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Chapter 1

Introductory Chapter: Ozone in the Nature and Practice

Jan Derco, Barbora Urminska and Martin Vrabel
Additional information is available at the end of the chapter
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1. Introduction

Ozone (O,) is a tri-atomic form of oxygen, that is, three atoms of oxygen bonded together. It
is an unstable gas with distinctive sharp odor. Under normal conditions, ozone is unstable
and rapidly decomposes to a more stable gaseous form of molecular oxygen, O,. Behavior of
ozone shows more “faces” according to the circumstances. The ozone layer protects the Earth
from damaging ultraviolet (UV) light; therefore, it is an inevitable compound to save life on
Earth. Its applications also present benefits for human welfare. Thanks to its strong oxidiz-
ing properties as well as bactericidal, virucidal, and fungicidal effects, it is widely used for
water disinfection, wastewater treatment, in various industrial fields, for example, in the pulp
and paper industry and the textile industry and progressively for medical purposes as well.
Unfortunately, there are also circumstances, mainly due to the activities of humans, when
ozone behaves contrary to the mentioned benefits, with negative and harmful influence on
human health, and life in nature, as well as to material environment [1]. While stratospheric
ozone protects biological life on Earth, ozone in the troposphere is toxic to human health,
plants, and trees and it also damages various materials [2].

One may have noticed a smell in the air after thunders and lightning bolts. The pure odor was
most likely to the actual ozone formed by flashing atmospheres. Because ozone is unstable
and cannot be stored successfully, it must be generated at the application site. To produce
ozone sufficiently in the water, wastewater, and sewage treatment plant, ozone generators
are used. The simplest method can be ozone generated by the passage of oxygen or oxygen-
containing air through the area of electric discharge or spark.

Ozone is a subject of interest and research for a number of reasons. This chapter will deal
briefly with related aspects of stratospheric and tropospheric ozone as well as with utilization
of ozone in practice.

© 2018 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative Commons Attribution-
InteChOpen NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/), which permits use, distribution
and reproduction for non-commercial purposes, provided the original is properly cited. [®)sy-nc |
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2 Ozone in Nature and Practice

2. Ozone in the environment

In the case of atmospheric ozone, the main focus is on the decrease in the concentration of
stratospheric ozone and the related biological effect, the occurrence, and the detrimental
effects of tropospheric ozone.

Ozone is highly toxic, blue to colorless gas with a pungent odor. It is located mainly in the
stratosphere (15-50 km above the Earth’s surface) and the troposphere (0-11 km above Earth’s
surface).

2.1. Tropospheric ozone

The most important chemical transformation processes in the atmosphere are photo-disso-
ciation and oxidation. Major atmospheric oxidants include O,, hydroxyl radical -OH, and
hydrogen peroxide H,O, (together they form the oxidative capacity of the atmosphere).
Among possible consequences of transformation, there is a production of substances that are
more toxic than their precursors (i.e. the substances leading to their formation). An example
is the formation of tropospheric ozone, so-called ground-level ozone, which is harmful and
is among the toxic pollutants. Ground-based ozone is one of the most variable atmospheric
components that depend on temperature and air pressure [2].

Ground-level ozone is released when various hydrocarbons react with nitrogen dioxide
(emissions from public transportation and industry) in the presence of sunlight. The larg-
est source of nitrogen oxides (NO ) is the combustion of fossil fuels (energy, transport) and
therefore the largest share of automotive transport. Exhaust gases from engines include NO,
(approximately 95% NO, 5% NO,), hydrocarbons (saturated and unsaturated), partially
oxidized hydrocarbons (mainly aldehydes, most of them formaldehyde), and CO. Levels of
ground-level ozone in the exterior are higher during the summer [3, 4].

High concentrations of ozone adversely affect human health. Ozone as an effective oxidant
causes transient irritation of the respiratory system, resulting in coughing, irritation of the
nose, throat, eyes, breathing, and chest pain in deep breathing. Chronic exposure to high con-
centrations of ozone leads to premature aging of the lung tissue, thereby reducing resistance
to infections. Up to 95% of ozone inhaled into the lungs remains in the body.

Tropospheric ozone also has an unfavorable effect on vegetation, especially on agricultural
crops and forest stands. Smog-induced foliar injury on plants was first identified in the 1950s
[2]. Short episodes of high concentrations of ground-level ozone cause acute damage to assim-
ilation organs (reduction of resistance or decay of the plant).

Ground-level ozone effectively decomposes chlorophyll in plants. It also damages various mate-
rials. It causes rubber hardening, decoloration of dyes and dyed textiles, and corrosion of metals.
Increases in corrosion of construction materials (steel, zinc, copper, aluminum, and bronze) are
attributed to the synergistic action of ozone and other substances such as SO, and NO, [2].

The World Health Organization (WHO) recommends an 8-h limit of 100-120 pug m™ concen-
tration of ozone-exposed to human body [1].



Introductory Chapter: Ozone in the Nature and Practice
http://dx.doi.org/10.5772/intechopen.78263

2.2. Stratospheric ozone

Ozone is formed in the stratosphere by the reaction of an oxygen radical with an oxygen
molecule. The ozone molecule can absorb radiation in the range of 310-200 nm, after which
it is divided into an oxygen molecule and an oxygen radical, followed by a repeat cycle [3].

0,+UY, - -0+-0-0+0, — O, (1)

240 nm

0, + UV 0000m = 0+0, 2
It can be destroyed by a number of free radicals, the largest of which are: -OH -NO, -Cl and -Br.
While -OH and -NO radicals are mostly of natural origin, the halogen radicals are increased
due to the human activity by discharging chlorine and fluorine derivatives of hydrocarbons.

(CFC, HCFC) CFCI, + UV — -C+CFCl, 3)

Subsequently, the radicals act as a catalyst.

-C+0, » ClO+0,Cl0O+0, - -Cl+20, 4)

2.3. Ozone hole

Ozone hole is a term describing more than 50% temporary loss of ozone in the stratosphere. At
poles, the ozone layer is already very thin. The most significant decrease in ozone was recorded in
the lower stratospheric levels a decrease up to 70% was recorded over the Antarctic and has con-
tinued since 1985. The restoration was recorded in 2016 similarly to the Arctic. The reason why
ozone holes are formed more easily over the poles is due to the phenomenon known as polar
vortex that allows chemical reactions in the enclosed air mass to be enhanced due to the lack of
mixing with other, lower latitude, air masses. The effects of the pollutants in the atmosphere are
thus enhanced in these isolated regions of the atmosphere [5]. Another reason is the formation
of polar stratospheric clouds that are composed of ice crystals, sometimes greatly enriched in
nitrogen oxides enhancing the ozone degradation. During winter, Antarctic is extremely cold
due to the absence of sunlight. The temperature here drops to -90°C and creates the stratospheric
clouds by freezing the water’s vapor. Freon molecules and other ozone-depleting gases above the
Antarctic are captured in ice crystals. These ice particles can react with various forms of chlorine
in the atmosphere and accumulate the molecule CIONO,, which is a source of ozone-depleting
Cl radicals. After two or three months, the mass of air with less ozone is moving from Antarctica
to other parts of the world. This creates a harmful ozone hole in the atmosphere of the planet [6].

So far, there has been a small decline in habitat habits, and no direct evidence of health
damage due to the reduced concentration has been documented. In the event of a reduction
in concentration, the effects could be significantly more dramatic, especially in the south-
ern hemisphere that would be affected by the Antarctic hole. The most negative effects are
sunburn, skin cancer, and cataracts. In addition, amount of UV light increases on the Earth
surface, which will contribute to ground-level ozone formation, posing another health risks.

3
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Montreal Protocol, a protocol to the Vienna convention for the protection of the ozone layer,
the last valid revision of Beijing 1999, contains legally binding emission reduction targets for
freon use [6]. As a result of an international agreement, the ozone hole is slowly recovering.
Predictions say the situation will return to the pre-1980s in the years 2050-2070.

3. Ozone in water, wastewater, and sludge treatment

Ozone has some advantages for use in water treatment specifically in respect to the use of
chlorine, but it also has several disadvantages. It easily reacts with organic and inorganic
compounds thanks to its high reduction potential and reactivity [7, 8, 9]. Ozone removes odor,
colors, chemical oxygen demand (COD), phenols and cyanides; reduces haze, surfactant and
suspended solids content and also increases dissolved oxygen levels. Ozone is easily pro-
duced from air or oxygen by electric discharge. A major limitation of the ozonation process is
the relatively high costs of ozone generation.

3.1. Ozone reactions and affecting factors

Ozone is able to react through two different reaction mechanisms, direct ozone oxidation,
and indirect oxidation with free hydroxyl radicals. Both reactions run simultaneously and it
is difficult to distinguish them and study their reaction mechanism.

The rate of ‘OH radical’s formation is dependent on pH. With increasing pH, the rate of its
formation also increases [10]. Usually under acidic conditions (pH <4), direct reaction pre-
vails. At pH > 10, the reaction mechanism changes to indirect. Direct oxidation of organic
compounds by ozone is a selective reaction with a low reaction rate constant [11].

The indirect reaction involves oxidation by radicals that are formed by ozone decomposition.
The hydroxyl radical (-OH) reacts non-selectively and has a very high-redox potential. For
this reason, it is a much more effective oxidant than ozone itself [12]. The resulting OH radical
reacts with the dissolved organics. Some functional groups present in organic molecules react
with -OH to form organic radicals, which are oxidized in the presence of oxygen. Many organic
and inorganic compounds react with the -OH radical to form secondary radicals that do not
lead to the regeneration of HO, and O,. This leads to termination of the chain reaction [13].

In general, ionized or dissociated forms of organic compounds react as much as non-disso-
ciated forms. Thus, the pH also affects the direct reaction of ozone. Olefins are more reactive
than aromatic compounds with the same substituent. The direct reaction with ozone occurs
when the radical reaction is inhibited. Therefore, the water either contains a small number
of initiators or contains a large number of scavengers that end the chain reaction of ozone
decomposition. With an increasing concentration of scavengers, the oxidation mechanism
turns to the direct reactions [11].

Although the ozone decomposition rate in aqueous media is known to depend on pH (at high
pH, ozone undergoes rapid decomposition), Nakano et al. [14] found that neither the low
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pH nor the high solubility of ozone affected the degradation rate of the studied substances.
Thai et al. [15] studied the effect of chemical properties of organic solvents (acetic acid, ethyl
acetate, methyl acetate, propionic acid, and acetonitrile) on the rate of decomposition of non-
dissociated and dissociated chlorinated hydrocarbons. They found that the rate of decompo-
sition for dissociated and non-dissociated substances is different, indicating that the rate of
ozonation depends on the nature of the organic solvent.

The course of ozonation significantly influences wastewater composition. Substances present
in water/wastewater may initiate, promote or inhibit the chain reaction. The initiators include
OH, H,0,/HO*, Fe*, formates and humus substances. These substances induce the formation
of a superoxide ion *O, from the ozone molecule. Promoters are, for example, R, -CH-OH, aryl-
R, formates, and humus compounds. O, is responsible for the regeneration of the superoxide
ion from the hydroxyl radicals. The main inhibitors are CH,-COO-, alkyl-R, and HCO*/CO,*.
These substances are capable of absorbing hydroxyl radicals without subsequent regeneration
to superoxide ion. Carbonates and bicarbonates inhibit ozonation due to reaction with -OH
radicals.

The ozonation of inorganic compounds in wastewater leads to the destruction of toxic sub-
stances, mostly cyanides. Cyanides are often used in the metalworking industry and in the
electronics industry where cyanides occur as iron and copper complexes. Nitrates (NO*) and
sulfides (H,5/S*) are also removed during ozonation in wastewater.

One of the most problematic substances in industrial wastewater is organic compounds. They
are often found as a mixture of complexes composed of many different substances present in a
wide concentration range (mg—g L). The role of ozone associated with wastewater treatment
is as follows:

e transformation of toxic compounds (often occurring at relatively high concentrations),
* oxidation of non-biodegradable substances to improve biodegradation,

* removing water stains and odors.

3.2. Ozonation reactors and ozone transfer

The ozonation time, that is, the contact time of ozone with water is a very important factor.
With sufficient reaction time, the maximum degradability of biodegradable substances can
be achieved with controlled ozonation. There is also a larger drop in values in the indicator
of COD, which can lead to complete mineralization. Ozone processes are also affected by
the amount of ozone delivered. Increased ozone levels provide more effective oxidation of
pollutants in water.

At normal temperature, ozone reacts with a number of substances. Temperature changes
generally do not cause a significant change in the rate of these oxidation processes. However,
ozone solubility in water decreases with increasing temperature. The limited solubility of
ozone in water also causes difficulty in mixing it with water. Mixing ozone with water is most
often performed using;:
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¢ contact tanks with flooded water column with ozone-containing gas (mixture of ozone
with air or oxygen),

* ozone-injected ejectors,

* mixing tanks using mechanical mixing (propeller mixer, turbine) and water jump.

The distribution of ozone in the reaction mixture is most often used with a porous distribution
element (diffuser) or venturi ejector. When using porous distribution elements it is an analog
of pneumatic aeration. The ozone-containing reaction mixture is fed into the ozonation reac-
tor under elevated pressure and then distributed to the liquid reaction mixture (or slurry)
in the form of gaseous bubbles. The main advantage of pneumatic ozone distribution is the
simple design of an ozonation reactor that does not require any moving parts. The effective-
ness of the use of ozone delivered in such a reaction system generally depends on:

¢ the interfacial interface area,

¢ bubble size (type and porosity of the distribution element),

¢ the time of gas and liquid phase contact, and

¢ the height of the reaction device (the height of the liquid column).

Pneumatic ozone distribution is therefore particularly advantageous for large volumes of
water, for example, for water treatment. Its basic disadvantages are that it does not allow the
use of a compact reactor device (distribution elements) as well as the possibility of gradual
fouling of the distribution elements and thereby the reduction of ozone utilization efficiency.

3.3. Ozone-based treatment processes

Nowadays, worldwide interest in the development of alternative water reuse technologies,
especially in agriculture and industry, has grown steadily throughout the world.

Biological processes do not always produce satisfactory results, especially for industrial
wastewater treatment plants, because many of the organic substances produced in the chemi-
cal industry are toxic and resistant to biological treatment [16]. Therefore, the only feasible
option for these biologically persistent wastewaters is the use of modern technologies based
on chemical oxidation. In this context, advanced oxidation processes (AOPs) are considered
highly efficient water treatment technologies to remove organic pollutants. In particular, there
are substances that are not removable by conventional processes and procedures for their high
chemical stability or low biodegradability. These processes degrade organic pollutants by the
formation of hydroxyl radicals that are highly reactive and non-selective [17, 18]. One of the
possible potential alternatives is the use of these chemical oxidation processes for pre-treat-
ment of wastewater and thus for the transformation of initially persistent organic substances
to biodegradable intermediates, which would then be further purified in a biological process
of oxidation with significantly lower costs.

Ozone is proven to be an effective degradation reactant of organic pollutants in water and
wastewater [19]. High pH ozonation (> 8) also belongs to the AOPs process because it decom-
poses ozone molecules to stronger hydroxyl radicals. These are relatively new technologies
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for water treatment and wastewater treatment. Hydroxyl radicals produced by AOPs pro-
cesses have a higher oxidation potential (2.8 V) than molecular ozone, therefore, they attack
organic and inorganic molecules non-selectively at a very high reaction rate [20].

3.3.1. Combined ozonation and biological processes

The main task of chemical pre-treatment is the partial oxidation of biologically persistent sub-
stances to produce biodegradable intermediates. The percentage of mineralization should be
minimal during pre-treatment to avoid unnecessary expenditures on chemicals and energy. This
is important because electricity costs account for about 60% of the total operating costs. Another
goal is detoxification of wastewater prior to biological treatment. Therefore, the extent of partial
oxidation, as well as detoxification of wastewater by ozone, needs only to be sufficient enough to
facilitate subsequent biodegradation of the converted organic matter. Thus, reductions in operat-
ing costs can be achieved by combining them with biological treatment [21]. Studies have shown
that biodegradation in wastewater will increase when subjected to chemical oxidation first.

Another way to wider applications of ozone is to use ozone in combination with other tech-
niques such as ultrasonic/UV radiation, hydrogen peroxide, or other hybrid methods [17].
State of the art of AOPs for wastewater treatment was presented by Poyatos et al. [22].

3.3.2. Integrated process

The major drawbacks of biological wastewater treatment processes include the high produc-
tion of excess sludge. Solving the problem of sludge disposal is very important for wastewater
treatment plants (WWTPs), especially from an economic and ecological point of view [23]. In
recent years, research and development of new methods and strategies for the use of minimi-
zation and disposal of sludge have been intensively developed. One of the studied and to a
certain extent applied processes of reducing the production of excess activated sludge is the
use of ozone. In the ozonation of the sludge, cell membranes are disrupted and the intracellu-
lar material is released into the liquid phase [24]. Ozonation of sludge is presented as the most
cost-effective technology with the highest disintegration performance [25, 26]. In addition, the
ozonated sludge could be used as an additional carbon source for the biological removal of
nitrogen, which would save a considerable part of the cost of the external carbon source [27].

Derco et al. [28] presented the results of research into the use of ozone for an integrated 2-mer-
captobenzothiazole (2-MBT) degradation process after its adsorption to activated sludge and
simultaneous disintegration of surplus sludge cells in order to reduce its production. During
the laboratory research of the integrated process, 99% removal of 2-MBT from the activation
mixture was observed after 20 min of ozonation.

Although the values of the 2-MBT removal efficiency were approximately the same for differ-
ent reaction times (20 and 60 min), the effect of the samples taken on the respiration activity
of the activated sludge microorganisms was significantly different. With the increase of the
reaction time, less inhibitory effects of the ozonated sample on activated sludge microorgan-
isms activity were observed, as well as greater tolerance of these microorganisms to larger
substrate concentration values and higher specific respiratory rate values with the ozonated
substrate, that is, with the ozonated activation mixture with the 2-MBT present.
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Transformation of the pollutants does not have to eliminate the toxic effects of the result-
ing reaction products. However, the toxicity of wastewater can be decreased significantly. In
addition to this benefit, the integrated approach to the multi-purpose use of the ozonation
process increases the environmental and economic efficiency of the process [28].

3.4. Ozone-based processes in water treatment

Ozone has very strong oxidizing and disinfecting properties; therefore, it is increasingly used
for water treatment. It is used to improve sensory properties and for removal of various bacte-
ria and organic and inorganic substances [29]. The use of chlorine for disinfection leads to the
production of hazardous byproducts, and the use of ozone is in many cases a more suitable
alternative. Ozone was first used for water treatment in 1886 [12, 30]. The ozonation is usually
followed by filtration on granular activated carbon, which is a standard method of surface
water treatment for the preparation of drinking water.

Camel and Bermond [31] summarized the main applications of ozonation and related oxidation
processes in the treatment of surface and ground natural waters for production of drinking water.
The most important step in drinking water production is the removal of organic substances, for
example, humic substances and micropollutants in order to prevent degradation processes in the
distribution of drinking water. These processes could result in bad odors and tastes and forma-
tion of trihalomethanes could initiate microbial re-growth in the distribution system. Complete
mineralization is hardly achieved. Consequently, additional treatment processes such as sand or
granular activated carbon filtration are required to meet the drinking water requirements.

Gunten [32] describes the oxidation of various organic and inorganic compounds during the
ozonation process. The mechanism of these reactions is based on ozone as a highly selec-
tive electrophile or OH radical’s formation or a combination of both. When treating drinking
water with ozone, the reactions between ozone, and inorganic compounds present in water
are usually fast and occur by transfer of oxygen atom.

Reaction of ozone and organic micropollutants is selective. Ozone as an electrophile can
react with electrons of activated aromatic systems, compounds with double bonds, and non-
protonated amines. The degree to which oxidation process by ozone and -OH radicals goes is
determined by the corresponding kinetics.

Audenauert et al. [33] describe the full-scale ozonation reactor for water treatment with a
simplified mathematical model. To describe the ozonation process, they developed the model
involving basic processes such as organics removal, ozone decomposition, disinfection, and
bromate formation. According to results of the simulations, the model describes the behavior
of the reactor at different operational scenarios and conditions.

3.5. Ozone-based processes in wastewater treatment

Wastewater treatment plants are mainly designed to remove organic pollutants and nutrients.
However, attention is increasingly focused on micropollutants, because even low concentra-
tions of these substances can have an adverse effect on the aquatic ecosystem. Wastewater
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ozonation appears to be a promising option for the removal of these substances as part of
tertiary wastewater treatment.

Laboratory tests have shown that ozone can be successfully used to remove micro-pollutants
from sewage [34]. One of the examples is an application to a wastewater treatment plant in
Regensdorf, Switzerland. It has been shown that ozonation is an effective way of removing a
wide range of organic micropollutants from wastewater. More than 90% of substances have
been degraded at relatively low ozone doses of about 0.6-0.8 g g™ (O,/DOC). Antibiotics,
hormones, analgesics and so on were almost completely removed. The experience of the
Regensdorf wastewater treatment plant, based on the results of the operation of this plant
is that after the ozonation a further step is required: for example, sandblast sand filtration to
remove reactive oxidation products. In addition to removing micropollutants, another advan-
tage of this process is that ozone removes also bacteria scent, color, and foam. The costs asso-
ciated with ozonation in the WWTP’s technological line were approximately 10-20% higher
than the costs required to operating the original technology.

Removal of pesticides from industrial wastewater is an important process because pesticides
are resistant to biological degradation and are capable of accumulation in the environment
and also exhibit possible carcinogenic and mutagenic properties. Appropriate key technolo-
gies for degradation and reduction of these pollutants in water and wastewater are ozonation
and basic oxidation processes such as 03/HZO O3/UV, and Oa/HzOz/UV [35].

2,
Ormad et al. [36] monitored the effectiveness of pesticide removal by processes commonly
used in drinking water treatment technologies in Spain and in the river Ebro. The studied
pesticides were: alachlor, aldrin, ametryn, atrazine, chlorfenvinphos, chlorpyrifos, pp’-
DDD, op’-DDE, op’-DDT, desethylatrazine, 3,4dichloraniline, 4,40- dichlorobenzophenone,
dicofol, dieldrin, diuron, endosulfan, endosulfansulfate, endrin, a-HCH, 3-HCH, y-HCH,
0-HCH, heptachlor, heptachlor epoxide, heptachlor (-epoxide, hexachlorobenzene, iso-
drine, 4-isopropylaniline, isoproturon, metolachlor, parathion-methyl, parathion ethyl,
prometone, prometryline, propazine, simazine, terbuthylazine, terbutrine, trifluralin,
and tetradifon. The following processes have been investigated: chlorine or ozone oxida-
tion, chemical precipitation with aluminum sulfate, and adsorption on activated carbon.
Oxidation with chlorine removed 60% of the pesticides studied. This process can be com-
bined with coagulation, flocculation, and decantation, which contributes to higher pesticide
removal efficiency. The disadvantage of this process is the formation of trihalomethane.
Ozone oxidation was able to remove 70% of the pesticides studied. Combined with the
processes of coagulation, flocculation, and decantation, the efficiency of the process was
not improved; however in combination with the adsorption on activated carbon, 90% of the
studied pesticides were removed.

Xue et al. [37] presented the results of a study aimed at removing hexachlorobenzene (HCB)
in water using advanced UV, O, and UV/O3 oxidation processes. The results showed that
UV radiation itself does not contribute to the removal of HCB. HCB is better degraded by O,
and a combination of UV/O,. During ozonation and the combination of UV/O,, a higher HCB
removal efficiency was achieved. During 40 min a 50% HCB removal efficiency with an initial
concentration of 0.2 mg was achieved.
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4. Ozone in medicine

Medical ozone is a mixture of ozone and oxygen, prepared via silent electrical discharge,
within a concentration range of 0.05 volume % O, to max. 5.0 volume % O,. Ozone has toxic
effects on the pulmonary epithelium; therefore, the exposure of the respiratory tract needs to
be avoided at all times [38]. Ozone therapy is the use of medical ozone to treat a wide variety
of health problems. It has been practiced for many years in Europe, the United Kingdom,
Egypt, and Cuba. In the United States, the practice is not widely used because of current
regulations and concerns over misapplication. Due to its strong antimicrobial effects, some
hospitals use ozone to disinfect rooms, it has long been used as a water disinfectant and
ozonated water can be efficiently used for disinfection of various medical tools, for example,
endoscopes, as an alternative to the conventional techniques [39, 40].

The most common form of medical ozone use is ozonated autohemotherapy. The principle is
to take about 250 ml of blood from a patient, expose it to ozone and drip it back intravenously.
Medical ozone can also be delivered by insufflation, where the ozone mixture is applied rec-
tally, vaginally or in the ear [39]. Mechanism of actions is by inactivation of bacteria, viruses,
fungi, yeast and protozoa; stimulation of oxygen metabolism; and activation of the immune
system [41]. Medical ozone application in the form of the low-dose concept is established and
proven as a complementary medical method in the treatment of chronic inflammations or
diseases associated with chronic inflammatory conditions [42].

Although not many controlled clinical studies have been reported, ozone therapy seems to be
useful in infectious diseases, immune depression, vascular disorders, degenerative diseases,
orthopedics, and for hyperuricemia and arthritis. Various studies have demonstrated that ozon-
ated autohemotherapy exhibits beneficial effects in patients with hepatitis B, diabetes, degen-
erative eye disease, complex regional pain syndrome, ischemic peripheral vascular disease and
osteonecrosis of the jaw and can be used also for pain alleviation of cancer patients [43, 44].

Modern technologies allow precise determination of ozone concentrations as well as evalu-
ation of toxicity and mechanisms of action. Ozonated autohemotherapy was not proved to
have acute or chronic side effects so far, and it is a very interesting and promising technology.

5. Conclusions

Ozone has an important and irreplaceable position in nature and in human society. In one
case, it can preserve life on Earth; in other, it can harm or do some damage, dependent on its
location. The most important role of stratospheric ozone is to preserve human health and life
on Earth as such. In the last few decades, this protection is endangered by excessive release of
pollution in the air (freons mainly), which causes the destruction of ozone in the stratosphere.
Economical activities worldwide contribute to the significant decrease of concentration of
stratospheric ozone and therefore ozone hole formation. Anthropogenic activities need to
take active steps to minimize the emissions of problematic substances into the atmosphere
and to repair the damage, which has been done mainly by us.

Tropospheric (ground) ozone is created in the air by the photochemical reaction of sunlight
and NO.. This process is supported by the presence of various photochemically active volatile
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organic compounds (VOC). The main anthropogenic source of NO_ is the exhaustions from
car engines. Other sources of VOC are emissions from chemical and oil industry. Considerable
amount of NO_has its origin in burning fossil fuels in power stations, industry and in our
households. The ground ozone can cause health problems, has a negative effect on living
organisms and damages all kinds of materials. Also, in this case, the solution is to reduce the
gas emissions, which are the precursors of ground ozone creation.

Bactericidal effects of ozone are utilized for drinking water disinfection instead of chlorine or
chlorite. Ozone is also used to disinfect the water in swimming pools and to treat technologi-
cal and cooling water.

Ozone also has strong oxidative effects, which result in many practical applications such as
drinking water treatment, wastewater treatment and, latest, the excess sludge treatment.

Strong oxidative effects of ozone are used in the removal of organic substances during the
water treatment process (humic substances), wastewater treatment process and treatment
of municipal landfill leachates (various organic and inorganic substances), odor and color
removal and also in the cellulose-paper industry during the whitening process.

The main limitation of ozone applications is relatively high costs of ozone generation and
very short half-time of decomposition. This can be solved by new high-efficient ozone gen-
erator development, new reactors with higher ozone use efficiency, increasing the reaction
rate by combining ozone with other reagents, homogenic and heterogenic catalysts and other
processes.

Ozone is also used in medicine to sterilize instruments. Ozone therapies for cell and tissue
regeneration are now getting very popular and develop quickly. The effects of this method
are discussed, because of health risk due to the high reaction rate of ozone and its toxicity.
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Abstract

Freshwater pollution compromises drinking water in a worldwide context. Water pollu-
tion is one of the major environmental challenges facing humanity. Therefore, the appli-
cation of methods to control the pollution in water is a growing research field. Among the
methods, ozone has been widely applied due to its high oxidation potential. However,
one disadvantage is the presence of refractory organic compounds that are partially oxi-
dized leaving mineralization incomplete. Several approaches have been considered to
improve the oxidizing power, reducing the reaction time, and increasing the mineraliza-
tion degree of ozone. So far, the combination of a solid catalyst with ozone (catalytic ozo-
nation) has shown to enhance the degradation of refractory organic compounds in water.
This chapter presents the combination of different metallic oxides (Al,O,, TiO,, SiO,, and
NiO) with ozone to determine the effect of ozone decomposition and the subsequent
elimination of one chlorinated compound (2,4-D). The chemical structure of the initial
compound (2,4-D, benzoic and phthalic acid), as well as the initial catalyst dosage (0.1
and 0.5 g L") with the mentioned compounds, was also studied. Moreover, the degrada-
tion of two aromatic compounds (naphthalene and naproxen) with different proportions
of ethanol (representing the organic matter of wastewater) was analyzed to establish their
effect on the catalytic ozonation process.

Keywords: ozone, catalyst, hydroxyl radical, water, cosolvent

© 2018 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative Commons Attribution-
InteChOpen NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/), which permits use, distribution
and reproduction for non-commercial purposes, provided the original is properly cited. [®)sy-nc |


https://creativecommons.org/licenses/by-nc/4.0
http://dx.doi.org/10.5772/intechopen.76228

18 Ozone in Nature and Practice

1. Introduction

The increasing worldwide pollution by complex mixtures of chemical compound is a crucial
environmental problem facing humanity [1]. Currently, conventional treatments are insuf-
ficient to achieve full recovery of industrial effluents; therefore, the so-called advanced oxi-
dation processes (AOP) have generated more interest in recent years as can be seen by the
increasing number of published articles from 1970 to date, Figure 1a.

The main feature of the AOP is the generation of oxidizing species such as hydroxyl radical
(*OH) that decompose and even mineralize pollutants [2]. The AOP can be classified into
homogeneous and heterogeneous processes [3], but basically, the heterogeneous route is pre-
ferred, since it allows the recovery and reuse of the catalyst during several treatment cycles.
Among the AOP, ozone (O,) has been widely used due to its high oxidation potential (2.07 V)
that can further increase with the presence of a catalyst as a result of *OH species (2.8 V). This
method is commonly known as catalytic ozonation. Figure 1b shows the growing interest that
this promising method has taken.

Research on catalytic ozonation has demonstrated that several parameters participate in the
processes [4-6]. One of the most important is the pH of the reaction medium, because it has
an effect on the catalyst surface charge (for instance, zero charge point), which influences
the reactants adsorption and the overall efficiency of the process [4, 5]. Likewise, changes in
the pH also affect the ozone decomposition, in such a way that a basic pH favors its decom-
position into ®OH, making the catalyst presence needless. Obviously, the concentrations of
catalyst, ozone, and pollutant also have a significant effect on the degradation/mineralization
process [4, 6]. Generally speaking, at increasing of catalyst concentration basically enhances
the pollutant degradation and a similar tendency occurs when increasing the ozone concen-
tration [4, 6]. On the contrary, at high concentrations of the pollutant, an inverse trend is
observed, hindering the transformation of the pollutant [4, 6].

In addition to the above, there is a wide variety of materials studied in catalytic ozonation for
instance metal oxides, supported metals, activated carbon, and zeolites [7-9]. Each of these

0004 &) AP o b)  mm Catalytic ozonation
800 = 1204
100
§ o1
i 80
=)
ﬂ::-l[l]- 80
200
204
L (iR
1676 1984 1982 2000 2008 2016 1976 1984 1982 2000 2008 2008
h{ Yoar

Figure 1. Publications per year indexed in SCOPUS database using the keyword: (a) “advanced oxidation processes”
and (b) “catalytic ozonation”.
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materials has different properties and characteristics such as, specific area, particle size, and
zero charge point, among others. As a result, there is still controversy regarding the reaction
mechanism that takes place in catalytic ozonation process so far three possibilities have been
established [10]: (1) ozone is adsorbed on the surface of the catalyst to react with the active
sites and form ¢OH, (2) the organic molecule is adsorbed on the surface of the catalyst and
subsequently attacked by ozone or *OH, and (3) both, the ozone and compound are adsorbed
on the surface of the catalyst to react.

Although catalytic ozonation overcomes the disadvantages of conventional ozonation, it
has its own limitations due to the leachates probable generation in the system and inactiva-
tion of the catalyst after several cycles of use. The intention of this chapter is to introduce
the key aspects of heterogeneous catalytic ozonation, aiming to explain the role of the
catalyst on the degradation of different organic compounds (2,4-D, phthalic acid, benzoic
acid, naproxen, naphthalene). Additionally, the interferences of organic matter (repre-
sented with different proportions of ethanol) to eliminate compounds by catalytic ozona-
tion was studied to demonstrate the advantages and constrains of the process for future
applications.

2. Experimental conditions

2.1. Materials

2,4-Dichlorophenoxyacetic acid, naphthalene, phthalic, and benzoic acids were obtained from
Sigma-Aldrich and used as received, while naproxen was acquired from J.T. Baker. Some
properties of these compounds are presented in Table 1.

2.2. Experimental procedure

The reaction was carried out at semi-batch conditions in a 500-mL Pyrex reactor by the contin-
uous bubbling of ozone/oxygen mixture through a ceramic porous diffuser located at the bot-
tom of the reactor. Ozone was produced using a corona discharge type generator HTU500G
(AZCO Industries Limited—Canada) The ozone concentration in the gas phase was measured
using a BMT 964 BT (BMT Messtechnik, Berlin) employing a flow of 0.5 L min™, and working
temperature of 21°C. Two initial concentrations of ozone were used: (1) 30 mg L™ for 2,4-D,
PA, and BA, and (2) 5 mg L™ for NAP and NP. The interference study was performed with
NAP and NP in the presence of ethanol (10:90, 30:70 and 50:50 v/v of ethanol/water). Ethanol
was used as a cosolvent to increase the solubility of both compounds and to simulate the high
load of organic matter in the catalytic system. The flow diagram of the ozonation procedure
is illustrated in Figure 2.

2.3. Analytical methods

The model compounds selected in this work were analyzed by high-performance liquid chro-
matography (HPLC) using a Perkin Elmer Flexar with photodiode array detector (PDA) at the
following conditions, Table 2.
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Compound Chemical structure M (g mol?)
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Table 1. Properties of the selected aromatic compounds.
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Figure 2. Schematic diagram of the experimental setup.

The chemical oxygen demand (COD) was evaluated using COD tubes for a low range of
Hanna instruments HI 94754 A-25 with 2 mL of sample. The digested samples were analyzed

in a UV-VIS Perkin Elmer Lambda 2S at 600 nm.

The study of naproxen byproducts was analyzed by electrospray ionization Tandem Mass
Spectrometry (ESI-MS-MS) by direct injection of the sample using the electrospray ioniza-
tion interface (MICROTOEF-Q II 10392) in the negative ion scan mode. The capillary voltage
was 2700 V and temperature was set at 180°C. The pressure and spray gas flow rate were
at 0.4 Bar and 4 L min™, respectively. The spectra were acquired over the m/z range from

50 to 3000.



Catalytic Ozonation as a Promising Technology for Application in Water Treatment: Advantages... 21
http://dx.doi.org/10.5772/intechopen.76228

Compound  Analytical colummn Analytical conditions
24D 40% acetonitrile: 60% 25 mdM KHPOu (pH 2.6,
H:PO:), Imil o, 225mm
Prevail Organic Acid, — _
PA Sum (150 x 4.6mm) 60% acetonitrile: 40% 25 M KFEPO. (pH 2.6,
HsPOx), Iml min?, 210nm
Orcallic acid 10075 25 midM KHEPQ, (pH 2.3, HiPOW), ImL minc?,
210nm
BA 0% acetonitrile: 30% water, 1mL o, 210nm
NP Platinum C18, Spm 7% acetoratrile: 30% water, 0.3ml marrt, 210num
AP R0xdbom) e ctonitrile: 0% water (pH 2.5, FRPOw, 0.3mL

min?, 240nm

Table 2. Analytical conditions of the selected compounds.

2.4. Characterization techniques

The zeta potential of the catalyst (pHz,.) was determined by Malvern Zetasizer at 25°C using
the titration method with HCI and NaOH both at 0.01 N. Surface area and pore size measure-
ments were carried out an Micromeritics Autochem II 2920 equipment, through N, adsorp-
tion using Brunauer-Emmet-Teller (BET) model. Photoelectron general-level spectra of the
catalysts were obtained with an X-ray photoelectron spectrometer (ThermoFisher Scientific
K-Alpha) with a monochromatized AlKa X-ray source (1487 eV). The base pressure of the
system was 10 mbar. Prior to X-ray photoelectron spectroscopy (XPS) analysis, all samples
were dried at 100°C for 24 h, posteriorly, they were dispersed and embedded in a 5 x 5 mm
indium foil and fixed with Cu double-sided tape to the sample holder. Narrow scans were
collected at 60 eV analyzer pass energy and a 400-pum spot size.

3. Results and discussion

3.1. Effect of the type of metal oxide on ozone decomposition

The ozone decomposition over the surface of the catalyst occurs by the interaction between
H,O and a metal oxide which tends to strongly adsorb H,O molecules. The adsorbed H,O
dissociates to OH™ and H*, forming surface hydroxyl group with the surface metal and oxy-
gen sites, respectively [11]. Therefore, ozone can react with the surface hydroxyl group gen-
erating *OH on the surface of the metal oxide. There are several techniques to determine
the presence of higher oxidant species like *OH. Among the techniques is electron para-
magnetic resonance (EPR), adding an inhibitor to reaction system (t-butanol) or measuring
dissolved ozone directly in the medium. In this work, the indirect method of dissolved
ozone measurements was carried out with the aim to determine the ozone decomposi-
tion and possible formation of *OH in presence of catalysts (Al,O,, TiO,, SiO,, NiO) in
water.
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Figure 3 shows the profiles of dissolved ozone concentrations as a function of time by con-
ventional and catalytic ozonation in unbuffered water. Ozone concentration profile without
catalyst presents an initial value of 4.3 mg L™ which coincide with Henry’s Law in steady state
at 20°C [12].

After adding some catalyst in the system, the initial value of ozone diminished in comparison
with ozone alone. This fact is due to the ozone decomposition in water.

In presence of NiO catalyst, the initial value of ozone concentration diminished around 27%
under the same experimental conditions that conventional ozonation. With TiO, catalyst,
the difference between the dissolved ozone concentrations was insignificant in comparison
with ozone alone. The ozone decomposition increased according to the following order: TiO,
(4%) < ALO, (14%) < SiO, (19%) < NiO (27%). It is interesting to note that the profile of ozone
concentration decreases at 95% in 30 min in the absence of a catalyst. While in the catalytic
processes, such decrease was around 21 min. The latter development was the result of the
minor ozone concentration in the catalytic systems.

These results are the consequence of the adsorption of ozone over the catalyst surface and the
physicochemical characteristics of each metallic oxide. The main physical variables reported
are surface area, density, pore volume, mechanical strength, and commercial availability [7].
Among the chemical properties, the most important is the chemical stability and the presence
of active surface sites mostly Lewis acid sites. Table 3 summarized some physicochemical
properties of metallic oxides.
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Figure 3. Dissolved ozone concentrations dynamics in function of time by conventional and catalytic ozonation in
unbuffered water.



Catalytic Ozonation as a Promising Technology for Application in Water Treatment: Advantages...
http://dx.doi.org/10.5772/intechopen.76228

Surface area Pore volume

Catalyst w? g e gt pHarc
Al:Os 25 0.0126 8.5
510: 179 0.0901 2.8
TiOe 44 0.022 6.5
NiD 11.6

Table 3. Physicochemical properties of the metallic oxides.

As can be seen in Table 3, even though there are notable differences in the specific surface of
the respective oxides, the most outstanding property is the highest value of the pH, . (11.6)
presented by nickel oxide. This catalyst may adsorb very favorably ozone and then it would
promote a chain reaction involving *OH generation. In consequence, the mineralization
degree of an organic compound would increase by the presence of NiO.

To confirm this hypothesis, 2,4-D was considered as a model organic compound to study
its degradation. 2,4-D is an herbicide widely used to control broadleaf weeds in cereal and
grain crops, recreation areas, golf courses, and gardening. The biodegradation is a common
method used for the elimination of 2,4-D in aqueous solution, however, its degradation effi-
ciency is not effective due to its higher concentrations (>1 ppm) and large periods of treat-
ment (months) [13]. For this reason, several publications about 2,4-D degradation have been
reported using AOPs [14-18].

The removal of 2,4-D was carried out in presence of AL O,, TiO,, SiO,, and NiO with ozone,
as shown in Figure 4. NiO exhibits the highest activity (around 65%) in comparison with the
other metal oxides after 60 min of reaction. This can be explained in terms of NiO capacity to
decompose ozone and the formation of ®OH. Other catalysts have shown slight differences
in the mineralization degree with conventional ozonation that effect can be attributable to the

lower production of oxidant species by each oxide.

In addition to the ozone decomposition capacity by metallic oxides, the pH solution is an impor-
tant parameter that modifies the charge surface of the hydroxyl group at oxide/water interface.
Under our experimental conditions, three of the catalysts (TiO,, AL,O,, and NiO) were proton-
ated (MeOH"), since pH is below the pH,,,, in consequence, the adsorption of anions is favored
as reported by [19]. Generally, the pH of ozonated solutions changes to acid as the treatment
time increases by the formation of short-chain organic acids. Nonetheless, pH solution changes
from 3.1 to 6.2 in the 2,4-D ozonation with NiO as a catalyst. The above result is due to the
decomposition of the main compound as well as the formed byproducts. Despite being only 8%,
the difference between the ozone decomposition with SiO, and NiO, the mineralization degree
achieved was several units apart (23 and 60% for SiO, and NiO, respectively). The latter indicates
that an indirect mechanism could not be enough to mineralize 60% of 2,4-D. Thus, it is possible
that more than one mechanism interferes in the heterogeneous catalytic ozonation. Therefore,
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Figure 4. Mineralization percentage obtained in the 2,4-D ozonation in function of reaction time with several metallic
oxides.

the adsorption and decomposition of the complex species (organic compound-metal oxide) on
the surface catalyst were considered as another mechanism and XPS was used to confirm it.

The general XPS spectrum of fresh NiO displays common signals of adventitious carbon
(284.5 eV), oxygen (530 eV), and nickel (850-870 eV) as observed in Figure 5. When the NiO
is present in the 2,4-D ozonation, an additional signal between 196 and 206 eV attributed to
Cl2p region (signal not detected in any other metallic oxide). This peak indicates that there
is an interaction between the by-products with active surface sites of NiO. An increase in the
ozonation time eliminates adsorbed organic matter (Cls and Cl2p regions) onto NiO surface
and consequently diminishes the intensity of the signals.

Moreover, the analysis of the Cl2p region confirms that the dechlorination is one of the steps
involved in the mechanism of the reaction [20]. Hence, the use of general XPS spectrum
allowed us to detect the presence of chemical species related to byproducts. As a result, the
presence of NiO in the 2,4-D removal significantly increased the mineralization degree dur-
ing 60 min of ozonation as a result of the combination of three mechanisms: (1) conventional
ozonation, (2) ozone decomposition (27%) and ®¢OH generation, as well as (3) formation of
organic complex species onto NiO.

3.2. Effect of the initial compounds in the combination of ozone with NiO

For many decades, the conventional ozonation method has been widely used for disinfection
and degradation of organic pollutants. However, this technique presents a high selectivity. In
consequence, the efficiency of ozonation process is dependent on the chemical structure of the
organic compounds to be degraded.



Catalytic Ozonation as a Promising Technology for Application in Water Treatment: Advantages...
http://dx.doi.org/10.5772/intechopen.76228

Reaction ime
_ 0 min
NizZp —— 2 min

/_/\-J‘\,/'J —— 80 min

O1s

Intensity, a.u.

A -~

-7t ! 1 r1r -1 11 "1 .1
1100 1000 900 800 700 600 500 400 300 200 100

Binding energy, eV
Figure 5. General XPS spectra of NiO after the 2,4-D ozonation.

2,4-D, BA, and PA were selected as target compounds to study the chemical structure
effect on conventional and catalytic ozonation in water. The difference in the chemical
structure between BA and PA is the number of the carboxylic groups present in each
molecule. BA is widely used as a reagent in the pharmaceutical industry, while PA is
employed in the textile sector [23, 24]. Both compounds are toxic, and exhibit low degra-
dation [21, 22]. The evaluation of these compounds was carried out with NiO because the
catalyst significantly increased the mineralization degree during 2,4-D catalytic ozonation
at pH 3.1 (see Section 3.1).

Figure 6a and b show the mineralization profile of the three organic acids under non-cata-
lyzed and catalyzed ozonation, respectively. By the first route (Figure 6a), it is clearly noticed
that the mineralization rates of BA and PA were higher than that obtained for 2,4-D, reaching
35 and 42% of mineralization degree during 60 min, respectively. This result indicates that
BA, PA, and some generated byproducts are easily eliminated with ozone. It is important to
highlight that the BA and PA have similar degradation pathways; therefore, the difference
between both mineralization percentages was minor to 10%.

In the case of 2,4-D, the formation of chlorinated compounds (2,4-dichlorophenol) is favored
due to the high value of the herbicide degradation rate constant (k = 16.7x10° L mol™ min™)
[20]. It is known that the presence of chlorinated compounds reduces the mineralization per-
centage of conventional ozonation treatments. Moreover, none of the studied compounds
obtained total mineralization by conventional ozonation. The mineralization degree increases
in the following order 2,4-D < BA<PA. Hence, the non-catalyzed reaction was strongly influ-
enced by chemical structures of organic compounds in the system as well as by the reaction
time. Generally, the oxygenated compounds such as saturated carboxylic acids (short chain)
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Figure 6. Evolution of mineralization degree in the elimination of 2,4-D, PA and BA by conventional (a) and catalytic (b)
ozonation as a function of reaction time.

are the end products of aromatic compounds treatment by conventional ozonation [25]. The
accumulation of these acids during ozonation alone reduces the efficiency of the mineraliza-
tion process.

On the other hand, an improved mineralization (around 95%) was attained at 60 min for BA
and PA by the catalytic ozonation process, Figure 6b. Furthermore, mineralization percent-
age of 2,4-D increase from 23 to 62% in presence of NiO as catalyst. A first interpretation of
these superior results compared with the ozonation alone, would be in terms of an enhanced
mineralization rate of aromatic acids due to ozone interaction with NiO surface. As a result,
the formation of free radicals that initiate radical type reactions on the surface of the catalysts
as well as in the liquid phase was expected [26]. Hence, the addition of NiO significantly
increased the mineralization rate of the studied aromatic acids during 60 min of the treatment.
In sum, the catalytic ozonation achieved the elimination of the main compound along with
the byproducts generated in the reaction. This fact makes of catalytic ozonation a promising
alternative to eliminate recalcitrant compounds obtaining higher mineralization percentages
due to the low selectivity of the process.

3.3. Influence of catalyst dosage on organic compounds elimination

The impact of catalyst dosage on catalytic ozonation of different pollutants has been reported
in many research works [27-29]. Basically, at increasing catalyst concentration, a higher effi-
ciency of the organic pollutants degradation is observed. However, an inhibiting effect may
exert further increase of catalyst dosage by adsorption of organic compounds on the surface-
active sites of the catalyst.

The study of BA, PA, and 2,4-D degradation profiles showed an insignificant effect by vary-
ing the catalyst concentration (results not shown). This fact is due to that direct reaction with
molecular ozone was a feasible method to decompose model compounds achieving up to
95% removal of three compounds in 20 min [20, 30]. Oxalic acid (OA) is the main recalcitrant
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product formed from the model compounds elimination and it was chosen to study the cata-
lyst dose influence. Figure 7 shows the OA concentration as a function of ozonation time at
two NiO concentrations (0.1 and 0.5 g L™).

When NiO was introduced into the system, the concentration profile of oxalic acid changed
considerably in all the model compounds in comparison with conventional ozonation which
show an accumulation profile of OA. In the case of BA elimination, the OA concentration was
around 9 mg L™ which is almost 6 times lesser than conventional ozonation during 60 min at
0.1 g L™ of catalyst dose, Figure 7a. The increase of NiO loading (0.5 g L™) produced a minor
amount of OA (4 mg L™) in the process. The PA degradation generated higher OA concen-
tration than BA decomposition at the same catalyst concentration, due to the stoichiometric
ratio between model organic compound and OA. In general, the behavior of this final product
is similar in the three organic acids (2,4-D, PA, and BA) because the increase in the catalyst
dosage diminished the OA concentration, Figure 7b and c. The outcome of the latter can be
explained on account of more active sites result of the increase of dosage on NiO.

Without a doubt, heterogeneous catalysts in suspension are excellent promoters of ozone
decomposition to favor the mineralization of toxic compounds in water. However, it must
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Figure 7. OA concentrations in the elimination of (a) BA, (b) PA and (c) 2,4-D in water.
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be taken into account that the use of powder catalysts would involve additional processes
as filtration, drying, and so on for their separation and recovery, which should be avoided.

3.4. Effect of cosolvent in naphthalene and naproxen degradation with NiO

Catalytic ozonation is an efficient technology that overcomes the drawbacks of conventional
ozonation. Nevertheless, this technology’s main disadvantages are the surface adsorption of
byproducts generated, the catalyst recuperation, and the presence of interferences in waste-
water such as salts and organic matter [7, 31, 32]. In view of the successful results found in the
catalytic ozonation with NiO (i.e., high mineralization degree of several organic compounds)
previously described, we decided to study the effect of organic matter over NP (polycyclic
aromatic hydrocarbon, a toxic compound with teratogenic and mutagenic activity [33]) and
NAP (nonsteroidal anti-inflammatory drug) degradation with the same catalyst.

The dynamics of NP degradation by catalytic and conventional ozonation under different
amounts of ethanol are shown in Figure 8. The treatment of NP attained 100% of removal
in solutions with 10% v/v of ethanol after 20 min and 98% of elimination at 30% v/v during
60 min. By further increasing the ethanol concentration to 50% v/v, the removal only reached
55% after 60 min indicating, that greater organic loads affect NP removal. The latter fact points
out the feasibility of low-concentration toxic pollutants degradation under high organic loads
by catalytic ozonation or some other treatments such as biological systems in order to reach
higher removal rates [34-36]. The degradation profiles obtained by conventional and catalytic
ozonation show no significant difference despite being the * OH reaction rate constants in the
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Figure 8. NP degradation under different ethanol/water ratios by conventional and catalytic ozonation.
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order of 10° M™ s™* for ethanol and NP [37, 38]. This similarity is probable by the high concen-
tration of ethanol that consumes most of the ¢OH produced by the catalyst as the main radical
species reported with NiO [30, 39].

Similarly, with 2,4-D, BA, and PA degradation (Section 3.3), the NP decomposition also results
in the formation of OA as the final product, Figure 9a. However, it is not only produced from NP
as shown in Figure 9b. Both figures exhibit that higher ethanol concentration enhances OA pro-
duction and that the presence of NiO reduces its concentration in 60 min of treatment. It is worth
mentioning that the treatments with 30% v/v of ethanol had in the first 5 min a rise in OA con-
centration followed by a degradation of the molecule in presence of a catalyst. Such pattern of
formation-degradation of NP byproducts was the product of the NiO catalytic action (Figure 9).

The catalyst surface was analyzed after the catalytic ozonation of NP (results no showed). The
signals obtained from XPS for NiO with 30:70 ethanol/water in absence of NP at Ols and Cls
regions showed signals of -COH, -C=0O, -OC=0, and -C-C species related to the interaction
of ethanol and byproducts with the catalyst. The presence of these species indicated that the
adsorption of organic matter or byproducts contribute to reducing the active sites available in
the catalyst and resulted in a lower catalytic ozonation efficiency.

One way to determine the catalyst efficiency in catalytic ozonation process is through COD
or total organic carbon (TOC). Unfortunately, due to the low solubility of NP in water and
the high load of organic matter resulted from ethanol presence, these global parameters could
not be obtained. For this reason, NAP (a nonsteroidal anti-inflammatory drug and a recalci-
trant pollutant in water bodies [40, 41]) was selected to be studied without the interference
of organic matter in catalytic ozonation with NiO. These types of pharmaceutical pollutants
in wastewater are a growing concern because of their molecules that are designed to trigger
biologic functions and affect different species even at low concentrations (ng L™ or pg L™).

Figure 10 presents NAP degradation by catalytic ozonation with NiO during 20 min for solu-
tions with and without ethanol. The degradation time was short in mixtures with lower etha-
nol concentrations and even smaller in absence of solvent (the signal disappears in 5 min).
The latter indicates that NAP molecule requires inferior reaction times than NP. However,
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Figure 9. OA concentration in conventional and catalytic ozonation (a) with NP and (b) without NP.
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Figure 10. NAP concentration in catalytic ozonation with different ethanol/water proportions.

ESI-MS-MS demonstrated that the presence of ethanol in the NAP degradation produces
aromatic structures as byproducts contrary to the samples that do not contain ethanol which
did not present those ions (data not shown). Similar structures were observed or proposed
by other investigators [42, 43]. The COD of solutions ozonated without cosolvent are shown
in Table 4 proving the catalyst activity (2.3 mg L™) in comparison to conventional ozona-
tion (11.2 mg L). The reduction of the COD and absence of byproducts in ESI-MS-MS from
the samples without ethanol demonstrated the effect of the catalyst in the mineralization of
NAP. Moreover, it provides information about the effect of organic matter in the catalytic
ozonation process and exhibit that ethanol diminished the mineralization of the pharmaceu-
tical product. Comparable results have been obtained during NAP elimination with ethanol
(used as a scavenger) in thermally activated persulfate (technology that produces oxidant
species: SO,*— and *OH) [44]. Therefore, the results presented in Section 3 demonstrated
that NiO is an excellent catalyst for the elimination of a variety of toxic organic compounds
in water.

In addition to the effect of the chemical structure of the pollutant, the catalyst dosage and the
presence of interference (organic matter) play an important role in the degradation process.
This work did not take into account the pH effect, which has strong influence on the charge
of both, catalyst and organic compound, favoring certain surface reactions. Indeed, it is well
known that conventional ozonation is more effective at basic conditions owing to the combi-
nation of direct and indirect mechanisms. In the case of catalytic ozonation, both mechanisms
can occur since some catalysts as NiO promotes the ozone decomposition at acidic conditions.
Therefore, a proper selection of the reaction on pH must be carefully analyzed to avoid cata-
lyst deactivation (lixiviation).
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coD
Treatment
mg L1
Without O3 15.2
Oz conv 11.2
O3-NIiO 2.3

Table 4. COD of NAP degradation without ethanol and under different ozonation process (60 min).

Nowadays various researches have focused their investigations on the synthesis of catalysts
with the intention to fulfill the three requirements of selectivity, activity, and stability in the
ozonation process [45-47]. The stability is affected by the reuse of catalyst, mainly when there
are changes in any of their physicochemical properties. In this situation, it is necessary to use
activation techniques which could increase the operating costs. Hence, studies of catalytic
ozonation will continue to increase searching for the catalyst that gathers all the necessary
characteristics to maximize its activity making of it a feasible alternative for the elimination of
toxic compounds in wastewater or the industrial sector.

4. Conclusions

According to our results, we can conclude the following:

1. The dissolved ozone concentrations dynamics demonstrated that NiO achieved the higher
ozone decomposition (27%) due to adsorption of a considerable amount of hydroxyl groups.

2. NiO was a good catalyst to mineralize a high concentration of herbicide (80 mg L™) in com-
parison with TiO,, SiO,, and Al,O, during 1 h of reaction with ozone. This fact was explained
in terms of the combination of three mechanisms: (1) conventional ozonation, (2) ozone de-
composition and possible formation of €OH, and (3) the complex compounds formation.
The last mechanism was demonstrated by the presence of a signal attributed to chlorinated
compounds on the surface of NiO at 2 min by XPS spectra. The intensity of signal dimin-
ished with the ozonation time (60 min). Thereby, the 2,4-D elimination using the combina-
tion ozone-NiO was also performed by means of surface reaction (complex compounds).

3. The nearly complete mineralization (around 95%) of PA and BA was achieved with NiO
during 60 min. The difference in the mineralization degree between both compounds was
insignificant (<3%) due to the same degradation pathway, since the initial chemical structure
is alike and catalytic ozonation also presented lower selectivity in the reaction. Meanwhile,
the mineralization degree of 2,4-D was around 60% in the same treatment time for both
organic acids. In contrast, conventional ozonation showed higher selectivity obtaining the
following trend of mineralization rates PA > BA>2,4-D.

4. Oxalic acid as recalcitrant product originated from organic acids decomposition was re-
moved proportionally to the initial catalyst dosage as a result of increasing *OH genera-
tion by the ozone decomposition.
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5. NP degradation is faster at low ethanol concentration (100% in 20 min for 10% v/v) and di-
minishes as the relation cosolvent:water increases (55% during 60 min at 50% v/v) indicat-
ing that the presence of organic matter affects the catalytic ozonation process. This could
be due to the adsorption of organic matter or some byproducts over the surface catalyst, as
demonstrated XPS signals, reducing the active sites available in the catalyst and lowering
the catalytic ozonation efficiency.

6. Contrary to NP results, NAP degradation is faster even at higher ethanol concentrations
(90% in 20 min at 50% v/v). This indicated that despite the elevated organic matter content,
it is still possible to achieve the complete elimination of NAP. The COD analysis from the
ozonated sample without ethanol proved the effect of NiO (2.3 mg L™) in comparison with
conventional ozonation (11.2 mg L) during 60 min of treatment.
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Abstract

The applications of ozone are not only restricted to environmental remediation or industrial
areas. This gas has been applied in medicine to treat several diseases, where positive effects
have been confirmed by many clinical studies. According to the European Medical Society
of Ozone and the National Center of Scientific Investigation in Cuba, it has not been pos-
sible to validate ozone’s effectiveness by traditional analytical methods. Thus, this investiga-
tion proposed evaluating the effect that ozone has on biological substrates (murine models
with induced carcinogenic tumors, inflammation, and wounds), studying the variations that
ozone (dissolved in physiological solution or ozonated vegetable oils) provokes over the
total unsaturation of lipids (TUL), and by using the so-called method double bond index
(DB-index), make a correlation with the dynamic reactions obtained by several analytical
methods according to each experimental stage considered in this study.

Keywords: ozone therapy, cancer, ozonated oils, inflammation, wound healing, total
unsaturation, double bond index

1. Introduction

Ozone is a gaseous molecule formed by three oxygen atoms; it has a blue color (when dis-
solved in water) with a strong acrid aroma and a molecular weight of 48 mg/mole. The ozone
molecule has a cyclic structure with a distance between atoms of 1.25°A. It has a solubility of
49/100 ml of water (at 0°C), that is 10 times greater than the oxygen solubility (4.89/100 ml of
water) [1].
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Ozone concentration on air (mg/L) Symptomatology

0.1 Respiratory tract and eyes irritation

1.0-2.0 Rhinitis, cough, headaches, nausea and vomiting

2.0-5.0 (1020 min) Dyspnea and bronchial spasms

5.0 (60 min) Acute pulmonary edema and occasionally respiratory paralysis
10.0 Deathin4h

50.0 Death in minutes

*The ozone toxicity on the respiratory system should not be extrapolated to the circulatory system due to the differences
in biochemistry and the metabolic regimen [3].

Table 1. Toxic effects of ozone in gaseous phase®.

The excessive emissions of NO, NO2, CO, CH4, H2504, among others, have favored the
increase in ozone concentration in the tropospheric space, above 0.1 ppmv. The reactions
between the chemical compounds abovementioned give rise to the so-called photocatalytic
smog, which has become the main toxic substance for lungs, eyes, nose, and skin. There are
several symptoms that could appear according to ozone concentration that exists in the air
(Table 1) [1, 2].

2. Ozone in medicine

According to the European Ozone Medical Society and the National Center for Scientific
Research in Cuba, among others, the following diseases can be treated with ozone: abscesses,
acne, AIDS, allergies, anal fissures, arthritis, asthma, cancerous tumors, cerebral sclerosis,
problems in the circulatory system, cirrhosis of the liver, corneal ulcers, cystitis, diarrhea, fis-
tulas, boils, gangrene, gastric ulcers, intestinal disorders, glaucoma, hepatitis, herpes, hyper-
cholesterolemia, colitis, mycosis, and osteomyelitis [2].

Unlike research on the application of ozone at the industrial level, studies in the medical
field are scarce. Moreover, the studies describing the interactions of ozone with substances of
biological origin and their kinetic implications have not described the entire reaction mecha-
nisms. One of the most important premises in the application of ozone for medical aspects
establishes the induction of an extraordinary and temporary response of the body systems
associated with peroxidation of lipids and the antioxidant scheme of the organism [1-3].

However, it is suspected that the oxidative effect of ozone causes different effects on the
immune system, sympathetic and parasympathetic systems among others. It is well known
that the presence of compounds derived from oxidation reactions in the human body pro-
duces a cascade of biochemical reactions that has been clearly explained but not associated
with the presence of ozonation-derived byproducts. This condition occurs in many events
that compromise the health of the human being, such as deep wounds, appearance of neo-
plasms, and so on. However, the mechanism of reactions through which the cascade of
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biochemical reactions occurs is not entirely known with certainty [3-5]. Even though it is
accepted that ozone (under the adequate dosing strategy) produces a significant number
of benefits in the human body because it is dissolved in oxygen, it increases oxygenation
in the blood, improves circulation, stimulates oxygenation in tissues, and so on, it has not
been established what are the mechanisms that generate such important advantages from the
clinical point of view [1, 2].

3. How ozone acts and how its toxicity can be avoided

Oxygen is essential for life; nevertheless, this gas has long-term negative effects. Reactive
oxygen species (ROS) are formed during cellular respiration. The hydroxyl radical OH"
is the most destructive ROS for enzymes and deoxyribonucleic acid (DNA). The aging
process and metabolic disorders (arteriosclerosis, diabetes, cellular degeneration, etc.) can
be worsened by the presence of ROS. The application of an excessive ozone dose used in
medical therapy may aggravate the ROS effect on the body. This process can be prevented
if there are proper control methods in ozone dosage, regardless of the medical ozone tech-
nique [1].

Notice that, in the ozone-oxygen mixture, the former is not equilibrated with ozone, because
ozone reacts immediately with a certain number of molecules in biological fluids, mainly anti-
oxidants, proteins, carbohydrates, and specifically the polyunsaturated fatty acids (PUFAs) [3].

The reaction kinetics and the sequence of such reactions are uncertain, and it has been briefly
described [1, 6-8]. The subsequent formation of byproducts that may be responsible for the
clinical effects of ozone and the accumulation of final products must be controlled in order to
avoid some of the undesirable side effects of the therapies based on ozone.

It is widely accepted that the main reactions of ozone with biological molecules are exe-
cuted according to the following stages [1]: (1) ozone reacts with ascorbic acid, uric acid,
sulfhydryl groups (SH-) from proteins, and glycoproteins generating ROS, which trigger
several biochemical stages in the blood ex vivo. The ROS are neutralized 0.5-1.0 min later
by the antioxidants of the system and (2) ozone reacts with the double bonds (>C=C<) of
arachidonic acid and triglycerides in the plasma, which produces a molecule of hydro-
gen peroxide (H,O,) and two aldehyde molecules known as lipid peroxidation products
(pPOL).

According to these stages, it is possible to claim that not ozone but ROS and pPOL are the
compounds responsible for the multiple biochemical reactions that occur in the cells of the
body, in particular, in particular, the second reaction, which has been characterized as the key
factor of the therapeutic effects of ozone. In this way, the study of the ozonation byproducts
formation improves the understanding of the clinical effects, which is helpful to choose the
better ozone’s application scheme in a medical treatment.

As soon as ozone dissolves in biological fluids, it reacts with PUFAs, and then the concentra-
tion of hydrogen peroxide increases. However, with a similar rate, it begins to diminish as

39


http://dx.doi.org/10.5772/intechopen.76843

40 Ozone in Nature and Practice

the molecule diffuses quickly toward erythrocytes, leukocytes and platelets, while several
antioxidative processes are performed. Due to the presence of enzymes such as GSH-Px and
GSH, the intracellular concentrations of hydrogen peroxide are reduced within the plasma
and the intracellular fluid [1, 3].

The activity of the pPOL, under prolonged therapies, can give rise to the regulation of
antioxidant enzymes, the appearance of oxidative proteins, and the release of stem cells,
which is considered a crucial factor to explain some effects of ozone applications as medical
therapy [1].

4. Ozone application pathways

The therapeutic indications of ozone are based on the theory that at low concentrations of
this gas (in the gaseous phase), some significant phenomena occur within the cell. It has been
proved that at concentrations of 5-10 mg/L or lower, there are therapeutic effects with a wide
margin of safety in the patient. At present, concentrations ranging from 5 to 60 mg L™ are
accepted for the medical application of ozone [9].

4.1. Direct methods

Rectal insufflation: The gaseous mixture is introduced to human body by the rectum, and it is
absorbed in the bowels.

Intramuscular injection: In this technique, 10 mL of gaseous mixture are injected in the buttocks
of the patient.

Major and minor autohemotherapy: This technique has been used since 1960. The minor auto-
hemotherapy requires 10 mL of blood, which is put in contact with the gaseous mixture to
finally return it to the human body. The major autohemotherapy requires 50-100 mL of blood,
which is put in contact with the gas for a few minutes to then return it to the patient.

Ozone bag: A plastic bag is placed around the treated area. The gaseous mixture is pumped
into the bag, then the gas is absorbed by the human body through the skin. This is one of the
methods where the reaction occurs in two stages, one is absorption by the skin and the second
is the direct reaction of the skin compounds with ozone. That implies a combined model that
involves mass transfer of ozone and its reaction with the bio-substrate [1, 2, 9].

4.2, Indirect methods

Ozonated water: Ozonated water is used to wash wounds, skin burns and skin infections.

Intra articular injection: The ozonated water is injected directly between the joints and is used
for the treatment of arthritis and rheumatism.

Ozonated oil: The ozonated oil is applied as an ointment for long times with low ozone doses
[1,2,9].
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5. Control methods for ozone’s therapeutic applications

Oxidative stress is the main concept that explains ozone’s therapeutic effect over the human
body. Ozone’s paradoxical effect as a promoter of antioxidant response capable of regulat-
ing oxidative stress is common in the animal kingdom. This fact suggests that the adequate
ozone’s dose, besides the oxidation induced in biological subjects, may enhance the antioxi-
dant response of the living organism. This is a critical factor issued by the immunological
system to overcome infections, ischemia, and cellular regeneration [3].

Most of the technical methods employed to control the medical application of ozone are
based on the measurement of oxidative stress. Some of the typical methods employed to
measure the oxidative stress include the quantification of reactive species by electronic
paramagnetic resonance; the analytical determination of antioxidants and measurement of
total antioxidant capacity; the detection of oxidized biological markers, such as the lipid
peroxidation products (pLPO), malondialdehyde, 4-hydroxynonenal, isoprostane, and oxi-
dized proteins; as well as the measurement of damaged DNA [10]. While these methods
measure key species associated with the oxidative stress, they present some inconveniences
regarding their own analytical limitations, mainly the sensitivity and the time required to
complete the analysis.

Nowadays, ozone’s medical application remains empirical. According to the “Madrid
Declaration on Ozone Therapy,” each patient responds differently to the controlled oxida-
tive stress induced by ozone treatments; thus, ozone’s administration must be developed in
a progressive way, that is, starting with small doses and progressively increasing them [9].

5.1. Determination of the total unsaturation

The determination of the total unsaturation (TU) of organic compounds is a technique devel-
oped by Russian researches in the middle of the last century [11]. It is a useful tool based on
ozone’s reactions, particularly, with the double bonds (>C=C<). Ozone reacts selectively with
different compounds; one of the most specific reactions of ozone takes place with unsaturated
organic compounds [12]. The reaction rate constants of ozone with all the >C=C < bonds are
similar, regardless of the structure of the compounds that contain them [13]. Through the
TU technique, it is possible to determine the TU of the lipids in the biological substrates, and
the ones contained in vegetable oils, due to their composition, which make TU a suitable
technique to control ozone’s therapeutic applications.

By this technique, the ozone reactive substrate contained in one sample can be quantified in
a precise way (£1%) and in a short time of analysis (1-3 min) [11, 14, 15]. The TU determina-
tion consists of the measurements of ozone necessary to react with certain samples diluted in
chloroform. Afterwards, this quantity is compared with ozone consumed in its reaction with
a standard sample of known concentration, as well as the stoichiometric of its reaction with
ozone. Ozone’s consumptions are obtained from the area of the characteristic plot of ozone
concentration versus time, called ozonogram. The detailed procedure can be reviewed in [15,
16]. The mathematical formula used to calculate TU is:
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TU =

C,xV_ xS xV mol
st” Vst~ s SOL[=][ ] )

>C=C<
S ¥ Vox W, Brampic
where C,; is the concentration (mol L") of the standard solution, V. and V, are the volumes
(ml) of the standard and the sample, respectively, S;. and S, are the ozonogram areas for
the standard and samples, respectively, while V., and W, are the solution volume (ml) and
weight of the sample (g), respectively.

5.1.1. Determination of the ozonation degree of vegetable oils by TU

Vegetable oils are composed mainly of fatty acids (free and as esters in triglycerides); the
unsaturated ones constitute the principal substrate that reacts with ozone. In addition, veg-
etable oils contain minor compounds (unsaponifiable matter), which include sterols, poly-
phenols, pigments, antioxidants, as well as characteristic compounds extracted from seeds.
These compounds are also reactive with ozone because they contain double bonds and some
other oxidable elements. The products of ozonated oils constitute a mixture of peroxides (iso-
ozonides, hydroperoxides, poly peroxides) with therapeutic action. The formation of these
species is described by Criegee mechanism. The type and their yield depend on reaction con-
ditions [12, 13, 17, 18]. Figure 1 shows the reaction pathway of ozone with the unsaturated
compounds of oils.

TU quantifies ozone mass that reacts with an oxidable sample. Notice that this method con-
siders that the stoichiometry of the reaction of ozone with >C=C <is 1:1. Then, the TU quan-
tifies the oxidizable substrate by ozone that is contained in the analyzed sample. Thus, the
ozonation degree of oils can be easily obtained, as the percentage of all compounds in oils that
react with ozone (major and minor compounds). The importance of a reliable determination
of the ozonation degree is related to the therapeutic effects of ozonated oils, which, in turn,
strongly depend on the type of oil and its ozonation degree.

5.1.2. Double bond index (DB index)

The DB index is the term used to extend the TU application to biological substrates. It is
obtained from the measurement of ozone that has reacted with the double bonds of lipids,
previously extracted from biological fluids or tissues [15]. With the determination of the total
unsaturation of lipids in plasma and cell membranes, it is possible to evaluate changes in

RHC—00 + O=CHR

O/C}\O /,f"
RHC=CHR + 03 — = Q | ~ >
RHC—CHR’ RHC—0O + O=CHR
0 0 0 R R
RHC” “CHR' ; RHC” “CHR ; RHC® “CHR I |
VoS v\ Voo —0—C—00—C—
0—0 0—0 0—0 H n

Figure 1. Reaction pathway of ozone with unsaturated compounds.
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lipid metabolism [11, 14]. The DB index is strongly related with the level of oxidative stress
in subjects, since the lipids involved in the measurement correspond to those remaining after
the oxidative stress mechanism [15].

The DB index determination corresponds to the procedure described for TU measurement.
For liquid samples, such as blood plasma, the mathematical expression DB index is calculated
according to:

CSTXVSTXSSXV

DB -index = S x VoV IzOL [=][c.u] (2)

where C, is the concentration of the standard solution (mol L"), V., and V, are the volumes
(ml) of the standard and the sample, respectively, S, and S, are the ozonogram areas for the
standard and samples, while V., and V , are the volume (ml) of solution and the volume (ml)
of blood plasma from sample, respectively; K is a correlated coefficient equal to 107 mL/mole.
C.u means “conditional unit” (1 c.u=1 x 10° mole D.B./mL) [15].

The DB index, measured in healthy subjects, has been determined showing its impendence of
age or sex, excluding children <1 year and aged people >60 years. Apparently, only diseases
or pathologies produced changes in this value [14]. The DB index of lipids (blood plasma and
erythrocytes) for healthy European and Mexican population are listed in Table 2.

Some reported clinical cases illustrated the prognostic and diagnostic criteria of the DB index
changes. Among the diseases where the DB index has been successfully used as a preclinical tool,
the oxidative process of pneumonia in children was precisely characterized by this method [11]. In
this study, and inverse correlation between the DB index and the LPO activity was observed. The
authors concluded that the DB index evolution can describe the disease evolution accurately [11].

Another relevant case of the DB index application in medical procedures corresponds to
its application to evaluate the therapy effectiveness of burned patients [19]. Depending on
the burned magnitude, the reported DB index values of different patients ranged from 34 to
287c.u. The evolution of the DB index correlated for each subject with its personal damage
and its treatment effectiveness. The authors concluded that the changes in the DB index were
observed before the clinical manifestations, showing its potential as a prognostic tool for clini-
cal practice [19]. Some other diseases where the DB index has been related with the evolution
of the illness and the effect of the treatment include cancer [20], diabetes [14], exposition to
hexavalent chromium [21], as well as inflammatory processes [22]. In these cases, the DB
index resulted in a powerful tool to adjust the therapeutic treatment, according to the indi-
vidual needs of the subjects under treatment.

Population DB,..-index (c.u) DB, rocytes-index (c.u)
European 250 +10 50+2
Mexican 160 +10 100 +2

Table 2. DB-index value for European and Mexican healthy population [15].

43


http://dx.doi.org/10.5772/intechopen.76843

44 Ozone in Nature and Practice

6. In vivo studies of the TU and the DB index application

6.1. Direct applications: cancer

The methodology proposed in this section evaluated the implantation of C6 cells in an ani-
mal (murine) model [23, 24]. The oxygen and the ozone dissolved in the saline solution were
dosed by an intraperitoneal pathway in athymic mice (Balb/CNu/Nu). To evaluate the effect
of ozone dosage on the tumor implanted in mice, the measurements of the DB index were car-
ried out on the lipid fraction of plasma of blood, erythrocytes, tumor, and liver.

Ozonated physiological solution (NaCl 0.9%): Physiological solution (0.9% NaCl) was used
as carrier media for the oxidant agent (ozone or oxygen). The ozone concentration in oxygen
was 4.6 £ 0.2 mg L™ that corresponds to its concentration of 1.15 + 0.2 mg " of ozone in the
saline solution. Considering the volume of the injected physiological solution (90 uL), only
0.103 pg of ozone was injected to mice in treatments.

Therapeutic protocol: This experiment considered four groups (n = 6) of athymic nude mice
with C6 glioma that practically have the same tumor size (74.60 + 21 mm?®). The oxidant agents
were dissolved in the physiological solution, and they were administrated into the mice by
intraperitoneal injection (90 uL) [25]. The treatment period length was 15 days. The number
and the frequency of injections were different for each treated group. In the first and second
groups, the injections (oxygen for the first and ozone for the second) were carried out every
second day (7 times); the third group was treated with ozone every fifth day (three times).
Then the mice were sacrificed, and the samples of blood and tissues were selected to deter-
mine the DB index.

Evolution of volume and necrosis of tumor: The variation of tumor volume for 15 days is
shown in Figure 2. As we can see, ozone promoted the tumor volume growth compared
with the control group by 10 and 44% every fifth and second day, respectively, both com-
pared with the control group. On the contrary, oxygen inhibits the tumor growth by 30%.
Even when the tumor volume results suggest a better performance in the group treated with
oxygen, the tissue necrosis demonstrate a lower activity of tumor cells in groups treated
with ozone. Furthermore, the microscopically obtained results showed that the ozone dose
influenced the tumor necrosis.

Some studies have shown that oxygen may inhibit the tumor angiogenesis, which limits the
nutrient availability [26], and could be related with slower tumor growth observed in the
group treated with oxygen. On the other hand, ozone showed a stressing effect, which was
reflected by the accelerated tumor growth. Ozone may induce a pronounced influence on
tumor metabolism, particularly in the respiratory cycle and glycolysis, showing a positive
influence on oxygen utilization in tumor [27]. These facts may explain the increased rate of
tumor growth [28, 29].

Since tumor growth was slower when the ozone dose also was applied every fifth day (com-
pared with ozone applied every second day), and a higher necrosis was observed, we may
conclude that ozone dose plays a major role in two observed phenomena, in regulating the
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Figure 2. Tumor volume increase associated with the dosage strategy showing the control group, pure oxygen and
ozone dosed every second and every fifth day (n =6).

rate of the tumor growth and in the tissue necrosis. It is important to note that both, the tumor
cell activity and tumor necrosis, the significant positive effects of the treatment were achieved
under the smaller ozone dose. Considering that tumor necrosis is a positive result of the treat-
ment based on ozonated saline solution, the smaller ozone dose (every fifth day) was the bet-
ter tested strategy to treat this type of tumor.

[18F] FDG in tumors with PET/CT: Tumor metabolic activity: [18F] FDG (2-deoxy-2-[18F]-
fluoro-D-glucose)-positron emission tomography (PET) and X-ray CT imaging were per-
formed using a micro-PET/CT scanner (Albira, ONCOVISION, Spain). Figure 3 shows the
variation of FDG in the tissue of tumor that was obtained by the image processing analysis
corresponding to the set of three planes of exposition (top of the image). In the center of
the figure, the acquired PET images (with the gamma camera taken in the same planes) are
located. At the bottom, the over-position of both images, tomographic and PET, is shown to
correlate the tumor anatomical position with its activity.

Figure 4 represents the specific areas that demonstrate the tumor activity by color varia-
tion. The red color corresponds to larger tumor activity, and, contrary to that, the blue areas
describe the regions with smaller or even null activities [30-33]. Figure 4b corresponds to
the mice dosed with dissolved oxygen, showing an area in red color that is larger than the
one detected for the mice of the control group. Figures 4c and d represent images of the mice
dosed with ozone every second and fifth day, respectively. As we can see, under the smaller
ozone dose the significant decrease of tumor cell activity is obtained (>80%). It is important
to note that in both cases, the tumor cell activity and tumor necrosis, the significant positive
effects of the treatment were achieved under the smaller ozone dose.
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Figure 3. Example of microPET image obtained when the ozone gas Dosage is administered every fifth day.

. .®
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Figure 4. 18FDG tumor activity of the considered studied group control (a), only oxygen every second day (b), ozone
every second day (c) and ozone every fifth day (d).

The DB index variation of plasma, erythrocytes, tumor, and liver: The measurement of DB
index (reactive sites of biological substrates) of lipids of plasma and erythrocytes as well as
of tumor tissue and liver was carried out to find the possible correlation with the ozone dose
and its effect on the tumor volume and activity. Figure 5 depicts the DB index of the plasma
and erythrocytes from mice after the ozone and oxygen treatment, both compared with the
control group. The first fact to note is the values of the DB index of both plasma and eryth-
rocytes, which are very high in comparison with healthy mice: 2.7 x 102 and 2.35x10 with
respect to 2.0 x 10° and 0.57 x 10° mol ml™. Usually the values of the DB index of lipids of the
plasma and erythrocytes are close to each other (0.57 and 0.43 x 10° mol ml™) [15]. These high
values of the DB index in mice with this type of cancer indicate that lipid peroxidation was
substantially reduced.
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Figure 5. DB-index values obtained from lipid samples extracted from plasma and erythrocytes (n = 6).

On the other hand, in mice treated with ozone and oxygen, this index for erythrocytes was lower
than the control group (around 32%), which indicates the tendency to normalization of LPO.

Figure 6 depicts the DB index of lipids extracted from tumor and liver tissues. These were
measured in our previous study for the first time in mice with tumors [20]. The DB index of
tumors reduces by 83% and of the liver by 70% in the group of mice with smaller doses of
ozone compared to the control group and the other groups treated with ozone and oxygen.
This phenomenon was observed in both tumor and liver tissues and it seems to be a conse-
quence of the modification in metabolism promoted by ozone. According to the preliminary
studies, the cancer cells repressed the TIGAR enzymes. The lower concentrations of these
enzymes keep the ROS concentration at an abnormal higher level [8] that caused the apop-
tosis of cancer cells [34]. The mice treated with ozone every second day and oxygen had
higher values for DB index of tumor tissues, which is related with the cell activity observed
microscopically. In fact, there was no significant statistic difference of the DB index measured
in tumor tissue treated with ozone every second day and the control group. It seems that this
dose had no effects over the tumor cell metabolism, contrary to the lower dose (every fifth
day), where the mice’s system was able to better regulate the oxidative stress induced in the
treatment, and this was reflected in both the lower cell activity and the tissue DB index. In
the group of mice treated with oxygen, the DB index increased 33% compared with the con-
trol group. This may be caused by the overexpression of some enzymes, such as FAS, which
improved the cell proliferation by oxygen presence [9, 20].

However, the DB index of liver tissue increased by 50% compared to the control group.
This variation points out to the sensibility of this index on the ozone dose, that is, this value
decreased by 70% in mice dosed every fifth day and increased by 50% in subjects dosed every
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Figure 6. DB-index values observed in tumor and liver tissues (n = 6).

second day. In the group treated with oxygen, the DB-index in liver decreased 40% compared
with the control, due to the decrease of the consumption of the energy caused by the decrease
of tumor volume. The DB index of the liver suggests a modification in the energy consump-
tion associated with the tumor activity because of the treatment. The accumulation and pro-
duction of lipids appeared to be inhibited in mice treated with ozone (every fifth day) and
oxygen [25]. This effect could be explained by two possible metabolic pathways of the fatty
acids synthesis in the organism. The first considers that lipids in plasma come from energetic
reserves of the liver (glucagon), which is regulated by the lipid reduction in blood indeed. The
second assumes that the fatty-acid cycle regulates the lipid concentration in plasma, which
is also regulated by the liver, but there is no energetic transformation. Under the higher dose
of ozone, the liver regulates the lipid imbalance to compensate the oxidized fatty acids. This
additional lipid source may explain the increase of the DB index.

On the other hand, under the smaller ozone dose, the lipid-accumulation effect was not
observed. The last can be a result of the regulatory process conducted outside of the liver tis-
sue that seems to justify the DB index reduction. The tumor cell activity correlated with the
DB index of the lipids is obtained from the tumor tissue. When their activity was the smallest
or almost zero, the DB index value was smaller also. This confirms that the DB index determi-
nation can be a reliable method to control the medical treatment efficiency for regulating the
tumor growth and its activity as well.

6.2. Indirect applications: vegetable oils

The ozonated vegetable oils (OVO) have shown interesting applications in diverse fields, such
as food, pharmaceutical, and cosmetic industries, since their applications have resulted in
several positive in vitro, in vivo, and clinical effects. In addition to their therapeutic potential,
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the OVOs have some advantages over other ozone applications, since they are composed of
stable reaction products [35]; thus, it is not necessary to produce them in situ. This is an addi-
tional advantage from a commercial point of view.

Among the most reported therapeutic effects of the OVO, one may list bactericidal, fungi-
cidal, as well as inflammation and wound-healing mediators [35-38]. These effects are highly
related with the oil type, as well as the ozonation degree.

The determination of the TU and DB index has been useful in the application of vegetable
oils. By using these parameters, it is possible to control the ozonation conditions to achieve
a certain ozonation degree, as well as observe the treatment’s evolution and evidence of the
biochemical changes derived from the treatment.

6.2.1. Ozonation degree of vegetable oils

The therapeutic action of the OVO depends on the accumulated ozonation products. A lot of
techniques have been employed to characterize these compounds, such as the spectroscopic
methods (Fourier transform infrared (FT-IR) and hydrogen-1 nuclear magnetic resonance (*H
NMR). The identified products by these techniques corresponding to those described by the
Criegee’s mechanism (iso-ozonides, poly-peroxydes, hydroxyperoxides) [12, 13, 17, 18, 39, 40].

Different studies have justified that the observed effects of the applied ozonated oils depend
on the 0il’s ozonation degree. For example, the in vitro tests showed that the bactericidal and
fungicidal effects increase when the ozonation degree increases [41-43]. Complementary, the
in vivo evaluations showed that the adequate ozonation level depends on the treated illness
and the vegetable source of oil [44-46].

For example, the inflammation process induced in the mice’s skin by 2,4-dinitrofluorobenzene
was inhibited after the application of olive oil ozonated 100% (iodine value = 0). However,
the repeated applications produced hair losses, hypervisibility and swelling reactions [44].
Another work demonstrated that the ozonated sesame oil showed diverse effectiveness for
mice’s wound healing, depending on the peroxide index of the applied oil [45]. The authors
found that the better peroxide value was 1631+64 mEq/kg. The higher and lower values of 0il’s
peroxide value were less effective.

In our previous work, we studied the ozonation of two oils: sunflower (SFO) and grape seed
(GSO) [16]. The different ozonation products (mainly ozonides) were identified by the spec-
troscopic techniques (FT-IR, '"H NMR). Also, the changes in OVO'’s viscosity were associated
with the formation of poly-peroxides. We also determined the dynamics of >C=C < decom-
position and product accumulation. We found that the TU decrease was similar in both oils,
but the distribution of their ozonation products was different. It was established that the
maximum amount of ozonides were formed faster in GSO. This oil accumulated a higher
proportion of poly-peroxides related with its viscosity, when compared with the SFO [16].

Since the therapeutic effects of ozonated oils are strongly related to the accumulation of the
ozonation products, our previous investigations offer an alternative method for controlling
the ozonation degree in the preparation of ozonated oils.
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6.2.2. Inflammation and wound healing

The effectivity of TU and DB index in ozonated oils’ applications was evidenced in our
previous work [22], where the anti-inflammatory and wound healing effect of the ozon-
ated grape seed (GS) and sunflower (SF) oils in mice were tested (for wound healing, dia-
betic mice were tested). The ozonation degree of both oils (determined by TU) was related
with the in vivo effect of oils. For comparison, the ozonated physiological solution was
applied (subcutaneous injection, only for inflammation test), as well as the commercial
drugs indomethacin and Furacin® for anti-inflammatory and wound-healing tests were
used, respectively.

Some differences on the biochemical effect of different treatments were found, depending
on the oil type and their ozonation degree. These differences were revealed by the DB index
values of the treated tissues [22].

In the case of the SF oil with the ozonation degree of 44%, the DB index of 2.32 x 10 mol g™
corresponds to the inflammation inhibition (INI) which is about 32%. For the GS oil, the maxi-
mum INI was 25% under the ozonation degree of 24% and corresponds to the DB index of
2.26 x 10* mol g. In this last case, the increase of the ozonation degree of GS oil up to 41%
decreases the INI down to 23%.

The effect of the vegetable source of oils on both the INI and the DB index suggests an active
participation of their minor compounds typically contained in oils, in the response of the
immunological system (polyphenols, tocopherols, carotenoids, chlorophylls). Figure 7a-d
shows the chemical structures of some these compounds. As seen, they are susceptible to
reacting with ozone, due to their unsaturated structures. So, they may participate in the thera-
peutic effects of ozonated oils. Even when the concentration of these compounds is low, in
comparison with unsaturated fatty acids, they can consume considerable amounts of ozone.
For example, the stoichiometry of the reaction of phenols with ozone is 1:3.5, while >C=C<
with ozone is 1:1.

A lower INI and the DB index of the pavilion of the ear (15% and 1.57 x 10~ mol g, respec-
tively) resulted from the application of ozonated physiological solution (PS), when compared
with ozonated oils. This fact indicates that the action mechanism of ozone, when applied
directly (dissolved in PS) or indirectly (ozonated oils), is different.

In the case of wound-healing evaluation for diabetic mice, we also found promising results,
considering that this sickness negatively affects the wound-healing process. We observed that
the complete wound healing of diabetic mice treated with ozonated oils was obtained dur-
ing 12 days [22]. This time is comparable with the one reported for wound healing of non-
diabetic mice (14 days) treated with ozonated sesame oil [45]. It is worth mentioning that no
infection signs were observed over the mice skin tissue. The glucose content was also moni-
tored throughout the treatment. None of the agents showed a regulatory effect of glucose,
as expected. Then, the cutaneous application of ozonated oil did not have a systemic effect
which is considered a positive effect because these oils acted locally.

Our results showed that minor compounds presented in oils may have biological activity,
which contributes to the effect of the well-known therapeutic ozonation byproducts, namely
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Figure 7. (a) Structures of polyphenols. (b) Structures of chlorophylls. (c) Structures of carotenoids. (d) Structures of
tocopherols.

ozonides, as a product of triglycerides’ ozonation. This effect was more pronounced in the
case of inflammation. For wound-healing tests, a slight improvement was observed in the
implementation of the SF oil, compared to the GS oil (both ozonated up to the same ozonation
degree). Based on these data, we may conclude that the positive clinical effect of ozonated oils
depends on their ozonation degree and their nature and then the composition of their minor
compounds.
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7. Conclusion(s)

The TUL determination was an adequate parameter to evaluate the effect of ozone on biolog-
ical substrates. The versatility of this technique allowed the control of the ozonation degree
of oils, as well as the correlation of biochemical changes in tissues involved in ozone-based
treatments for C6 tumor cells, inflammation, and wound healing, considering direct and
indirect applications. The effect of dissolved ozone dosage (direct application) on the tumor
evolution was observed, and the main result was that at low doses of ozone (every 5 days),
there is a greater effect on the inactivity of C6 glioma cells, decreasing their reproduction
and therefore, reducing the DB index of tumor tissues, in comparison with other groups.
This effect depends on the type and stage of the disease. Since it has been reported that the
application of ozone reduces the size of certain tumors, in this context, it was observed that
although ozone had a positive effect with respect to the activity of the tumor quantified
by micro PET and the DB index determination, the volumetric growth of the tumor was
disproportionated. The results presented in this study demonstrated that the key factor for
controlling the tumor activity, inflammation, and wound healing through direct and indi-
rect applications of ozone was precisely ozone’s dose. Our results suggest that low doses of
ozone may induce a micro-oxidative stress that stimulates the organism to perform a redox
regulation, which is reflected as a self-inhibition of the cancer tissue activity. The micro-dose
of ozone may have a systemic and prolonged effect on the organism. Therefore, in this study,
three injections for 15 days were enough to get a decrease, > 80%, of tumor cell activity in
mice. In addition, the DB index values pointed at different reaction mechanisms of direct
treatment with ozone (dissolved in the physiological solution) and to ozonation byproducts
(ozonated oils). Ozone’s administration route influenced the inflammation inhibition, ozon-
ated oils being the best anti-inflammatory agents. We found that the ozone dosage, meaning,
the ozonation degree of oils, as well as the frequency of application, is a key factor in the
biological effect of ozone-based therapies.
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Abstract

Ozone (triatomic oxygen or trioxygen) is the combination of three naturally occurring
oxygen atoms. Ozone therapy is an alternative to traditional approaches in dentistry.
The main feature suggests that ozone can be used in dentistry as a strong antimicro-
bial agent. In addition, ozone has antimicrobial, immune system regulatory, metabolic
rate, and biosynthesis-enhancing effects. Ozone affects cellular and humoral immu-
nity. It has positive effects on oxygen transport in the body; production of adenos-
ine triphosphate (ATP); and production of enzymes such as glutathione peroxidase,
catalase, and superoxide dismutase. Ozone use in dentistry can be made possible via
ozone gas, ozonated water, ozonized olive, or sunflower oil. Ozone is used in peri-
odontology (gingivitis, periodontitis, periimplantitis, surgical injuries, prophylaxis),
oral pathologies (stomatitis, aphthous ulceration, candidiasis, herpes infections), end-
odontics (root canal treatment, the fistula, abscesses), oral surgery (hemostasis, wound
healing, implantation, reimplantation, tooth extraction), prosthodontics (disinfection
of crowns, disinfection of the alloy part of partial dentures), orthodontics (TME func-
tion disorders, trismus, myoarthropathies), and restorative dentistry (caries, dentine
hypersensitivity, cracked tooth syndrome, bleaching, disinfection of cavity). As a result
of the studies performed, ozone therapy in dentistry should be considered as an aid to
conventional treatments.

Keywords: antioxidant, antimicrobial, dentistry, immunostimulating, ozone

1. Introduction

Ozone (triatomic oxygen or trioxygen) is the combination of three naturally occurring
oxygen atoms. Ozone is present in the gas form in the concentration of 1-10 ppm in the
stratosphere in nature. Molecular weight is 47.98 g/mol, and it is highly endothermic and
also thermodynamically unstable as an oxygen compound. Depending on environmental
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conditions, such as short half-life, pressure, and heat, molecular oxygen in ozone can be con-
verted to atomic oxygen in a short time [1]. Ozone is the third most powerful oxidant known
that does not possess radical properties due to its chemical structure [2]. Ozone has a higher
energy than atmospheric oxygen, 1.6 times more dense, and 10 times more soluble in water
than oxygen [1]. In 1785, Van Marum noticed that when the spark occurred in the electro-
static machine, there was a peculiar smell of air around him. In 1801, Cruickshank heard the
same smell on the anode side during electrolysis of water. Sconbein described this substance
in 1840 as “Ozein,” meaning to smell it in Greek. In 1856, Werner Von Siemens designed
an ozone generator in 1857, which was used in the disinfection of operating theaters. Since
these types of generators are the forerunners of later generations, these types of generators
in the market are called “Siemens type” ozone generators. In 1860, the first ozone generator
in Monaco was used for plant treatment. In 1870, for the first time in medical treatment, it
was used by Lender [3].

In the nineteenth century, Dr. Fisch used ozonated water in his practice for the first time in
dentistry and introduced it to Dr. Erwin Payr who was a German surgeon. Dr. Erwin Payr
used ozone in surgery and he reported a publication (of 290 pages) entitled “Ozone Treatment
in Surgery” (Uber Ozonbehandlung in der Chirurgie) at the 59th Meeting of the German
Surgical Society in 1935 [4].

As modern science is used in the practice of dentistry, it is also changing and developing with
time. Ozone therapy is an alternative to traditional approaches and can be considered as a
model to help in healing. Emerging technology has led us to less invasive and more conserva-
tive work.

The main feature suggests that ozone can be used in dentistry as a strong antimicrobial agent.
It is effective against Gram (+, ) bacteria, viruses, and fungi. Ozone, which is used in dental
prosthesis, endodontics, restorative dentistry, periodontology, and oral and maxillofacial sur-
gery, offers great advantages in addition to traditional treatments [5, 6].

Ozone shows the antimicrobial effect by creating cell membrane damage. It reacts with the
double bonds of the hydrocarbons in the cell membrane and causes the modification of the
cell content by the action of the secondary oxidant. Ozone is highly effective against antibi-
otic-resistant species. The antimicrobial activity of ozone is increased in liquid and acidic
pH [6]. The basis of the ozone action mechanism in viral infections is inhibiting infected cell
peroxide sensitivity and the synthesis of viral proteins by altering the activity of the reverse
transcriptase enzyme [7].

Ozone affects cellular and humoral immunity. It stimulates the proliferation and immuno-
globulin synthesis in immune cells, accelerates the sensitivity of macrophage phagocytosis,
and activates other macrophage functions. This activation results in the production of specific
molecules called cytokines. This suggests that ozone administration at low doses is beneficial
to people with an impaired immune system. Ozone also promotes the synthesis of biologi-
cally active molecules such as interleukins, leukotrienes, and prostoglandins, thereby helping
to reduce inflammation and improve wound healing [6, 8].
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Ozone increases the partial oxygen pressure in the tissues and increases the oxygen transport
in the body causing changes in cell metabolism. This change increases the use of oxygenated
respiration and therefore energy sources (glycolysis, cycling of the Krebs, [3-oxidation of fatty
acids). It also prevents the erythrocytes from collapsing and increases the contact surface of
erythrocytes for oxygen transport. It activates the Krebs cycle, which stimulates adenosine
triphosphate (ATP) production, and causes a significant reduction in nicotinamide adenine
dinucleotide (NADH) leading to oxidation of cytochrome C. Ozone therapy stimulates pro-
duction of enzymes such as glutathione peroxidase, catalase, and superoxide dismutase
which act as free radical scavengers [9].

It promotes intracellular protein synthesis by stimulating mitochondria and ribosomes. This
alteration may lead to activation of cell functions and regeneration potential of tissues and
organs. Ozone causes dilation in arterioles and venules by stimulating the release of vasodila-
tors such as nitric oxide [6, 10].

1.1. Dental treatment modalities of ozone therapy

* Biofilm purging (elimination of bacterial pathogens) [5].
* Periodontal pocket disinfection and osseous disinfection.
¢ Prevention of dental caries.

¢ Endodontic treatment.

¢ Tooth extraction.

¢ Tooth sensitivity.

¢ Temporomandibular joint treatment.

¢ Gingival recession (exposed root surfaces).

¢ Pain control.

¢ Infection control.

* Accelerating of wound healing.

¢ Tissue regeneration.

* Controlling halitosis.

¢ Remineralization of tooth surface.

¢ Teeth whitening (bleaching).

Ozone use in dentistry can be possible via ozone gas, ozonated water, ozonized olive, or sun-
flower oil [2]. Ozone, a very unstable molecule in gas form, lasts a few minutes in the air, while
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the aquatic life lasts a few days. However, it has been reported that ozone can be measured
for months and years when dissolved in an oil-based content such as 100% pure olive oil [11].

1.2. Ozone toxicity

It should not be forgotten that ozone is a toxic gas if it is inhaled. Eyes and lungs are very sus-
ceptible to ozone. For this reason, long-term exposure to ozone results in some side effects, such
as epiphora, irritation of the upper airways, bronchoconstriction, rhinitis, cough, headache, and
vomiting may occur, depending on the time of the ozone exposure. In such cases, it has been
reported that administering supportive treatment such as oxygen, ascorbic acid, vitamin E, and
N-acetylcysteine to the patient would be beneficial [12-14]. Pathological and anatomical studies
showed that blood clotting is impaired in a typical table ozone poisoning and has been shown to
occur in lung hematomas. However, the ozone gas is not a chemical disinfectant, and after com-
pleting the disinfection task due to its unstable structure, it rapidly transforms into oxygen [2].

As ozone therapy is an atraumatic treatment method, the areas of use in dentistry are increas-
ing with the protection of healthy and decayed dental caries, disinfection of dental unit water
systems, antibacterial effect in avulse teeth, and healing properties of oral lesions.

1.3. Contraindications of ozone therapy

¢ Pregnancy [7].

* Hyperthyroidism.

* Glucose-6-phosphate-dehydrogenase deficiency.

¢ Severe anemia.

* Severe myastenia.

* Active hemorrhage.

* Acute alcohol intoxication.

Ozone can be used for prophylaxis in dentistry due to its biological properties and for the
treatment of various diseases. Ozone is used in periodontology (gingivitis, periodontitis, peri-
implantitis, surgical injuries, prophylaxis), oral pathologies (stomatitis, aphthous ulceration,
candidiasis, herpes infections), endodontics (root canal treatment, the fistula, abscesses), surgi-
cal procedures (hemostasis, wound healing, implantation, reimplantation, tooth extraction),
prosthodontics (disinfection of crowns, disinfection of the alloy part of partial dentures), ortho-

dontics (TME function disorders, trismus, myoarthropathies), and restorative dentistry (caries,
dentine hypersensitivity, cracked tooth syndrome, bleaching, disinfection of cavity) [15].

1.4. Ozone gas generating systems

1. Corona discharge ozone generators: with the corona discharge method, ozone gas (O,) is
formed by breaking the double bond of the oxygen molecule (O,) by passing electric cur-
rent and combining the other free oxygen atom [6].
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Figure 1. An ozone-generating system used in dental practice [17].

2. Ultraviolet ozone generators: the ultraviolet method is used to break up the oxygen mol-
ecule by passing it through an ultraviolet bulb which emits light with a wavelength shorter
than 220 nm, and the released oxygen atom combines with the other oxygen molecule to
form the ozone gas.

3. Cold plasma system: it is used for purification of air and water.

Thanks to innovative technology, ozone has become painless, safe, effective, and easy to
apply in many areas of medicine. New-generation medical ozone generators can produce
ozone at very narrow therapeutic ranges (0.1-2.1 ug /s) from oxygen molecules present in the
atmosphere or in liquids. The applied microcurrent (max 100 pA) is completely harmless to
both the patient and the implementer [16] (Figure 1).

2. Role of ozone on restorative dentistry

In recent years, ozone treatment has begun to be used as a new method in the treatment of
caries. It has been suggested that application of ozone to caries stops or hardens these lesions.
Application of ozone to caries will provide an alternative to conventional treatment modali-
ties. It was demonstrated in studies that ozone can be used to eradicate bacteria in carious
lesions, painlessly.

Baysan et al. [18], found a significant decrease in Streptococcus mutans and Streptococcus sob-
rinus numbers on primary root carious lesions which were applied ozone gas for a period of
10 s. Then, the in vitro study was adapted to a randomized clinical trial and the results of the
controls were measured by using DIAGNOdent and ECM. A significant increase in reminer-
alization was observed in ozone groups. In a randomized trial, Holmes evaluated the effect of
ozone on surface hardness (soft, brittle, stiff) on root caries. At the end of 12 months, 100% of
the teeth treated with ozone treatment had hardened caries surfaces, and 37% of caries in the
control group without treatment reported that the lesions were getting worse [19]. Samuel et al
[20] evaluated the effect of ozonated water in remineralizing artificially created initial enamel
caries using laser fluorescence and polarized light microscopy. According the results, reduced
DIAGNOdent scores and greater depth of remineralization were gained following application
of ozonated water and the ozone-treated group exhibited maximum remineralization under
the polarized light microscopy. Polydorou et al. [21] used two different bonding systems, 40
and 80 s, in ozone-applied cavities in an in vitro study. Two different bonding systems were
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performed without any application of ozone to the control group. The teeth were then restored
with composite resin. Streptococcus mutans ratio in the ozone group for 80 s values was statisti-
cally decreased in comparison to the other groups. These results are promising for applications
directed at Streptococcus mutans, which is the most important pathogen responsible for caries.
On the other hand, in a Cochrane review, authors concluded that application of ozone on caries
provides no evidence in terms of arresting or reversing the decay process [22].

Tooth structure can lessen via attrition, abrasion, erosion, trauma from occlusion, and it may
cause wearing away of enamel and dentin, thereby causing hypersensitivity. Ozone applica-
tion has been found to reduce sensitivity in exposed enamel and dentin and also in cases of
root sensitivity. It was found that 40-60 s application of ozone offers pain reduction in sensi-
tive teeth. Ozone initiates removal of the smear layer, opens the dentinal tubules, and widens
them so that the remineralizing agents—calcium and fluoride ions—can enter the dentinal
tubules easily, readily, and completely, preventing the fluid exchange from dentine tubules.
Depending on this, termination of sensitivity occurs following ozone application in a short
time and also lasts longer than conventional treatment modalities [9].

Delay and Holmes [23] reported that the ozone application provides a reduction in the symp-
toms of patients with cracked tooth syndrome. Medozon, an ozone-generating device, claims
that ozone application of 60-120 s to the cracked area in the fractured tooth syndrome pro-
vides long-lived restorative material [24].

Ozone can be used on root canal-treated discolored teeth by irradiating the root canal for
3 min. This treatment provides good esthetic result by bleaching the tooth. Tessier et al. [25]
evaluated the ozone efficacy in an experimental rat model used to lighten tetracycline-stained
incisors. At the end of the study, it was found that ozone application could be successfully
used for lightening the yellowish tinge of tetracycline-stains incisors.

3. Role of ozone on periodontology

The main ozone application area in periodontology is relayed on its antimicrobial properties.
It seems to be effective against both Gram (+) and Gram (-) bacteria, viruses, and fungi. It can
be applied into the periodontal pocket with the different tips of generators (Figure 2), ozon-
ated water, or ozonated oil.

Nagayoshi et al. [27] investigated the effect of ozonated water on cell permeability and via-
bility of microorganisms. Gram-negative bacteria (Porphyromonas gingivalis, Porphyromonas
endotalis) was found to be more sensitive to ozone than streptococci and Candida albicans. In
addition, the ozonated water has strong bactericidal action against Streptococcus mutans bac-
teria in the plaque biofilm. Also it was reported that ozonated water inhibited the experimen-
tal bacterial plaques in vitro. In another study, it was concluded that high concentrations of
ozone water (20 ug ml™) had an antibacterial effect equal to 0.2% concentration of chlorhexi-
dine, whereas highly concentrated ozone gas (>4 g m™) had an antibacterial effect of as much
as 2% chlorhexidine and more effective than 0.2% chlorhexidine [28]. Ramzy et al. [29] used
150 ml of ozonized water for periodontal pocket irrigation (5-10 min once weekly, 4 weeks)
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Figure 2. Ozone application into periodontal pocket [26].

in patients suffering from aggressive periodontitis. Statistically significant decreases in terms
of pocket depth, plaque index, gingival index, and bacterial count were observed. In a study,
authors compared the effect of oral irrigation with ozone water, 0.2% chlorhexidine and 10%
povidone iodine, in chronic periodontitis patients and concluded that local ozone application
could be used as a powerful atraumatic and antimicrobial agent in the nonsurgical treatment
of periodontal disease for both home care and professional practice [30].

In contrast, Eltas and Yavuzer applied ozone gas in addition to scaling and root planning in
acute gingivitis patients. Changes in plaque index, pocket depth, and clinical attachment lev-
els did not differ significantly between groups at 4 weeks after treatment [31]. Y1ilmaz et al. [32]
investigated the changes in clinical and microbiological parameters of mechanical treatment,
mechanical treatment + erbium: yttrium-aluminum-garnet laser, and mechanical treatment +
gas ozone application in chronic periodontitis. Attachment gain and pocket depth reduction
were found to be greater in the laser group than in the other groups. Although not statistically
significant, the decrease in anaerobic flora was observed in both laser and ozone groups.

Karapetian et al. compared ozone therapy with surgical procedures and conventional meth-
ods in patients with periimplantitis and stated that the most effective method to eliminate
bacteria was ozone therapy [33]. In an in vitro study, gaseous ozone (140 ppm, 33 mL/s) for 6
and 24 s was applied to saliva-coated titanium (SLA and polished) and zirconia (acid etched
and polished) disks to determine the antibacterial effect on periimplantitis caused by bacteria
such as Streptococcus sanguinis and Porphyromonas gingivalis. Gaseous ozone showed selective
efficacy to reduce adherent bacteria on titanium and zirconia without affecting adhesion and
proliferation of osteoblastic cells [34].

4. Role in bone regeneration

Besides the antiseptic and disinfectant properties of ozone, it was also investigated for its
effects on bone regeneration in recent years. One of the first study about this subject belonged
to Ozdemir et al. [35]. According this study results, ozone application combined with autograft
provided an increase the amount of total bone area and osteoblast count.
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Kazancioglu et al. [36] compared the effects of low-dose laser therapy and ozone treatment on
bone regeneration in 5-mm critical-size defects in rats, and all defects were restored with bipha-
sic calcium phosphate grafts. According to the histomorphometric measurements, the new
bone area in the ozone group was statistically higher than the control and low-dose laser group.

In another study comparing the effects of hyperbaric oxygen and systemic ozone administra-
tion, the rats were sacrificed on days 5, 15, and 30, postoperatively. There was no difference in
bone formation between hyperbaric oxygen and ozone [37].

Lektemur Alpan et al. [38] used diabetic rat calvarial defects with xenograft, and they con-
cluded that the ozone accelerated bone morphogenetic protein-2 and osteocalcin positivity
followed by accelerated xenograft resorption and enhanced bone regeneration.

5. Role of ozone in oral surgery

Ozone therapy has a vast range of applications in oral surgery because of its biological prop-
erties such as enhancing wound healing, improving several properties of erythrocytes, and
facilitating oxygen release in the tissues. All these biological events cause and hence improve
the blood supply to the ischemic zones leading to use of ozone in cases of wound-healing
impairments, following surgical interventions like tooth extractions or implant dentistry.

Ozone treatment can be applied in cases such as disinfection of wound area, treatment of
soft tissue lesions (aphthous ulcers, herpes simplex, herpes zoster, etc.), healing disorders
in bone and soft tissue, alveolitis, periimplantitis, bisphosphonate-related osteonecrosis,
tooth transplantation, and decontamination of root surfaces of avulsed teeth planned to be
reimplanted [39]. It is possible to apply ozonized water to infections that may occur after
osteotomy in oral surgery. In some prospective studies, it has been shown clinically and his-
tologically that ozonized water has a positive effect on soft tissue healing. In a prospective
study involving 250 patients, application of ozone water as a cooling and flushing agent dur-
ing third molar osteotomies has been shown to reduce infectious complications after surgery
[39]. Kazancioglu et al. evaluated the effect of ozone therapy on pain, swelling, and trismus
following third molar surgery, and they concluded that ozone application effectively reduced
postoperative pain; however, it had no effect on swelling and trismus [40].

Ahmedi et al. [41] evaluated the efficacy of ozone gas on the reduction of dry socket, which
occurred after surgical extraction of lower jaw third molars. Two groups were evaluated: in
the control group, saline solution was used for irrigation of extraction sockets and, intra-
alveolar ozone was applied at 12 s (Prozone, W&H, UK) in the experimental group. They
concluded that the ozone gas has a positive effect on reducing the development of dry socket
and pain following third molar surgery depending on metabolic capabilities of ozone for
promoting hemostasis, increasing the supply of oxygen, and inhibiting bacterial proliferation.

In a study, ozone therapy was compared with the photo-biomodulation therapy in men-
tal nerve injury by counting Schwann cells and fasciculated nerve branches and measuring
fascicular nerve areas. At the end of the study, a better healing pattern was observed in the
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treatment groups. The number of Schwann cells was markedly larger in the ozone treatment
and photo-biomodulation groups than in the control group [42].

The effects of ozone therapy stimulating cell proliferation and soft tissue healing must be taken
into account in the treatment of bone necrosis in patients using bisphosphonates [43]. Many
studies have been carried out on the use of ozone in osteonecrosis cases occurring in jaws due
to the use of bisphosphonates. Similar results were obtained in these clinical trials with differ-
ent routes of administration of ozone (gas, ozonated water, and oil) [44-46]. After radiotherapy
in maxilla or mandible, the amount of oxygen in the affected area is considerably reduced.
Radiotherapy leads to obliteration of intrabony vessels and inadequate vascular support in
spongiosal medullary spaces resulting in xerostomia, mucositis, or loss of taste sensation. As
a result, fibrosis and aseptic osteonecrosis may occur. Recovery after surgical procedures is
impaired after tooth extraction from this kind of bone in comparison to healthy bones which
have adequate blood supply. Such cases are always at risk of persistent osteoradionecrosis [47].

Akdeniz et al. [48] performed a study on human primary gingival fibroblasts exposed to
cytotoxic concentrations of bisphosphonates. They concluded that ozone gas plasma therapy
significantly decreased the genotoxic damage and this application provided 25%, 29%, and
27% less genotoxic damage, respectively, in bisphosphonate groups and improved the wound
closure rate on human gingival fibroblasts.

Dogan et al. [49] investigated the effects of ozone on cancer progression and survival with
radiotherapy. Experimental tongue cancer was formed in rats and were separated into four
groups. Ozone groups were received 1 ml at a concentration of 15 mcg/ml ozone (rectal 4
sessions, for 5 days after 22 week). Groups that received ozone showed more histopathologic
improvements in comparison to other groups. Radiotherapy combined with ozone therapy
has provided more survival rate and tumoral reduction than the other groups.

6. Role in prosthodontics

Dentures are commonly inhabited by microbial plaque, especially Candida albicans. Denture
stomatitis is routinely encountered in clinical practice, which can be prevented by effective
denture plaque control. One successful method to do so is the use of ozone as disinfecting
agent to clean denture. Arita et al. [50] concluded that exposure of dentures to flowing ozon-
ated water (2 or 4 mg/l) for 1 min can reduce the number of Candida albicans.

Oizumi el al. [51] compared the microbicidal effect of gaseous ozone with that of ozonated
water on oral microorganisms (Streptococcus mutans, Staphylococcus aureus, Candida albicans).
They concluded that direct exposure to gaseous ozone seems to be a more effective microbi-
cide than ozonated water for decreasing the microorganisms.

In another study, ozonized olive oil efficacy was evaluated in the treatment of oral lesions
and conditions (aphthous ulcerations, herpes labialis, oral candidiasis, oral lichen planus, and
angular cheilitis) (Figure 3). The ozonized olive oil was applied twice. All of the conditions
showed improvement in the signs and symptoms at the end of 6 months [52].
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Figure 3. Ozone application on herpes labialis.

Temporomandibular disorder (TMD) is a pathological condition involving both the muscular
and skeletal system in the temporomandibular joint region (TM]). This is characterized by
pain in the preauricular region during jaw movements, limitation during mandibular move-
ments, pain during chewing muscles and palpation in the TM] region, and TM] voices. Pain
usually occurs during chewing or mandibular movements [53]. Temporomandibular disorder
is a collective term embracing several problems that involve the temporomandibular joint,
masticatory muscles, or both and treated usually with conservative and reversible therapy.
Regular application of the ozone to the TM] region with special probes developed for deep
tissue stimulation allows for access to deep tissue under the skin. Ozone application increases
the oxygenation of muscle and cartilage tissue and the creation of anti-inflammatory effect.
This can be used as a noninvasive treatment method in patients with TMD. In addition, there
are different current treatment modalities reported in the literature, including medication
therapy, low-level laser therapy, vibratory stimulation, and, more recently, bio-oxidative
ozone therapy which reduced pain in the TMJ region and improved in TMD-induced mouth
opening problems after regular treatments [54, 55].

7. Role of ozone in endodontics

Ozone is intensively used in root canal therapy due to its strong antimicrobial properties and
absence of cytotoxicity. Ozone can be an effective agent when it is used in adequate concentra-
tion, time, and applied in a correct way into the root canals after other treatment steps have
been performed. Most of the studies on effect of ozone in endodontics investigate its antimi-
crobial activities in the form of ozone gas, ozonated water, and ozonized oil.

Ozone is a powerful antibacterial agent. In a study, ozone was found to disinfect the bovine
tooth dentin tubules effectively [56]. Nagayoshi et al. [27] demonstrated that in concentra-
tions of 0.5-4 mg/L, ozonated water killed pure cultures of Porphyromonas endodontalis and
Porphyromonas gingivalis effectively. These species were found more vulnerable to ozonated
water than Gram-positive oral Streptococci and Candida albicans.

In a study, Hems et al. [57] evaluated antibacterial potential of gas form (produced by
Pure zone device) and aqueous (optimal concentration 0.68 mg/L) ozone on the test species
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Enterococcus faecalis. They found that ozone in solution has antibacterial effect on plank-
tonic Enterococcus faecalis after 240 s treatment; however, it shows not much antibacterial
effect on Enterococcus faecalis within a biofilm.

Estrela et al. [58] studied two forms of ozone —ozonated water and gaseous ozone —with 2.5%
hypochlorite and 2% chloehexidine in infected dental root canals. All agents contacted 20 min
and none of them had killed Enterococcus faecalis in human-infected root canals.

Use of gas delivery of ozone at a flow rate of 0.5-1 1/min with a net volume of 5 gm/ml for
2-3 min gave favorable result in eliminating pathogen species in the root canal [59].

As an intracanal irrigant, ozonated water can be used in infected necrotic canals, and as
intracanal dressing, ozonized oils can be used to reduce target anaerobic biota. Ozone also
enhances tissue regeneration and bone healing when used as a canal irrigant. Moreover,
ozone water with sonification has antimicrobial effect in comparison to 2.5% NaOCl when
used in the disinfection of the root canal [60].

Conflicting reports in term of antimicrobial effect of ozone on endodontic infections were pre-
sented in a review [61]. As a result, contradictory results regarding the efficacy of endodontic
ozone administration have been reported in the literature.

8. Role of ozone in orthodontics

In orthodontic treatments, diffuse opacity of enamel is commonly seen due to the effect of
bonding material on enamel surface, as well as white spot lesions have been seen in first
4 weeks of the treatment. White spot lesion formation usually begins at bracket and toot inter-
face and can reach beneath the bracket area. Hence, prophylactic therapy of enamel has an
immense importance in orthodontic treatments.

Ghobashy et al. [62] studied on reducing demineralization of enamel bonded to the orthodon-
tic bracket using ozonized olive oil. Patients who used ozonized olive oil gel with traditional
oral hygiene instructions had significantly less decalcification areas during the orthodontic
treatment.

Ozone also has a strong oxidizing effect that might cause weak adhesions between tooth
and resin due to the negative effect of oxygen inhibition of polymerization. Cehreli et al. [63]
evaluated the effect of prophylactic ozone pretreatment of enamel on shear bond strength
of orthodontic brackets bonded with total or self-etch adhesive systems. Study revealed
that ozone pretreatment of enamel did not have an effect on the shear bond strength of
adhesive systems. Shear bond strength values of specimens in ozone group were even
slightly higher.

9. Role of ozone in pedodontics

Ozone treatment has become more and more popular in the dental clinic every day, and it has
become effective in many treatment and application procedures in pedodontics.

67
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Applications of ozone in pediatric dentistry [4].

a. Application in initial caries (remineralization effect).

b. Application in root-surface caries (antibacterial effect).

c. Use as a root channel disinfectant (antibacterial effect).

d. Accelerate wound healing after surgical treatment.

e. Treatment of oral ulcers and aphthae.

f. Treatment of temporomandibular joint dysfunctions and irregularities.
g. In tooth bleaching applications.

The use of ozone has positive effects on children, especially in terms of cooperation, such as
not making noise, having very small hoods, not generating heat or bad smell, water spray or
loud sounds of suctions, and not needing hand tools [4, 64]. Ozone prevents the caries forma-
tion via inhibiting the reproduction of pathogenic microorganisms, or destroying the cell wall
by neutralizing or blocking [21, 65, 66] (Figure 4).

During this time, ozone attacks glycoproteins, glycolipids, and other amino acids and blocks
enzymatic control systems of cells. Thus, the permeability of the cell membrane increases,
extending to stop cell viability. After that, the ozone molecules can quickly enter the cell and
cause the death of microorganisms [66].

In addition, ozone is an oxidative agent and can provide remineralization of demineralized
dentin [21, 65]. The strongest acid naturally produced by acidogenic bacteria during caries
formation is pyruvic acid. Pyruvic acid reacts with ozone and decarboxylates oxidatively to
acetate and carbon dioxide. The remineralization of the initial caries lesions is supported by
the buffered plaque fluid formed by the production of acetate [68]. Theoretically, ozone can be

Figure 4. Ozone can be used easily on children [67].
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used to reduce the number of bacteria in active caries lesions and consequently can temporar-
ily stop caries progression; caries restoration can be delayed or prevented [22, 69].

In particular, studies have shown that ozone efficacy on pit and fissures where bacterial elimi-
nation was very difficult and the most susceptible areas for development of caries [70].

In a randomized clinical trial conducted by Huth et al. [71], 41 children aged 3-7 years were
evaluated. A total of 51 patients with pairs of teeth having cavitation-free initial decay were
separated into two groups and 40 s ozone (HealOzone-Kavo Dental GmbH Germany) was
administered to the study group. After 3 months of clinical observation and DIAGNOdent
measurements, regression and remineralization of initial caries were observed in ozone-
treated teeth, but the results were not statistically significant.

In dental ozone applications, it is aimed to fix early lesions without altering the anatomical
shape of the tooth, thanks to specially developed prophylactic tips. The first patient group
to use this technique, which prevents unnecessary hard tissue loss in anterior and posterior
initial caries lesions, is children.

A study was conducted with apprehensive children to determine ozone efficacy in open single-
surface caries lesions. A total of 82 patients with single-surface caries lesions were separated
into two groups and ozone was not applied to the control group, while ozone (HealOzone-
Cavo Dental GmbH Germany) was applied to the other group for 20 sec. In ozone-treated
group, hardness values improved in comparison to the control group. At the same time, when
cooperative evaluation and assessment of dental anxiety was conducted on children, it was
stated that ozone application was less worrying in child patients and more acceptable due to
short-time application, sound, and water withdrawal [72].

In cavitated lesions, especially ozone gas application provides an antibacterial effect in the
cavity surface and satisfies intended to stop progression of the lesion. Although there is not
enough clinical experience about the interval and dose of ozone gas to prevent the lesion
becoming active after a certain period of cavitated caries lesions, it is thought that promising
results can be obtained especially in children who have difficulties in cooperativeness, and this
technique may be developed widely and used in routine clinical practice.

10. Conclusion

Scientific studies show that ozone can be a promising therapeutic agent in the practice of
dentistry. Besides atraumatic application and antimicrobial effects of ozone, carrying toxic
risk and can have deadly consequences of wrong actions also incomplete understanding of
the mechanism of action many clinicians approach suspicious to ozone. Considering the stud-
ies done so far, it can be said that ozone can be used as an additional application besides
applications such as antiseptics and local antibiotics, which are given in addition to dental
treatments. As a result, more clinical studies on ozone therapy should be performed and well-
defined parameters should be established. However, more studies on ozone are required in
order to be used routinely in dental treatments.
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