such as heat insulation.
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Temperature measurement: It is difficult to measure the temperature accurately
because the measuring thermometer may not be able to follow the temperature
response.

Radio leakage: The use of microwaves is controlled by the Radio Law. It is
necessary to comply with relevant laws and regulations and consider electromag-
netic interference (EMI) to any peripheral equipment. Generally, it is necessary to
place the sample in a microwave cavity (metal box) surrounded by a metal.

1.2 Microwave Nonthermal Processes

1.2.1 General Nonthermal Processes

In general, a nonthermal process can be viewed as a weak energy level that does not
change the temperature of a sample when various energies such as an electric field, a
magnetic field, pressure, or ultrasonic waves act on the sample. However, it is
nonetheless an epoch-making effect. It has already been put into practical use in
the food field from the viewpoint of sample denaturation by heat and energy saving
[7]. The kinds of nonthermal processes are: (a) pulsed electrical fields, (b) ultraviolet
radiation, (c) ionizing radiation, (d) cold plasma, (e) supercritical carbon dioxide,
(f) pulsed light with UV to NIR radiations, (g) high hydrostatic pressure processing
(HPP), (h) ultrasound, and (i) chemical reaction with oxidative species.

Nonthermal processes are also pervasive in the environmental field. For example,
in water treatment, purification using ultraviolet rays is performed worldwide, and it
is possible to realize an energy-saving procedure as compared with sterilization of
water using, for instance, high-temperature disinfection. To sterilize a large amount
of water (hundreds of tons), heat sterilization requires an enormous amount of
energy. However, with UV light, sterilization is completed in a very short time,
and can be done in a flow process [8]. The wavelengths for UV treatments range
from 100 nm to 400 nm. The germicidal properties of UV radiation are mainly due to
DNA mutations induced through absorption of UV light by the DNA molecules. UV
light may be used in combination with other alternative processing technologies,
including various powerful oxidizing agents such as ozone and hydrogen peroxide.
In the case of drinking water, for example, it can be sterilized for a longer time and
lasts longer than by boiling the water.
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1.3 Microwave Nonthermal Effects

1.3.1 Restrictions on the Use of Microwaves
in the Environment

In the last decade, the human population has been exposed increasingly to radiation
from microwave-operating devices: for example, radars, diathermic devices, and
cellular or cordless phones. As well, the rate of penetration of mobile phones into the
market place has increased worldwide between 2000 and 2013. In India, for exam-
ple, the number of mobile phones have increased by a factor of 247.8, while the
global penetration of mobile phones increased from 12.1% in 2000 to 94.4% in 2013
(see Table 1.1) [9].

Both humans and microorganisms living on the human body are exposed to
significant doses of microwave radiation in everyday life. How and whether or not
microwave radiation could influence the viability and growth of microorganisms is
of course a matter of some debate. Under these circumstances, the existence of
nonthermal effects of microwaves has been discussed for a long time in addition to
the thermal effects of microwaves.

Electromagnetic exposures depend on several factors not least of which are:
power (specific absorption rate, incident power density), wavelength/frequency,
near field/far field, polarization (linear, circular) continuous wave and pulsed
waves (pulse repetition rate, pulse width or duty cycle, pulse shape, pulse to average
power, etc.), modulation (amplitude, frequency, phase, complex), static magnetic
field and electromagnetic stray field at the place of exposure, overall duration and
intermittence of exposure (continuous, interrupted), and finally acute and chronic
exposures [10]. With increased absorption of energy, thermal effects of microwaves

Table 1.1 Global mobile phone penetration statistics compiled from data given by the Ministry of
Internal Affairs and Communications of Japan [9]

Number of mobile phones Rate of increase/
Countries/continents 2000 2013 times
Japan 66,784,374 | 149,561,007 22
USA, Canada 118,205,031 | 334,102,000 2.8
Europe 296,106,468 | 787,728,453 2.7

Asia Pacific (excluding Japan, China, and | 84,692,157 1,231,504,515 | 14.5
India)

China 85,260,000 |1,229,113,000 |14.4
India 3,577,095 886,304,245 247.8
Latin America/Mexico 58,300,965 | 674,907,938 11.6
Russia region (CIS) 4,976,051 381,311,610 76.6
Arab countries 9,035,241 407,704,505 45.1
Africa 11,326,972 | 580,569,307 51.3
World 738,264,354 | 6,662,806,580 | 9.0

Global penetration rate 12.1% 94.4% —
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are usually observed that deal with microwave heating. A measure of determining
the safety of the microwaves’ specific absorption rate has been defined as a specific
absorption rate (SAR). In Japan, the measure for assessing thermal effects refers to
the whole-body average SAR, with a guideline of the whole-body average SAR set
at 0.08 Watts per kilogram, which includes the safety factor. For instance, when the
energy density of microwaves transmitted into the living body through the skin
reaches 100 mW/cm? or more, some irreversible changes may occur in the living
tissues. In addition to this, SAR has been decided from various studies based on the
microwave output power. SAR can cause burns due to the heat of the human body
irradiated with microwaves. Previous studies of the nonthermal effect of microwaves
suggested that the thermal effect occurs before the nonthermal effect begins. For this
reason, the nonthermal effects from weak microwaves have not been the object of
many investigations.

As a strategy in innovation technologies, one may wish to utilize the nonthermal
effect as a positive use of microwaves at weak output power levels under conditions
such that the temperature does not rise. In this regard, nonthermal effects at the
cellular level have been investigated over the last decade [11]. Some of the observed
results now include effects that cannot otherwise be obtained from thermal effects.
While research studies were intended to avoid deleterious damage caused by micro-
waves to the human body, from a different perspective they also revealed that
nonthermal effects may well prove useful in industrial processing. Can these effects
of the microwaves then be used to enrich our lives? This is something to think about.

1.3.2 Active Use of Nonthermal Effects as Electromagnetic
Wave Effects

While microwave heating may be required in the fields of agriculture and biologys, it
may necessitate the use of the energy of electromagnetic waves from the microwave
radiation. In general, this temperature-independent effect is referred to as a nonther-
mal process. This expression comes from nonthermal plasma in the plasma field. It is
understood that this is not a thermal effect of the microwaves. But then what is it?
Briefly, the nonthermal effect in microwaves can be considered as an effect that acts
directly on the electromagnetic energy. In this chapter, microwave nonthermal
effects are reworded as microwave electromagnetic wave effects. In other words,
it is necessary to actively utilize this electromagnetic wave effect in the process, but
for what usage? There have been many research studies on the use of this effect in
pest control.

In this regard, Yanagawa and coworkers [12] reported that the effect on termites
placed in an ESR (Electron Spin Resonance) cavity. The effect was examined by
measuring the number of free radicals while irradiating with weak microwaves.
Miyakoshi [13] confirmed that free radicals are formed when pests are irradiated
with microwaves, and to the extent that such formation does not occur with simple
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heat, it was inferred that the effect resulted from a nonthermal action of the
microwaves. Insects contain such paramagnetic substances as manganese, copper,
and iron. It has been reported that because of these nonthermal effects, the electrical
properties of the molecules that make up the living body, including lipids in insects,
are affected by the influence of the microwaves’ magnetic field and thus could prove
useful in pest control. Common termite exterminations in homes typically use
chemicals and heat, which are not without safety problems to humans, to the
deterioration of wood, and to wasteful energy consumption. Various problems
could be solved if termites were exterminated simply by the use of microwave
radiation using its electromagnetic wave effect.

Related to this, Tanner and coworkers [14] reported that when chickens were
exposed to slightly thermal microwave fields of 20 to 50 mW/cm?, they responded
with an escape or avoidance reaction within a few seconds of the onset of microwave
radiation. Note that an important difference between thermal and nonthermal effects
is a matter of timescale. Such effects have been considered for use at airports as a
way to prevent disastrous accidents from birds’ strikes. On the positive side, the
growth of plants in agriculture can be controlled by the nonthermal effects of the
microwaves (see Chap. 5).

1.3.3 Summary of Electromagnetic Wave Processes

The problems in electromagnetic wave processes are that the electromagnetic wave
effects of microwaves are not well defined, and that the relevant principles have not
been elucidated nor systematized. In addition, it is necessary to separate the thermal
effect from the nonthermal effect at the molecular level. At present, the existence of
the microwave electromagnetic wave effect is not clear, even though many phenom-
ena attributed to this effect have been reported [15]. However, many of the studies on
this topic have used typical domestic microwave ovens, for which the microwave
output is too strong to carry out related experiments, not to mention that the
magnetron and power supply of the microwave oven cannot reproduce the micro-
wave radiation conditions. Regardless, several articles have reported that microwave
processing is a nonthermal process, not just a thermal process. However, it is
difficult to separate the nonthermal effects of microwaves described in many of
these studies, because these nonthermal effects also appear with thermal effects. In
this regard, Apollonio and coworkers [16] have offered a critical literature review of
the models of the interaction mechanisms involving microwaves, together with an
overview of all the publications that reported positive results in in vitro and in vivo
studies. This kind of scrutiny was necessary.

The microwaves’ “weak energy” could be put to optimal use in innovative novel
technologies such as AGRITECH (agriculture technology) and FOODTECH (food
technology). In addition, when it comes to targeted animals, plants, and microor-
ganisms (among others) in agriculture and the food industry, the energy level is such
as to make the temperature of these objects remain unchanged.
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Chapter 2 ®)
Plasma Thermal and Nonthermal Gy
Technologies

Kunihito Tanaka

Abstract A space called plasma containing charged particles is generally formed by
using an electric discharge. Therefore, charged particles (mainly electrons) having
very high energy exist in the plasma, and gas molecules are dissociated by the
electrons having the high energy. Various radicals generated by this action promote
chemical reactions that do not occur in ordinary chemical reaction fields. Taking
advantage of this feature, the use of plasma as a new reaction field is expanding.

Keywords Electric discharge - Corona discharge - Silent discharge - Creepage
discharge - Glow discharge - Atmospheric pressure glow discharge - Arc discharge

2.1 What Is Plasma?

The words solid, liquid, and gas are words to express the state of a system. The word
plasma is one of the words to express the state of the system as well as those words,
too. A rough explanation of the state of the system represented by plasma is “an
ionized gas that contains ions and electrons and is electrically neutral as a whole.”
Inaccuracies are undeniable, but they are sufficient for understanding how they are
used in agriculture.

If a gas contains charged particles, it becomes plasma, so if energy is applied to
gas molecules to cause ionization, plasma can be obtained. The ionization energy of
general gas molecules is 10-25 eV degree. As a method of giving the energy,
heating, light irradiation, and electric discharge can be considered.

When a material is heated, it changes from solid to liquid and gas, and eventually
becomes plasma. However, a temperature of 10,000 K is required to ionize 1% of
1 bar of nitrogen molecules. Such high temperature plasma cannot be used for all
purposes, not limited to agriculture. In the first place, it is unrealistic to heat a
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material to such a high temperature. Therefore, the method of heating is not suitable
as a method of obtaining a plasma state.

Next, a method of obtaining a plasma state by light irradiation will be examined.
The wavelength of light corresponding to the ionization energy of 10-25 eV is
vacuum ultraviolet light of 50-100 nm. It is extremely difficult to prepare a light
source having such a short wavelength and to irradiate the space to be in a plasma
state. Therefore, the generation of a plasma state by light irradiation is also
unrealistic.

The electric discharge can be easily generated by simply applying a voltage of
several kV to the electrodes placed in the gas. Since it is clear that charged particles
are flowing in the space shining by the electric discharge, the space is plasma state. In
addition, by changing the structure of the electrode and the atmosphere (type of gas
and pressure) in the vicinity of the electrode, it can be easily changed to various
discharge types. This indicates that when plasma is used for agriculture, it leads to a
great advantage that an appropriate discharge type can be freely selected according
to the processing target.

2.2 Classification of Discharge Type and Plasma State

The discharge type and plasma state vary depending on the electrode structure,
power supply, pressure, type of gas in the discharge field, and so on. Electrodes and
power supplies affect the electric field formed in the discharge field. The pressure
and the type of gas affect the degree of ionization.

Table 2.1 shows a summary of typical discharge types and plasma states. Typical
discharge types include corona discharge, glow discharge, and arc discharge. Of
these, corona discharge and glow discharge are classified as nonequilibrium plasma
(or nonthermal plasma). The electrons in the plasma have enough energy to ionize
gas molecules. When this energy is converted into temperature, it becomes
100,000 K or more. On the other hand, the temperature of these discharge-type
gases is around room temperature. Since the thermal equilibrium is not established
between the electron and the gas, it is called nonequilibrium plasma. The arc
discharge is classified as a thermal equilibrium plasma (or thermal plasma) because
the gas temperature is about 10,000 K, although the thermal equilibrium is not
completely established.

Table 2.1 Plasma and discharge types

Thermodynamic equilibrium Discharge type Degree of ionization
(temperature)

Nonequilibrium plasma Corona discharge Weakly ionized plasma
(cold plasma) Glow discharge

Thermal equilibrium plasma Arc discharge Strongly ionized plasma
(thermal plasma)
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Understanding how much gas molecules in the plasma are ionized is an important
factor in selecting the appropriate discharge type for the purpose. Figure 2.1 shows
the approximate distribution of electron temperature and density during each dis-
charge. Corona discharge and silent discharge, which are weakly ionization plasmas,
are discharges generated under atmospheric pressure, and the degree of ionization is
about 107" to 10™'*. Glow discharge, which is also weakly ionization plasma, is a
discharge generated under a low pressure of about 1 to 100 Pa, and the degree of
ionization is about 10~* to 10~°. The degree of ionization of the arc discharge, which
is strong ionization plasma, is about 107> to 10~°, which shows that the degree of
ionization is quite high.

Ionization in plasma occurs mainly by collisions between electrons and gas
molecules. Collision between electrons and gas molecules causes not only ionization
but also excitation of gas molecules and dissociation reaction of gas molecule bonds,
and various active species such as electronically excited gas molecules and radicals
are generated. The density of these active species is not equal to the density of
electrons, but the density of electrons is clearly proportional to the density of active
species. Thus, it seems that arc discharge and glow discharge are more advantageous
than corona discharge and silent discharge when considering only the amount of
active species. However, it can be seen that there are many objects for which arc
discharge and glow discharge are difficult to use when considering the conditions for
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generating arc discharge and glow discharge. In order to understand this, the
conditions and characteristics of each discharge will be described.

2.3 Inelastic Collision Process in Plasma

As mentioned above, the density of electrons and active species in plasma is an
important factor in estimating the effect when plasma is used for processing.
Therefore, understanding how these particles are generated and how they disappear
is an important basis for understanding the processing results.

It is impossible to explain all of the inelastic collision processes in plasma, and
there are many processes that are unnecessary to understand the contents of this
book, so only the important processes will be explained.

2.3.1 Ionization

In order to generate a plasma state, ionization must first occur. Ionization in the
discharge field begins with the collision of electrons with gas molecules. The
electrons in the discharge field are accelerated by the electric field and gradually
store energy. If the electron has enough energy, it collides with a gas molecule and
direct ionization (Eq. 2.1) occurs. If the electron does not have sufficient energy, it
excites a gas molecule, and electrons collide with the excited gas molecule again,
resulting in cumulative ionization (Eq. 2.2). These two ionizations are the main
processes involving electrons.

Direct ionization : A + e~ — A" +e” +e” (2.1)

Cumulative ionization : A * +¢~ — AT +e~ +e~ (2.2)

When the number of positive ions and excited gas molecules increases, ionization
also occurs due to collision with these active molecules. Positive ions are also
accelerated by the electric field, so they collide with gas molecules and cause
ionization, but this process is negligible in many cases. Ionization due to collision
with excited gas molecules can be considered in the Egs. (2.4) and (2.5), and
Eq. (2.5), called Penning ionization, plays a relatively important role in the plasma
process.

Ionization by positive ion : A + AT — AT + AT + e~ (2.3)
Tonization by excited molecule : A x +Ax — A" + A + e (2.4)
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Penning ionization : B+ A™ — B™ + A +e~ (2.5)

Penning ionization is an ionization caused by collision with a gas molecule in a
metastable excited state. A typical gas that can take a metastable excited state is a
noble gas (usually argon or helium), and the energy of the metastable state of those
noble gases is about 10-20 eV. Therefore, not only the ionization of gas molecules
but also the excitation and dissociation reactions can occur at the same time. In
addition, since the metastable excited state is characterized by a long lifetime, the
energy supplied from the power source can be efficiently used by adding the noble
gas to the process gas.

2.3.2 Recombination

As the number of charged particles increases, positive ions are recombined with
electrons or anions accordingly, and the charged particles disappear. The energy
generated by the recombination reaction is released as light or heat, and is also used
for the dissociation reaction of gas molecules.

Radiative recombination : A™ + e~ — A+ (2.6)
A"+B - A+B+h (2.7)
Dissociative recombination : ABT +e~ — A + B (2.8)

2.3.3 Excitation

Collisions between electrons and gas molecules cause not only ionization but also
excitation and dissociation reactions.

Excitation : A +e~ — A x +e” (2.9)
Dissociation : AB+e~ — A-+B - +e” (2.10)
AB+C™ = A-4+B-+C (2.11)

If the charged particles in the plasma are to be utilized, it is important how to
increase the degree of ionization and increase the number of charged particles. On
the other hand, plasma is used as a chemical reaction field in many use cases. As
shown in Eqgs. (2.8), (2.10), and (2.11), gas molecule dissociation reactions also
occur in plasma, and the radicals generated in that process are the main chemical
reactions. Therefore, what kind of radicals are required for the desired chemical



18 K. Tanaka

reaction, what kind of substance should be introduced into the plasma to supply the
radicals, and how to use the plasma as a chemical reaction field. Such a viewpoint
becomes important.

2.4 Generation and Characteristics of Each Discharge Type

2.4.1 Corona Discharge

Corona discharge is a type of discharge that occurs when a high voltage is applied
using electrodes shaped like needles, fine wires, or knife edges, and ordinary flat
plate-shaped electrodes. Due to the extremely biased electrode shape, the applied
electric field is concentrated near the electrode with the smaller surface area. Due to
its local high electric field, electrons can easily obtain the high energy required for
ionization, so that corona discharge is easily obtained under atmospheric pressure.
Schematic diagrams of the corona discharge apparatus are shown in Fig. 2.2, and a
summary of the generation conditions is shown in Table 2.2. The pressure does not
need to be atmospheric pressure, which means that neither pressurization nor
decompression is required.

Since corona discharge is easily generated by a simple device, it is widely used as
a surface treatment for polymer materials and as an electron supply device. The
purpose of the surface treatment is often a hydrophilic treatment for improving
adhesiveness and coatability. As an electron supply device, it is widely used in
electrostatic precipitators, copiers, and the like.
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Fig. 2.2 Schematic diagrams of corona discharge apparatus

Table 2.2 Occurrence conditions of corona discharge

Electrodes Needle or thin wire and flat plate electrodes
Pressure Atmospheric pressure

Gas All gases. Air or oxygen gas for industrial use
Power supply DC and AC power supplies are available
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2.4.2 Dielectric Barrier Discharge

Dielectric barrier discharge (DBD) occurs when a dielectric such as glass is inserted
between the electrodes so as to cover the electrode surface and a high voltage is
applied. Schematic diagrams of the DBD apparatus are shown in Fig. 2.3, and a
summary of the generation conditions is shown in Table 2.3.

The discharge generated by the left-side apparatus shown in Fig. 2.3 is called
silent discharge, and thin linear discharges are sparsely generated over the entire
electrode in the silent discharge. Since the discharge occurs only sparsely and the
discharge gap is generally only a few mm, silent discharge is not used for surface
treatment. However, silent discharge is used as the most energy efficient ozone
generation method.

As shown on right side in Fig. 2.3, the device of the electrode structure made it
possible to almost uniformly generate DBD over a relatively wide area. Since the
shape of the generated discharge is similar to corona discharge or silent discharge, it
is difficult to use this discharge for the completely uniform surface treatment, but it is
considered to be more effective than corona discharge as a source of radicals and
electrons. Although the DBD’s electrodes are more difficult to make than corona
discharge apparatus, it is worth considering the use of DBD for agriculture.

2.4.3 Glow Discharge

When the pressure in the space where the high voltage is applied drops to about
1000 Pa, the discharge type becomes glow discharge regardless of other conditions.
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Fig. 2.3 Schematic diagram of silent discharge apparatus

Table 2.3 Occurrence conditions of silent discharge

Electrodes Insert dielectric(s) between metal electrodes
Pressure Atmospheric pressure

Gas All gases. Air or oxygen gas for industrial use
Power supply Only an AC power supply is available
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Fig. 2.4 Schematic diagrams of glow discharge apparatus

Table 2.4 Occurrence condi-

tions of glow discharge Electrodes Many electrode types
Pressure Low pressure. About 0.1-100 Pa
Gas All gases
Power supply DC and AC power supplies are available

The advantages of glow discharge are that the discharge field spreads spatially
uniformly, the density of electrons and radicals is higher than that of corona
discharge and silent discharge, and the temperature of the gas is low (about room
temperature to 200 °C). These advantages lead to the ability to treat a solid surface
uniformly, at high speed, and without denaturing the solid itself. Therefore, when
plasma is used as a manufacturing technique, it is first considered to use glow
discharge. Schematic diagrams of the glow discharge apparatus are shown in
Fig. 2.4, and a summary of the generation conditions is shown in Table 2.4.

There are so many types of glow discharge apparatus that have been developed,
but I will introduce two typical ones. One is called capacitively coupled plasma
(CCP), which is a very simple apparatus that only prepares two flat plates. The other
is called inductively coupled plasma (ICP), which is a method of supplying energy to
electrons by a magnetic field to generate a discharge. Compared to CCP, ICP is used
for a powerful process because it can easily supply high power.

Glow discharge is widely used as a technique for manufacturing ICs, such as
surface modification that changes the chemical state of the surface, thin film depo-
sition that creates a thin film, and etching treatment that changes the surface shape.
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2.4.4 Atmospheric Pressure Glow (APG) Plasma

The biggest drawback of using glow discharge as a manufacturing technique is that
the sample must be placed under low pressure: the processing equipment is expen-
sive because a vacuum device is required to reduce the pressure; the process is a
costly batch process as the sample must be placed under low pressure; if the sample
cannot be put into a low pressure, it is impossible to process.

This drawback can be overcome if glow discharge can be generated under
atmospheric pressure, but the discharge under atmospheric pressure is usually
corona discharge or arc discharge. Therefore, it has been considered impossible to
generate a glow discharge under atmospheric pressure. Kogoma et al. presented the
successful development of atmospheric pressure glow (APG) plasma [1, 2]. Sche-
matic diagrams of the APG discharge apparatus are shown in Fig. 2.5, and a
summary of the generation conditions is shown in Table 2.5. Left- and right-side
apparatuses shown in Fig. 2.6 are commonly used for silent discharge and atmo-
spheric pressure plasma jet, respectively.

As shown in Table 2.5, glow discharge occurs even under atmospheric pressure
by filling the discharge space with a noble gas using the DBD apparatus [3—6]. Glow
discharge is maintained even if a few percent of other gas is added to the noble gas. If
too much other gas is added to the noble gas, discharge will gradually turn into a
silent discharge.

From this presentation, the treatment by the atmospheric pressure discharge has
been reviewed, and the treatment by the pure N, atmospheric pressure discharge is
now widely used in the industry [7-12]. Since APG plasma has the same density of
active species as low-pressure glow plasma, higher processing effect can be expected
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Fig. 2.5 Schematic diagram of APG discharge apparatus

Table 2.5 Occ.urrence condi- Electrodes Dielectric barrier electrodes
tions of APG discharge -
Pressure Atmospheric pressure
Gas Noble gas or high purity N,
Power supply Only an AC power supply is available
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Fig. 2.6 Schematic
diagram of arc discharge
apparatus

Electrode

Discharge —

Table 2.6 Occurrence condi-

. . Electrodes Many electrode types
tions of arc discharge :
Pressure Atmospheric ~ low pressure
Gas All gases
Power supply DC and AC power supplies are possible

compared to corona discharge and silent discharge. When high active species density
is required, it may be worth considering the use of APG plasma.

2.4.5 Arc Discharge

When a discharge is generated using a power source capable of passing a large
current and an electrode that can withstand high temperatures, the temperature of the
electrode rises to a temperature at which thermo electrons are emitted from the
electrode surface. At the same time, the temperature of the gas in the discharge field
also rises, and thermo ionization begins to occur in the gas. When the discharge field
is maintained at a high temperature, the plasma can be maintained even if there is not
much ionization action due to collision between electrons and gas molecules. Such a
discharge is called an arc discharge. A schematic diagram of the arc discharge
apparatus is shown in Fig. 2.6, and a summary of the generation conditions is
shown in Table 2.6. The apparatus diagram shown in Fig. 2.6 is an example, and
different apparatuses are often used.

Depending on the conditions, the gas temperature of the arc discharge reaches
several 1000-10,000 K. Arc discharge is widely used for welding and melting by
utilizing this high temperature. Since the substance introduced into the discharge
field is dissociated to the atomic state, it is also used in the production of ceramics
and ultrafine powders.

The use of arc discharge is limited due to the high gas temperature, but on the
other hand, the high density of active species is a very attractive point. Therefore, in
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recent years, a process using a discharge type called gliding arc discharge, in which
the gas temperature rises only to about 1000 K, has been performed.

2.5 Summary

When considering plasma as a tool, active species such as charged particles and
radicals are obtained from plasma. By clarifying which active species is required for
the treatment and how much active species is required, it is possible to determine
which discharge type is appropriate.

Considering the application to agriculture, the treatment target is the plant itself or
seeds. Then, there is no choice but to select a discharge type that can be generated
under atmospheric pressure. Also, considering the ease of supply of active species
and the low processing cost, corona discharge or N, atmospheric pressure plasma
(although it cannot be classified as glow discharge, the density of active species is
higher than corona discharge) is seem optimal. In some cases, gliding arc discharge
may also be considered.

The greatest advantage of plasma processing is that almost all the bonds of
substances introduced into the plasma are dissociated by electron collisions, so
almost all possible radicals can be generated. And it is possible to cause an
unthinkable reaction in the generally chemical reaction. Of course, the generated
radicals often do not react as expected, using plasma is difficult. But there is a
possibility that new discoveries that cannot be obtained by conventional methods
will be born. It would be fun to use plasma.
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Chapter 3 )
High-Voltage and Pulsed Power s
Technologies

Koichi Takaki

Abstract Recently, applications of high-voltage technologies including plasma
have been newly developed for agricultural and food processing. Repetitively
operated, compact high-voltage power supplies with moderate peak power have
been developed for controlling discharge plasmas and electric field distribution in
the applications. These applications are mainly based on the biological effects of a
spatially distributed electric field and the chemically active species produced by the
plasma. For the applications it is essential to generate, in a controlled way, repetitive
high voltages, with precise voltage amplitude and waveform shapes, in order to
deliver well-defined energy packages to biologic loads. This energy flow can be
based on relatively simple circuits consisting of passive discrete resistive-inductive-
capacitive elements, transformers, and switches, which convert the energy stored in
the electric fields of capacitors or magnetic fields of coils into well-defined voltage
outputs. Here, at first, a basis of high electric field phenomena is outlined. After that,
generations of high voltage are described. The transient phenomena of single and
stack circuits are also described as a basis of the generation and handling of high-
voltage pulses, i.e., pulsed power. These include direct capacitive discharge, com-
prising a single switch or an association of circuits to circumvent the still voltage and
current limitation of semiconductors, which include inductively multiplied circuit
and Marx generator. Also, the utilization of pulse transmission lines (PFL) and
pulse-forming network (PFN) to generate and format pulses into well-defined
loads is explained.

Keywords Plasma - High-voltage - Agriculture - Food processing - Pulsed power -
Pulse electric field
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3.1 Introduction

The food supply chain from farm to fork is an important topic in a sustainable
society. The agricultural and food industries must continually adapt to meet the
demands of a growing population, both in terms of nutrition and consumer expec-
tations. This must be achieved within the confines of the resources available and the
regulatory requirements. Innovative technologies with regard to food production and
processing are required to meet the emerging challenges of global food security and
the complexities of the modern food supply chain. The study of possible agricultural
and food processing applications of ionized gas plasmas and intense electric fields is
experiencing rapid growth by researchers worldwide [1]. In the applications, the
repetitively operated, compact high-voltage power supplies with moderate peak
power have been developed for controlling discharge plasmas and electric field
distribution. These applications are mainly based on the biological effects of a
spatially distributed electric field and the chemically active species produced by
the plasma [2, 3].

The intense pulse electric fields (PEFs) that have biological effects are caused by
applying pulse voltage between the electrodes. When the applied voltage exceeds the
corona discharge criterion, discharge plasmas that produce free radicals, ultraviolet
(UV) radiation, an intense electric field, and shock waves are generated by the
accelerated electrons within the intense electric field in a gas or liquid medium
[4]. Different high voltages and plasmas may have different biological effects on
substrates via the electric field and reactive species. For instance, intense electric
fields form pores on the cell membrane (i.e., electroporation) or influence the nucleus
[5]. The agricultural applications of plasma are categorized as seed germination
promotion [6], plant growth acceleration [7], the inactivation of bacteria in soil and
liquid hydroponic media [5, 8], and the promotion of fruit-body formation such as in
mushrooms and fruits in the preharvest phase [5, 9]. In the postharvest phase,
maintaining the freshness of agricultural products is important for a sustainable