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ABSTRACT 

Rosenthal, H., and J. S. Wilson. 1987. An updated bibliography (1845-1986) on 
ozone, its biological effects and technical applications. Can. Tech. Rep. 
Fish. Aquat. Sci. 1542: vii + 249 p. 

Interest in ozone as reflected in scientific literature has grown at a 
staggering rate over the last decade. This bibliography is an attempt to collate 
references to many of these publications. The bibliography concentrates on 
aquatic aspects of ozone preparation and generation, ozone determination and 
measurement, ozone chemical reactions and physical-chemical properties, 
municipal and industrial applications, water treatment applications and biological 
effects, but also includes much material from other areas of interest, such as 
atmospheric and stratospheric ozone, ozone removal, costs of ozonation, review 
articles and books. and extensive patent citations for ozone equipment. Most 
references are provided with one or more cross-references to an abstracting service 
for a quick check of the article's abstract. The bibliography contains 4790 
references and an extensive subject index. The subject index is divided into 13 
main subject categories and approximately 200 sub-categories. 

Rosenthal, H., et J. S. Wilson. 1987. An updated bibliography (1845-1986) on 
ozone, its biological effects and technical applications. Can. Tech. Rep. 
Fish. Aquat. Sci. 1542: vii + 249 p. 

L'intCr&t suscitt? par l'oozne s'est accru 2 une allure vertigineuse au cours 
de la dernikre decennie si Son en juge par la place qu'occupe ce sujet dans la 
documentation scientifique. Dans la prCsente bibliographie, on a cherchi: h 
rassembler les titres dun grand nombre de ces publications. La bibliographie 
porte surtout sur les aspects aquatiques de la preparation et de la production 
d'ozone, la caractkrisation et de dosage de l'ozone, ses reactions chirniques, ses 
propriCtCs physico-chimiques, ainsi que ses applications municipales et 
indusmelles, ses applications h l'kpuration de I'eau et ses effets biologiques, mais 
eIle cite Cgalement de nombreux documents portant sur d'autres questions 
dinterkt, cornrne l'ozone atmosphkrique et stratosphkrique, la disparition de 
l'ozone et le c8ut de l'ozonisation, ainsi que des articles et des ouvrages de 
synthkse et de nombreux extraits de brevets relatifs B du matCriel destine B la 
production et B l'utilisation d'ozone. La plupart des rkfkrences sont accompagnees 
d'au moins un renvoi h un service de rCsumis analytiques, ce qui permet de 
consuiter fapidement ies rksumes. La bibliographie renferme 4790 rkfirences et 
un index exhaustif des sujets. Cet index est divise en 13 catkgories de sujets 
principaux et en 200 sous-categories environ. 
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INTRODUCTION 

Interest in ozone has increased dramatically in 
recent years. Ozone has moved from relative obscurity to 
celebrity status, chiefly because of its interrelationship 
with pollution and the ecological consequences to man. As 
this introduction is being written, the international news 
media are headlining stories on stratospheric ozone 
depletion over the antarctic region of our globe, the 
depletion possibly related to man's chemical pollution. 
The worldwide interest in ozone is being expressed as a 
cornucopia of published scientific studies. 

Interest in aquatic applications of ozone has also 
increased drastically. Initially applied mainly for drinhng 
water sterilization, ozonation is now widely used in 
municipal waste-water treatment, in process-water 
polishing, in soft-drink manufacturing, in pulp and paper 
waste-water treatment and many other industrial 
applications. During the past decade, aquacuiturists have 
become interested in using ozone for a number of 
purposes, including sterilization of intake and effluent 
water, quarantine waste-water treatment, and water 
treatment in recirculation systems where ozone is used to 
reduce the organic load and to control bacterial counts. 

One exciting new prospect in the fresh-fish 
industry is the use of ice containing residual ozone. As the 
ice melts, it releases ozone which destroys decomposition 
bacteria on the fish, thus extending the shelf life of the 
fresh fish by up to 48 hours. Though promising, this 
technique is still only in the developmental stages. 
However, similar techniques have been used in other 
branches of the food-processing industry. For example, 
Shirnizu er al. (1982) report that in grape processing, a 30- 
minute immersion into ozonized water followed by air- 
tight packaging is effective in delaying grape rot in cold 
storage. Attempts have also been made to apply ozone as a 
means of detoxification for red tide toxins in the shellfish 
industry. Gukaiina et ai. (1983) report on extended storage 
of potatoes through ozone treatment and Kaess (1956) 
describes the effects of ozone on chilled meat. Yakushi 
(1983) reviews advantages and disadvantages of food 
sterilization and processing by ozone. 

With its growing number of applications in fresh, 
brackish and marine waters, research on ozone has 
addressed various basic questions in recent years. These 
include ozone generation, its optimization and 
determination in various media, general ozone chemistry 
and ozone toxicity. In the past, most of the information 
available in these areas originated from other fields of 
interest. The bulk of information on toxicity and 
biological effects stemmed from environmental studies 
with plants, while most of the data concerning effects on 
materials were generated with the plastic industry. More 
recently, in conjunction with rising concern about the 

effects of atmospheric pollution and ozone/oxidant 
interactions. a wealth of information on ozone toxicity has 
been collected through physiological and biochemical 
investigations using vertebrates. Medical studies have 
concentrated on lung and blood physiology at ozone- 
exposed workplaces. 

The recent literature on ozone is, therefore, 
widespread and not easily accessible to scientists and 
practitioners working in the aquatic disciplines. In an 
attempt to facilitate better access to this literature, a 
"Selected Bibliography on Ozone, its Biological E'ects 
and Technical Applications" was prepared during the early 
1970's (Rosenthal, 1974). At the time, this bibliography 
contained only a few references dealing with aquaculture. 
Shortly after its appearance the rising interest in ozone 
required an early reprint of the bibliography. although it 
was soon outdated. During the last few years an increasing 
number of publications have appeared which describe the 
utility of ozone in aquaculture. Additionally, the literature 
dealing with ozone chemistry in aquatic media and with its 
effects on aquatic organisms is rapidly expanding. It was 
therefore felt useful to compile an updated version that 
allows scientists and practitioners to orient themselves 
quickly in this relatively new field of ozone application 
while at the same time providing the opportunity to access 
the information accumulated in related fields. 

The current bibliography attempts to marshall the 
available ozone literature in the following fields: 

1. Generation of ozone. (Subject Index, Section 2). 

2. Determination of ozone in both air and aquatic media. 
(Subject Index, Section 3). 

3. Application of ozone to water and waste-water 
treatment in both municipal and industrial 
facilities. (Subject Index, Section 6). 

4. Utilization of ozone in home aquaria, public aquaria, 
fish hatcheries, shellfish purification units, 
recirculation systems and other aquaculture 
installations such as quarantine stations. (Subject 
Index, Section 6.15). 

5. Properties of ozone and its chemical reactions. 
especially in aquatic media. (Subject Index, 
Sections 4 & 5). 

6. Biological effects of ozone on viruses, bacteria, 
invertebrates, vertebrates and man as well as algae 
and plants. (Subject Index, Section 7). 

7. Effects of ozone on materials. (Subject index, 
Section 8). 



Additionally, the most important publications on 
ozonation products, degradation products of ozone-oxidized 
organics and reaction products with inorganics as well as 
the biological effects of such products have been included 
(Subject Index, Sections 5 & 7). Further, the growing 
literature on antioxidants and antiozonants to protect both 
materials and living organisms against the oxidizing 
capacity of ozone has been selectively treated (Subject 
Index, Section 7.3). Finally, we include a portion of the 
voluminous information available on air pollution and 
natural atmospheric ozone phenomena (Subject Index, 
Section 1). 

ORGANIZATION OF THE 
BIBLIOGRAPHY 

The bibliography consists of 4775 references in 
alphabetical order by author name, with 16 additional 
citations at the end of this introduction, 4791 in toto. The 
references date from 1845 to mid-1986, with a few entries 
from late 1986 or early 1987. About 80% of the references 
are from 1965 or later, and about 55% of the references are 
later than 1975. This is illustrated in Fig. 1, a histogram 
showing the number of references per year in this 
bibliography. The apparent drop-off in ozone publications 
in 1985 and 1986 is artificial, caused by our cut-off date 
for entry of new material in mid- 1986. 

1845 1911 1930 1947 1964 1981 

YEAR 

FIG. I. Frequency occurrence by year of references 
included in this bibliography. 

The bibliography consists of two sections: first, 
the Bibliography proper, a listing of the citations 
alphabetically by author name, and secondly, the Subject 

Index, a reference index with all the citations sorted by 
subject. 

Within the Bibliography proper, each citation 
follows the format: Serial Number- Author- Date- Title- 
Publication Name- Volume Number- (Issue Number)- 
Pages, with each entry assigned a sequential serial number. 
At the end of each reference, the original language of 
publication is indicated if other than English. The title of 
the citation has usually been translated into English. Often 
these title translations differ from one citation source to 
another, so in many cases we have also provided the title 
in the original language. Immediately below each citation, 
we have also provided, if possible, one or more cross- 
references to the various abstracting services where an 
abstract of the cited publication may be found. This 
pennits interested researchers to easily locate an abstract of 
the article if they want to evaluate it before trying to 
obtain the original publication. Where possible we have 
med to include abstract citations from the two most widely 
available abstracting services, Biological Abstracts and 
Chemical Abstracts. Citations from other reference 
services such as Aquatic Sciences and Fisheries Abstracts, 
Water Pollution Abstracts, Dissertation Abstracts, etc. are 
frequently included. 

The Subject Index consists of a Category List and 
the Main Index. The Category List is provided to briefly 
show the organization of the subjects in the Main Index. 
In the Main Index, each of the subject category headings 
is followed by a list of reference enmes in which each of 
the entries consists of the citation serial number from the 
Bibliography as well as the author name and date of 
publication. This is somewhat redundant but we feel from 
personal experience that reference lists consisting of long 
columns of numbers are anathema, and we much prefer to 
see a listing of names. It is our experience that workers in 
a particular field will probably know many of the citations 
by author name and date and will need to look up only 
those with which they are not familiar. In the interests of 
conciseness, the citations are indexed in one or two 
categories only. Extensive cross-referencing was avoided to 
restrict the number of enmes per category. We feel this 
encourages the use of the Subject Index in that users are 
not confronted with hundreds of references for each subject. 

Tnis edition of the bibliography, unlike the 1974 edition, 
was done on microcomputers. The project began in 
Germany on a custom computer assembled from 
component parts, using dBase I1 (Ashton-Tate) for data 
entry. In Canada the project continued using an Apple IIc 
computer equipped with a 2-80 CP/M card (Applied 
Engineering), also using dBase I1 for data entry. The 
database was then transferred from the Apple IIc using 
Wordstar (Micropro) for data output to an Apple 
Macintosh computer with a 20 Mb internal hard disk 
(Hyperdrive) using Versaterm (Peripherals) for the data 
capture. On the Macintosh the data were formatted using 



PortaAPL (Portable Software) and finally edited using 
Word (Microsoft). Final printing was done on an Apple 
Laserwriter. The complete bibliography occupies about 3 
double-sided 3-1/4 inch diskettes of 8CO K each. 

TOPICS OF 
SPECIAL INTEREST 

It is not the intent of the authors to provide a 
comprehensive review of the progress made in any of these 
fields since the 1974 edition of this bibliography. 
However, a few aspects will be highlighted which are 
considered to be of special interest to ozone researchers and 
practitioners, particularly aquaculturists and aquatic 
biologists. These brief notes can mention but a few of the 
many recent important contributions to the scientific 
knowledge of ozone, the pale blue gas with so many 
important properties. 

OZONE PREPARATION AND GENERATION 

Since 1974 a landslide of publications on 
ozonizers and ozone generation has appeared, with 
numerous procedures awarded patents, predominantly in 
Japan, but also in the USSR, the US, the UK, France, 
Germany and other European countries. Many, but not all, 
of these recent patents have been listed in this 
bibliography. 

The performance of ozonizers has been drastically 
improved in recent years and test results on the 
effectiveness of ozone output under a variety of operational 
conditions are now available. For example, the wave form 
of the applied voltage was found to affect electrical 
properties of modern discharge ozonizers, but not the 
kinetics or energy yields in ozone formation (Vorozhtsov 
et al., 1983). Many recent studies have determined the 
extent of nitrogen-oxide formation in ozonizers using 
ambient air as a gas source (e.g., Samoilovich et a/., 
1984). With increasing yield of ozone in discharges, the 
oxidation state of nitrogen increases. Firstly, NO is 
formed, then NO2 or N20.j and to some extent NO3. A 
number of studies have demonstrated how to improve 
energy efficiency in ozone generators, while operating 
costs as well as maintenance costs have been greatly 
reduced. The development of special electrodes has helped 
to improve energy efficiency of ozone generators by more 
effective use of amplitude modulators, with uniform 
charging of multiphase circuits, employing pulse-phase 
control units. Output efficiencies between 17 and 25 g O3 
per Urh are frequently reported. 

OZONE DETERXIINATION AND 
MEASUREMENT IN AQUATIC MEDIA 

At present about 10 analytical methods are 
available for ozone determination in aquatic media. 
Although most of the publications mention residual ozone 
as their target determinant, they mainly provide techniques 
to quantify total radical oxidant present in aqueous 
solutions. Four of the methods are iodometric techniques 
that are based on the reduction of ozone by iodide ions. 
They include the standard iodometric method, the 
amperometric method, the arsenic (111) back titration 
method, and the DPD method. The remaining methods 
include direct UV absorption at 259 nm (Bahnemann and 
Hart, 1982; Forni et al., 1982), the acid chrome violet 
(ACVK) method (Masschelein and Franselot, 1977). a 
membrane electrode (Stanley and Johnson, 1979), the 
indigo method (Bader and Hoigne, 198 1, 1982), the bis(ter- 
pyridine) iron (11) method (Tomiyasu and Gordon, 1984) 
and a gas diffusion flow injection analysis (Straka et al., 
1985). Detection limits have been improved in recent 
years. Several methodological modifications have reduced 
significantly the chlorine interference, which is important 
to those who use ozone in brackish and seawater. 
Intercalibration practices between several methods have 
demonstrated the improved reliability of these techniques 
and have helped to remove a number of earlier 
methodological inconsistencies. 

REACTIONS OF OZONE WITH 
INTERFERING GASES 

Much progress has been made in studying the 
kinetics and reactions of ozone with other gases such as 
nitrogen dioxide and sulfur dioxide. Most of the literature 
in this area originates from air pollution studies. For 
example, Evans et al. (1984) describe methods of 
correcting spectrophotometer measurements of total 
atmospheric ozone in order to compensate for interference 
caused by atmospheric sulfur dioxide. Schenkel and Broder 
(1982) study the effect of trace gas interference (NO2, 
SO2,  NO & CO) on ozone measurement via the 
potassium iodide method and they give theoretical 
interpretations for the effects of the gases. Much can be 
learned from these and similar investigations when 
considering the reactions of gases with ozone in aquatic 
media. It is for this reason that selected references on ozone 
and air pollution are included in this bibliography. 

DECOMPOSITION OF OZONE IN AQUEOUS 
SOLUTIONS 

Decomposition of ozone in water has been 
extensively studied in the past. Most of the investigations 
are largely based on phenomenological descriptions of 
overall kinetics found for "pure water". Most systems are 



lunetically complex because a primary decomposition of 
ozone produces free radicals which may either be scavenged 
by bicarbonate and organic solutes or which may react 
with further ozone to yield more free radicals, thus 
accelerating the decomposition of ozone (Staehelin and 
Hoigne, 1982). Although various studies have been 
undertaken in recent years, the kinetics of such chain 
reactions are not yet well understood, mainly because of 
the many parameters involved. Major aspects of this 
problem have been investigated and reviewed by Stumrn 
(19541, Peleg (1976), Roth et al. (19791, Gurol and Singer 
(1982, 1983) and Staehelin and Hoigne (1983). Recently, 
Staehelin and Hoigne (1985) demonstrated the chain 
reaction in ozone decomposition involving OH- radicals. 
Many organic solutes (impurities) can react with OH-, 
some acting as promotors, others as OH- radical 
scavengers that do not primarily produce 0 2 .  Further 
studies are expected to provide quantitative interpretations 
for the observed variation of the lifetime of ozone found in 
many test solutions and natural waters. 

CHEMICAL REACTIONS OF OZONE AND 
AQUATIC APPLICATIONS 

The strong electrophilic nature of ozone imparts 
to it the ability to react with a wide variety of organic and 
organometallic functional groups. The vast majority of 
ozone reactions are based on the cleavage of the carbon- 
carbon double bond. The inorganic chemistry of ozone 
involves nearly all members of the periodic chart. Ozone 
does not react with metal ions which exhibit only one 
oxidation state, e.g., calcium and sodium, but it may react 
with other metals to form ozonides and oxides or both. 

All members of the halide series, except fluorine, 
react with ozone. Fluorine does not react with ozone 
because it is the only element that has a higher oxidation 
potential than ozone. Bromide is quantitatively oxidized 
with ozone to bromine, and iodide reacts with ozone to 
form iodine. 

In brackish and marine waters the chemistry of 
ozone is dominated by its reaction with Br- due to 
bromide's relatively high concentration (65 mg1L) and 
reactivity compared with other seawater compounds. 
Ozone oxidizes Br- under water treament conditions to 
form HOBr. The HOBr reacts further with ozone, but only 
in its ionized form, OBr-. The OBr- is oxidized not only to 
BrO3- but also to a species that regenerates Br- (Haag and 
Hoigne, 1983). In the presence of organic matter, HOBr 
reacts to form bromo-organics. However the range of 
conditions conducive to haloform formation is narrower 
than during chlorination. (Stewart et al., 1979). 

Arnmonia oxidation in aqueous solutions by 
ozone is slow compared with that of nitrite. Ammonia 
oxidation in water can be initiated by ozone in two ways 

(Hoigne and Bader, 1978): fa) direct reaction of ozone 
with h l 3  or (b) reactions of OH- radicals formed upon 
0 3  decomposition. The direct reaction seems to 
predominate at pH levels above 9. Whenever the OH- 
mechanism is involved. hW3 is easily protected by other 
solutes which also consume OH- radicals. Even carbonate 
and bicarbonate ions may act as efficient OH- scavengers, 
which explains in part the very slow oxidation of 
ammonia in seawater. Singer and Zilli (1975) concluded 
from their studies with ammonia-containing municipal 
waste waters that ozonation alleviates the oxygen- 
demanding characteristics, transforming ammonia to nitrate 
in a fist-order reaction, catalyzed by OH- over the pH 
range 7-9. However, ammonia competes for ozone with 
the dissolved organic constituents comprising the COD, 
but* is oxidized preferentially provided alkaline pH values 
can be maintained. Due to the elevated pH's required, 
ammonia oxidation by ozone seems attractive only in 
conjunction with lime clarification and precipitation of 
phosphate. 

Nimte oxidation can be very effectively achieved 
by ozonation. This holds not only for waste-water 
treatment but also for process engineering. For example, 
NaNO3-containing electrolytes used for electrochemical 
machining of iron-containing materials are partially 
reduced, thereby releasing large quantities of nitrite. Ozone 
is applied as an oxidizing agent, permitting the complete 
recycling of the electrolyte. This is due also to the 
simultaneous oxidation of iron to iron hydroxide which 
precipitates easily and renews the electrolyte to its original 
composition (Lindner et al., 1984). 

The treatment with ozone of activated carbon used 
as filter media modifies the distribution of the porous 
volume of the carbon. creating surface conditions which 
appear to affect the rate, capacity and character of pollutant 
elimination. The oxidation favors the retention of 
adsorbable and non-adsorbable molecules of differing sizes 
and permits a more effective biological treatment (Gaid et 
al., 1983; Guirguis el al., 1978). 

Gilbert (1984) has shown that the low biological 
degradability of various toxic andlor refractory substances 
can be converted, by ozonolysis, to biolo$ically active 
groups of substances in some cases but not m others. The 
reaction of aniliiie, for example, with low ozoiie doses 
forms products that are not biodegradable. In many cases 
the intermediate ozonation products are scarcely easier to 
degrade than the initial substance. 

Ozonation of dyes substantially increases their 
biodegradability for waste-water treatment. In a recent 
study Matsui et al. (1984) could demonstrate that the total 
organic carbon (TOC) content and the BOD of the 
ozonation products agreed well with the theoretical TOC 
values of the original dye. Azo-dyes were easily 
decomposed. 



One interesting observation relates to the effect of 
ozone on the elimination of various algae during filtration 
(Ginocchio, 1981). Algae were effectively removed from 
lake waters by ozonation and flocculation-filtration in dual 
filter media. 

CONTACTING DEVI CES 

The number of studies concerning the design of 
contacting systems to apply ozone in aquatic media has 
increased drastically over the last few years, as a result of 
recognition that intensive mixing between ozone (or 
ozone-containing air) and the solution to be treated play an 
important role in achieving efficient utilization of this 
powerful oxidant. Most of the past studies in this field 
provided inadequate data for process optimization because 
of insufficient differentiation between the parameters for 
mass-nansfer, contact time and reaction time. In the future, 
detailed evaluations of gas-liquid contacting devices are 
necessary so that ozone utilization can be optimized and 
operating costs minimized. Sheffer and Esterson (1982) 
have provided a detailed study that examined the mass 
transfer and the reaction kinetics of ozone in tap water, and 
derived a mathematical model describing the mass transfer 
characteristics in a reactor for various operational 
parameters. These studies confirmed and improved earlier 
findings (Hill and Spencer, 1975; Hewes and Davison, 
1971). Gurol (1985) provided a model for estimating the 
effectiveness of organic removal in ozone reactors in 
relation to various operational conditions of these reactors. 

OZONE APPLICATION TO CULTIVATION 
OF AQUATIC ORGANISMS 

Aquaria Systems 

Murphy (1975)* favoured ozone application for 
closed marine aquaria systems because of (a) removal of 
colour which normally taints aquarium water, (b) reduction 
of BOD and COD in culture media and (c) reduction in 
bacteria levels. Sander and Rosenthal (1975) showed that 
redox potential of sea water in large aquarium systems was 
substantially enhanced by ozonation. Rosenthal and Fonds 
(1973) and Fonds (1970) applied ozone as an additional 
means of water treatment in laboratory rearing trials using 
larvae and fry of marine fish. Moffett and Sinleser (i975)" 
tried successfully to rear fmt-stage lobster larvae (Homarus 
americanus) in ozone-treated water at a final dissolved 
ozone dose of 0.4 mg/L for a treatment period of 30 
minutes. Then, the sea water was recirculated for six days 
without additional ozonation and lobster larvae survived at 
a rate of about 75%. 

Honn and Chavin (1976) studied the utility of 
ozone treatment in the maintenance of water quality for 
closed systems of public aquaria. Honn (1979) describes 
the maintenance of filter-bed effluent at low levels for 

total ammonia, un-ionized ammonia and nitrite when 
ozone was used as an oxidative supplement to biological 
filtration in both small-scale (2.27 m3) and large-scale 

thin 24 hours of the cessation of (75.7 m3) systems. m i  
ozonation these levels were reversed (Table 1). During 
normal operation of the closed system, bacterial counts 
were similar in the aquarium and the algal-bed bacterial- 
filter effluents, but were significantly reduced by 
ozonation. Termination of ozone treatment resulted in a 
significant increase in the reservoir effluent bacterial 
number after 3 hours. 

Honn (1979) concluded from his 18-month 
evaluation of the marine recycling system that while 
nitrogenous waste content levels of the sea water were 
highly variable, that nevertheless, levels were maintained 
within acceptable limits and this was attributed to the 
flexibility imparted to the system with ozonation. The 
variable levels were not surprising considering that no 
attempt was made to maintain a constant biomass. 
Reservoir ozonation consistently reduced total ammonia 
levels to within acceptable limits. 

TABLE 1. Effects of termination and resumption of 
ozonation on nitrogen sources in the aquarium and 
reservoir effluent of a marine aquarium recycling system 
(modified after Honn. 19791. 

OZONATIOS TERMINATED 
flours) To T6 T24 

Aquarium effluent 
Total NH4 0.24 0.30 0.59 
TotalN02 0.47 0.5 1 0.83 

Reservoir effluent 
Total NH4 0.04 0.16 0.30 
Total NO:, ? ? ? 

OZONATION REST;?AED 
(Hours) Tn T6 T7 A 

Aquarium effluent 
~ o t a l  X H ~  0.31 0.20 0.27 
Total NO2 0.78 0.48 0.34 

Reservoir effluent 
Total NHq 0.07 0.03 0.03 
Total NU2 0.22 0.1 1 0.04 

Ozonation can support stability in water quality, 
especially in recycling systems (see Rosenthal, 1981). The 
importance of maintaining a high water quality in 
intensified fish cultivation is stressed by Wedemeyer 
(1981)* when comparing fish health of rainbow trout 
reared in recirculating and flow-through systems at the 



same hatchery. Although the recirculation system produced 
larger smolts, these fish suffered from several 
physiological abnormalities. 

There are several observations reported in the 
literature that indicate ammonia oxidation in aqueous 
solution, although the reaction is fairly slow (Hoigne and 
Bader, 1978; Singer and Zilli, 1975; Huibers et a/., 1969; 
Rosenthal et al., 1978). 

A combination of ozone treatment with 
countercurrent foam stripping seems to hold some promise 
for aquacultural applications. Schlesner and Rheinheimer 
(1974) investigated the effectiveness of ozonation units 
with regard to bacterial counts in treated recircularing water 
of the public aquarium in Kiel, Germany. They found a 
considerable reduction in saprophyte plate counts in both 
the brackish water and full strength seawater system. Since 
the waste water was considerably loaded with organic 
wastes, they attributed the decrease of the bacterial count to 
the fact that ozonation was combined with countercurrent 
foam stripping. Ozone had a rather indirect effect due to its 
oxidizing capacity. An increase in surface tension caused 
by smaller air bubbles in the reaction chamber resulted in a 
more consistent foam production. This foam acted as a 
collecting agent for bacteria, aggregating them 
considerably in the foam. Since the ozonation unit was 
operated at only half of its initial capacity and with ozone 
added to only one of its reaction towers, the ozone 
concentration maintained in the treatment unit was too low 
to allow complete disinfection. Other reports on 
improvements in combined ozone treatment with 
countercurrent foam stripping devices for fish farm waste- 
water processing are presented by Rosenthal and Kruner 
(1985). 

Pilot-Scale Recycling Systems 

There are several trials using ozone in fish culture 
recycling systems. lvfomson et al. (1979) investigated [he 
effects of a pilot-plant ozonation unit at the Dworshak 
National Fish Hatchery on the efficacy of sterilizing make- 
up water entering the experimental recycling systems of 
the hatchery. Analysis of plate counts showed that ozone 
consistently provided better disinfection of the make-up 
water than t l z  existing ultra-violet system. Additionally, 
ozone destroyed unicellular algae which ultraviolet light 
did not. Ammonia levels showed a 70% decrease with 
ozone sterilization. When including the ozonation unit in 
the system, BOD load showed no significant increase or 
decrease, but there was a considerable levelling effect 
during the ozone run. The authors considered it as most 
important that biofilter performance could be enhanced by 
ozonation, causing a general decrease of stress on the fish. 

In recent years, detailed studies on the 
effectiveness of ozone treatment in intensive fish culture 

recycling systems were undertaken by Otte et al. (1977), 
Rosenthal et al. (1978. 1979) and Rosenthal and Otte 
(1979). When applying ozone in a bypass system with 
combined foam stripping, ammonia concentrations were 
slightly reduced in about 72% of the treatments. 

Singer and Zilli (1975) demonstrated in municipal 
waste water a dependency of ammonia oxidation with 
ozone on pH levels. Effective first-order reaction with 
respect to ammonia concentration can be maintained only 
in alkaline medium. These authors observed a rate increase 
with increasing pH over the range 7 to 9. Due to the 
elevated pH required for effective ammonia oxidation, 
ozonation seems especially attractive to be included in 
brackish and sea-water treatment procedures. 

In the experimental recycling system, nitrite 
oxidation by ozone was dependent on the ozone 
concentration employed. Ozone concentrations of 2-4 
mg/L resulted in an average reduction of about 50% of the 
initial nitrite concentration. Higher ozone dosages led to an 
almost quantitative oxidation of nitrite to nitrate. 

Ozone treatment of recirculated water had a 
remarkable effect on the content of low biodegradable 
organics in the culture medium. At ozone concentrations 
between 6.8 and 10.4 mg/L the BOD5 load of the treated 
water increased substantially, indicating that those 
substances not easily attacked by the bacteria of the 
biofilter are cracked into smaller pieces which are then 
available for biological degradation. The effect of 
ozonation on low-degradable organics is more clearly 
demonstrated when determining COD and TOG degradation 
in the system at times with and without ozonation 
(Rosenthal and Kruner, 1985). Without ozone treatment, 
substances highly resistant to biological decomposition 
accumulate in a recycling system. Intermittant ozonation 
proved to yield the best results in cracking those 
substances not easily digested by biofilters. 

Similar observations are reported by Maileviaile 
et ai. (1978), who studied the destruction of humic 
substances by ozone under various experimental 
conditions, such as contact time, color, total acidity and 
the concentration of polyhydroxyaromatic derivatives. 
These authors found color removal of more than 90% 
within 10 minutes. 

Continuous decrease in TOC showed that there 
was a gradual oxidation of the organic compounds. 
Further, during the initial depolymerisation phase, the 
BOD5 increased, which confirms the observations by 
Rosenthal et al .  (1979) on the formation of more 
biodegradable substances. There exists also other 
experimental evidence that ozonation cracks long-chain 
organics dissolved in waste water. For example, the 
quantity of organic acids in Lake Constance water increased 
from 60% to about 72% of the total BOD load when 



ozonation was applied, whereby substantial amounts of 
soluble organics were transfenred to more polar substances 
with smaller molecular weights (Maier, 19741, a fact 
which can be utilized when combining ozone treatment 
with foam fractionation. 

T M L E  2. Examples of marine aquarium systems using 
ozone as a means of water treatment. 

Total water Ozone Other treatment Types of 
volume output facilities animals 

Sea World (Ohio. USA1 
450,000 20-40 High-rate Marine 
gal lbiday sand fdter mammals 

Sea World CFlorida. USA1 
2,000,000 70-100 Gravel filter, Marine fish 
gal lb/day gravity feed sharks, turtles 

Kiel Aquarium (FRG) 
129,000 L 17 glhr Aerated algal Baltic 
(Brackish) tank, mech. species 

148,000 L 17 g/hr North Sea 
rs t fishes 

Biolo~ische Anstalt Hel~oland   ham bur^, FRQ 
8,500 L 15 g/hr Trickling filter, Warm-water 
(Brackish) settling tank, fishes 

deni trrfication 

Epcot Livine Seas (Florida. USA) 
6,000,000 35 High-rate Reef fish, 
gal lblday sand mammals, 

sharks. turtles 

In several public aquarium systems ozonation is 
successfully applied for water treatment (Table 2). For 
example, in the United States, the Sea World oceanaria in 
Ohio and Florida ozonize large quantities of recirculating 
sea water continuously (Murphy, 1975).* Walt Disney's 
Epcot Center, Orlando. Florida, has buiit the world's 
largest marine aquarium. This facility uses ozone for 
colour removal, disinfection and organic oxidation. This 
unique aquarium (6 million U.S. gallons) mixes fish. 
invertebrates and marine mammals in a common water 
system. Sea World of Ohio exhibits only marine 
mammals. Their waste water passing from the exhibition 
tank is ozonized in a contacting system and passes through 
a sand filter after which it is returned to the tank. At the 
Sea World in Florida comparable systems are in use. 
Blogoslawshi et al. (1975) reported the design of a sea- 

water filtration system which uses ozone. It consisted of a 
static contacting device for optimal mass ozone transfer 
and activated carbon filters which removed oxidized organic 
material as well as residuals resulting from the ozonation 
of seawater. 

Shellfish Purification and  Quarant ine Stations 

Chlorination has been employed for many years 
in oyster purification plants. This process is often called 
shellfish depuration or cleansing. During the early 603, 
however. the trend was toward the development of 
cleansing plants which use other means of water 
purification. Since chlorination is not considered to play 
an important role in water sterilization for aquaculture 
purposes, this method will not be considered in detail. The 
earliest mals to utilize ozone in sterilizing sea water to 
which human pathogens had been added was demonstrated 
by Violle (1929). In France (Anonymous, 1972) and later 
in other areas, practical application of ozone led to the 
development of commercial ozone depuration stations for 
shellfish. For many years. this process had successfully 
been employed for cleansing shellfish contaminated with 
coliform bacteria (Salmon et al., 1937a, 6 ) .  The 
experimental results offered by Fauvel (1963) served as a 
guide for the construction of the existing 9 depuration 
installations in France (Blogoslawski. 1977). The older 
stations required one month to cleanse the contaminated 
animals, whereas those stations employing ozone can 
depurate contaminated shellfish within 48 hours. 

Ozone disinfection of the water supply in a 
mariculture facility ensures not only the prevention of 
diseases caused by contaminated water, but also serves as a 
quarantine measure to protect the environment surrounding 
a hatchery from transfer of pathogens introduced with 
exotic species. For example, the Prince Edward Island 
Department of Fisheries (Canada) introduced bay scallops 
(Argopecten irradians irradians) into their province for 
commercial cultivation in 1981. Considering the fact that 
bay scaiIops are not indigenous to the area, a quarantine 
period was deemed essential for the protection of the native 
marine environment. This period continued with regular 
pathological testing until a disease-free state was ensured. 
Shellfish depuration and public health was reviewed by 
Blogoslawski and Stewart (1981 j. 

Disease Treatment 

Colberg and Lingg (1978) suggested using ozone 
not only as a disinfectant for make-up water in fish 
hatcheries but also for destroying bacterial fish pathogens 
in recycling systems, since increased levels of metabolites 
do accumulate in such systems and enhance the potential 
for outbreak of diseases. These authors established 
mortality rates for four bacterial fish pathogens 
(Aeromonas salmonicida, A. iiquefaciens, Pseudomonas 



fluorescens, Yersinia ruckeri) during batch and continuous 
flow ozonation. Over 99% mortality of the fish pathogens 
was observed within 60 seconds of contact during 
continuous flow exposures at 1.0 and 0.1 mg O3iL. 
According to Colberg and Lingg (1978), Aeromonas 
salmonicida was the most sensitive to ozone in the 
continuous flow ozone studies, which is contrary to data of 
Wedemeyer and Nelson (1977) who reported that A. 
salmonicida was more resistant to ozone than was the 
causitive agent of enteric redmouth disease (ERM). 
Although these differences are largely unexplained, one 
may assume that factors such as strain differences. pH 
differences, and differences in culture conditions 
(temperature, pre-treatment of media) affect the response to 
ozone exposure. In phosphate-buffered distilled water, 0.01 
mg /L ozone inactivated 103 cellslmL of ERM and A. 
salmonicida in 0.5 and 10 minutes, respectively. 
Ozonation of untreated lake water at 90 mg 03/L/h  
(equivalent to 0.01 mg/L residual in ozone-demand-free 
water) was required to destroy both pathogens within 10 
minutes. 

Wedemeyer et al. (1978) determined ozone 
inactivation curves in three water types at 10 degrees C for 
the fish pathogenic viruses, infectious hematopoietic 
necrosis (IHNV) and infectious pancreatic necrosis (IPNV). 
In phosphate-buffered distilled water an ozone dose of 0.01 
mg/L for 30 or 60 seconds inactivated IHNV or IPNV, 
respectively. In hard (120 mg/L as CaC03) and soft (30 
mg/L) lake waters, an ozone application rate of 70 mglLih 
for 10 minutes destroyed IHVN. Inactivation of IPNV in 
hard water required 90 mg O3IUh for 10 minutes, but only 
a 30-second contact-time in soft water. Based on these 
results and comparable investigations with chlorine, 
Wedemeyer et a2. (1978) recommended the use of ozone as 
a disease control agent in fish hatcheries. Conrad et al. 
(1975) and Rosenlund (1975) also studied ozone as a 
nonpersistent disease control agent in intensive fish culture 
in order to destroy bacterial and viral fish pathogens in 
hatchery influent and effluent waters. Conrad et al. (1975) 
showed that ozone effectively destroyed Ftexibacrer 
columnaris at 103 to 105 cells/mL but unfortunately the 
effective contact time and actual dose had not been 
determined. 

Burleson et al. (1975) studying the effects of 
ozone on human pathogens, included one fish pathogen in 
their investigations: Pseudomonasfluorescens. They found 
complete and rapid destruction (within 1 to 2 minutes) at 
relatively low, but variable, ozone concentration when 
Pseudomonas j7uorescens was sus ended in secondary 9 sewage treatment effluent at about 10 cells/mL. 

Straub (1975) reported on successful destruction 
of bacteria in hatchery supply water by ozone, thereby 
drastically enhancing survival of eggs. Mortality reached 
up to 45% of the total number of eggs incubated in 

untreated water, whereas egg losses in ozonized water were 
only 457~5%. 

Danielsen (1975)" studied the effect of seawater 
ozone treatment in a fl ow-through system for coho salmon 
smolt production. As a direct result of the ozone treatment 
of sea water, disease mortalities were expected to be 
substantially less in the test group than in the control 
group. Ozone was applied at a rate of 3 g/h and water flow 
rates were maintained at 5 gpm. Residual ozone was 
removed by an activated charcoal filter before the water 
entered the rearing tank. Because no epidemic of vibriosis 
was encountered during the experiment, the initial 
hypothesis was not proven. However, there was evidence 
that better growth had been achieved by the test group. 

Detoxification of Red Tide Toxins and  Other 
Marine Poisons 

Red tides, or blooms of toxic dinoflagellates, 
occur in marine waters throughout the world. In many 
cases these organisms accumulate in molluscs, not being 
harmful to these animals themselves, but toxic to those 
vertebrates eating them. The ingestion of poisonous 
shellfish has been responsible for many human and other 
mortalities. Dawson et al. f 1976) found that extracts from 
Gonyaulax tamarensis, containing the toxin which causes 
paralytic shellfish poisoning (PSP), could be detoxified by 
ozone treatment. Mussels held in raw seawater from the red 
tide area had built up high leveh of toxicity, while those 
held in ozonized red tide seawater remained non-toxic. 

Ozone proved also to be capable of inactivating 
botulism toxin (Clostridium botulinum) (Miller, 1959. 
Graikoski et al., 1984) and Gymnodinium breve toxin, a 
toxic red tide metabolite (Blogoslawski et a/., 1973). 
Thurberg (1975) tested the inactivation of of red-tide toxins 
by ozone treatment, using isolated toxins of three 
dinoflagellates (Gymnodinium breve, Gonyaulax catanella, 
and Gonyaulax tamarensis). After ozonation. solution 
samples were injected into mice and killifish in order to 
evaluate the ozone-induced loss of toxicity. The impressive 
results are summarized in Table 3. 

The metabolites produced by some red tide 
organisms present potentid water quality pr~blems to 
those facilities which depend on seawater supplies for 
maintaining or cultivating marine organisms. Thurberg 
(1975) reported on shellfish beds closed for harvesting by 
local officials in September 1974, when paralytic shellfish 
poisoning was building up in clams and mussels after a 
Gonyaulax tamarensis bloom. The results of recent 
investigations indicate some hope for the applicability of 
ozone in pre-treatment of seawater for those coastal 
shellfish farms or purification units which are frequently 
exposed to red tide waters. A number of these studies show 
that inactivation of the toxins can be achieved in some 



cases (Blogoslawski and Stewart, 1978; Blogoslawski et 
al., 1973, 1975, 1979). However, further research is needed 
before introducing ozone treatment procedures on a large 
scale. Recent investigations (White et al., 1985) with soft 
shell clams (Mya arenaria) show that ozone is ineffective 
when high concentrations of ozone were employed because 
the clams pumped poorly under ozone exposure. Results 
indicate the ineffectiveness of ozonation in detoxifying 
soft-shell clams at least when they have retained the toxins 
for long periods. 

TABLE 3. Ozone inactivation of dinoflagellate toxin as 
determined by mouse bioassay using a 5-minute exposure 
to 2 % ozone gas at different flow rates (modified after 
Thurberg, 1975). G. b. = Gymnodinium breve, G. c. = 
Gonyaulax catanella, G. t. = Gonyazilar tamarensis. 

Ozone No. of Toxin 48-hour 
flow mice source survival 
W m i n  '3% 

pollutants with ozone on members of the plant 
community such as beans, wheat and pines. Most of the 
studies look at impaired growth, leaf injury, reduced 
disease resistance and specific aspects of biochemistry 
mainly in commercially important plants such as beans 
(e.g., Hofstra and Beckerson, 1981; Hucl and Beversdorf. 
1982; Ito et al., 1985), potatoes (Hofstra er al., 1983; 
Illman et al., 19811, rice (Kats et al., 1985), and other 
species. Since our interests are principally aquatic, we do 
not intend to review this material here although many of 
these references are included in this bibliography. 

'4 number of recent studies include the evaluation 
of physiological responses of various species to ozone 
exposure, such as altered structures of immunoglobulin 
cells (Gershwin et al., 1981), reduced collateral resistance 
(Germer et al., 19831, inhibition of tissue cholinesterase 
(Gordon et al., 1981), the pharmacokinetics of 
pentobarbital (Graham et a[., 1985). the lecithin 
metabolism (Ichikawa et al., 1982). the effects on hepatic 
microsomal enzymes (Graham et al., 1982), the 
degradation of DNA (Hamelin et al., 1978), the fatty acid 
metabolism (Grunwald and Endress, 1984) and the 
isoleucine metabolism (Harada et al., 1983). 

Ozone detoxification of other biologically active 
marine compounds such as Tetrodon poison has been tried 
by Blogoslawski and Stewart (1977). Tetrodon poison, 
also known as fugu or puffer fish poison, is caused by 
tetrodotoxin (TIX). 

Many other investigations by various authors 
confirmed a greater effectiveness of ozone in water 
sterilization when comparing the differences between 
chlorination and ozonation (Hann, 1956; Kessel et al., 
1943, 1944; Lagrange and Rayet, 1952; Bringmann, 1954; 
Fetner and Ingols, 1956; Lue-Hing et al., 1977; Namie, 
1977). 

BIOLOGICAL EFFECTS AND HEALTH 
HAZARDS 

There is a tremendous amount of literature 
available on the biological effects of individual air oxidants 
such as ozone and the combined effects of individual 

Viruses and Bacteria 

The use of ozone for inactivation of viruses has 
increased. Pioneering work leading to the formulation of a 
relationship between the number of organisms present at 
any time after exposure to the disinfectant has indicated 
that, for example, enterovirus inactivation by ozone does 
not follow single-order kinetics (Roy et al., 198 1, 1982). 
The cause of such deviation appears to be the inherent 
properties of the virus (medianistic concept) rather than the 
heterogeneity of the virus population (vitalistic concept). 
Roy et al. (1982) provide an empirical model which 
resembles the exact sufvival equations to allow prediction 
of ozone inactivation of poliovirus within +I-  0.5% 
accuracy. 

Harakeh (1984) investigated the combined effects 
of various disinfectants against poliovirus 1 in a municipal 
waste-water effluent and found that the efficacy of chlorine 
was enhanced in the presence of ozone. 

Further studies by Harakeh and Butler (1984) 
provided evidence that the inactivation of the enteric 
viruses in effluents was most effective at low pH and the 
presence of suspended solids had no substantial effect on 
inactivation, but pre- or post-treatment by ultrasound 
enhanced inactivation. 

Rapid inactivation of the bovine renal tracheitis 
virus was demonstrated by Ancieux et al. (1982), provided 
the virus was still suspended in saline solutions. The virus 
was not inactivated by ozone after absorption to cells. 



Bolton et al. (1982) exposed representative 
viruses from five major virus groups to moderate ozone 
concentrations in order to establish the biological relevance 
of the reaction of ozone with soluble proteins and lipid 
biolayer membrane systems. The order of susceptibility to 
ozone inactivation of the enveloped viruses was vesicular 
stomatitis virus (VSV) (Rhabdoviridae), influenza A virus 
(?VSN strain) (Orthomyxoviridae), and infectious bovine 
rhinotracheitis virus (IBRV) (Herpesviridae). In contrast to 
the enveloped viruses, the non-enveloped viruses were 
relatively resistant to ozone inactivation. 

Newton and Jones (1949) observed a 99% hll of 
Endamoeba histolytica cysts within 1 to 3 minutes in 
aqueous solutions containing 0.5 to 1.0 mg/L ozone. This 
cysticidal action did not appear to be influenced by pH, 
temperature, or organic nitrogen content of the water. As 
pointed out by Venosa (19721, E. histolytica cysts are 
relatively resistant to chlorine. 

Extended studies on the effectiveness of ozone 
treament of bacteria in both tap water and raw stream 
water were performed by Dickerman et al. (1954). The 
organisms tested were staphylococci, enterobacteria, 
bacilli, and pseudomonads. In every instance, except for 
Bacillus subtilis, application of ozone to produce a residual 
concentration of 2 mg/L was sufficient to kill all bacteria 
in one minute. Other investigations indicated that death 
rates for spores of Bacillus species was about 300 times 
greater with ozone than with chlorine. 

Aquatic Organisms 

Ozone is widely recommended to be used as a 
disinfectant for fish eggs in order to prevent the 
introduction of adhering disease agents. However, the 
application of ozone may have toxic side effects. Asbury 
and Coler (1980) determined the toxicity of dissolved 
ozone to eggs and larvae of a number of commercially 
Important fish species. Results suggested that an 
alternative method to direct ozone application might be 
required because of the extremely high sensitivity of fish 
larvae to effective ozone concentrations. Eggs were less 
sensitive than the larvae. 

Acevedo et al. ( 1982) found that exposure to low 
levels of ozone blocked the first cell division in sea urchin 
embryos (Strongylocentrotus purpuratus) if applied at 30 
minutes post-insemination, but at 60 minutes post- 
insemination, cleavage was not blocked, Ozone 
specifically inhibits cell cleavage in embryo cells which do 
not grow during the early developmental period., 

Ozone is presently being applied to seawater for 
shellfish depuration in France and Spain, for lobster 
culture recycling systems in Canada, and for fish culture in 
Europe. It is also being considered for use as an alternative 

to chlorine at coastal power plants for cooling-system 
biofouling control. However, a number of comparable 
studies show a similar toxicity of ozone-produced oxidants 
to early life-history stages of various fish species when 
compared to chlorine (Hall et al.. 198 1) .  The results also 
indicate that eggs of striped bass are significantly more 
sensitive to ozonation in freshwater than in seawater. 

Heath (1984) studied the decline in energy 
reserves of Chloreila cells upon exposure to ozone. 
Glucose-stimulated respiration, dependent upon ATP 
balance, is depressed to a greater degree than endogenous 
respiration in ozonated cells. Total ATP and glucose-6- 
phosphate levels also decrease, indicating that processes 
which both utilize and generate ATP are changed after 
ozone exposure and deplete the cell's energy reserves. 

Hulle et al. (1982) determined the toxicity of 
ozone to Nais communis, an oligochaete worm species 
commonly found in water treatment plants in the sand and 
carbon filters. Ozone alone or in combination with 
chlorine efficiently stopped the worm at the first stage of 
the treatment process. 

Hunter et a f .  (1981) investigated the effect of 
polar and artificial UV-B radiation on larval anchovy, but 
did not separate the effects of radiation from the oxidant 
by-product of the treatment. 

Vertebrates and Man 

Much knowledge has been gained through 
intensified study of ozone effects on lung physiology in a 
wide variety of vertebrates. 

Examples of such studies are Abraham et al. 
(1984) loo lng  at changes in airway permeability after 
ozone exposure, changes in antigen-induced bronchial 
spasm in relation to ozone concentration (Abraham et al., 
1983. Adams el a/. (1981, 7983) identified ozone effects 
on pulmonary ventilation during endurance performance of 
athletes, noting altered exercise ventilatory patterns in 
trained athletes, suggesting endurance athletes may be 
more susceptible to the effects of a given ozone 
concentration than normal untrained adults. Alink et al. 
(1983) demonstrated that low ozone conceneratlon (0.2 - 
0.4 pg/L) had an acute toxic effect on human alveolar 
cells. STM studies revealed numerous ultrastructural 
changes, for example, loss of microvilli and dilation of 
microchondrial cristae. Radicals are probably involved in 
the mechanism of ozone toxicity. 

In another study, Avo1 et al. (1984) could show 
that coexisting air pollutants don't enhance irritancy of 
ozone in moderate ambient oxidant pollution. Ozone itself, 
however, did produce respiratory initation at 0.12 ppm 
when high ventilation rates are required during heavy 



exercise. Long-term exposure studies (Bery et al., 1985) over-exposure to ozone was assumed at the higher recorded 
using the same ozone concentrations with rats revealed levels (Albrecht and Boxer. 1982). Experiments with rats 
significant changes in the alveolar epithelium. Apparently, confinned that a daily exposure to 0.3 pprn ozone for more 
low ozone concentrations cause a chronic epithelial injury than 3 hours would significantly impair the release of 
in the proximal alveolar region. pulmonary surfactant (Shimura e f  al., 1984). 

Bedi et at. (1985) could show that single initial 
short-term exposure to ozone for two hours at 0.45 pprn 
increased pulmonary function sensitivity leading to a 
detriment in the functional vital capacity, which however 
was soon repaited. 

There is a difference in ozone sensitivity of the 
different airway zones, the nasal, tracheal, and 
bronchoalveolar. Bhalla et al. (1986) showed maximal 
ozone injury after 2 hours as reflected by permeability in 
the trachea and the bronchoalveolar regions, but injury 
persisted for less than 24 hours in the trachea, whereas it 
lasted longer than 24 hours in the bronchoalveolar zone. 
Apparently, ozone causes larger injury in the smaller 
airways and the alveolar zone than in the trachea. The 2- 
hour exposure of the previous study is of interest to 
aquatic workers because this time is similar to exposures 
when performing emergency service during equipment 
failure in ozonation plants. Similar exposures have also 
been shown for workers operating copy machines in 
poorly ventilated rooms (Gunter, 1981). Shepard et al. 
(1983) found that cigarette smokers showed less response 
and delayed response to 2 hour ozone exposure compared 
with non-smokers, suggesting the chronic effect of 
smoking may delay bronchial irritation by ozone.Lung 
function data have also been determined in 2 and 4 hour 
esposure when applied in single dose or in combination 
with other pollutant gases (Hackney et al., 1975a,b). 

Experiments performed by Gleiner et al. (1983) 
and Haak (1981) were designed to determine whether 
persons repeatedly exposed to low ozone (0.2 ppm) 
concentrations would demonstrate a diminished response as 
a result of adaptation or desensitization when subsequently 
exposed to a higher ozone concentration (0.5 ppm) but 
results showed that such adaptation does not persist. 

Ozone is used in biochemical therapy of human 
blood. Washuettl et al. (1981) discuss effects on blood 
parameters in vitro and in vivo especially in cancer 
patients. 

Safe concentration levels for human exposure to 
ozone were set by U.S. occupational health officials at 
relatively high levels in times past. About 1960 the 
American Conference of Government Industrial Hygenists 
(ACGIH) reduced the threshold limit for ozone from 1 pprn 
to 0.1 pprn and later in 1963 further reduced it from 0.1 to 
0.05 ppm. The range of ozone exposures in welders of a 
maintenance department (Ohio, USA) was reported to reach 
0.024 to 0.157 pprn (average 0.054 pprn). Because of the 
simultaneous exposure of welders to Cd and Ni, occasional 

Recent medical study results will soon lead to 
new adjustments of safety standards for short- and long- 
term exposure. It should be emphasized that ozone is a 
highly odiferous compound where a concentration of 0.1 
pprn by weight in air is easily detected by the sense of 
smell. Therefore, ozone is in a sense self-policing. 
However, it is highly recommended that those working 
with ozone should be trained in its proper use and 
detection. 

ATMOSPHERIC AND STRATOSPHERIC 
OZONE 

In the fall of 1986 the 21 signatory States of the 
"Vienna Convention on Protection of the Ozone Layer" 
met for the first time, thersby attempting to tackle a 
potentially global environmental problem. Farman et at. 
(1985) were the first to report the rapid decrease of the total 
column amount of ozone in late winter and early spring 
over the Halley Bay Station in Antarctica (76 degrees S, 
27 degrees W). These authors started their regular 
measurements in 1957. They attributed the decrease of 
ozone to the increase in stratospheric chlorine due to 
chlorofluorocarbon (CFC) release. 

Manufacture and use of CFC's is a multi-billion 
dollar per year industry for companies such as the U.S.'s 
DuPont, York International. and Kaiser Chemical, 
Britain's Imperial Chemical Industries PLC, and Japan's 
Daikin Kogyo. In Canada and the U.S., non-essential use 
of CFC's for aerosol products such as hairspray has been 
banned since 1976. This caused an initial decline in 
demand for the CFC's involved, but the steadily growing 
use of the same CFC's for the production of foam rubber 
and foam insulating board and foam piastic packaging 
materials such as hamburger boxes and egg cartons, has 
resulted in annual demand levels of the CFC's rising again 
to 1976 peak levels. Industry is naturally hesitant to cease 
the production and use of CFCk without very convincing 
and conclusive evidence that CFC's are actually damaging 
the environmeni. Industry aiso points out that alternatives 
to chlorofluorocarbons take time to develop. These 
alternatives may be more expensive andfor not as efficient. 
In addition. the alternatives themselves may prove to be 
toxic or environmentally damaging, perhaps even more so 
than CFC's. Foam cushions, for example, can be produced 
using either CFC's or methylene chloride. The latter is 
more toxic to workers in the production plant. 

Ozone depletion of the atmosphere, allowing 
higher levels of ultraviolet radiation to reach the surface of 
the earth and perhaps causing global warming, could have 



drastic ecological effects on the world. Predictions call for 
great increases in the number of cases of human skin 
cancers and resultant deaths from the UV radiation. The 
radiation would also affect plant and animal life. Global 
warming could also affect us drastically by melting the 
polar ice caps and raising world sea levels, inter alia. 

Linking global ozone depletion to the release of 
CFC's is difficult and contoversial. While researchers have 
measured between 1978 and 1984 an annual mean 
atmospheric ozone erosion of 0.596, this might be due to 
long-term atmospheric cycles beyond our present 
knowledge. Mechanisms to explain the formation of the 
antarctic ozone hole have been proposed by several 
authors, among them Callis and Natarajan (19861, 
Stolarski et al. (1986), Tung er al. (1986), McElroy et al. 
(1986) and Solomon et al. (1986). The mechanisms fall 
into two general categories, chemical or dynamic. 

Stolarski et al. (1986) reported on global satellite 
measurements of the antarctic ozone decrease between 1979 
and 1985, showing that the phenomenon is regional in 
extent. The ozone decrease begins during September as the 
sun rises, reaching a minimum in mid-October. They 
report a 40% decrease in the ozone minimum and a 20% 
decrease in the surrounding ozone maximum, based on 
their seven years (1979-1985) of October monthly mean 
values. 

Callis and Natarajan (1986) measured 
sfxatospheric nitrogen-dioxide distribution by four different 
satellite experiments and found a mid-latitude increase of 
up to 75% during the 1979-1984 period. This increase in 
nitrogen dioxide provides in part an explanation for the 
dramatic springtime minima in the antarctic ozone. The 
authors also reported the lowest mid-latitude (North 
America, Europe, Asia) ozone levels since 1958 (the time 
of the last large solar maximum), and suggest that the 
ozone reductions are due in a large part to catalytic 
destruction by increasing nitrogen oxides through the two 
basic reactions: 

reflected in a series of papers published in a special 
supplement issue of "Geophysical Research Letters" ( Vol. 
13. No. 12, November Supplement. 1986). In their 
overview paper, Schoeberl and Kreuger (1986) discuss 
difficulties that have been found with the various 
hypotheses attempting to explain the Antarctic ozone 
seasonal decline. They note that several papers show the 
decline in total ozone from 1979 to 1985 is correlated with 
a sizable decline (up to 18 degrees C) in stratospheric 
temperatures. Several papers have suggested that the ozone 
decline and the temperature decline can both be linked to 
small climatic shifts in the upper atmosphere. 
Redistribution processes between mid-latitude ozone and 
polar regions may also be a factor in seasonal changes of 
ozone in the Antarctic, complicating the issue of major 
causes of the "ozone hole." 

In the meantime. negotiations in Geneva on 
controlling future emissions of CFC's are underway, 
aiming now to prevent further destruction of a band of 
ozone in the upper atmosphere that shields the earth from 
harmful ulnaviolet radiation, The pros and cons discussed 
by industries and goverments indicate the lethargy of those 
institutional organizations that would have to take 
appropriate actions. Just what sort of gamble the world is 
willing to accept on the ozone layer may become clear in 
1987 when participants to the Vienna Convention are 
supposed to arrive at a plan for CFC emission control 
(Crawford, 1986). The topic shall remain controversial 
until conclusive scientific evidence is able to provide 
guidance to industry and legislators. Shell (1987) provides 
a cogent overview of the situation. 
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