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I. INTRODUcrION 

Ozone was introduced into sanitary engineering practice in 1906 

at Nice, France~ for disinfecting water. Results were so encouraging 

that ozone was adopted as the predominant method of disinfection 

throughout France and in much of Europe. Today, there are over two 

thousand water and wastewater treatment plants around the world that 

utilize ozone disinfection. 

Despite the apparent success of ozone treatment in Europe, author-

ities in the United States, until recently, have displayed little 

interest in its use. The reasons for this lack of interest center on 

the fact that ozone .is more costly than chlorine for disinfection and 

does not provide for residual action. Increased emphasis upon tertiary 

treatment of wastewaters and the development of new concepts in ozone 

treatment have stimulated renewed i.11tereSt in ozone in the United 

States. 

Ozone .is now viewed as a te...-tiary treatment agent with a variety 

of uses that range from disinfection to color removal and oxidation of 

trace organic material. Several authorities have stated that through 

the proper application of ozone to waste treatment an effluent capable 

of limited recycle coul,d be produced. These views, coupled with an 

increasing use of ozone in waste treatment, pose a serious and unan-

swered question as to the possible toxic effects of an ozonated eff lu-

ent upon a receiving stream. Previous research has shown conclusively 
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that both chlorine residuals and chlorinated compounds 1n waste ef flu-

ents exhibit a toxic effect upon a receiving stream. If ozone treat-

ment is to become common for wastes then it is desirable to determine 

what effect the effluents will have on aquatic life. 

The objective of this research project was to determine whether 

toxicity of ozonated secondary-treated, municipal-sewage effluents to 

fish could be demonstrated, and, if so, to establish a range of ozone 

dosages that would bracket the dose lethal to fifty percent CTI.M50> of 

the specimens. Due to restrictions of time and equipnent, an accurate 

TUt50 was not established by the study. Bluegill sunfish, a common 

bioassay organism, were selected for testing in ozonated secondary 

effluents from the municipal waste treatment plant at Blacksburg, 

Virginia. 

During the toxicity study, several waste parameters were moni-

tored so that the effects of ozone on the waste could be evaluated. 

If the ozonated effluents proved toxic, then the data might aid in de-

termining the mode of toxicity. ot.~erwise, the data would be useful, 

as stated before, in evaluating the effects of ozone on waste efflu-

ents. With the results from this preliminary toxicity study the ap-

plication of ozone to waste treatment practices can be made more 

rationally, knowL"'l.g some of the effects it is having on the receiv-

-ing stream. 



Il. LITERATURE REVIEW 

The literature was surveyed for information relative to the tox-

icity of ozonated waste effluents. Only one pertinent article was 

found. Because little information was found, a review of the recent 

literature concerning the chemistry of ozone and its reactions with 

organic matter was undertaken to provide a background for understanding 

the sources and possible reasons for any toxicity that might be demon-

strated. Also, as an aid in developing a study with practical impli-

cations, the various uses of ozone in sanitary engineering practice 

were reviewed. The following summary of the literature surveyed, there-

fore, is divided into three parts. Ozone chemistry ·will be discussed 

first, as it will aid in understanding the other two sections on tox-

icity and sanitary eng:L.,eering applications. 

Ozone Chemistry 

Ozone is a gas formed by the polymerization of the oxygen mol-

ecule as described in the following reaction (1):. 

302 ----.... 203 -69kc 

The polymerization occurs when a stream of oxygen is exposed to a high 

energy electrical discharge or to certain wave lengths of· ultraviolet 

light. Ozone has a density one and a half times that of oxygen, im-

parts a characteristic odor, and is ten tii'1les more soluble in water 

t.11.an. oxygen. In the triatomic state, ozone is naturally unstable and 
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and will slowly decompose to o2 a.""ld nascent oxygen. The decomposition 

can be accelerated by heat, or it can be catalyzed by several compounds 

such as water, chlorine, soda lime, and manganese dioxide (2). 

Ozone's high solubility and rapid decomposition in water serves 

as the basis for its utilization in sanitary engineering practice. 

Much research has been done in recent years in an attempt to describe 

the relationship between the decomposition of ozone in water and sub-

sequent oxidizing reactions wi t.11 organics. A summary of research on 

ozone decomposition in water reveals that ozone is broken down through 

a series of four reactions. These four reactions are generally ac-

cepted as the following: 

(A) 

(B) 

(C) 

k 
{D) HO+ H02 ~ H2o + o2 

The ozone decomposition desc:r'...bed above occurs at exponential rate 

resulting in the dissipation of any ozone residual in 8-10 mimltes (5). 

Both temperature and pH have a significant influence upon the rate of 

these reactions (3) (4). The reported rates of ozone decomposition 

va..-y from first to second order reactions over a pH range of 1. 0 to 

8.0 and a temperature range of 0 to 60 degrees Centigrade (4). At the 

pH and temperature ranges normally encountered in sanita..-y engineering 

practice, recent research indicated that ozone decomposition is an 

order be"breen second and three halves (4) (5). 
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Ozone and its intermediate products of decomposition are all oxi-

dizing agents capable of producing a series of instantaneous reactions 

when in contact with oxidizable substances (1) (6). These reactions 

can be classified as one of three possible types--ozonolysis, auto-

oxidation, and conventional oxidation. Ozonolysis is defined as the 

cracking of u."lSaturated organics by the attachment of an ozone molecule 

at a double bond. The resulting compound, an ozonide, is also unstable 

and will break down through a series of reactions to an acid or alde-

hyde (5) (7). An example of the ozonolysis reaction, as explained by 

Crigee (7), is described below: 

o3 103' 0-9 o+ 
R2C = CR2 ---+- R2C - CR2 - R2C - ck2 

1 2 3 

Zwitterion 
+ -RC-0-0 +R2C=0 2 . 

/o-o, 
R2C" /CR2 

0 
Aldehyde 

Ozonide formation and ozonolysis reactions are not instantaneous and 

usually require the presence of an excess of ozone (5) .. 

Auto-oxidation, catalytic ozonation, influences the number of 

oxygen molecules involved in an oxidation reaction. Some authorities 

e..xplain the reaction as some type of chain-reaction mechanism that 

requires the presence of free active ozone (5). During auto-oxidation 

ozone acts as both a catalyst and as an oxidizing agent. By observing 

a wide range of auto-oxidation reactions, more oxygen was found to be 
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used wlth ozone present than in ozone's absence. Another observation 

from studies with ozone and auto-oxidation was that the accelerating 

action of ozone increases to a point in dilute concentrations. An ex-

ample of an auto-oxidation reaction is given below (8): 

Aldehyde Per acid 

Through subsequent steps the peracid reacts wit."'l an aldehyde to pro-

duce an· acid: 

The third type of reaction resulting from ozone decomposition, 

conventional oxidation, occurs as a result of the cleavage of oZOl)e 

into an oxygen molecule and an atom (5) (9). High energy oxidation is 

stimulated because this cleavage causes conventional oxidation reac-

tions to occur faster and more efficiently through a free radical mech-

anism. Unlike ozonolysis and auto-oxidation, conventional oxidation 

does not require an excess cf ozone and relatively long contact times 

(5). 

In considering the application of ozone to waste treatment, the 

reactions of ozone wit.; organics is of particular interest. Research 

has proven conclusively that through the proper application of ozone 

to orga."lic wastes, significant reduction in the chemical oxygen demand 

{COD) can be obta.L"l.ed (4) (10) Cll) (12),, The amount of COD removal 

has been shown to be proportional to the ozone decomposition rate .. 

From this fact, it can be concluded that COD reduction is a result of 

organic compounds reac·ting with short-lived ozone decomposition products 
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such as free radicals. Because the reaction is dependent upon tha 

ozone decomposition rate, COD removal can be enhanced by accelerating 

decomposition through optimizing pH, temperature, contact time, and 

ozone concentration. The reaction of the OH radical with an Or9aniC 

can serve as an example of the many possible reactions resulting from 

ozone decomposition (4): 

RH + OH· _. R + H20 

followed by auto-oxidation 

R + o2 ___.... R02 ~ products 

R02 + RH ~ ROCH + R ~ products. 

Some Or9anic compounds which react with ozone in wastewaters are 

macro-molecules in the colloidal state. The ozone reactions discussed 

previously can act to break down hydrophilic groupings and peptizing 

agents combined with hydrophobic particles which are responsible for 

stability of colloidal dispersions. Ozone, therefore, causes the pre-

cipi tation of some dispersed organic particles. At the same time, how-

ever, it is possible for other ozone reactions to produce colloids by 

the formation of negatively c;.arged micelles (11) (12). 

Toxicity 

Despite the fact b"i.at the toxicity o:f ozone in air has been stud-

ied extensively, there have beP-n almost no reported investigations of 

'bi.e possible toxicity of ozone or its by-products in wataro To date, 

the only reported toxicity study involving ozone in water was conducted 

at the University of Michiga"'l in 1930 (13). The objective of the study 

was to dete..~"'l.e if water purification processes involving nascent oxy-

gen produced a water supply unfit for the rnairrtenance of "delicate 
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fishes". Because ozone decomposition is one of the primary sources of 

nascent, or atomic, oxygen Co3 ___..,. o2 + 0), ozone was one of the sub-

stances studied. Several varieties of minnows were tested in a static 

bioassay utilizing tap water dosed with various concentrations of ozone. 

Results of the study indicated that ozone residuals in water were 

highly toxic at extremely low concentrations. All of the fish tested 

showed signs of irritation, even in traces of ozone too small to detect 

by the chemical methods available. Some of the minnows were killed in 

solutions containing ozone in concentrations of .03,· .oa, and .16 milli-

grams per liter (mg/l). There was a marked difference in the suscepti-

bility of individuals of the same species to various concentrations of 

ozone. Certain individuals exposed to non-toxic doses of ozone exhib-

ited some degree of resistance at higher, toxic levels. 

Pi'j observing the responses of the fish to toxic concentrations 

of ozone, the effects of ozone were fO\.Uld to be cumulative. Initially, 

the fish showed altered locomotor and respiratory movements when sub-

jected to even sublethal doses of ozone. Soon afterward, at lethal 

doses, there was a slight loss of equilibrium marking the end of the 

reversible toxic effects. Fish removed from the ozone solutions at 

this point recovered quickly while those further exposed all died. 

Following t.~s loss of equilibrium, death soon occurred but was pre-

ceded by alternating periods of erratic, wild dashing and unequili-

brated rest.. Unfortunately, examinations of the dead specimens did 

riot produce a clue as to the mechanism of toxicity (13) .. 



-9-

Sanitary Engineering Applications 

Ozone, with its powerful oxidizing capabilities, has found a wide 

range of uses in sanitary engineering practice. From the first use of 

ozone as a disinfectant in water treatment, the uses of ozone have ex-

panded to include supplementary water treatment, tertiary treatment 

and disinfection of municipal wastes, and some specific applications 

to industrial wastes. Despi·i:e the variety of applications for ozone, 

tha principles of production and dosing are basically the same for all 

uses. 

The most economic method for producing ozone is to pass a stream 

of air or oxygen between two electrodes across which there is a high 

voltage potential. Be:fore passing between the electrodes, the air or 

oxygen must be filtered to remove dust and dried to a dew point of 

-40°c to -so0c to prevent corrosion of the electrodes. A typical ozone 

generation system, therefore, consists of an air filter, a refriger-

ation and/or dessication unit, and a high voltage transformer or ozone 

generator (1) (11) (12) (14) (15). 

Application of the ozone gas to water is usually done with the 

idea of emulsi...-ry;_.""lg the ozone i.."'l water to promote a more efficient re-

action. This emulsifyi.~g action is best accomplished by means of ei-

ther porous diffusers or injectors. Porous diffusers are usually used 

L~ conjunction with a contact column employing counter current feed of 

t.'1e water and gas.. Injectors utilize the principle of drawing the 

ozonized air stream into a low pressure section of a water stream and 

then mixing the emulsified stream with the bulk of the water in a con-

tact column. Contact tintes for either of the methods employed will 
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depend upon the specific objectives of the treatment (1) (11) (12) 

(14} (15) .. 

While ozone is just beginning to gain acceptance as a tool in 

waste treatment practices, it has long been an acceptable agent for use 

in water treatment. From its initial introduction as a disinfectant, 

the role of ozone in water treatment has expanded greatly to include 

such areas as taste, odor, color, and iron and manganese control (l) 

(2) (3) (5) (11) (14) (15). Disinfection, though, is still the primary 

purpose for its application in water treatment. 

Nost authorities on disinfection agree that only free residual 

chlorine can compare to ozone in germicidal power. Numerous research-

ers have proven that concentrations of ozone less than 0.5 mg/l at 

contact times of less than one minute destroy all pathogenic organisms 

in water~ Ozone has been shown to be highly effective ag~""l.St all 

forms of microorganisms L"lcluding viruses at these low concentrations 

(1) (2) (3) (5) (11) (15) {16)~ P.igher doses of ozone, 55-10 mg/1 7 and 

longer contact times, 2-10 minutes, are usually employed for practical 

use because organic matter and ot,"'ler substances will exert an ozone de-

mand preventL."lg t. .... e full utilization of ozone for disinfection ( 5) ( 11) 

(12) (15) (16) {17) (19) (20) (21). There is some disagreement between 

Prend1 and American authoritias as to the effect of temperature on 

ozc:ne demand, but researchers generally agree that pH has little effect 

{1) (3) (5) (15) (16) (20). 

In comparing ozone and chlorine as disinfectants, there are sev-

eral notable differences.. Ozone has been shewn to act betw&=-Jl 600 and 

3000 times more rapidly than chlorine in the destruction of bacteria. 
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This dramatic difference in disinfection rates is due to the difference 

in the mode of each agent. Chlorine acts in a progressive manner, 

killing a larger fraction of organisms as the dose and the contact time 

are increased. In contrast, ozone exhibits an all-or-none effect, which 

means that ozone has little effect until a threshold concentration is 

reached at which time its action is sudden and total (Appendix Figure 1) 

Cl) ( 2) C 3) ( 15) ( 16). A cornparf_son of the modes of action of each 

agent shows that ozone acts as a protoplasmic oxidant, while chlorine 

exhihits selective injury to the cytoplasm (3) (15). 

The fact that ozone residuals can not be maintained through the 

distribution system is often cited as one disadvantage in adopting 

ozone disinfection. Analysis of the chlorine residuals maintained in 

distribution systems indicates that most are not adequate to deal with 

any accidental contaminati.On. After over fifty years of experience in 

utilizing ozone disinf action in Europe, there has been no deterioration 

in water quality noted (l) (5) (15) (20) (22). 

In addition to being a disinfectant, ozone is also a popular agent 

for supplementary water treatment. One characteristic of ozone account-

ing for its popularity in Europe is its ability to alleviate taste, 

odor, and color problems caused "ey organic compounds and to reduce prob-

lems with gases such as hydrogen sulfide and carbon dioxide. Ozone 

processes are well suited to deal with these problems because, L"l. addi-

tion to t"'leir powerful oxidizing ability, they add appreciable aeration. 

Compounds such as phenols, whic..'1 produce tastes and odors accentuated 

by chlorine, are effecti•1ely oxidized and rerno~1ed by ozone treatment. 

Treatment of taste and odor problems can usually be accomplished with 
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low ozone doses of 1-2 mg/l, but the dose required for color removal 

w"i.11 vary depending upon the ozone demand exerted by the color intens-

ity (1) (5) (14) (15) (18) (20). 

Some other areas of supplementary water treatment in which ozone 

is effective are iron and manganese removal and algae control. Again, 

the powerful oxidizing capability of ozone serves in some plants to 

oxidize iron and maJ19anese to their insoluble state for precipitation 

and removal. Algae blooms, a seasonal problem at many water treatment 

plants, have proven responsive to ozone treatment in some instances 

(1) (4). 

The powerful oxidative capacity of ozone, which made it applicable 

to water treatment practices, also makes ozone a desirable agent for 

waste treatment practices. With increased emphasis placed on tertiary 

treatment of municipal wastewaters, ozone is gaining increased use and 

support in the waste treatment field. Some authorities have suggested 

that through the proper use of ozone an effluent capable of limited 

recycle can be obtained (l) {11) (12). 

As a result of the success of ozone as a disinfectant in water 

treatment, it haa recently begun to be utilized for the same purpose 

in waste treatment. Dosages required for disinfection of waste streams 

w~ll vary from 2-60 mg/l at contact times varying from 5-30 minutes. 

The actual dosage required for a particular waste stream will depend 

upon the organic content, color, turbidity, and the degree of disin-

fection required. ~..nerally authorities agree that doses in the 10-20 

mg/1 range at 5-10 minutes will kill greater than 99+ percent of the 

organisms (1) (2) (11) (12) (23). Another reason ozone is gaining 
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support as a disinfectant for effluents is the belief that, unlike 

chlorinated effluents, ozonated effluents are not toxic to aquatic 

life. Most of this reasoning is based on the lack of residual action 

by ozone Cl) (2) (4). 

Possible ozone applications to tertiary waste treatment have 

stimulated a great deal of interest and research in recent years •. Re-

search cited in the discussion of ozone reac:tions with organic com-

pounds has indicated that it is possible to obtain reductions in COD 

on the order of 50-70 percent (4) (10). Nebel of the Welsbach Corp-

oration has stated that ozone was capable of higher reductions of re-

sidual biochemical oxygen demand (BOD) and total organic carbon {TCC) 

than are possible by the use of activated carbon (26). The results of 

several recent projects indicated that an effluent with about 15 mg/l 

COD can be produced fran an influent with a COD of SO rng/l or less (4) 

( 25). To obtain significant COD reductions, ozone doses rangiJl9 from 

20-200 mg/l at contact times from 20-60 minutes have been used (l) (4) 

(11) (12) (25). 

Reduction in COD was not the only benefit of tertiary treabnent 

wit.ti ozone. At the high ozone doses used, oxidation of refractory or-

ganics, such as organic pesticides, readily occurred. Combined with 

t.11e froths created in the contact chamber, high ozone doses have broken 

down and removed surface active agents.. Also, color- and odor-causing 

substances usually were totally oxidized. Another often unrecognized 

advantage of ozone treatment was the saturation or super saturation of 

the effluent with dissolved oxygen (1) (11) (12) (27). 
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A project conducted a few years ago in England utilized ozone in 

conjunction with other tertiary treabnent processes in an attempt to 

produce an effluent capable of limited recycle (ll) (12). Effluent 

from a treating-humus tank, containing a BOD of about 18 mg/l and a 

suspended solids content of SO mg/l, was applied to microstraining, 

ozonation, and sand filtration. The treatment produced a final efflu-

ent clear, colorless, and comparable in appearance to the ''best potable 

supplies" (11) (12). Ozone was responsible in the process for signif-

icant reductions in BOD, color, turbidity, phenolic compounds, certain 

pesticides, and surfacants. Microbiological investigations showed the 

final effluent to be superior to river waters and suitable for a vari-

ety ~ industrial purposes with further treatment (11) (12). 

J:ndustry has also found ozone's oxidative capabilities use:fUl in 
I 

solving some of its ~pecial waste problems. Oxidation of cyanide 

wastes by ozone has proven as effective as_the traditional chlorine 

treatment (1) (28) (29) (30). Wastes fran refineries and coke works, 

containing up to 2000 mg/l of phenol, have been effectively treated 

using a t-wo step biological and ozone oxidation process. Phenol con-

centrations in the treated effluent have been less than 1 mg/l (1) 

( 31). ~...her industrial wastes, which have proved treatable by ozone 

processes, were biorefractory organics, acid mine wastes, and some 

unsaturated organic compounds (l). 



III. METHODS MID MATERIALS 

A continuous-flow bioassay system was chosen as the means of in-

vestigating the possible toxicity of an ozonated, secondary municipal 

effluent. The experimental apparatus and procedures were designed to 

be conducive to repetition of results and easy comparison with similar 

studies. Most of the materials and procedures utilized were selected 

in accordance with guide lines listed in Standard Methods (32) for a 

four-day, continuous-flow bioassay.. other tests employed to monitor 

the effects of ozone on the secondary effluent also followed, when pos-

sible, procedures outlined in Standard Methods (32). Some materials 

and procedures employed, not outlined in standard Methods (32) and 

unccmmon to general research practices, were recorded in detail to 

satisfy the requirements of repetition and canparison. 

Ozonai:ion System 

The source of ozone for the continuous-flow system was an air-

cooled AL'"'OX ozonator (Model 2P-3C-2). For prope;- and consi.stent op-

eration of the ozonator a clean, oil-f~ee air supply with a -40°F dew 

point, to insure b'-le absence of moisb.ire, was required. Because of 

the extended periods of operation and the large volumes of air re-

quired it was infeasible to utilize bottled air .. '?Perefore, a system. 

of drying and filtering columns was devised to insure the required air 

quality from a laboratory air source. 
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The air filter system consisted of four filter columns in series 

attached to a laboratory air source. Each of the four filters was con-

tained in a piece of galvanized steel pipe, l.S inches in diameter and 

14 inches long, fitted with tapered ends for the attachment of Tygon 

tubing. Glass wool was packed in both ends of the pipes and acted as 

a dust filter. The first filter contained 12 x 40 mesh activated car-

bon, to remove oil from the air. Silica gel, molecular sieves, and 

indicating-Drierite were the respective media of the succeeding b."lree 

columns. These media dried the air to a -40°F dew point. Twice a day 

the column containing indicating-Drierite was checked for breakthrough 

of the absorption capacity of the filter system. Checks were not made 

more often because each check required shutting down the ozone gener-

ator and opening the columns. 

Various production rates of ozone were controlled and regulated 

by varying the pressure and flow of the air stream and the voltage 

applied at the elect->"Odes. Because t."1e ozonated air was bubbled 

through a column of liquid, the liquid back pressure created problems 

in regulating the flow and pressure of the gas stream. These problems 

were solved by splitting t."'le gas flow from the ozonator with a "Y" 

con.."lection and wasting part of the stream. A pinch clamp was then 

attached to the gas waste line to act in conjunction with the ozonator 

controls in regulating the pressure and flow (See Figure 1). 

Before beginning the actual bioassay investigation, it was nec-

essary to calibrate the ozonator to determine the range and accuracy 

of ozone production. Because no direct means of measuring ozone pro-

duction was available, the iodometric method for determining ozone, 



--------·-----··---

Lab Air Source: 

Activated carbon 

Indicating Drierite 

Airox 
Ozonator 

Pinch Clamp Control/ 

Silica Gel 

Molecular Sieves 

To Exhaust 

Contact Chw.ber 
(2% KI Solution) 

To Exhaust 

Figure 1.--ozone Production and Standardization System. 

I ..... 
-...] 
I 
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outlined in Standard Methods ( 32) was modified for th.at purpose. The 

ozonated air was bubbled through a contact chamber containing 500 

milliliters of a two percent potassium iodode solution for one minutes 

Iodine was liberated in a one-to-one molar relation.ship by the ozone 

in the gas stream. Sodium thiosulfate titration was used to measure 

the amount of liberated iodine from which the ozone concentration could 

be calculated. At each combination of sett.i.ngs for pressure, flow, 

and voltage, three values of ozone production were obtained and ana-

lyzed for a mean and standard deviation. 

continuous-Flow--Pilot Ozone Treatment System 

The design of the continuous-flow system utilized in the investi-

gation was based upon a combination of two sets of criteria. Require-

ments and guide lines outlined in Standard Methods (32) for a con-

tinuous-flow bioassay were followed in creati.t."'lg the flow system used 

to deliver the ozonated effluent to the test fish. It was necessary 

to inject ozone continuously to i..'"lSUre a continuous supply of ozonated 

by-products in the flow of secondary effluent. Production of the 

ozonated effluent was governed by the rapid decomposi·tion of ozone and 

the subsequent by-product reactions requiring t."'le.continuous production 

of the possible toxicant. 

To satiafy the above criteria a pilot operation, modeled to stim-

ulate a possible tertiary treatment operation, was coJ'l.structed as 

shown in Figure 2. The system was designed to test one dilution of 

the possible toxicant, as shown, or to be easily converted to a system 

that would test several dilutions at once. Flow through the system 
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was calculated on the basis of a fish oxygen consumption rate of 0.2 mg 

oxygen per gram of fish per hour and the requirement that the solution 

volume equal the container volume every four hours. Because two 

twenty-liter containers were used for each test, the flow to each tank 

was maintained at about 100 ml/min. to satisfy the above requirement. 

Aeration was not utilized to aid in meeting the oxygen requ4-ement be-

cause it might affect some of the ozone decomposition reactions. Ex-

cept for the pump in the waste effluent reservoir, the system was OP-

erated by gravity flow to minimize mechanical dependency. 

Ozonation in the contact chamber employed the diffuser-counter 

current principle discussed in the literature review (See Figure 3). 

To permit flexibility in converting from a one7dilution system to a 

multiple-dilution system, the volume of the contact chamber was chosen 

to provide for a maximum flow of 400 ml/min., producing a five-minute 

contact time. Retention ti.-ne in the contact chamber was maintained at 

5-10 minutes for the investigation because restrictions imposed by the 

available equipment prevented utilizing contact times of 30-60 minutes. 

However, the range of contact times utilized was typical of those used 

for disinfection and most ter-....iary treatment uses of ozone. 

ot."ler than acting to maintain canstant flow through the system, the 

two head tanks served other functions~ T".ne first related to the dissi-

pation or ozone residuals. As the objective of the study was to investi-

gate ozonated effluents and no·!: ozone residuals, detention time in the 

head tanks was designed to be sufficiently long to allow ozone resid-

uals in effluents from the contact chamber to dissipate. Time in the 

head tank varied from 18-24 minutes, about three times that reportedly 
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required for the dissipation of ozone residuals (Appendix Figure 2). 

The second problem alleviated in the head tanks was the accumulation 

of solids in the continuous-flow system. Both tanks, as shown in the 

diagram (Figure 2), were partially baffled to provide some retention 

of solids in each tank. 

General Tests and ProcedureS 

Chlorinated effluents have proven to be toxic to fish. There-

fore, the waste utilized in t.~ investigation was taken from the. er-
fluent of the final clarifier prior to chlorination at the Blacksburg 

municipal sewage trea'bnent plant (trickling filter). Effluent was 

composited three times per day in a fifty-five-gallon reservoir. The 

reservoir was filled by pouring the waste into a float device (shown 

in Figure 2) to minimize the resuspension of settled solids. During 

one part of the investigation, the fourth run, the initial solids con-

centration of the clarifier effluent was reduced by filtering the 

effluent through glass wool. 

'?en bluegill ·sunfish meeti.."lg the size requirements outlined in 

Standard Methods (32) were exposed to ozonated sewage for fe>Ur days. 

The fish were .replaced each time the ozone dosage.level was changed. 

The fish WA-.t'e acclimated to continuous-flow, laboratory conditions for 

rnore than 30 days prior to the study. Two twenty-liter containers 

housed ~e fish during each test to prevent over-crowdL"lg .. 

A number of traditional waste parameters were monitored for the 

p-urpose of characterizing and monitoring the waste effluent and its 

changes through the system. These tests also served to insure that 
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that Mt!f toxicity demonstrated was the result of ozonation and not due 

to some undete.rnd.ned characteristic of the waste. Generally these 

tests could be classified in two groups: those necessary to evaluate 

changes resulting from ozonation and those necessary to evaluate ar't'f 

toxic characteristics of the waste unrelated to ozonation. All of the 

parameters were measured "b.dce a day: once, about one hour after the 

storage reservoir was filled in the morning, and again, after refill-

ing in the afternoon. 

Changes in the waste resulting from ozonation were monitored by 

measuring COD, pH, suspended solids, alkalinity, dissolved oxygen, BOD, 

and ammonia nitrogen in the i."tfluent and effluent. Hardness was meas-

ured in the influent only. Ammonia nitrogen and BOD were not tested 

twice a day, put, instead, were measured in random grab samples during 

the course of the exposure period. Procedures fran Standard Methods 

(32) were used. Dissolved oxygen was measured with a YSI oxygen probe 

(Yellow Springs Instrument Company, Yellow Springs, Maryland) and pH 

was measured with a Beckman pH meter (Beckman Instruments, Fullerton, 

california). 

Parameters monitored to assess possible toxicity by causes unre-

lated to ozonation of the sewage were: the dissolved oxygen, temper-

ature, a"ld pH of the fish tanks, and the ozone residual in the feed. 

Ozone residuals were measured at the beginning of each bioassay and 

t.1-ien periodically during b'te remainder of the test. The iodometric 

method for determining ozone residuals was used, as outlined in 

Standard Methods ( 32). Dissob1ed oxygen and pH were measured, as 

mentioned previously, by instruments~ 
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To further insure that toxicity was the result of ozonation, a 

bioassay was performed, the test solution being clarifier effluent 

without ozonation. The effluent in this run was aerated in the con-

tact chamber with an air stream containing no ozone. This test pro-

vided a control to insure that ozonation was the only significant var-

iable in the investigation. All parameters mentioned previously were 

rooni tored duri."lg t.lle control run. 

The ozone dosage for the first bioassay was arbitrarily set at 

approximately 18.9 mg/l to provide scme basis for adjusting dosages in 

subsequent tests. Adjustments were based on the number of fish killed 

during the initial test. Unfortunately, no information was found in 

the literature on which to base a range of ozone dosages to be applied. 

In subsequent tests, t.1ie ozone dose was varied in- increments of approx-

imately 10 rng/l to determine a range in which the TI..M50 would fall. 

Method of Expressing Ozone Dosage 

As was mentioned previously, .moisture i.'1 the air stream reduced 

the efficiency of ozone production "ey the ozonator. There was no 

met.hod available for determi...--rl.ng precisely when the ozone generation 

rate ~an to decline due to the breakthrough of I110isture from the 

filters.. Therefore, the filters were replaced with reconditioned ones 

at intervals arbitrarily selected to keep the efficiency of the ozone 

produc+-...ion as high as possible.. During any one 96-hour bioassay, the 

filters were changed at fixed intervals, whole number multiples of 

which would exactly equal 96--i~e·~ 12? 24, 48 hours. 

The ozone production rate was measured at the begiri.ning of each 

ru."l and again at the end., The value obtained at the end of the run 
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was assumed to be that for the rate of ozone production at the end of 

each interval during the run immediately before the drying filters 

were replaced. Figure 4 is a hypothetical ozone produc"'~on pattern 

that was assumed for purposes of arrivL.,g at an average ozone dosage 

for any given bioassay.. The line on the figure denoting the average 

was derived on the assumption that the decrease in ozone production 

rate was constant during any given interval. · Though this C'ISsumption 

was most likely not accurate~ frequent measurements of ozone produc-

tion that would be needed to better define the curve were not possible 

without disruption of the bioassay equipment. 
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DI. RESULTS 

At the end of four runs enough data had been collected to give a 

clear indication as to the toxicity of an ozonated, secondary treated· 

municipal effluent. Though much of the data was quantitative in na-

ture, a significant portion included qualitative observations made 

during each test run. These observations complemented the quanti-

tative data and aided in the interpretation of results. 

Run #1 (Control Run) 

Only one fish died during the control run with aerated clarifier 

effluent. Death occurred some time during the night of the third day 
; 

before the 66th hour of the run. The nine survivors exhibited no ad-

verse effects of exposure to the sewage. This is not to say that the 

fish were unaffected "r::ty ~'le clarifier effluent.. Throughout the first 

36 hours the fish began to su...-f ace frequently, and duril'..g the last 

48 hours they spent nearly all their time grouped at the surf ace. 

Results of the analyses of waste parameters monitored and the 

dissolved oxygen measurements are summarized in Tables I and II, 

r?_spectively.. A prqblem developed in maintaining the dissolved oxygen 

concentrations in b"le fish tanks.. On four occasio:r.s during the last 

48 hours of tlle run, the dissolved oxygen fell significantly below 

5 mg/l, the concentration generally accepted for rnaL~tenance of fish 

life.. On these occasions the liquid in b'1e fish chambers was aerated 

to bring the dissolved oxygen level above 5 mg/l .. 
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TABLE J: 

WASTE CHARACl'ERIZATION DATA FOR INFLUEN'1' 
TO BIOASSAY CHAMBERS--CON'!'ROL RUN 

Parameter 

COD (mg/l) 

Suspended Solids (mg/l) 

pH 

Alkalinity 
mg/l as caco3 

Hardness 
mg/l as caco3 

Concentration 

59 . 

26 

7.5 

152 

163 



Parameter 

n.o .. (mg/l) 

TABLE II 

DISSOLVE:D OXYGEN CONCENTRATION AND TEMPERATURE OF BIOASSAY 
MEDIUM AT INTERVALS DURING CONTROL RUN 

Elapsed Time, Hrs. 

Vessel 2 . 18 26 42 50 

1 6.,0 5.0 s.o 2.5• 4.5• 

2 6 .. 0 s .. o s.o 3.0• s.o 
1 & 2 22 22 22 22 23 

.• Sewage aerated for 30 minutes at these times. 

+ Dead fish discovered. 

66.,. 

2.s~ 

2.s• 
23 

74 90 

4.5 9 4.5• 
' 4.5• s.o• "' l.O 
I 

23 22 
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Operation of the continuous-flow system required little rnainten-

ar1ce until about the end of the second day. Some time between 35 and 

42 hours the pump failed, and all flow stopped. 'By the time the pump 

was replaced, the sewage had developed a strong odor, and the dissolved 

oxygen in the fish tanks had fallen below 3 mg/1. The fish tanks were 

aerated and fresh sewage was provided. 

Ano·ther ope.rational problem that occurred with increasing fre-

quency during the last 48 hours was the maintenance of constant flow 

rates. Accumulation and growth of solids in the feed lines, especially 

at the pinch clamps, created obstructions that continually interfered 

with flow. Frequent flushing of the feed lines was necessary to main-

tain a constant flow rate. 

Run #2 (Ozone Treatment) 

During the second 96-hour bioassay, ozone was applied to the clar- . 

ifier effluent at an average rate of 16.9 rng/l. The drying filters 

were replaced at the end of 48 hou_...g, and ozone production had de-

creased fror1t 18.9 mg/l to 14.9 mg/l during the interval. 

Ten fish were used in this bioassay, eight of which had been used 

previously in the control run. The other two fish, while never having 

been exposed to sewage, had been exposed for a brief period to 0.->1-0.2 

mg/l chlorine. 

While these fish were inappropriate for a valid scientific bio-

ass ay j there were no acclimated specimens available at the time. The 

test was initiated with the belief that if no deaths occurred in the 

96-hour test period, one might assume that sewage ozonated with approx-

i.'nately 19 mg/1 ozone was non-toxic. Then dosages for future tes'cs 

could be adjusted accordingly~ 
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This first bioassay with ozonated sewage resulted in the death of 

four fish• These fish died sometime during the night of the second day 

but were not noted until 46 hours had elapsed. Though the other six 

fish survived the succeeding 50 hours of exposure, three of the six 

died within 24 hours after the completion of the run. Two of the 

three fish died while still in tanks containir.q the ozonated sewage, 

about one hour after the tP..rrnination of the run. ·The third post-test 

death occurred arout 24 hours after the fish had been removed from 

the ozonated sewage. 

Behavior of the fish during the test run paralleled that observed 

during the previous control run to some degree. Initially the fish 

remained near the bottom of the tanks, rarely venturing into the upper 

half. About the time the four deaths were noted, the fish were ob-

served gathering at the top of the tanks and over the last 48 hours, 

they avoided the lower ha1£ of the tank. other than this pattern of 

behavior, the fish exhibited nothing unusual to indicate toxicity or 

iJ::ri tation. 

However, the fish displayed an alteration in physical appearance 

not noted during the control run. Each fish, even the survivors, had 

red spots around their gills and eyes that appeared to be hemorrhaging. 

The time t.1-ie hemorrhaging actually first appeared was not observed, 

but the spots were evident on dead specimens examined after 48 hours. 

The Sllmtnary of monitored waste parameters and dissolved oxygen 

concentrations, shown in Tables III and N, respectively, summarizes 

the obser1Jed effects of ozone upon the clarifier effluent. Effluent 

from the ozone contact chamber was colorless, though not clear, in 
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TABLE Ill 

EFFECTS OF OZONATION ON SEVERAL CHEM:r:CAL CHARAC'.I'ERIS'r:tCS 
OE' SECONDARY SEWAGE ~ USED IN RUN #2 

Parameter Influent Effluent 

COD (mq/l) 50 38 

s.s. 34 26 

pH 7.5 8.0 

Alkalinity 123 120 
(mg/l as Caco3> 

Hardness 157 
(mg/l as CaC03) 

Ozone Dose: Beginning of Bioassay • • • 18. 9 mg/l 
End of Bioassay •••••• 14.9 mg/l 
Average •••••••••• 16.9 mg/l 

% Change 

-25 

-23 

+ 7 

- 2 
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contrast to the brown, turbid character of the i.'"lfluent. An odor in 

the ozonated sewage that could best be described as "super-fresh" had 

replaced the stale odor of the influent sewage. Foam formed on top of 

the sewage in the contact chamber and at the point of discharge to the 

head box. Upon close examinal:ion and comparison of an in:;luent and 

effluent sample the character of the suspended solids appeared to have 

be4Jl altered. While influent suspended solids were comparatively large 

and settled readily, the ozonated effluent suspended solids were almost 

microscopic and settled very slowly. 

Problems in operation of b'le continuous-flow system began to de-

velop ey the end of the second day. At the time the four dead fish 

were discovered, the oxygen concentration in the tanks had dropped to 

below 5 mg/l, requiring aeration of the test chambers as was necessary 

in the control run. Additional aeration periods were not required. 

The low dissolved oxygen levels were attributed to failure of the ozo-

nation system because moisture breakb"\rough ·was detected in the drying 

columns after 48 hours of operation. Ozone production was halted for 

about an hour while the filter media were changed. 

MaL"ltenance of flow rates and the deposition. of solids again pro-

duced some of t.'le same problems encountered in the con~-ol run. ini-

tially, di£ficul ty was encountered in maintai.'1.ing constant :flow in the 

f;;;ed lines to t."'le fish tanks because of the aggregation of gas bubbles 

in t.~ese lines. Frequent flushing of the lL"'les a..,d resettling the :flow 

rates solved this problem. After about 24 hours the gas-bubble deposi-

tion and aggregation gradually ceased, but then deposition and accumu-

lation of solids in the feed lines and head boxes began to be signifi-

cant, affecting the flow system as had been observed in the control ru.."l.. 
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-
As in the control run, frequent cleaning of the tubing at the sites 

where there we.re clamps allowed adequate flow to be maintained. A sur-

vey of the total system at the end of the run revealed large deposits 

of solids in both head and fish tanks as well as in the feed lines. 

Run #3 (Ozone Treatment) 

The ozone dose was increased for the second.bioassay to an average 

output of 22.4 mg/l, while the time between changes in the drying filter 

was decreased to 24 hours between replacement of the filters to 12.1 

mg/l. The ten fish utilized in this run were new specimens, fully 

acclimated and not previously used for any bioassay. 

After 96 hours of exposure to the ozonated sewage, none of the 

specimens -were dead. However, the signs of hemorrhaging around the 

eyes and gills, noted ~ the predous run, appeared on every test fish 

within 24 hours. Behavior patterns of the fish were apparently tm-

affected by this hemorrhaging or by the exposure to the ozonated efflu-

ent. In fact, for the large part of this run the behavior of the test 

fish paralleled that of the fish in the acclimation tanks. That is to 

say, the test fish spent most of their time in the lower part of the 

tanks, coming to t.;e surface infrequently for sho.z::t periods of time. 

During t.l-ie last twenty-four hours of the test, though, the fish began 

appearing at the surf ace more frequently and for longer periods of 

SUmmarized in Tables V and VI are the data derived from waste 

parameters and dissolved oxygen concentrations. In addition to waste 

parameters measured in Run #2, ammonia nitrogen concentrations were 

determined in random samples collected during Run #3. As was true in 
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TABLE V 

EFFEcrs OF OZONA'l'ION ON SEVERAL OlEMICAL... CH.~CTERISTICS 
OF SECONDARY SEWAGE EFFLUENT USED nl RUN #3 

Parameter Influent Effluent % Change 

COD (mg/l) 66 59 - 13 

s .. s .. (mg/l) 27 26 - 4 

pH 7 .. 1 7.4 + 6 

Alkalinity 115 113 -1.7 
Cmg/l as caco3> 

Hardness 140 
(mg/l as caco3> 

NH3--N 6.0 6.0 +13.3 

Ozone Dose: Begi.-.ning 0£ Bioassay • • • 32.8 mg/1 
End of Bioassay • • . . • • 12.1 mg/1 
Average • . .. • • . .. • • • 22.4 mg/l 



TABLE VI 

DISSOLVED OXYGEN CONCENTRATION AND TEMPERATURE OF BIOASSAY 
MEDIUM AT Df!'ERV ALS DURING RUN #3 

Elapsed Time, Hrs. 

Parameter Vessel 4 20 28 44 52 68 76 92 

D$0. t (mg/l) Head Box #:2 '7. 9 7.9 7.9 7.8 7 .. 9 7.4 7.5 7. 3 ' w 
-..J 
I 

Fish Tank #1 7.1 5.1 6 .. 0 5.5 s.s 5.1 5.0 4 .. 1 

Fish Tanlc #2 7~1 5.1 5 .. 8 s.s 6.0 5.1 5.0 4.1 

Sewage 3.3 3.8 3.6 

Saturation 7.9 7.9 7.8 7.7 7.8 7 .. 8 7.8 7.8 
0 Temperature C 23.5 23.5 24.0 24.5 24.0 24.0 24 .. 0 24.0 
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Run #2 11 the ozonated effluent appeared to be low in turbidity and the 

flow rate had decreased, and the effluent from the contact chamber was 

almost clear. An analysis of the suspended solids concentrations dur-

ing one of these periods showed the influent and effluent solids to be 

approximately 10 mg/l. As in the previous run, the influent suspended 

solids were comparatively large and easily settled, while the effluent 

suspended solids were almost microscopic and difficult to settle. 

Difficulties arose in attempting to maintain a fairly constant 

level of ozone production. Breakthrough of moisture in .the filter col-

U.'lU'lS occurred in less than twenty-four hours, necessitating that the 

filter media be changed e!tler':f day. Controlling the moisture content of 

the columns was difficult because breakthrough occurred so suddenly. 

Periodic checks of the dessicant did not provide adequate warning. To 

complicate matters the ozonator overheated on the morning of the second 

day, necessitating a shutdown for about two hours. In all, a total of 

about six hours of ozone production was lost, not to mention the de-

creases in ozone production from moisture breakthrough. 

Solids deposition again presented problems in maintaining con-

sistent flow rates through the system. As in the t\olO previous runs, 

the problem was wercome by frequent flushing of the feed lines and 

resetting the flows. Accumulation of a large quantity of solids in the 

fish t.an.1<s was prevented by siphoning the solids from ·the bottom of the 

tanks once a day.. Solids were not removed from the tanks during the 

two previous runs, though such action might have prevented oxygen 

depletion in the tanks~ 
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Run #4 (Ozone Treatment) 

The last bioassay run was made utilizing an average ozone dose of 

46 mg/l. At the beginning, the dose was 52 mg/l but.declined to 40.1 

rng/l duri.."lg the time between changes in the dI:ying filters. Some pro-

cedures not employed in the previous runs were adopted during.this 

final run. First, the exposure period lasted only 48 hours instead of 

96 hours, as was used previously. Another alteration in previous test 

procedures was that the clarifier effluent was :filtered through glass 

-wool prior to ozonation to remove large suspended solids. Also, the 

flow rate into the contact chamber was reduced from 400 ml/min. to 

250 ml/min. to provide more contact time than in previous runs, a per-

iod of approximately eight minutes. 

All of the test fish survived the exposure period. Within eight 

hours of the beginning of the run, though, eight of the fish exhibited 

signs of hemorrhaging around the eyes and gills. After twenty-four 

hours ·Che other two fish began to show signs of hemorrhaging also. 

Throughout most of the 48-hour run the behavior of the fish was regarded 

as normal. An exception occurred during the morning of the second day. 

The five fish L~ the second tank were discovered grouped at the top of 

the tank, but after three or four hours, they returned to the lower 

part of the tank. 

The effects of ozonation, during the fourth run, on the waste 

characteristics and on t."'le'dissolved oxygen concentrations are sum-

marized in Tables VII and VIII, respectively. ·In addition to the 

measurement of COD, a BOD maasurement was made for comparison.. Changes 

in ammonia nitrogen were also evaluated»> Physical characteristics of 
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TABLE VII 

EFFECTS OF OZONATION ON SEVERAL CHEMICAL CHARAC!'ERISTICS 
OF SECONDARY SEWAGE EFFLUDlr USED IN RUN #4 

Parameter In.:f luent Effluent 

COD (mg/l) 51.8 46.4 

BOD (rng/l) 60 42 

s$s. (mg/l) 23.8 24.8 

pH 7.4 7.8 

NH3--N 4.3 s.o 
(mg/l as N) 

Ozone Dose: Beginning of Run ••• 52.0 mg/l 
End of Run •••• ~ • 40.1 mg/l 
Average •• ~ ••• 9 46.0 mg/l 

% Change 

-14.3 

- 30 

+ 4 

+ 5 

+12.7 

Note: BOD and NH3--N determined by grab samples. 



TABLE vn:r 
DISSOLV£0 OXYGEN CONCENTRATION AND TEMPERATURE OF BIOASSAY 

MED1UM AT INTERVALS DURING RUN #4 

Elapsed Time, Hrs. 

Parameter Vessel l 8 25 32 48 

I 

D.Oo, (mg/1) Head Box #2 7.7 7.4 7.6 7.6 7.0 if:> ..... 
I 

Fish Tank #1 7.0 6.7 6.5 s.a s.o 
Fish Tanlc #2 7.0 6.4 4.0 4.7 4.4 

Sewage 7.0 s.9 4.0 6.6 5.4 

Saturation 7.7 7. 7 7. 7 7.7 7. 7 

Temperature 0 c 25 25 25 25 25 



-42-

t.1-ie ozonated effluent were the same as those in the two previous ozone 

runs with one exception. The turbidity of the influent was much less 

(due to pre-filtration) than in previous runs, and there was no dis-

cernible turbidity in the effluent. When compared to a sample of tap 

water, the ozonated effluent could not be identified solely by physical 

appearance. 

The media in the filter columns were changed twice a day in an 

attempt to maintain a more constant ozone dose.. With the filter media 

changed so often, no signifi.cant moisture breakthrough occurred. Ozone 

dosage was affected, however, by a break in the connection between the 

contact chamber and ozonator. The break occurred some time during the 

evening of the first day and was discovered and repaired that evening. 

The failure in the system lasted a maximum of four hours. 

Deposition and accumulation of solids presented few problems dur-

ing this run. At the e."ld of the run, the feed lines to the contact 

chamber and the first fi;sh tank were virtually free of solids and the 

flow rate required only mL""lOr adjustments. On the other hand, the feed 

line to the second tank was observed to have a large accumulation of 

solids, and frequent adjustments were necessary during the last 24 

hours of the run.. Few solids were noted in either of the head tanks .. 

There were two observations concerning ozone, in each of the ex-

P"'..rimental runs that were regarded as significant. First, ozone was 

never detected in any of the samples collected at random during any 

experiment.. Second, ozone could be detected (by its odor) in the ex-

haust from the contact chamber.. The concentration of ozone in the 

ex.1-iaust was not determined because no instrument was available and 
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other available procedures were extremely tedious. Therefore, there 

was no way to estimate wnat frac'-~on of the applied ozone was actually 

consumed by the sewage, but it was evident that not all the ozone 

produced actually was retained in the system. 



V. DISOJSSION 

Despite the fact toxicity of ozonated sewage was not demonstrated 

in this investigation, the analytical resul'ts and observations were 

analyzed to determine to what extent the objective of this study had 

been realized. Results of t.~e effects of ozonation on the clarifier 

effluent were useful in interpreting the bioassay,data. In addition, 

the analytical data indicated the levels of treabnent that tertiary 

treatment processes with ozone (similar to the pilot process in this 

study) might achieve. The continuous-flow system and the many problems 

encountered during the investigation were carefully evaluated in as-

sessing the results.. From this analysis of the continuous-flow system, 

information also was obtaL"led that was useful for recommending improve-

ments for similar studies in the future. 

The Effects of Ozonated Sewage on Fish 

Response of t.;e fish during each test run was the first aspect of 

the study that was evaluated. One fish died during the control run, 

but its death was not considered significant for two reasons. First, 

ni.."1e other fish survived, and second, tha oxygen concentration in the 

tanks was only 2.5 mg/l when the dead fish was discovered (See Table II). 

So death proba'.bly was caused by a lac.1<: of oxygen. 

Lack of oxygen also was tha probable cause of deat.11 of four fish 

in the first bioassay with ozonated effluents. However, another factor 
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that may have affected the results was that the test fish had been used 

in previous tests, though none of them had been exposed to ozonated ef-
. . 

fluents. Because there were no deaths observed in the succeeding two 

bioassays, which utilized higher doses of ozone, the ozonated effluent 

was ruled out as the cause of death. Ari. analysis of the oxygen concen-

trations observed during the run revealed that oxygen levels in the 

tanks prior to the discovery of the fish kill dropped (in about sixteen 

hours) from approximately 8 mg/1 to 5 mg/l. 

During each bioassay, the only behavioral abnormality observed was 

that the fish tended to gather at times, at the surface of the tanks. 

This pattern of fish behavior often is attributed to a lack o:f oxygen 

in the water. During short periods of oxygen deficiency, the fish were 

provided with a better chance of su..""Vi val by taking advantage of the 

constant gas exc.'lange bebJ11een the air and water surfaces. A review of 

the OX'Jgen concentrations in the fish tanks during periods when the 

fish were at the water su.."'face revealed that the oxygen level was 

either below or barely above 5 mg/l. Because the aforementioned be-

havior patte-"'11 al.so was ex.-iu.bited during the control run, lack of oxy-

gen was ruled as t.'le cause of the behavior instead of ozonated sewage. 

An analysis of the dissolved oxygen data (Tables II7 rv., and VIII) 

revealed t.~at the effluent from the contact chamber was always satu-

rated, or supersaturated. On the other hand, the dissolved oxygen in 

t.~e fish tanks was near saturation at the beginning of any one bioassay, 

but decreased gradually during the run& The reason for oxygen deple-

tion in the test chambers most probably was caused by the oxygen demand 

cf the solids that accumulated ·with time.. As was mentioned, when these 
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solids were removed periodically, maintenance of adeqliate dissolved 

oxygen levels was no longer a problem. 

Hemorrhaging around the eyes and gills of the test fish during 

the three bioassays in which ozonated sewage was used was attributed 

to an effect known as "gas-bubble disease". The hemorrhaging appar-

ently. was not serious because during the last two bioassays all the 

fish survived even though they displayed physical symptoms of the 

gas-bubble disease. Conditions favorable for the existence of the 

gas-bubble effect, the saturation or supersaturation of a gas in water, 

occurred during all three ozonation runs. In the first 24 hours of 

each bioassay, when the hemorrhaging was observed, the oxygen concen-

trations in the fish tanks generally were near saturation. Whether 

this gas-bubble effect would manifest itself in a stream receiving 

ozonated efflu·ent was not resolved because bioassays were not performed 

with dilutions of the treated waste. Bioassays with dilutions were not 

performed because the probability of conditions existing in actual sew-

age treatment practices that would induce gas-bubble disease was con-

sidered remote. 

The Effects of Ozonation on Chemical and Physical 

Characteristics of Sewage Effluents 

The application of the data obtained during this investigation to 

actual :field practice depends upon the degree to which the operation 

of the pilot-scale system corresponds to that in the larger field units. 

As stated in a previous section, the contact chamber was designed on the 

basis of the dif fuser-countercurrent techniques of ozone application. 
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Diffuser-countercurrent techniques along with injector techniques were 

the t""-o most popular means of ozone application mentioned in the lit-

erature review. 

Ozone dosages and contact times utilized during the investigation 

compared favorably with those reported for most tertiary treabnent prac-

tices involving ozone practices. Table IX shows a comparison of data 

collected during this investigation with values reported in the liter-

ature. Two uses of ozone where the doses did not compare favorably 

were for COD reduction and for high dosage disinfection. Only in one 

instance was the high dosage for disiniection mentioned (2). All others 

cited dosages in the 2.;..20 mg/l range. Direct comparison of COD-reduc-

tion data between this study and those reported in the literature was 

not possible because contact times of 20-60 minutes were not possible 

in this investigation. 

Additional evidence t.~at the pilot-scale treabnent used in this 

investigation simulated most plant-scale applications was found from 

an analysis of the res'..llts of the monitored waste parameters.. A com-

parison of the analytical data derived during the three ozonation runs 

with those obtai.."'led during the Redbridge experiments of Boucher and 

Truesdale is presented in Table x. Boucher and TI0lesdale's VJOrk, as 

cited in b"'le literature review involved b'le ozonation of a filtered 

secondary effluent to produce a treated effluent which could be re-

cycled for limited usas., From the comparison it can be seen that the 

results were quite similar for all parameters except BOD reduction. 

The reason BOD reduction was not attained in the Red.bridge experiments 

probably was because of an extremely low in£luent BOD of 10 mg/l. 
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TABLE IX 

APPLICATION RATES .llJ-11) DOSAGES OF OZONE USED IN THIS 
INVESTIGATION COMPARED TO THC.SE USED IN 

ACTUAL WASTE TREATMENT PRACTICE 

Application of Ozone 

Pilot Study 
(This Investigation} 

Bioassay #2 

Bioassay #3 

Bioas.say #4 

Summary 

Disinfection 
(References {l) (2) 

(11) (23)) 

Color, Odor, Turbidity, 
and Surfacant Removal 
(References (1) (11) (12) 

(15) (18) (27)) 

COD Reduction 
(References (1) (!J.) 

(12) (25)) 

Dose 
(mg/l) 

14 .. 9-18.9 

12.1-32.8 

40.1-52.0 

12.1-52~0 

2-20 
50-60 

2-20 

20-200 

Ozone Contact Time 
{minutes) 

5-10 

5-10 

5-10 

5-10 

5-10 
10-30 

5-10 

20-60 



TABLE X 

PHYSICAL AND 0-IEMICAL CI1AflGES IN SEWAGE CAUSED BY OZONE TREATMENT: 
A COMPARISON BETWEEN RESULTS OF THIS INVESTIGATION 

AND '!'HOSE OBTAINED AT REDBRIDGE t ENGLAND 
(REFERENCES 11,12) 

+ Negative sign before number designates a decrease after ozonation, and a 
positive sign designates an increase. 

l Change expressed in terms of pH units. 



Parameter 

NI-!3--N 

Color 

Turbidity 

D~O., 
% Saturation 
in effluent 

TABLE X (Continued) 

Percent Change+ 

Redbridge 
o3 = 20-25 mg/l _ 

+10.4 

- 83 

- 63 

99 

Run #2 
(Table III) 

o3 = 16.9 mg/l 

No visible 
color• 

Dramatic 
decrease• 

100 

Run #3 
(Table V) 

o3 = 22.4 mg/l 

+13.3 

No visible 
color• 

Dramatic 
decrease• 

100 

Run #4 
(Table v.rr> 

o3 = 46.0 mg/l 

+12.7 

No visible 
color• 

Dramatic 
decrease• 

104 

+ Negative sign before number designates a decrease after ozonation, and a 
positive sign designates an increase. 

11t Color and turbidity were not measured for test runs but change was de- · 
termined by qualitative observations. 

I 
U1 
0 
I 
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Reductions in COD attained during the test runs in this investi-

gation fell :far short of those cited in the literature from other 

studies. On the average, the degree of COD reduction observed during 

the test runs was only 25 to 50 percent of the often-quoted values of 

50 to 70 percent COD reduction with ozone. The principal difference 

beb"1een this study and other studies involving COD reduction by ozon-

ation was that the contact tJ.me used in this study ( 5-10 min. ) was 

much shorter than that used in other studies (20-60 min.). 

Ammonia nitrogen.and pH were two parameters that significantly 

increased as a result of ozonation, but these parameters were not dis-

cussed at any length L'l the literature. Boucher and Truesdale (11) 

(12) indicated that some increase in ammonia nitrogen occurred during 

their experiments but offered no explanation as to a cause. A review 

of the literature concerning ozone chemistry also failed to produce an 

explanation for the ammonia increase. However, a possible reason for 

the pH increase was fO\.ll'ld in the ozone decomposition reaction. The 

two reactions 

and 

responsible for the disappearance of ozone in water: 
kl 

03 + H20 _____. HO; + OH-

both produced hydroxyl ions, a possible explanation for the pH increase. 

The most readily observable e;ff,:ctg of ozone on the sewage were 

b'-'le reductions in color, odor, and turbidi VJ. Similar effects have been 

reported 'by others (1) (11) (27) with nruch lower doses of ozone than 

those used in this investigation. Only qualitative data were recorded 

to express the observed changes in these three waste characteristics, 
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but the extent of the reductions probably was as great as those ob-

served during the Redbridge Study (Table X). The authors state: 

The most obvious effect of ozonation (dose about 20 mg/l) 
was to remove colour of the effluent, giving a product • • • 
which was clear and sparkling and was comparable in appear-
ance with the best potable supplies. 

Their description of the treated waste is similar to one recorded dur-

ing Run #4 in this investigation: 

Effluent from the contact chamber is crystal clear and 
fresh smelling--comparable to tap water in appearance. 

Reductions were noted in turbidity (by visual comparison of in-

fluents and effluents) even though no decrease in suspended solids 

concentrations were measured. It is possible that particles imparting 

"turbidity" were too small to be trapped on the glass fiber filter used 

in the solids determination, but were attacked by ozone to reduce them 

to a size too small to impart turbidity to the water. Boucher and 

Truesdale ( 11) ( 12) alluded to t.'ltl.s phenomenon, which they described as 

11micellization". The process apparently changes the structural as-

pects of suspended matter (whether visible or not) to smaller invisil>ie 

particles known as micelles. 

One other fact that became apparent when analyzing the chemical 

and physical data was that similar results were obtained from all three 

e.xperimental runs.. This fact was interpreted as an indication that the 

ozone dosages used during this investigation were excessive. In terms 

of actual treatment applications for the removal of color, turbidity, 

and odor from clarifier effluents nruch smaller ozone dosages would 

have been sufficient~ Before an optimum ozone dose for COD reduction 

could have been recommended, further tests would have been required 
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utilizing larger contact times. Because microbiological investigations 

were not conducted, recommendations of doses required for disinfection 

were not possible. 

Rationally, it would seem that the ozone demand of a waste would 

be reflected in the reduction of parameters such as COD or suspended 

solids. However, in all experimental runs, the observed reductions 

in these parameters were approximately the same, even though the ozone 

dose was increased in successive runs. Therefore, no statements can 

be made regarding the ozone demand of these wastes based solely on the 

analytical data. It is possible that the contact time of ozone with 

the waste was too short because of losses of ozone to the atmosphere 

to actually satisfy the ozone demand of the waste. 

There were some indications that suspended solids exerted an 

ozone demand. Effluents from the first two experimental runs.·were 

colorless but had noticeable turbidity, while the effluent collected 

during Run #4 (third experi.rnental run) was colorless and clear. The 

suspended solids in the influents used during the first two experi-

mental runs were L"l t."le form of larger aggregates than those solids in 

the influent of Run #4. Therefore, it is postulated that an ozone de-

mand could be exe..-r-ted by large suspended solids being fractured in suc-

cessive steps into smaller and smaller aggregates without there being 

a substantial decrease in the suspended solids concentration. E"c1en-

-bually the particle size could become small enough that the particles 

would not impart turbidity~ If t..lll.s phenomenon could actually occur, 

the smallest particles would still have to have been trapped on the 

glass-fiber filter for the suspended solids concentration to have 
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remained the same.. Some mechanism other than physical trapping on the 

filter would have to be operative for the suspended solids to .remain 

the same. 

The eontinuowi-Flow Bioassay Awaratus 

Analysis of the operation of the ozonation system and the 

continuous-flow bioassay system revealed problem areas that should be 

considered before conducting similar investigations in the future. 

Deposition and accumulation of solids was probably the most signifi-

cant problem encountered in the operation of the flow system. As 

stated in the results, solids in the feed lines caused variations in 

the flow rates. One effect of solids, suggested by the data, was the 

depletion of oxygen in the head tanks, fish tanks, and feed lines. A 

SU.."Ve!f of the oxygen data for all four runs showed that the contact 

chamber effluent was always saturated with oxygen while the level of 

oxygen in the fish tanks decreased gradually over the period of the 

test run. This fact, coupled with the observed accumulation of solids 

and formation of microbiological films in the tanks and feed lines, 

indicated that these solids were largely .responsible for the observed 

oxygen depletion. 

Modification in the normal operating procedures of the third and 

fou-.-th runs further substantiated this ob.s·ervation. 0-A'fl.len depletion 

was less dramatic and there was a noticeable decrease in solids accu-

rnul a tion a."'ld film forma·tion during the :fourth run when the clarifier 

effluent was filt·ared prior to ozonation. Siphoning off the solids 

that accumulated L~ the fish tan!<S each day during the third run also 

resulted in less dramatic oxygen depletion. 
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Ll'lconsistent production of ozone, caused by the presence of mois-

ture in the air, affected the maintenance of consistent operating con-

ditions within the pilot-scale unit. As was mentioned previously, 

moisture breakthrough significant enough to decrease ozone production 

occurred before it could be detected. Because the moisture content of 

the air source varied during the investigation, maintenance of a con-

stant level of ozone production for a test run was impossible. For 

some unexplained reason, the decrease in ozone production was inversely 

related tci the initial ozone production rate. Nevertheless, the min-

imum ozone production rate was still greater than that recommended for 

most tertiary-treatment applications. 



VI. SUMMARY AND CONCLUSIONS 

It was obvious from the results of this investigation that ozon-

ated, secondary-treated, municipal sewage was not toxic to bluegill 

sunfish in a 96-hour period when the ozone was applied at concentra-

tions up to 46 mg/l. Most municipal sewage-treatment facilities that 

use ozone for disinfection and for tertiary treatment apply ozone in 

concentrations much less than 46 mg/l, though higher dosages reportedly 

have been used for COD removal and, in one instance, for disinfection. 

Before the conclusion can be made that all ozonated municipal 

waste effluen~ are non-toxic, more detailed investigations must be 

conducted. This study was only a preliminary investigation; therefore, 

these results can not be regarded as the final answer to the question 

of ozonated effluents. Bioassays should be run utilizing effluents 

exposed to higher ozone doses and longer contact times than are re-

quired for COD reduction. Future investigations also should be con-

ducted utilizing other test organisms to insure that toxicity is not 

selective or that a particular organism is resistant. 

Results of the effects of ozonation on chemical and physical char-

acteristics of the municipal, secondary-treated effluent con£irmed many 

results cited in other studies regarding the effectiveness of ozone as 

a tertiary treatment agent,. Ozona·l:ion produces an effluent that is 

colorless, fresh smelling, and supersaturated with dissolved oxygen .. 
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Turbidity also is reduced significantly and can be almost totally re-

moved if filtration is used prior to ozonation. Substantial COD re-

duction is not possible at short contact times of five to ten minutes. 

Significant increases occur in pH and arrrnonia nitrogen during ozonation. 

The results o:f this investigation also raised a question that was 

not resolved. An effect of suspended solids on the effectiveness of 

ozonation was suggested but was not confirmed by some of the observa-

tions made during the investigation. A future investigation of a pos-

sible relationship between ozone effectiveness and suspended solids 

concentration is warranted because such a relationship could have a 

marked effect on the disinfection properties of ozone. 

Finally, from the experience and problems encountered in operating 

the continuous-flow system some conclusions were reached that might aid 

future studies. Some procedure should be adopted to prevent the deposi-

tion and accumulation of solids in t.,e continuous-flow system. Sewage 

effluents containing even relatively small concentrations of solids 

can cause oxygen depletion in the system within 48 hours and interfere 

with the maintenance of consistent flow rates. Two procedures adopted. 

during this investigation to overcome these problems were the periodic 

removal of solids from points of accumulation and the filtering of the 

effluent th.rough glass wool prior to ozonation,. 
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-65-

Analytical Data--Run #1 (Control) 

Run began--2:00 PaM.--6/27/72 

10 fish--100% clarifier effluent 

Sample #1--4:00 P.M.--6/27/72 

COD 73.l mg/l 

s .. s. 26 mg/1 

Alkalinity 174.4 mg/las caco3 

Hardness 212 mg/l as eaco3 

pH 7.7 

Dissolved Oxygen Fish Tanks--7.0 mg/l 

Temperature 22°c 

Sample #2--8:00 A.M.--6/28/72 

COD 

s .. s .. 

63$5 mg/l 

16 rng/l 

(all bicarbonate) 

Alkalinity 

Hardness 

168.5 mg/l as caco3 (all bicarbonate) 

166 mg/l as eaco3 

pH 

Dissolved Oxygen 

7.5 

Fish Tanks--5$0 mg/l 

22°c 
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Analytical Data--Run #1 (Continued) 
- I 

Sample #3--4:00 PoM.--6/28/72 

COD 36.5 mg/l 

SoS. 24 mg/1 

Alkallniey iso.9 mg/l as caco3 (all bicarbonate) 

Hardness 166 mg/l as caco3 

pH 7.4 

Dissolved Oxygen Fish Tanks--5.0 mg/l 

Temperature 22°c 

Sample #4--8:00 A.M.--6/29/72 

COD 

s .. s .. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

34.6 mg/l 

12 mg/l 

162.7 mg/las caco3 .(all bicarbonate) 

bad sample 

7.7 

Fish Tanks--2~5 1'119'/l 

22°c 

Pump stopped--replaced 
Storage reservoir--refilled with fresh water 
Fish tanks aerated·~ hour 
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Analr...ical Data--Run #1 (Continued) 

s~nple #5--4:00 P~M8--6/29/72 

COD 105,.8 mg/l 

s .. s .. 36_mg/1 

AllcalL-U·l:y 15009 If19/l as CaC03 (all bicarbonate) 

Hardness 160 rng/l as caco3 

pH 7 .. 7 

Diasolved Oxygen Fish Tanks--4.S mg/l (#1), s.o mg/l (#2) 

Temperature 23°c 

Sample #6--8:00 A.M.--6/30/72 

COD 

s.s,. 

Alkalinit:f 

Hardness 

Dissolved Ox;rgen 

53.S mg/l 

26 mg/1 

135~2 mg/l as caco3 (all bicarbonat:e) 

166 mg/l as caco3 

Fi3h Ta?'..ks--2.5 mg/1 

23°c 

F1sh ta.'"lks aerated ~ hour 
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Analytical Data--RUn #1 (Contim.ied) 

Sample #7--4:00 PoM.--6/30/72 

COD 53.8 mq/l 

s.s. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Observations 

32 mg/l 

147 mg/l as caco3 Call bicarbonate) 

132.4 mg/l as caco3 

7.7 

Fish Tanks--4.S mg/l 

23°c 

Fish tanks aerated ~ hour 

Sample #8--8:00 A.M.--7/l/72 

COD 

s.s. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Observations 

Sl.9 mg/1 

38 mg/l 

127.3 mg/l as caco3 (all bicarbonate) 

141.7 mg/l a.s caco3 

7.3 

Fish Tanks--4.5 mg/l 

22°c 

Fish tanks aerated ~ hour 

R'.ln ended--2:00 P.M.--7/1/72--9 fish alive 
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Analytical Data--Run #2 (Ozonation) 

Ozone production 

Average 

Ozone Dosage 

7.66 mg/min. 
7.53 mg/min. 
7" 32 mg/min. 
7.:50 mg/min. 

18.79 mg/l 

Bioassay baqan--10:00 A.M.--7/3/72 

Sample #l--10:00 A.M.--7/3/72 

COD 

s.,s. 

Alkalinity 

'Hardness 

pH 

Dissolved Oxygen 

Temperature 

Observatior.s 

Before--21.l mg/l; After--9.6 mg/l 

Before--12 mg/l: After--8 mg/l 

Befora--104 mg/1: After--104 mg/l as eaco3 
Call bicarbonate) 

138&3 :mg/l as eaco3 

Befora--7.5; After--7.9 

~.i.Sh Tanks-7. 3 mg/l 
Head Box----7.8 mg/l 

22.s0 c 
Comparison of sewage before and after ozonation--
ozonated sewage much clearer;. good reduction in 
turbidity,. All color removed. Odor is like ex-
tremely fresh air.. .some foam on top of contact 
chamber and at effluent discharge. 
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Analytical Data--Run #2 (Continued) 

Sample #2--4.:00 PoM<>--7/3/72 

COD 

s.s. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Before--42.2 mg/l; After--42 .. 2 mg/l 

Before--34 mg/l; After--22 mg/l 

Before--125.3 mg/l; After 117 .. 5 mg/l as caco3 
(all bicarbonate) 

154 mg/l as caco3 

Before--7.6; After-- 8.1 

Fish Tanks--8.0 mg/l 
Head Box----8.0 mg/l 

23.5°c 

Sample #3--8:00 A.M.--7/4/72 

COD 

s.s. 
Alkalinicy 

Hardness 

pH 

Dissolved 0-~gen 

Observations 

Before--57 .. 6 mg/l; After--32.6 mg/l 

Before--44 mg/1; After--35 mg/l 

Before--117 .. 5 mg/l; After--111.s mg/l as caco3 
(all bicarbonate) 

157 .. 1 mg/1 as eaco3 

Before--7 .. 3; After--7 .. 7 

Fish Tanks--8$0 mg/l 
Head Box----8.3 mg/l 

22 .. s0 c 
Comparison of s .. s. in before and after samples--
differences in appearance--solids in ozonated 
sewage seem to be much finer and more difficult 
to sattle than raw effluent solids. Almost micro-
scopic in ozonated effluent. 
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Analytical Data--Run #2 (Continued) 

Sample #4--4:00 P.M.--7/4/72 

COD 

s .. s .. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Observations 

Before--57.6 mg/l; After--40 .. 3 mg/l 

Before-.. 34 mg/l; After--28 mg/l 

Before--127.3 mg/l; After--119.5 mg/l as caco3 
(all bicarbonate) 

154 mg/l as eaco3 

Before--7.4; After--7.9 

Fish Tanks--7.9 mg/1 
Head Box----8.5 mg/l 

23.S0c 
No measurable o3 residual. after test. 

Sample #5--8:00 A&M.--7/5/72 

COD 

Alkalinity 

Hardness 

Dissolved Oxygen 

T~mperature 

Observations 

Befo.re--25.9 mg/l; Af'ter--19.2 mg/l 

Before-10 rng/l; Aftar--8 mg/l 

Before--123.5 mg/l; After--121.5 mg/l as eaco3 
(all hi.carbonate) 

163 m<J/l as caco3 

Fish Tanks--5.0 mg/1 
Head Box----7 .. 8 mg/l 

4 fish are dead; red splotches around eyes and 
gills.. Fish tanks aeratad ~ houre Filter 
media changed--moisture breakthrough., 
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Analytical Data--Run #2 (Continued) 

Sample #6--4:00 P.M.--7/5/72 

COD 

s ... s. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Before--61.5 mg/l; After--63.5 mg/l 

Before--24 mg/l; After--27 mg/l 

Before--133 mg/l; After--133 mg/l as caco3 
(all bicarbonate) · 

163 mg/l as eaco3 

Before--7.6; After a.o 
Fish Tanks--7.0 mg/1 
Head Box----7.8 mg/l 

22°c 

Sample #7--8:00 A.M.--7/6/72 

COD 

s.s. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Observations 

Before--82.7 mg/l; After--53.0 mg/l 

Before-82 mq/l; After--56 mg/l 

Before-125.3 mg/l; After--123 .. 5 mg/l as caco3 
(all bicarbonate) 

169 .. 5 mg/1 as caco3 

Before--7.7; A:fter--8.1 

Fish Tanks--6.0 mg/l 
Head Box----8~1 mg/l 

22~5°c 

No measurable ozone residual 
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Analytical Data--Run #2 (Continued) 

Sample #8--4:00 PeM.--7/6/72 

COD 

s.s. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Be:f'ore--50~9 mg/l; After--40.3 mg/l 

Before--bad data; After--bad data 

Before--127.3 mg/l; After--123 .. 5 mg/l as caeo3 
(all bicarbonate) . 

154 mg/l as caco3 

Before--7~7; A:fter--8.1 

Fish Tanka--6.0 mg/l 
Head Box----7.3 mg/l 

22.s0 c 
Rt.Jn ended--10:00 A.M.--7/7/72--6 fish alive 

Ozone production 

Ozone dose 

Observations 

5.94 mg/min. 
6.00 ~/min. 

14.9 mg/l 

All six S'Ur'rl. 'Vin9 fish had red spots like 
hemox:.ha9i..'lg around eyes and gills. 
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Analytical Data--Run #3 (Ozonation) 

Ozone production 

Average 

Ozone Dose 

13.l mg/min. 
13.6 mg/min. 
12. 7 mg/min. 
13 .. l mg/min. 

32.8 mg/l 

Bioassay began--12:00 Noon--7/13/72 

Sample #1--4:00 P.M.--7/13/72 

COD 

s .. s. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Obse.rvatior..s 

Before--78 mg/1; After--74 mg/l 

Before--20 mg/l; After--23 mg/l 

Before--135.2 mg/l; After--135.2 mg/l as caco3 
(all bicarbonate) 

Bafore--7.3; After--7.6 

Fish Tanks--7.0 mg/l 
Head Eox--~7.8 mg/l 

23 .. 5°c 

Be:fore--Ammonia-N--7 .. S mg/l as N 
After---Ammonia-N--9.0 mg/l as N 
No measurable o3 residual 
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Analytical Data--Run #3 (Continued) 

Sample #2--8:00 A.M.--7/14/72 

COD 

s .. s .. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Observations 

~ore--62 mg/l; After--52 mg/l 

Before--17 mg/l; After--12 mg/1 

Before--109.8 mg/l; After--109.8 in9/l as eaco3 
(all bicarbonate) 

· 141. 7 mg/l as caco3 

Before--7.0; After--7.4 

Fish Tanks--5.0 mg/l 
Head Box----7.8 mg/l 

23.5°C 

All 10 fish showed signs of hemorrhaging. 
Filter media changed at 11:00 A.M. solids 
siphoned from bottom of fish tanks. 

Sample #3--4:00 P.M.--7/14/72 

COD 

s~s .. 
Alkalir.ity 

pH 

Dissolved Oxygen 

Temperature 

Before--75.2 mq/l; After--66 mg/l 

Before-"."48 mg/l; A:fter--48 mg/l 

Before--125.4 mg/l; Af'ter--117 .. 6 mg/l as caco3 
(all bicarbonate) 

135.5 mg/l as caco3 

BP-fore--7~1; After--7~5 

Fish Tanks--5.9 mg/1 
Head Box----706 rng/l 

24°c 
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A."lalytical Data--Run #3 (Continued) 

Sample #4--8:00 A.M.--7/15/72 

COD 

s .. s .. 
AlJcalini ty 

Hardness 

Dissolved Oxygen 

Temperature 

Observations 

Before--53.2 mg/l; After--58'90 mg/l 

Before--45 mg/l; After 47 mg/l 

Before-115.6 mq/l; After--113.6 mg/l as caco3 
(all bicarbonate) 

141.7 mg/las caco3 

Before--7.0; After--7.45 

Fish Tanks--5.5 mg/l 
Head Box~--7.8 mg/1 

24 .. 5°C 

Filter media changed at 10:00 A.M. 

Sample #5--4:00 P.M.--7/15/72 

COD 

Alkalinit'f 

Hardness 

pH 

Dissolved Ox:.rgen 

Before-69.6 mg/l; After--$9 .. 6 mg/l. 

Befor~S mg/l; After--45 mg/l 

Beiore--11.9'~6 mg/l; After--117.6 mg/l as Caco3 
(all bicarbonate) 

141~7 mg/las Caco3 

Before--7.2; After--7.6 

Fish Tanks--5~5 mg/1 (#1), 6.0 mg/1 (#2) 
Haad Box----7&8 mg/l 

24°c 
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Analytical Data--Run #3 (Continued) 

Sample #6--8:00 A.M.--7/16/72 

COD 

s.s. 
Alkalinity 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Observations 

Before--92.1 mg/l; After--45.l mg/l 

Before--9 mg/l; After--7 mg/l 

Before-107.8 mg/l; Aftar--107.8 mg/l as caco3 
(all bicarbonate) 

141.7 mq/l as caco3 

Befo.re--7.l; After--7.6 

F'-Sh Tanks--5.l mg/l 
Head Box----7.4 mg/l 
Sewage------3.3 mg/1 

24°c 

Be:fore--Ammonia-N--4.2 mg/l as N 
After---Ammonia-N--4.6 mg/l as N 
When samples taken flow was about 200 ml/min. or 
low enough to have about 10 minutes contact time--
v-2..i..rlually no vi..sil:>le suspended solids. 

Sample #7--4:00 P.M.--7/16/72 

COD 

s.s. 
Alkalinity 

Hardness 

Dissolved Oxygen 

Temperature 

Be:fore--77.1 rng/l; After--74.4 mg/l 

Before--19 mg/~; After--15 mg/l 

Before--115.6 mg/l; After--111.7 mg/las caco3 
(all bicarbonate) 

Not measured 

Before--7o25; After--7e55 

Fish Tanks--SoO mg/1 
Head Box----7.2 mg/l 
Sewage------3.7 mg/l 

24°c 
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Analytical Data-- Run #3 (continued) 

Sa~ple #8--8:00 AwM.--7/17/72 

COD 

s .. s .. 
AL~alinit'J 

Hardness 

pH 

Dissolved Oxygen 

Temperature 

Before--23.S mg/l; After--24wl mg/l 

Be:fore--10 mg/l; After--8 mg/l 

Be£ore--90.2 mg/l; A:fter--91~0 mg/l as caco3 
(all bicarbonate) 

Not measured 

Before--7.1; After--7.3 

Fish Tanks--3.8 mg/l 
Head Box----7.0 mg/l 
Sewage------3.6 mg/l 

RUn ended--12:00 Noon--7/17/72--10 fish alive 

Ozone production 

Average 

Ozone dose 

4.90 mg/min. 
4.32 ~/min. 
4. 25 mg/min. 
4. 82 mg /mi.."'l. . 

12 .. 0 mg/l 
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Analytical Data--Run #4 (Ozonation) 

Ozone production 13.8 mg/min. 
12.l mg/min. 

Settings of ozonator the same--production the same 

Ozone dose 

Flow rate 

52 .. 0 mg/l 

250 ml/min. 

Bioassay began--9:30 A.M.--7/21/72 

Sample #1--10:00 A.M.--7/21/72 

COD 

s.s. 
pH 

Dissolved Oxygen 

Temperature 

O:baervations 

Befora--48.5 mg/l; After--35.8 mg/l 

Before--26 mg/l; After--32 mg/l 

Be:fore--7.4; After--7.8 

Fish Tanks--6.8 mg/l 
Head Box----8.1 rog/l 
Sewaqe------6.8 ;:ng/l 
,,~OC ..t_;, 

Be:fore---A:mmonia-N--4.3 mg/l 
Aftar----Ammonia-N--5.0 mg/l 
Before--BOD--60 mg/l 
After----BOD--42 mg/l 
Effluent from the contact chamber is crystal 
clear.; Ccmpar.ed to tap water--both look -Che 
same. 
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Analytical Data--Run #4 (Continued) 

Sample #2--5:00 PeM.--7/21/72 

COD 

s.s. 
pH 

Dissolved Oxygen 

Temperature 

Observations 

Before--53 mq/l; After--55 1'1\9/l 

Bafore--26 mg/l; After--24 mg/l 

Before--7 .. 4; A:fter--7.8 

Fish Tanks--6.5 mg/1 (#1); 6.2 1n9/l (#2) 
Head Box----7.8 mg/l 
Sewage------5.7 mg/l 

2S0 c 

8 fish show signs of hemorrhaging. Around 
midnight ozone feed hose became disconnected--
how long unconnected not known. 

Sample #3--10:00 A.M.--7/22/72 

COD 

s.s .. 
pH 

Dissolved Oxygen 

Before--47.,8 mg/l; After--43.8 mg/l 

Before-21 mg/l; After--23 mg/l 

Before--7.4; After--7.8 

Fish Tanks--6.3 mg/l (#1); 3.8 mg/l (#2) 
Head Box----8.0 mg/l 
Sewage------6.3 mg/l 

25°c 

D .. Oo dropped in second tank--extensive grcrAth 
in feed line. Solids siphoned from bottoms of 
fish tanks. All ten fish have signs of hemor-
rhaging. Effluents still crystal clear. 
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Analytical Data--Run #4 (Continued) 

Sample #4--5:00 P.M.--7/22/72 

COD 

s.s. 
pH 

Dissolved Oxygen 

Temperature 

Before--57~8 mg/l; After--51.0 mg/l 

Before 20 mg/l; After--18 mg/l 

Before--7.4; After--7.9 

Fish Tanks--5.6 mg/l (#1); 4.5 mg/l (#2) 
Head Box----8.0 :mg/l 
Sewage------5.2 mg/l 

25°c 

Run ended--9:30 A.M.--7/23/72 

Ozone production 

Average 

Ozone dose 

10.l mg/min. 
9 .. 9 mg/min. 

10 .. 0 mg/min. 
10.0 mg/min. 

40.0 nl9/l 
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THE TOXICITY OF OZONATED SECONDJ\i.~ ... TREATED MUNICIPAL 

WASTE EFPT~ TO BllJEGILL SUNFISH 

by 

Brian L. Wheeler 

{..\BSTRAcr) 

The toxicity of an ozonated, secondary-treated municipal waste 

effluent to bluegill sur.fish was investigated in a continuous-flow 

hioassay system. Four bioassay experiments were conducted, one with 

untreated secondary dfluent and three with ozona'l:ad, secondary ef-

fluent. Ozone was applied at dosages between 12 .. l and 52 .. 0 mg/l for 

contact times between five and t~.n minutes.. Several waste parameters 

were measured periodically t..;.roughout t..~e investigation to det~""le 

the effec+..s oi ozonai::ion on t.'i-ie secondary-treated effluent. 

No toxicity was demonstrated during any of b"1e bioassays. Ana-

lytical data demonstrated that ozone ·treatment of secondarJ effluents 

resulted :i.i."'l large reductions :LJ. color,, turbidi·i:y and ooorl' rut only 

s:na11 re<t...;.ct..:ons in COD,. Increases in pH and ammonia nitrogen con-

cent.rations were observed,. 
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