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INTRODUCT ION 

Nature of ozone and its properties 

Ozone is nothing more than a particular molecular state of oxygen. 
The ozone molecule contains three oxygen atoms, has a molecular weight of 
48.00 grams per mole, and possesses a very low dipole moment of 0.49-0.58 
debye. Some work has been done to identify the molecular structure of this 
very unstable compound, but its structural determination remains controversial 
(Smyth and Lewis 1939). The first complete structural determination was made 
by Shand and Spurr (1943). According to Riebel et al. (1960) the ozone 
molecular bonds form an obtuse angle (116°45'), there being two oxygen-oxygen 
bonds of equal length. The molecule can be described as a resonance hybrid 
of the four possible structures: 
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Two basic mechanisms may be considered as responsible for the oxidizing effect 
of ozone:' 

(1) electrophilic addition of the total ozone molecule to 
C = C double bonds and to lone electron pairs, and 

(2) self decomposition of ozone via short living radicals, 
such as HOo and H02 °, which initiate oxidizing reac­
tions (Forchheimer and Taube 1952 , 1954; Abel 1955). 

The second mechanism may be considered to occur predominantly in aqueous 
solutions. The formation of free radicals in water is suggested by the 
following reaction scheme: 

0 3 + H2O H0 3 + + OH-

H0 3 + + OH- 2HO + 
2 

0 3 + H0
2

+ HO- + 202 

HO- + HO + 
2 H2O + °2 

AlthOugh, ozone is relatively stable in organic solvents, decomposition in 
aqueous solutions is rather rapid. Rate of decomposition depends on the 
composition and properties of the solution, especially the organic load and 
pH value (Sulzer 1958) (Fig. 1). In the presence of hydroxyl ions decompos­
it ion is accelerated (Weiss 1935; Stumm 1956). Therefore in sea water, where 
pH values normally are higher than in fresh water, the breakdown of ozone is 
more rapid. On the other hand, in strong alkaline solutions (> 10-4 N NaOH) 



- 2 -

the stability of ozone again increases (Heidt and Landi 1964). According to 
Stumm (1956) solubility of ozone in water depends on temperature, salt 
concentration and pH value. Hoather (1948) investigated the solubility and 
stability of ozone in water in relation to temperature and turbidity. Alder 
and Hill (1950), and Stumm (1954) showed that ozone in solution is relatively 
stable at temperatures near the freezing point. Shechter (1973) found that 
decomposition of ozone was correlated with turbulence and initial concentra­
tion of ozone. 
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Fig. 1. Ozone decomposition in different types of water at 20°C. 
1 = double distilled water, 2 = distilled water, 3 = tap water, 
4 = ground water of low hardness, 5 = filtered water from Lake 
Zurich, 6 = filtered water from the Bodensee (modified after Sulzer 
1958). 

Determination of ozone 

Quantitative determinations of ozone have been troublesome, both 
in air and in aqueous solutions. Among the most 'important methods for low­
level determination of ozone in air are the starch-iodine method (Thorp 1940), 
the phenolphthalein oxidation reaction (Haagen-Smit 1958), the long-path 
ultraviolet absorption method (Renzetti 1957), the nitrogen dio xide equivalent 
method (Salzman and Gilbert 1959), the sodium diphenylaminesulphonate reaction 
(Bovee and Robinson 1961), the fluorophotometric determination method 
(Watanabe and Nakadoi 1966), and the peroxy-isocyanate method (Layton et al. 
1970). More recently modified methods for continuous ozone measurement have 
been developed, using automatic read-out devices (Komhyr 1969; Luebke 1970; 
Warren and Babcock, 1970; Vigroux 1971; Steinberger and Goldwater 1972; 
Hosaka and Arai 1973). 

.. 
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Problems of determination of ozone in water arise from its rapid 
decomposition and its interactions with other ions in solution, e.g. chlorine 
(Ingols et al. 1956; Sulzer 1958; Koppe and Muehle 1965; Hofman and Stern 
1969) • . The classical procedure (Am. Public Health Assoc. 1971) for the 
determination of residual ozone in water requires large sample volumes and 
gives uncertain results at low concentrations. A highly sensitive spectro­
photometric method for ozone determination in water was developed recently 
by Shechter (1973). This method will detect residual concentrations of ozone 
down to 0.01 ppm. 

The most important methods of ozone determination in water are 
summarized in the following table: 

Method 

Manganese oxidation and 
color reaction with 
orthotolidine 

Oxidation of leuco 
crystal violet 

Spectrophotometry 
(visible region) 

reaction with potassium 
iodide and colorimetric 
determination of iodine 

reaction with potassium 
iodide and colorimetric 
determination of iodine 

oxidative decoloration 
of indi9o-sulfonate 

reaction of ozone with 
potassium iodide 

reaction of ozone with 
potassium iodide 

automatic reading device 

References 

Zehender and Stumm (1953) 
Sulzer (1958) 

Layton and Kinman (1970) 

Alder and Hill (1950) 
Kilpatrick et al. (1956) 

Shechter (1973) 

Parry and Hern (1973) 

Dorta-Schaeppi and 
Treadwell (1949) 

Wanner (1971) 

Rawson (1953) 

Littman and Benoliel (1953) 

Remarks 

Mn++ -- Mn+++ 
(spectrophotometric 
determination at 440 m~, 
5-20 ~/t) 

Redox indicator, coloro­
metric procedure at a 
wave length of 592 m~ 
in acidic solution 
(sub-ppm levels) 

typical absorption 
band at 260 m~ 
« 0.4 ~/t) 

two modified applica­
tions for low level 
(0.01-0.30 ppm) and 
high level determina­
tion (0.30-2.00 ppm) 

stoichiometry 

2 KI 

colorimetric determina­
tion of the liberated 
iodine with starch 
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Biological effects of ozone 

The acute toxicity of ozone to laboratory animals and to man is 
diverse and varies considerably from species to species. 

Giese and Christensen (1954) reported that freshwater ciliates 
exposed to ozone (3.5 x 10-4 moles per liter gas bubbled continuously through 
the water column) died within 3 to 4 minutes, whereas rotifers became 
inactivated after 25 minutes of exposure. In sea urchin larvae a gradual 
decrease of swimming speed could be observed with increasing exposure time. 
After 20 minutes of expo~ure they became completely inactive, but cytolysis 
did not occur. Bacteria and viruses are destroyed by ozone rapidly. For 
example, Escherichia coli (MPN 60,000 per ml) is killed within 5 seconds in 
an ozone concentration of 0.1 ppm, whereas 15,000 seconds are required to 
destroy these bacteria, if chlorine is applied in the same concentration. 
PM-virus is inactivated in 2 minutes in an ozone concentration of 0.05 to 
0.45 ppm (Klein 1969). The poor insecticidal power of ozone is demonstrated 
by the work reported by Toul (1930). Recently, Blogoslawski et al. (1973) 
determined the feasibility of inactivating toxic red tide metabolites by ozone 
treatment. 

The mode of action of ozone is not yet fully understood. It has 
been suggested that all damage may occur through the activity of free radicals, 

·which may be generated by the reaction of ozone with sulfhydryl groups. 
According to Bailey (1958) it is possible that free radicals may be produced 
through lipid oxidation. Criegee's mechanism of ozonolysis (Criegee 1953) 
suggests that ozone may unite with carbon-carbon double bonds to give a very 
unstable intermediate primary ozonide 

o 
/' "'-o 0 

\ / 
:::::: C - C == 

which readily decomposes to give (a) a zwitter ion and (b) a carbonyl fragment, 
according to the following equation (after Loan et al. 1965; Druett and Packman 
1972): 

R R R R 

" / initial " + " C = C +0 ~ ~ C 00 + . C = 0 
/ "- 3 addi tion / R/ R R R 

(a) (b) 

, 
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When man is exposed to 4-5 ppm ozone, lung oedema develops within 
a few hours. Lower concentrations primarily affect respiration by irritation, 
and also cause headaches and nausea. The literature shows quite conclusively 
that long term exposure of humans to ozone concentrations of more than 1.5 ppm 
by weight in air is definitely detrimental (Hill 1942). It should also be 
emphasized that ozone is a highly odorous compound. A concentration of 0.1 ppm 
by weight in air is easily detected by the sense of smell. This level may be 
considered non-symptomatic in short term exposures, according to Goldsmith 
and Nagel (1969). Therefore ozone is, in a sense, self-policing. In addition, 
equipment used to generate ozone is protected by fail-safe devices. On the 
other hand, ozone loses its characteristic odour in the presence of other 
odours, especially at low concentrations. About 1960, the ACGIH (American 
Conference of Governmenta l Industrial Hygienists) reduced the threshold limit 
value (TLV) for ozone from 1 ppm to 0.1 ppm, and again in 1963 from 0.1 to 
0.05 ppm. Those working with ozone should be trained in its use and detection. 

Appli cations to human activities 

Ozone has been found useful in a number of applications related to 
human activities since its discovery by Schonbein in 1840. The first 
commercial use of ozone in a water sterilization plant oc curred in 1893 , 
when Schneller, Van der Sleen and Tindal constructed an industrial apparatus 
in Holland for the sterilization of Rhine water. The city of Paris first 
used ozonation in 1898; in 1936 there were more than 100 ozone installations 
in France. Extensive investigations on ozone production methods and applica­
tions subsequently were carried out by Siemens and Halske (1926a, 1926b). Ozone 
has been used commercially for more than 80 years for sterilization of drinking 
water (von Ermengen 1895). It is being used in Japan, the United States and 
Canada, but more particularly in Europe (Hann 1956; Whitson 1948) where some 
of the world's largest ozone treatment units are installed: London, U.K. 
was treating 15 mgd (million gallons per day) in 1933; Dnsseldorf, Germany 
has processed 28 mgd since 1952; Paris, France has treated 176 mgd since 1969 
[the total volume of ozonated water supplied each year in France is more than 
1 billion m3 (265 billion gallons) serving approximately 8,000,000 people]; 
and the Midlands Michigan works, U.S.A. has treated 6.5 mgd since 1963. In 
Canada, 20 smaller facilities are in operation, and in the United States the 
number of ozone treatment units is increasing rapidly. In recent years the 
Soviet Union has increased its activities in ozone research for different 
applications. In cooperation with the Compagnie Generale des Eaux (France) 
the USSR plans to install the world's largest ozone generator in a plant in 
Moscow. Today, more than 500 muni c ipalities in 50 countries use ozone as a 
disinfectant (Evans 1972). 

In Europe, treatment of swimming pool water with ozone is quite 
common (Klein 1966, 1969; Havenmeister and Jentsch 1971; Overfield 1943; 
Flick 1969; Kurzman 1973). In the preparation of soft drinks (Schweppes Ltd.) 
water is disinfected using ozone , and then softened by ion exchange (Anon. 
1956). 
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Ozone also has been proposed as a means of oxidizing cyanide wastes 
(Bauch and Burchard 1970; Walker and Zabban 1953; Sondak and Dodge 1961; 
Gabovich and Kurennoi 1966; Eiring 1969; Eisenhauer 1968, 1971). Cyanides 
are oxidized rapidly by ozone (Tyler et al. 1951; Niegowski 1956). The 
reaction can be summarized as follows: 

2 KCN + 2 0 3 

2 KCNO + H20 + 3 0 3 

2 KCN + H20 + 5 OJ 

2 KCNO + 2 02 

2 KHC0 3 + N2 + 3 02 

2 KC0 3 + N2 + 5 02 

Niegowski (1956) and Eisenhauer (1971) have shown that phenols in 
petroleum waste waters from refineries are rapidly destroyed by ozone oxidation 
to form carbon dioxide, water and oxygen (see also Kandzas and Mokina 1973; 
Kandzas et al. 1971). The overall equation for complete breakdown of phenols 
can be considered as 

According to Eisenhauer (1971) the complete ozonization of phenol to 
water and carbon dioxide cannot be achieved economically, because of its 
high 0 3 consumption. 

The first step of phenol oxidation gives catechol, requiring 1.7 
moles ozone per mole phenol. O-Quinone has been proposed as the second oxida­
tion product. Eisenhauer (1971) suggests that 98% of the phenol content can 
be removed from waste water by using only 5 moles of ozone per mole phenol, 
if the second intermediate oxidation product is sufficient to satisfy pollution 
control requirements. The initial attack of ozone on phenols is illustrated 
by the following reaction scheme (after Eisenhauer 1971): 
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Ozonization was used to confirm the structural formula of benzol, 
predicted by Kekule. The total breakdown of the ring structure, in principle, 
is comparable to the oxidation process occurring with phenols and can be 
summarized by the following scheme: 

H 
H __ 0 I 

/ 
(1-(0 

,~ C "'" 10 I 
H (;" ~CH /' 01" ,110 

+ .\ ql H C , C.H 

11 I /\ I ~ ~ I"ItU (kG > 0 0 
~ 

CH CH I H , - - .-~ COO H 
'\C~ 01 ~/I '-..... 

\ 0,0 ~ H He 
(, uLt H ""'c /_0 ' 

"- t 
H C. L' CJ H 

Hydrolytic cleavage produces the final reaction products glyoxal, glyoxylic 
acid and oxalic acid. 

The reaction of ozone with higher aromatic compounds, e.g. Naphtalin­
derivatives, results in separation of the ring systems. According to Bailey 
(1957) and Wibaut and Kampschmidt (1955), Naphtalin will be transferred into 
Phtalic acid: 

..;.. - /' 

.·C-~ 

/"-/,,,:' 'c -
ill I~ 
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H 

I " C-L 
/-........;" " I I c I G 

"/"c ~ c , 
H 

_/ 
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In heterocyclic compounds (e.g. Indol) the initial attack of ozone occurs 
nearly almost in the ring system with the hetero atom. 
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Evans and Ryckman (1963) reported that ozonation of ABS (anionic 
surfactant) destroyed the biological inertness of the surfactant. The ozonide 
of ABS in solution probably serves as an oxidizable substrate for a mixed 
microbial population. In laboratory experiments ozone was found to be a 
highly efficient oxidant for the removal of certain chlorinated pesticides 
from waters (Buescher et ale 1964). The reactions of ozone with water-soluble 
inorganic compounds of certain divalent heavy metals are rapid and quantita­
tive: Fe (II) and Mn (II) are oxidized stoichiometrically. Nitrite is 
quantitatively oxidized to nitrate, but ammonia remains unchanged (Gad and 
Columbus 1956). Ozone also can be used for destroying organics upstream of 
ion exchange processes, an important application since increasing pollution 
has c~used operational problems in ion exchange systems. 

In water sterilization and tertiary sewage treatment, ozone virtually 
was replaced by chlorine during the first half of this century because of 
higher production costs of ozone. An exception occurs in France, where 
ozonization was well established prior to the first World War and has continued 
to be an important means of sterilizing drinking water. 

In more recent years interest is returning to ozone as an effective 
agent in water pollution control. New and more efficient production methods 
have been developed that reduce operational costs. Concurrently, the cost of 
chlorine has been increasing. Furthermore, the development of more efficient 
contacting procedures in water treatment has increased the efficiency of 
ozone utilization (Diaper 1965; Stopka 1970). Investigations by O'Donovan 
(1965) in Ireland indicate that ozonation has a definite place in future 
water treatment applications. As Rosen (1973) has pointed out, there are 
some advantages to be gained in using ozone instead of chlorine in wastewater 
treatment when the problems of proper gas-liquid contacting are solved • . The 
chemical oxidation potential of ozone is twice that of the hypochlorite ion. 
Most of the reactions are rather rapid. Furthermore, in contrast to chlorine , 
ozone does not always have to be in solution before reaction is initiated 
(Hewes 1971; Rosen 1973). According to Bringman (1954) destruction of bacteria 
by ozone under test conditions was between 600 and 3,000 times more rapid than 
by chlorine. Wuhrmann and Meyrath (1955) found a concentration of 1 ~g 
ozone/{ to be sufficient for destruction of Escherichia coli. Recent investi­
gations also have shown that ozone as a virual control agent acts so rapidly 
that it is difficult to follow these reactions analytically. Finally, ozone 
leaves a beneficial oxygen residue as a product of the ozonation process; 
generally its reaction products are less toxic than those formed by chlorination. 
Very recently, Esvelt et ale (1973, J. Water Pollute Control Fed. 45: 1558) 
have completed a study demonstrating that chloramines, which are produced by 
chlorination of municipal waste waters, are toxic to aquatic life. 

Although ozonization techniques are very effective, it is surprlslng 
that as yet there is little rational and scientific basis for its practical 
application. 

Findings of Hubbs (1930) and Doudoroff and Katz (1950) tended to 
discourage the use of ozone as a means of water treatment for aquaculture 
purposes. Benoit and Matlin (1964) were the first to state that a 

, 
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reexamination of ozone could be useful as a means for disease control in 
American fish hatcheries. It can be assumed that ultraviolet lamps, commonly\ 
used in sea water sterilization for oyster purification units and supplies 
of sea water to public aquaria, produce some ozone directly in the water. 
As a matter of fact, ultraviolet radiation in air produces ozone, particularly 
in the very short ultraviolet range. 

Furthermore, the earlier results of Salmon (1937), who used ozone 
successfully for sea water treatment in oyster purification, seem largely to 
have been overlooked. While aquaculturists showed no interest in ozone during 
the last decade, ozonization has become a most beneficial standard method 
for water treatment of home aquaria. Furthermore, several public sea water 
aquaria are utilizing ozone in combined recycling systems (Sander 1970). 
In Canada and in some other countries, ozone is used in sea water sterilization 
for control of shellfish disease in aquaculture pilot plants and in shellfish 
purification units. The author of this bibliography has used ozone success­
fully in sea water recycling systems for several years for rearing various 
marine fishes from larval stages to adults. Fisheries biologists increasingly 
are considering the application of ozone in water treatment and re-use systems. 
The current bibliography was assembled primarily with these applications in 
mind. 

State of the literature 

The literature on ozone is widespread. Thorp (1954) has given an 
excellent first summary of earlier literature on ozone to about 1954. The 
first part of his review lists some 266 references dealing with analytical 
methods for gaseous ozone, and covers a period of approximately 100 years. 
The second part of his review lists 980 patents related to ozone. These are 
separated into 52 groups dealing with such subjects as air conditioning 
systems, ozone generators, and ozone-resistant materials. Thorp believed 
that up to 1954 his lists were at least 90 per cent complete. Whereas 
Thorp's (1954) bibliography dealt primarily with engineering applications and 
patents, his 1955 review considers mainly uses in industrial medicine and 
surgery. Those seeking information on special applications of ozone in 
organic chemistry should see the review by Bailey (1958). Those seeking 
information on short or long term exposures to ozone, and their effects on 
human health, should see the reviews and reports by Thorp (1950, 1955), 
Stokinger (1965), Kelly and Gill (1965), Jaffe (1967), and Goldschmidt and 
Nagel (1969). Recently, several toxicological investigations were made in 
connection with ozone problems in high-altitude aircraft cabins during 
supersonic transport (Johnson, 1972). 

After compiling this bibliography, the author was forced to conclude 
that the literature is rather unbalanced. For example, there are more than 
100 publications available on determination of ozone in air, yet only a few 
are concerned with ozone determination in water. In addition the majority of 
studies of biological effects consider ozone as an air pollutant, and relate 
either to injury or metabolism in plants or to lung function in mammals. 
Only a few papers deal with biological effects of ozone on aquatic organisms. 
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With respect to water treatment, the majority of publications are concerned 
with ozone as a sterilizing· agent for drinking water; only a small minority 
describe trials using ozone in advanced water re-use systems. From his own 
experience the author believes that ozone can play an important role in 
water treatment re-use systems. In this regard there is an urgent need for 
further research and information on the proper application of ozone in water 
and wastewater treatment problems. 

Current bibliography 

This bibliography attempts to marshal the more important available 
literature on the biological effects and, to some extent, the chemical 
reactions of ozone. The current bibliography also includes selected references 
in related fields of interest, including the general chemistry of ozone, 
effects of ozone on materials, and toxicity to humans. 

Some arbitrary decisions were made with respect to those references 
which would be excluded. The bibliography excludes texts on water treatment 
practice in which ozone application is mentioned only briefly. Most of the 
literature dealing with ozone in air, its distribution and its occurrence in 
air pollution, has been omitted. Where retained, such references contain 
useful information on methods of determination of ozone or data on its 
biological effects. Furthermore, the more recent literature was given the 
major attention, considering the fact that Thorp's earlier (1954, 1955) 
bibliographies are available. The current bibliography is estimated to cover 
about 85 per cent of the literature available on the biological effects of 
ozone and its application in water treatment, excluding patent information, 
up to October-December, 1973. Out of about 1350 references included, only 
280 were published earlier than 1954. About 30 per cent of the titles included 
were seen by the author as originals. Those references checked personally 
by the author include, as far as possible, reference numbers to the various 
abstraction services in which abstracts may be found. 

The following bibliography is in two parts. The first part is an 
Author Index in alphabetical order, with each entry assigned a serial number. 
The second part is a Subject Index. Under the key words in the Subject Index 
will be found the serial numbers referring to the full references in the 
Author Index. 
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