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INmQDUCI'ION 

Odor is an �rtant factor in evaluating the quality of 

water. The presence of odor in water can impair its use for drink

ing, cooking and recreation. Waters having odors are not necessari

ly unhealthful to drink, but often are consid�red so by consumers. 

Odors in drinking water supplies originate from natural 

and/or man-made sources. Man-made odors can be derived from organic 

and inorganic chemicals used or produced by industry. These odors 

can come directly from odorous chemicals such as phenols or 

pyridines. Or, the odors can result from the anaerobic decomposi

tion of chemicals. Sometirres certain chemicals might react with 

other consti tuents in the water to produce odor. 

Odors from natural causes generally are derived from vegeta

tion, hydrogen sulfide and algae (17 ) (21) . With such a wide variety 

of causative substances, the most suitable treatment method is not 

easy to select. Commonly-used methods include air-stripping, ac

tivated carbon adsorption and oxidation using aerati on, chlorination 

or potassium �rmanganate. · Ozone, used extensively in Euro� for 

many years, has become increasingly more popular in the u.s. in 

recent years. 

The City of Fairmont uses the water from Budd Lake for its 

primary supply. This small lake experiences seasonal water quality 

changes. The seasons that produce -the poorest quality in terms of 

odor, are late summe r when excessive algae growth occurs, and early 
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�ring from the accumulation of gases entrapped by the ice cover . 

At these times relatively expensive treatment with activated carbon 

am potassium pe rmanganate is required for odor control and even 

with these measures the results are not always satisfactory . 

The objectives of this thesis are as follows . 

1 .  To determine the effectiveness of ozonation in reducing 

the odor levels of the Fai rmont surface water supply. 

2 .  To determine the 100st economical ozone dosage arrl con

tact time for effective odor control . 

A small ozonation pilot plant was used in these investiga

tions which also include ancillary studies on the effect of ozona

tion on trihalamethane formation, chlorine demand, total organic 

carbon (organic matter) ,  flocculation efficiency, am the costs of 

ozonation reported by Hoellein (8)_. 



3 

LITERAWRE RE.VIEH 

History of Qzonation 
The Dutch Scientist Van Marum was the first to report the 

characteristically pungent odor of ozone in the vicinity of electr i

cal machinery in 1785 . Schonbein is credited_with naming this gas 

ozone . The first electric-discharge ozone generator was designed by 

Werner von Siemen in 1857 ( 15 ) . 

Ozonation for water treatment has been in continuous use 

since 1906 in Nice, France . There were 2 water treatment plants in 

the United States using ozone in 1940 . Whiting, Indiana has been 

using ozone for taste and odor control continuously since 1941 . 

Water supplying this plant was taken fran Lake Michigan. In 197 8 ,  

there were a total of 1039 water treatment plants using ozone . · 

About 1000 of these were in Euro� , 23 in Canada and 6 in the United 

States ( 15) . By 1985 , the number in the United States had increased 

to 17 with several more under construction (9 ) . 

PhYsical and Chemical Characteristics of Ozone 

Although ozone, o3, is an allotro� (different form, usual ly 

in the same phase ) of oxygen, o2, it has considerably different 

physical and chemical pro�rties from oxygen (9 ) . Ozone has a pun

gent odor detectable at concentrations as low as 0 . 01 p3.rts �r mil

lion by volume. It is a colorless gas at room tem�rature and is 

approximately 13  to 20 tines trore soluble in water than oxygen in 
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the usual temperatures in water treabment plants. The half-life of 

ozone in air is about 12 hours whereas in distilled water only 10 to 

30 minutes (15). 

Ozone is one of the most powerful oxidizing agents used in 

water treatment, second only to fluor ine. It can be explosive at 

high concentrations (15 to 20 percent or higher ) ,  but presents no 

explosive hazard at the relatively low concentrations produced by 

ozone generators in water treatment plants (1 to 3 percent in 

air)  (9 ) . The suggested long-term safety limit in air is 0 . 1 parts 

per million by volume, about 10 tines higher than the detectable 

limit . 

Ap_pl icatjons of Ozone 
The uses of ozone in water treatment are summarized in 

Table 1 .  Although, the initial use of ozone was for disinfection, 

it was soon apparent that ozone brought about many of the other 

changes in ·water qual ity listed in Table 1. In other words ozona

tion exerts a multiple effect when appl ied to water, depending· on 

the characteristics of the water . Many of the specific appl ications 

of ozone have been discussed by Hoellein (8 ) . 

Use of Ozone for Taste and Odor Qontrol 

The human senses of taste and smell are stimulated by many 

chemical compounds .  The IXJrveyor of dr inking water who does not 

experience taste and odor problems, either periodically or 
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Table I. Appl ications of Ozone in Drinking ·water Treatment ( 20 )  

1 .  Oxidation of : 

a .  Trihalomethane precursors 
b.  Sulfides 
c .  Cyanides 
d .  Organic com:fX)unds causing tastes , odors, and color 
e .  Organics such as : 

-Detergents 
-Pesticides 
-Phenols 
-Humic acids 
-Fulvic acids 
-Tannic acids 

f .  Iron 
g .  Manganese 
h.  Heavy rretals 

2 .  Microflocculation 

3. SusF€nded sol ids removal 

4 .  Improvement of settleability characteristics 

5. Reduction of chlor ine demand 

6 .  Bacterial and viral destruction 

7 .  Destruction of algae 

8 .  Conversion of large-molecular weight, less biodegradable organic 
compounds into smaller,  nor e easily biodegradable organics - .  
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sporadically, is indeed the exception rather than the rule . 

Although the terms "taste" and "odor" are often used j ointly, taste 

and odor problems in water supplies are concerned al rost enti rely 

with just odors ( 16)  (13) . 

Most tastes and odors in water suppl ies have their or igins 

with either naturally-occurring organic materials or �nthetic or

ganic compounds (20)  (17 )  (21) . These materials and compounds gener

ally can be attr ibuted to two different, but not unrelated, causa

tive elements : the actions of humans upon the aquatic environment 

aoo natural forces within the environment (16) • 

Surface water supplies are more commonly linked to tastes 

and odors than groundwater suppl ies largely because of the presence 

of algae. Certain microorganisms, and the growth and decay of algae 

are the JOOst significant natural odor problems in domestic water 

suppl ies. Odors from algae are a complex set of phenomena , result-

ing from the bacter ial degradation of algae, algae waste products,  

or the algae themselves ( 16) • In Table 2 qual itative descriptions 

of the odors associated with the presence of a number of common al

gae are presented ( 16)  • 

The· bl ue-green algae, green algae, diatoms, and flagellates 

are the algae groups identified as the cause of var ious odor 

problems. When these �s of algae are abundant in a water supply 

they cause unpleasant and objectionable odors (16) . 



Table 2 .  OOors Associated with Var ious Algae (16) 

Algal Genus Algal Group 

Anabaena Blue-green 

Anacystis Blue-green 

Aphaniz ornenon Blue-green 

Asterionella Diatom 

Ceratitun Flagellate 

Dinobryon 

Oscillatoria Blue-green 

Scenedesrnus Green 

Spi rogyra Green 

Synura Flagellate 

Tabellar ia Diatom 

Ulothrix Green 

Volvox Flagellate 

Odor When Algae Are 
Moderate Abundant 

Grassy, nasturtium, rusty Septic 

Grassy Septic 

Grassy, nasturtium, Dllsty Septic 

Geranium, spicy Fishy 

Fishy Septic 

Violet Fishy 

Grassy Musty, 

Grassy 

Grassy 

CUcumber, nruskmelon, spicy Fishy 

Geranium Fishy 

Grassy 

Fishy Fishy 

7 

spicy 
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Certain naturally-occur ring inorganic compounds found in 

surface waters may al so cause odor s . For example, sulfides,  ferrous 

and manganous ions appear in surface waters . The latter two ions 

result from thermal stratification and oxygen depletion in the ben

thic layer of lakes and reservoirs which may trigger the reduction 

of insoluble iron and manganese deposits . These substances are then 

released when the lake or reservoi r  overturns and mixes (16)  • 

Ozone oxidizes both the organic and inorganic compounds in 

the aqueous phase . The nolecules of odoriferous compounds are all 

electron-rich, while the ozone molecule reacts chemically as if it 

is electron-deficient. When these two types of molecules are 

brought into contact , an oxidation-reduction reaction takes place . 

�gen from the ozone molecule saturates the excess electron sites 

of the nolecules of the nalodorous substances .  During this reac

tion, ozone is reduced to oxygen and the third oxygen atan is at

tached to �e odor-forming oolecule, lowering its threshold 

odor (26 )  ( 17) (21) . 

Low concentrations of ozone, generally produce large reduc

tions in taste and odor . The degree of oxidation depeoos on both 

the contact tine and the amount of ozone applied (26 )  (21) . 

There are many examples of ozone's effectiveness in the 

treatment of tastes and odors in drinking water (26 )  ( 17 )  (21) . It 

· should be noted that ozone is not effective in all odor-control 

applications and before consider ing ozone use in water treatment, a 
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preliminary study should be coooucted to determine if ozonation is 

actually advantageous . 

In an ozonation pilot study on Shoal Lake water in Canada, 

reported by Sommerville and Rempel ( 24)  Threshold Odor Number (TON) 

reductions of 50 pe rcent were obtained . Ozone dosages up to 10 ng/1 

were used. Ferkinhoff ( 6 )  reported that when ozonation was instal

led at Hobart, Indiana, taste and odor problems were virtually 

el iminated. 

McLaughlin, reporting on the effectiveness of ozonation of 

Philadelphia's water supply ( 14 ) , noted that ozone not only reduced 

the odor quantitatively, but also changed the residual odor to a 

.. sweet" or "flowery .. character .  

It was reported in 1981 , that of the 8 water treatment 

plants in the u.s. using ozonation,- taste and odor control was the 

major treatment objective in at least 5 of them (20 )  • Bartuska, 

reporting on one of these plants at Whiting,  Indiana (1)  (2)  observ ed  

an average TON reduction of 8 3  pe rcent and that the ozone dosage was 

not considered critical as long as a residual of at least 0 .1 mg/1 

were maintained . 

LePage reported that results of pilot studies corrlucted on 

water from Lake Erie for use by the City of Monroe, Michigan ( 11 ) . 

The 100st severe odors ('ION of 8) were eliminated in the pilot study 

using ozone dosages of 1 .  0 and 1 .  5 mg/1 . As a result of these 

studies, llbnroe built an 18-K;D plant that uses ozonation for taste 
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and odor reduction. After continuous o�ration had started, odor 

complaints dropped from a high of 1 00 on a single day before 

ozonation to none after ozonation was in operation ( 12 ) . 

In 1982 , Nusz reported on pilot studies corrlucted on water 

from the James River serving as the major supply for Huron, South 

Dakota (17 ) . During the study �riod raw water 'IONs ranged from 

about 7 in late June to over 40 in rriid July. The following conclu

sions were drawn from these studies. 

1 .  Aeration alone did not change or reduce the odor of the 

raw water . 

2 .  Ozone consistently changed the characteristic odor of 

the raw water from a condition descr ibed as 11 fishy" to 

one described as 11pleasant" .  

3 .  The 'IONs of the raw water were reduced at all ozone 

dosages, 4 to 2 4  rrg/1, except at 12 rrg/1 where the 'ION 

actually increased . 

4. Ozone dosages of 4 or 8 ng/1 at a 20-minute contact tine 

produced suitable water relative to odor reduction. 

5. Activated carbon and potassium permanganate were not ef

. fective in reducing or changing the raw-water odor at 
. 

the dosages used . 

6. The coagulation-flocculation-sedimentation processes 

reduced odor intensity but did not change the 

characteristic 11fishy" odor of the water . 
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Studies similar to thoSe of a.tsz were comucted by Lee (10 )  

on water from Lake Kampeska at Watertown, South Dakota. As was 

found in Huron, ozonation changed the odor from an unpleasant, fish 

odor to a sweet, pleasant odor . Also, aeration alone did not have 

any effect on the odor of the lake water . The most cost-effective 

operating conditions for odor reduction were 4 mg/1 ozone dosage at 

a contact tine of 10 minutes . 

Finally, ozone can be quite effective in el iminating tastes 

and odors because (4 )  (7 ) :  

a .  Ozone i s  the roost powerful oxidiz ing agent COilliOOnly used 

in water treatment (except for fluor ine )  so that organic 

compounds not affected by other oxidants are oxidized by 

ozone; 

b.  Ozone reacts rapidly thereby requiring relatively short 

contact tines; 

c .  Excess ozone simply reverts to o�gen in a relatively 

-short tine; am 

d .  Since ozone i s  often carried i n  air, aeration occurs 

simul taneously with oxidation thereby stripping any 

_ volatile compounds causing odors. 

Ozonation System at Spirit Lake, Iowa 

In 1985 the construction of an ozonation facil ity treating 

water from Spirit Lake, Iowa was re:po_rted in the literature (22 ) • A 

field survey of the Spirit Lake water treatment plant was conducted 
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in Novenber, 1985 . This pl ant was recently expanded am up-graded 

to include an ozonation system. The inprovements included: 

1 .  increase in plant capacity from one r.rn to 3 . 0  K;D; 

2 .  installation of an 18-in. diameter intake exterrling 580 

feet into Big Spirit Lake ;  

3 .  expanding and upgrading the existing intake pump station 

including a new 1600 gpm raw water pump; 

4 .  installation of a static mixer into the raw water l ine 

used for flash mixing; 

5 .  conversion of an existing detention tank to a floccula

tion basin; 

6. installation of 2 1000-gpm plate-settling units; 

7 .  construction of an ozonation contact tank and ozonation 

generation, distribution and destruction system; 

8 .  providing a new chlor ination system; -

9 .  installation of a new control system; and 

10 . -construction of a 40 x 100 ft building addition to house 

the new facilities . 

Construction began in June, 1983 and the new facilities placed into 

operation in. August, 1984 . The total project cost was $1, 090 , 000 

with about $170 ,000 for the ozonation system . '!he major reason for 

providing the ozone facil ities was to improve the control of odors 

from the raw water source B ig Spirit, a large, shallow lake . 
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Previous odor-control efforts rel ied primarily on the use of 

activated carbon and potassium per.manganate. 

A flow diagram of the cur rent water treatment facil ities may 

be found in Figure 1 .  As shown in this f igure, the plant includes 

pre-ozonation, softening and f iltration. 

The ozone generator capacity is 75 pounds of ozone per day . 

The air-drying system uses 3 types of desiccant and · operates at 

450°F .  This air-preparation equipment keeps the dew-point well 

below the reconurended -40°F temperature . The pressure through the 

generation system is 7 . 5 psi . 

The contact basin for ozonation has a vol ume of 52, 500 gal 

lons which provides a contact time of 2 5  minutes at a flow rate of 

2 , 100 gpn. Water depth in the 2 -cornp:trtment basin is about 16 feet . 

Operating conditions during .the plant visit are listed in 

Table 3 .  

Table 3 .  Operating Conditions for Ozonation System, 
Spirit Lake, Iowa, ( NOvember 1985 ) 

Ozone Generation Rate, lb. ozone/day 

Am:>unt of Ozone in Supply Gas, percent 

Appl ied Ozone Dose to Raw Water ,  ng/1 

Raw Water Flow Rate, gprn 

Ozone Residual in Contact Basin Effluent, ng/1 

Contact Time, min 

442207 

10 

0 .2 

0 .7 

1100 

o. o2 -o. o5 · 

47 
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A compressor , located on the roof of the contact basin, can 

be used to remove unused ozone from the top of the basin and rein

ject it into the second compartment . This recycle system, which 

uses about 7 Kw of power, was not being used during the plant visit 

because ozone could not be detected in the off-gas . Consequently, 

the off-gas was routed di rectly to the ozone destruct unit also lo

cated on the top slab of the contact basin. 

Cooling waters for the ozone generator are routed from the 

discharge side of the high-service pumps through the generator . 

Spent cooling water is discharged into the contact basin. 

The plant was designed so that ozone can be injected after 

flocculation and settling . Ozone, however,  cannot be added in more 

than one location at a time . As of November, 1985 , only raw water 

has been ozonated at this plant { 5 ) . 

According to the operator {5 )  the ozone dose varied between 

about 1 and 2 rng/1 throughout the year . The dosage was adjusted to 

ensure the presence of a detectable residual . The use of ozone has 

el iminated the need for activated carbon which saves the util ity 

about $9 , 000 per year . Ozone has also reduced the chlorine demand 

by 2 0  to 50 percent . Although there is no operating data collected, 

the operating personnel have not experienced any problems meeting 

peak demands . Excluding one incident, when septic conditions 

developed in a mixing basin,  there have been no complaints of taste 

or odor in the water since the start-up of the new facilities . 



1 6  

Ozone o{:erating costs during the pl ant visit were estimated t o  be 

about 3 .3 cents {:er 1000 gallons treated. 
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METHODS AND MA'IERIALS 

Pilot Plant nescription 
The pilot plant used in these studies was designed by DeBoer 

and Rollag (3 )  and constructed by Emery Industr ies Inc . , Cincinnati , 

Ohio . The system includes processes for ai r preparation, ozone 

generation, and ozone contacting . 

Air-Preparation System 

A photograph of the air-preparation system is shown in 

Figure (2 ) . Figure (3 )  includes a schematic of the air preparation 

system. From this figure, it can be seen that atmospheric air is 

first filtered and then compressed to a pressure of 100 psig 

(690 KPa) . According to Pulice (18), fil tering removes 99 percent of 

the air-born organisms and 0 . 4 micron or larger particulates . Any 

moisture, dust, and oil present in the air are then removed as the 

air flows through a second f il ter , desiccant dryer and coalescer . 

Air pressure-is subsequently reduced to 15 psig (100 KPa) ,  using a 

pressure-reducing valve, before entering the ozone generator . The 

purpose of the air-preparation system is to ensure maximum ozone 

pr oduction under all operating conditions . Any moisture in the air 

feed can lead to the formation of nitr ic acid that can corrode 

electr odes , lower ozone production, and cause dielectric failure . 



Figure 2 • Air Preparation System 
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Ozone Generation System 
The ozone generator was a tube-type, air-fed, water-cooled 

unit .  The unit o�rated at a low-frequency ( 6 0  Hz), variable power 

supply voltage . A photograph of the ozone generator is shown in 

Figure (4) . Figure (5) is a schematic diagram of the ozone gener

ator . The ozone generator consisted of three.304 stainless-steel 

tubes enclosed in a water jacket. Centered inside each of the three 

tubes is a glass tube that serves as a dielectric (electrical in

sulator ) • A tubular stainless-steel screen that functions as a 

high-voltage electrode is inserted in each glass tube . A corona 

(continuous electric spark ) is created in the annular space between 

the glass and steel tubes when a voltage is appl ied across the 

dielectric .  The prepared air then enters the generation module at 

the pro�r pressure of 15 psig ( 100 KPa) and passes through the 

corona. 

Heat generated by the corona is removed by circulating water 

through the j acket surrounding the thr ee stainless-steel tubes. The 

optimtnn temperature for the ozone generator is 70°F (21 . 1°C) . Thls 

will minimize dielectr ic failure, and practically el iminate 

dielectric w�rpage ( 18) . A variable modulating valve was used to 

control the water flow rate so that the o�rating temperature could 

be maintained at the optimum 7 0°F ( 21 . 1  °C) • 

This process caused a small percentage, typically one to 

thr ee  percent, of the oxygen (02) in the prepared air to be 
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Figure 4. Ozone Generator 
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converted to ozone ( 03 ) (18). The ozone gas was then collected and 

piped through a 0 .5-in .  ( 1 . 27 ern) 304 stainless-steel tube t o  the 

contact columns. 

Ozone Contacting System 
Figure ( 6 )  is a photograph of the contacting colurnns .  A 

photograph of the rotometers used to control the amount of ozonated 

feed gas entering the contacting columns is shown in Figure (7}. A 

schanatic diagram of the contacting columns is shown in Figure (8). 
The two contact columns were constructed of 6-inch ( 15 .2-cm} 

inside diameter ( ID) 304 stainless-steel pipe . The columns were 

comprised of two 6-foot (1 .83-rn) flanged sections, and one 2-foot 

( 0 .6 2-rn) section. This gave a total column height of 14 feet 

( 4 . 27 rn} , while the actual water height in each column was 12 .5  feet 

( 3 .81 rn} . 

The ozonized feed gas was introduced into the bottom of 

both columns through porous stainless-steel diffusers . By the use 

of the rotometers and proper plumbing, the ozone feed gas flow could 

be divided to provide the desired amount to each column. Any unused 

ozone off-gas was carried from the top of each contact column 

through tygon· tubing to the atmosphere outside the treatment plant. 

Feed water was pumped to the top of the first column using a 

0 .5-inch ( 1 .27-cm) positive displacement pump. The pump was powered 

by a one-horsepower ( 0 .  7 5 KW) var iable-�peed DC motor , which 

facil itated accurate control of the pumping rate . The water flowed 



Figure 6. Contacting Columns 

Figure 7. R:>torneters and Connecting Piping 
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down through the first column, am up to the top of the secooo 

column through a 2-inch (5 .08-cm) PVC pi� . The water flO'Ned down 

the second column, then back up another 2-inch ( 5  .08-an) PVC pipe 

used to control the water level in the second column. Since ozone 

was introduced at the bottom of each column and water at the top, 

the water and ozone gas were al ways flowing in a counter-cur rent 

direction to each other . This insured good mixing of. the ozone and 

water . The water was discharged to the wetwell in the Fairmont 

treabnent plant. A photograph of the ptmtp, rotor , and flow meter is 

presented in Figure ( 9) • 

Pilot Plant Operation 

Ozone Generator Calibration 
Ozone production is dependent upon the type, quality, and 

flCM rate of the feed gas .  I t  is  also dependent upon the tem�ra

ture and pressure in the ozone generator , and finally the frequency 

and voltage of the power suppl y. 

Recentl y it has been reported by Rakness aoo Hegg (19 )  that 

the ratio of the ozonized gas flow rate to water flow rate ( qVL) is 

an important factor in ozone contactor design . It was pointed out 

that G/L ratios of between 0 .2 and 0 .5 are desirable and G/L ratios 

between 0 .5 and 1 .0 acceptable .  When the ratios exceed 1 .0  transfer 

efficiencies are reduced . 



Figure 9. Pump, futor, and Water Flow Meter 

27 



2 9  

The discussion of the pilot plant operation is based on the 

following parameters defined below . 

01 = liquid (water)  flow rate ( gprn} 

o9 = gas (ozonized ai r)  flow rate (scfm) 

P = ozone generator power input (Watts) 

v = liquid volume in the columns (gallons ) 

T = liquid detention time in col umns (minutes) 

Ci = ozone concentration in ozonized ai r (mg/1 ) 

D = awlied ozone dosage (ng/1 ) 

T = V/Ql 

C. = f (P, Q ) l. g 

o = ci <Oq'Ol> 

( 1) 

( 2 )  

( 3 )  

As shown by Equation 1,  detention time i s  a function of liq� 

uid volume and water flow rate . However ,  since the vol ume of the 

contact columns was held constant, detention time became a function 

of the water flow rate only . Using the JX>Sitive-displacernent pump 

and the var iable-speed DC motor , the water flow rate could be varied 

from 1 gpm to 11 gpn ( 3 . 8  lpn to 41 .6 l pn) . The contact column 

volumes were 18 .4 gal (69.6  liters) for one column and 36 .8 gal 

( 139.3  liters) for both columns . Therefore, using either one or 

both columns all the desired detention times of 2 .5 ,  5 ,  10, 20 , and 

30 minutes could readily be attained . 

Equation 2 shows that the ozone-concentration was a function 

of the air and water flow rates . · After the proper air fl ow rate was 
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selected to obtain the desired gas-to-liquid ratio, it was held 

constant throughout the studies of a particular detention time . 

Therefore, the ozone concentration became a function of the power 

input only. 

Finally, Equation 3 indicates that the appl ied ozone dosage 

was a function of the ozone concentration in the ozonized air, the 

water flow rate, and the air flow rate. 

Solving Equation 3 for Ci and substituting V/T for o1, it 

was to obtain the following equation : possible 

C. = DV/'IQ 1 g (4 ) 

However, because V and the ozona ted air  flow rate were held constant 

once the desired gas-to-liquid ratio was obtai ned, Equation 4 could 

be simpl ified to : 

C. = K (D/T) 1 

where: K = constant 

(5 )  

Thus, given any ozone dosage and cor responding detention time, the 

required ozone-concentration (Ci ) of the ozonized air could be 

determined easily . Once Ci was determined, the ozone generator 

var iac setting could be obtai ned from the generator cal ibration 

curve develo�d by Stoebne r ( 26 ) • 

Transfer Efficiency 

During each run a sample of the contact column off-gas was 

collected and the ozone concentration d�terrnined. Then, knowing the 

ozone concentration in the contacti ng gas and the off-gas, the ozone 



transfer eff iciency could be calculated using the following 

equation . 

where : Ci = ozone concentration in contacting gas (lb/day) 

C0 = ozone concentration in off-gas (lb/day) 

E = transfer efficiency ( % )  

Analyses 

Ozone in Gas 
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( 6 )  

Ozone concentrations in gas were deteonined using a varia

tion of the iodorneteric method described in Standard Methods 

Sec . 4-22 for the measuranent of ozone residuals (25). Three to 9 

liters of the gas to be analyzed were passed through two gas washing 

bottles connected in ser ies at a rate of 1.5 1/rnin . Each washing 

bottle contained 400 ml of a one percent potassium iodide (KI) solu

tion .  The effluent from the second washing bottle was passed 

through a wet-test meter to measure the volume of gas . The set-up 

is shown photographically in Figure (10). The KI solution was then 

transferred to an Erlenmeyer flask where 10 rnl of 2N sulfur ic acid 

(�S04) was a9ded to reduce the pH to below 2. The sample was then 

titrated with O.lN sodium thiosulfate (Na2s2o3). A starch solution 

was used as the end point indicator . The volume of the titrant -

along with the gas fl ow rate and water flow rate were used to 
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calculate the actual ozone concentration in milligr ams/liter (mg/1 ) . 

The calculations may be found in Ap�ndix B .  

Figure 10. Gas Washing :Bottles and Wet-Test Meter 
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Ozone Residual in Water 

The ozone residual in water was determined using a 

Fisher-Porter Model 1 7T2000 am�rornetric titrator • . A 250-ml 

graduated cylinder containing 10 m[ of 0 . 0056 4 N Phenylarsine Oxide 

(PAD) was used to coll ect 200 ml of water for analysis . The sample 

and PNJ were then transferred to a 250-ml beaker to which 4 ml of pH 

4 acetate buffer were added along with . l � of a 5 percent KI solu-

tion . This mixture was then placed on the titrator and titrated am-

�rornetr ically with 0 . 00705 N iodine soluti on.  The end point of the 

titration was reached when the addition of the iodine solution 

caused a slight upward deflection of the indicating needle .  The 

calculations may be found in Appendix B .  

Odor Ana.lysis 
Odor analyses were conducted in accordance with procedures 

described in Standard Methods ( 25 )  Sec. 207.  Samples were collected 

in 4-liter glass containers filled to the top and capped . If the 

analysis could not be conducted on the day of collection, the 

samples were stored at 4°C. 

Odor-free water was prepared by passing demineralized water 

through an activated carbon filter . Using odor-free water , 

al iquots of the sample were diluted to a total vol ume of 200_mi in 

500-ml glass-stoppered Erlenmeyer Flasks . Typical dilutions con

tained 10 , 20,  40 , 65, and 100 ml of �ple water . In additi on to 

these 5 dilutions one Erlenmeyer flask contained 200 ml of undiluted 
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sample water and another contained 200 ml of odor-free water to be 

used as a blank . 

In so far as possible, the same panel ists were used through 

the entire study. �n-smokers were selected and the analyses con-

ducted at least 30 minutes after eating . For each panelist, the 

Threshold-Odor Number (TON) was calculated using the lowest dilution 

for which an odor was detected . Because of the human· factor , 

anomalous responses sometimes occurred . For example, a low con-

centration of sample water would sometimes be called positive (hav-

ing an odor )  while a higher concentration would be called negative 

(lacking odor ) • When this occurred the 'IDN was determined after the 

point where no more anomalous responses occurred. 

The following equation was then used to calculate each in-

dividual 'ION. 

TON= 200 ro[/ ( rr[  of sample water in dilution) ( 7) 

The TON of the entire panel was calculated using the ·geometric mean 

of the individual 'ION1 s .  The calculations may be found in Appendix 

B .  

, 
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RESULTS AND DISOJSSION 

Introduction 

The Fainnont Water Treatment Plant obtains its prima� water 

supply from Budd Lake . CXfors develop in this water roostly in the 

spring, late Sl.li'nller and fall . The odor s  or iginate from natural 

sources such as the decomposition of vegetation and algae. 

These investigations were conducted to determine the effec

tiveness of ozonation in reducing odors . The experiments related to 

odor reduction were carried out in September and October , 1985 and 

March and April , 1986 , when odors in the water were most evident. 

The cx:lors in the fall were character ized as "fishy .. or ''swarnw•• 

while the waters in the spring were described as .. grassy•• or 11mus

ty11. The Threshold Odor Nl.JIIbers ('IONs) of the treated water from 

the Fairmont Water Treatment Plant during these times averaged about 

8 during these periods . 

The ozonation pilot system was moved to Fairmont 

August 14,  1985. About two days were required to assemble the sys

tem for operation. The first two weeks of operation were devoted to 

cal ibrating the ozone generator and flow rates . This time was also 

used to train · the odor p:tnel , consisting of city employees from the 

Power Plant, Water Treatment Plant and Wastewater Treatment Plant, 

and perform preliminary threshold odor number (TON) analyses . 

The water from Budd Lake was oz9nated at various contact 

times and ozone dosages . Odor of the raw am ozona ted water was 
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determined in terms of the 'ION. The Secondary Drinking water 

Standard for odor , established by the u. s .  Publi c  Health Service and 

adopted by the U . S .  Environmental Protection Agency, is a 'IDN of 3 .  

Dr inking water having a TON of 3 or less is generally considered ac-

ceptable in terms of odor by the general public.  

The threshold odor numbers (TONs) obtained
. 

from the odor-

reduction studies were plotted versus ozone dosage for each contact 

time . These plots and the data they were plotted from may be found 

in Tables Cl through C5 and Figures Cl through C5 in Appendix c .  

The TONs at the ozone dosages shown in Table 4 were obtained from 

these figures . Raw-water 'IONs var ied from 3 .6 to 9 .5 . The averages 

for each contact time are also presented in Table 4 .  

Effect of COntact Time on Odor RedUCtion 
From Table 4 ,  it is apparent that there was no di rect 

relationship between TON and contact time at the ozone dosages 

studied . This outcome would be anti cipated, however,  since such 

results have been reported in the l iterature (17) . 

The shortest contact time where all TONs were bel ow the 

recorranended limit of 3 was 20 minutes . For the contact tirnes 

studied, which span the usual range of contact times encountered in 

ozonation practice for odor control ,  all of the 'IONs obtained were 

averaged and plotted in Figure 11 . It can be seen from this figure 

that all but one of these averages meet ·or exceed the recommended 

t 
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Table 4 .  Threshold Odor NUmbers for Various · �one Dosages 
am Contact Tines, Fai rmont, Minnesota 

Contact Tine, min 
2 .5 5 1 0  20 30  

Raw Water (ave . for 7 .7 6 .3 6 .1 3 . 8 3 .8 
each contact tine ) 

Aerated Water ( 0  mg/1 5 .6 4 . 2 5 .4 4 .0 2 .0 
ozone 

Ozone Dosage, mg/1 Average 
0 .5 4 .2 5 .0 2 . 8 0.0 1 .7 2 .7 

1 .0 3 .0 4 .3 2 . 5 0 .6 1 .5 2 .4 

2 .0 2 .5 3 .7 3 .4 1 .8 3 .5 3 .0 

4 . 0 1 .9 1 .6 2 .3 2 .4 1 .9 2 . 0 

6 .0 1 .6 2 .3 2 .2 1 .8 2 .0 

8 .0 1 . 5 2 .1 1 .6 1 .7 

10 .0  1 .6 1.8 1 .5 1 .6 

12 . 0  1 .6 1.4 1 .7 1 .6 

16 .0  3 .2 2 . 4 2 .0 2 .5 

20 . 0  1 .7 2 .0 2 .1 2 .0 

24 . 0  0 .8 2 .2 1 .5 

Average 2 .9 3 .2 2 .3 1 .6 2 .0 
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limit for odor (WN of 3 )  • The plotted data indicate that contact 

times of 20 and 30 minutes produce the roost acceptable results. 

3 
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Figure 11 . Average Threshold OCbr Number for Selected 
Contact Tirres 

A statistical analysis of the data was performed and is 

presented in Appendix c .  This analysis revealed that statistically, 

there were differences between the TONs obtained at the shorter con-

tact tirres (5  minutes or less) and the 'IONs obtained at the longer 

contact tirres ( 10 minutes or more) at the 95 percent confidence 

level . 
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In conclusion, it would appear from an evaluation of the 

odor numbers obtained for the selected contact times that the water 

should be ozonated for at least 2 0  minutes for effective odor 

control . 

Effect of Ozone Dosage on Qdor Redu�jon 
From previous studies, investigators have reported that for 

a given contact time, increases in ozone dosage can raise, lower or 

have no effect on odor level ( 17 ) . The data in Table 4 would seem 

to indicate this same response in Fairmont. The 'IONs decreased with 

increases in ozone dosage at contact times of 2 .5 and 5 minutes . 

Ha-�ever ,  instances where 'IONs increased, decreased or remained un

changed with increases in ozone dosages are evident at the other 

contact times . 

In Figure 12,  the lowest ozone dosage that produced roNs of 

3 or less are plotted for each contact time studied . From this 

figure, it can _be seen that these ozone dosages ranged from 0 .5 mg/1 

to 4 rrg/1. 
A statistical analysis of variance (ANOVA) of the 'ION data 

for the selected ozone dosages and contact times was �rforrred and 

is presented in Appeooix c.  This analysis did not reveal any 

statistical difference at the 95 pe rcent confidence level . This was 

probably due to the relatively low odor levels that were obtained . 
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The least square means for TONs obtained at the ozone 

dosages and contact times selected have been plotted in Figure 13 . 

From this figure, it can be seen that at the shorter contact times 

{ 5  minutes or less) , the higher ozone dosages produced TONs that 

were lower than those obtained at lower ozone doages . Also, at the 

longer contact times { 10 minutes or more) , there was less variation 

in TONs for different ozone dosages at the longer contact times than 

at the shorter times . This would seem to indicate that for ozone 

dosages up to 5 . 3 mg/1 , the amount of ozone added exerted less ef-

feet on TONs at the longer contact times than at the shorter times . 
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Effect of Qzooation on Qdor Characteristics 
02one can completely destroy (oxidize) most odor-causing 

compounds in water at very high dosages. However, investigators 

have found that this is not necessa� to achieve effective odor 

control ( 14 ) (17 ) . This is attr ibuted to the ability of ozone to 

transform unpleasant odors to unobjectional , pleasant odors at rela-

tively low, more economical , dosages (17). 
Odor characteristics of the water, as described by the odor 

panel ists, have been summarized in Table 5 .  The raw water was 

characterized as having an objectional 11f ishy" or ••swampy•• odor . 

Aeration of this water did not exert any effect on these objection-

able odor characteristics . However ,  when the water was ozona ted, 

even at relatively low dosages, the character of odor changed to a 

.. musty" odor which is not considered objectionable by most users . 

The objectionable (fishy) odor was not observed by any of the 

panelists for ozone dosages in the 2 to 4 mg/1 range at contact 

ti�s of 20 or 3 0 minutes . 

It should be emphasized that odor characterizations by odor 

panelists are highly subjective . Generally, the presence of an odor 

can be detected by most individuals with a reasonable degree of con-

sistency . However ,  opinions can vary widely when these same in-

div iduals are asked to describe the character of the odor detected . 
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Table 5 .  Effect of Ozonation on Character of Odor , 
Budd Lake Water, Fai rmont, Minnesota 

Degree of Treatment 

1 .  Untreated Raw Water 

2 .  Aerated at Contact Tines of 
2 .5 ,  5 ,  10 am 20 minutes 

3 .  OZonated 
a )  Ozone Dosage 1 . 3 rrg/1 at 

Contact Tines of : 
1 )  2 .5 ,  5 and 10 minutes 
2 )  20 minutes 
3 )  30 minutes 

b)  Ozone Dosage 2-4 rrg/1 at 
Contact Tines of : 
1 )  2 . 5 ,  5 and 10 minutes 

2 )  20 and 30 minutes 

c )  Ozone Dosage 4-8 rrg/1 at 
Contact Tines of 2 . 5 ,  5 ,  
10 , 2 0  and 30 minutes 

Odor Characteristics 

Fishy, SWampy 

Fishy, swamP¥ 

Musty 
SWeet 
Musty 

�stly musty; sweet, rredicina1 
and fishy mentioned 
Musty, nedicinal and sweet; 
no mention of fishy odor 

Musty, medicinal , sweet 
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Recomrrended Ozone Dosage and Contact Tine 

It should be noted that in recomnending o�rating corxlitions 

for a full-scale water treatment plant from pilot data, a certain 

degree of conservatism is warranted. For example, if it is desired 

to provide a treated water with a TON of 3 or less, operating condi

tions that . produce water with TONs well below 3 should be selected 

to account for operating differences between pilot �stems and full-

scale water treatment plants and var iations in raw-water qual ity and 

rates of water treatment . To collect meaningful data, a pilot sys

tem is o�rated at a constant flow and relatively constant influent 

water quality . In a full-scale plant, raw-water qual ity varies as 

well as flow . Despite those variations the plant is expected to 

provide treatment stability, that is, a constant treated-water 

qual ity no matter what variations occur in flow or qual ity of the 

raw water . 

Ozone Contact Time 

From results previously described, the shortest contact time 

in which ozonation produced water with 'IONs all below the recom

mended l imit of 3 was 20 minutes . To provide for flow variations 

and more stable effluent qual ity, a contact time of at least 30 

minutes should be used for a full-scale ozonation facil ity .  The 

present pre-chlorination/contact basins have a volume of about 

· 73 , 140 gallons. A sl.mlillary of the contact times that could be 

achieved if these basins were used for ozonation may be found in 
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Table 6 .  It is app:trent from this table that these existing basins 

would provide the recornrrerrled ozone contact tine except at the 

maximum treabment rate . The feasibil ity of converting these basins 

to an ozone contact basin would depend on the geometry of the 

basins, their structural condition and the requirements of the 

Minnesota regulatory agency. 

Table 6 • Contact Tines in Prechlor ination/Contact 
Basins in Existing Plant at CUrrent Flow 
Rates, Fairmont Water Treatment Plant 

Rate of Water Treatment, gal/min 
1 , 6 00 2 , 400 2 , 800  

Contact Time, min .  45 .7  3 0 . 5  26 .1  

Ozone Dosage 
The results of the pilot studies indicate that an ozone 

dosage of 0 .5  rrg/1 is required to obtain TONs of 3 or less at co� 

tact times of 20  minutes or rore .  Dosages of 2 to 4 rrg/1 at contact 

times greater than 20 minutes were required to eliminate any trace 

of fishy odor from the water . It is recotnneroed that the ozone gen

erator be large enough to apply dosages of at least 4 rrg/1 at all 

flow rates . Furthermore, to provide additional treated water 

stability,  consideration should be given to providing ozone genera-

tion capacity to apply an 8 rrg/1 dosage, with a f inal recomnendation 

made on the basis of cost differential between a 4 rrg/1 and 8 mg/1 
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capacity . If  the 4 ng/1 capacity is selected, provisions should be 

included in the design to facil itate future expansion to the 8 mg/1 

capacity . In Table 7 , the ozone generator capacities, in terms of 

the daily ozone output, are presented for the two recornnended maxi-

IIl.1I1l outputs . It should be emphasized that the ozone generator 

capacity represents the maximum output capabil ity of the equipment . 

The annual cost of operation of the ozone treatment system should be 

based on an anticipated dosage of 1 to 2 �/1 during the odor season 

and about 1 ng/1 ( for predisinfection) the remainder of the year . 

Table 7 . Ozone Generator capacitieJ.. at Current 
Flow Rates, Fai rmont Water Treatment Plant 

Ozone Dosage , rrg/1 Rate of Water Treatment, gal/min 
1 , 600 2 , 400 2 , 800 

4 . 0 

8 .0 

� lbs Ozone per day 

76 .8 

154 .0 

115 . 0  

230 . 0  

Effect of Ozone Residual on <Xlor Reduction 

134 . 0  

269 .0 

One of. the nethods used to o�rate an ozonation system is to 

adj ust the output of the ozone generator to produce a detectable 

ozone residual in the contact-tank effluent . SUpposedly, the 

presence of an ozone residual assures that there is sufficient ozone 

in the contact tank to obtain adequate odor reduction ( 1) (2)  • 
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In Table 8, the 'IDNs for various ozone dosages aJ"¥3 contact 

times are presented. The 'IONs for the runs where an ozone residual 

was detected in the contact tank effluent are indicated on the 

table .  I t  i s  aprarent from the table that in two instances, the 

presence of an ozone residual did not result in a 'IDN below the 

recOiniTended l imit of 3 for odor control . It is worth noting, 

however , that the average 'IDN for all samples where an ozone 

residual was present was 2 . 03 , whereas the average 'IDN of samples 

where no residual could be found was 2 . 67 . Thus 'IONs were about 2 4  

percent l<=Mer when ozone residuals were present . Nonetheless, it 

must be concluded that the presence of an ozone residual in the con-

tact tank effluent is not a totally rel iable method for controlling 

the ozone process for odor control . 
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Table 8 .  Threshold Odor Nunt:>ers for Various Ozone Dosages and 
Contact Tines . Detectable Ozone Residuals Indicated 

Contact Tine, minutes 
Ozone Dosage , rrg/1 2 .5 5 10 20 3 0  

0 .4-0 . 7  2 .5 5 .5 2 .4 0 1 . 8* 

1 .3 · 2 . 3  2 .6*  2 .5* 1 . 3  

2 .2-2 .7 2 .7* 3 .5 4 . 1  2 .5 4 .1* 

3 .8-4 .0  1 . 9* 1 .6* 2 .4* 1 .9* 

5 . 0-5 .5  1 . 3* 1 .6 *  2 .6 2 .3* 1 .9*  

7 .5-9 . 5  1 .5* 1 .6* 2 .0* 1 . 5* 

12 . 3-13 .1 1 .6*  1 . 3* 1 .7*  

15 . 9-17 .2 3 .2* 2 .9* 2 . 0* 

21 .4-26 .3  1 .3*  1 . 3* 2 . 2* 

*Ozone residual detected in contact tank effluent 

Note : Average TON when ozone residual was detected in contact tank 
effluent : 2 . 03 
Average TON when ozone residual was not detected in contact 
tank effluent: 2 .67 



49 

OONCLUSIONS 

The following conclusions were drawn from pilot studies in 

which the Fair,mont surface water supply from Budd Lake was ozonated 

at dosages ranging from· 0 .4  to 26 . 3  mg/1 am contact tines from 2 .5  

to  3 0  minutes to ascertain the effectiveness of ozonation in reduc-

ing to odor levels of the water . 

1 .  Although there was a statistical difference between the 

threshold odor numbers (TONs) obtained at the shorter 

contact times (5 minutes or less) and the 'IONs obtained 

at the longer contact tirnes ( 10 minutes or rrore) at the 

95 percent confidence level , no direct relationship be-

tween TON and contact tirne could be found for each ozone 

dosage studied . 

2 .  A contact tirne of at least 2 0  minutes is required to 

reduce all 'IONs to levels below the recoiniiended odor 

l imit of 3 .  

3 • For a given contact tirne, increases in ozone dosage were 

found to raise, lower or have no effect on odor levels 

('IDNs) . 

4 .  Based on a comp:tr ison of the least square neans for the 

'IONs obtained, it would appear that at the shorter con

tact tirres ( 5  minutes or less) , the higher ozone 

dosages produced TONs that were lCMer than those 

obtained at the lCMer ozone dosages . For ozone dosages 
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of about 5 ng/1 or less, the amount of ozone applied 

apparently exerts less effect on the reduction in TONs 

at longer contact tirres than at shorter contact tirres. 

5 .  Aeration alone did not change the character of the. raw

water odors . 

6 .  Ozonation, even at relatively lc)\\i dosages, changed the 

character of the reM water from an objectionable, fishy 

odor to a musty unobj ectionable odor . 

7 • Ozone dosages of 2 to 4 ng/1 and contact tines of 20  to 

30  minutes are required to completely eliminate objec

tionable, fishy odor s  from the raw water . 

8 .  The 'IONs obtained when an ozone residual exists in the 

contact tank effluent are generally lower than those ob

tained when there was no ozone residual . 

9 .  The presence of an ozone residual in the contact tank 

effluent apparently does not completely insure that the 

'IDN of the effluent will be less than the recomuended 

l imit . 
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REX:OMMENIY\TIONS 

The follONing recomrrendations are based on the results of 

the pilot studies and the need to provide a margin of safety due to 

variations in raw-water quality and in the rate of water flow 

through the. treatment plant . 

1 .  It is recornrrended that an ozone contact tirne of at least 

30 minutes be used for a full-scale ozonation facility .  

2 .  It is also recomrrended that a maximLDTl ozone generator 

capacity of at least 134 and ideally 270 pounds �r day 

be provided. If the lower capacity is selected, the 

ozonation system should be designed to facilitate future 

expansion to the higher capacity . 
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APFENDIX A 

Selected �ls and Abbreviation 



¢ = Cents 

Selected SYmbols and Abbreviations 

cfm = cubic feet per minute 

em = centimeter 

0c = degrees Centigrade 

DC = Direct cur rent 

$ = dollars 

EPA = Environmental Protection Agency 

°F = degrees Fahrenheit 

ft = feet 

gal = gallon 

gpm = gallons per minute 

H2so4 = sulfuric acid 

Hg = Mercury 

hr = hours 

Hz = Hertz 

ID = Inside Diameter 

in = inch 

KI = Potassium Iodide 

KPa = Kilo pascals 

KV = Kilovolts 

KW = Kilowatts 

1 

lb 

= liters 

= pounds 
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1/min = liters per minute -

lpm = liters per minute 

m = meter 

rrg = milligram 

rrg/1 = milligrams per liter 

MGD = million gallons pe r  day 

mm = millimeter 

min = minute 

N = normality 

Na2 s2 03 = sodium thiosulfate 

o2 = oxygen 

o3 = ozone 

PAD = phenylarsine oxide 

psia = pounds per square inch atmospheric 

psig = pounds per square inch gage 

0R = degrees Rankine 

Qg = gas flow rate 

01 = liquid flow rate 

scfm = standard cubic feet };er minute 

TON = Threshold Odor Number 
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AP:ffiNDIX B 

E�rimental CalCulations 
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Experimental caJculatjoos 

A. Ozone Concentration: 

ci = <wt o3 ) /V1 

where : C = ozone concentration in gas (mg/1) 

Wt o3 = Weight of ozone trapped in potassium iodide solu
tion (mg) 

= (N) (ml titrant) (24 )  

where: N = normality of sodium thiosulfate titrant 

= corrected volume of gas measured by the wet-test 
rneter ( liters) 

= (V2 ) (P1/P2 ) (T:/Tl ) 

where: v2 = actual volume of gas measured by the 
wet-test meter ( l iters ) 

P1 = adj usted pressure = atmospheric 
pressure + wet-test meter monometer 
deflection-water vapor pressure ( from 
Figure Bl ) ( inches H20) 

= _____ inches of �0 
where : atmospheric pressure = ___ inches Hg 

= X  ( 13 .6 )  

= ___ .inches H2o 

P2 = standard pressure = 1 atmosphere 
= 406 . 8  inches H20 

T1 = wet-test meter temperature (0R) 
T2 = standard temperature = 536 .6 °R 
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B. Gas Flow Rate: 

- 1/2 
Qg .- Q2 (P3/P4 ) (T3/Tl ) (T2/T3 ) 

where: Qg = corrected gas flow rate (standard cubic feet/minute ) 

01 = actual gas flow rate (cubic feet/minute) 

P3 = gage back pressure + barornetr ic . pressure (psia) 

P4 = Standardiz ing gauge pressure + standard pressure 
= 14 .7  psia · 

T1 = ozonized air temperature (0R) 
T2 = cal ibration temperature = 529 .6  °R 

T3 = Standard temperature = 536 .6 °R 

C .  Applied Ozone Dosage : 

D = (Ci) (Qc/Ql) 

where : D = applied ozone dosage (rrg o311 �0) 
01 = water flow rate (cubic feet/minute ) 

D.  Ozone Residual : 

OR = [ (PAD - (K) (I ) ] ( 0 .677) 

where : OR = ozone residual by back titration in 200 ml sample 
(ng/1) 

PAD= volume of phenylarsine oxide place in sample con
tainer ( 10 ml )  

K . = titrant strength factor (determined dai,ly) 

= (NI ) (�AD) 
where: NI = normality of iodine titrant 

= approximately 0 .00705 

NPAO= normal ity of phenylarsine oxide 

= 0 . 00564 

I = volume of iodine titrant (ml ) 



E .  Threshold Odor N.lmber : 

1/n T.O. N. = [ (T.O. N. 1 ) (T.O. N. 2 ) • • • • • •  (T.O. N. n) ] 
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where: T.O. N. 1 , T.O. N. 2 = individual threshold numbers 
for each panel member 

where: T.O. N. 1 , . 
T.O. N·.2 = 200 ml/ml of 
sample water in dilution 
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APF£NDIX C 

E�rimental Data and Statistical Analyses 
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Table Cl . Threshold Odor Nurrbers at Various Ozone Dosages 
Contact Tine of 2 .5 Minutes 

Applied Testing Ozone Absorbed TON % Red  
Ozone Date Residual Ozone in 'IDN 
Dose Dose Raw 03 

.67 9/14/85 0 .64  7 .3 2 . 45 66 

1 . 30 9/14/85 0 1 .03  7 .3 2 .27 69 

2 .65 9/15/85 . 17 2 . 15 7 .3 2 .71  63  

3 . 96 9/15/85 . 25 3 .27 7 .3 1 .92 74 

5 .28 9/22/85 .01  3 .7 0  9 .5 1 .28 87 
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Table C2 . Threshold Odor Nl.mt>ers at Various Ozone Dosages 
Contact Time of 5 Minutes 

Appl ied Testing Ozone Absorbed '!UN % Red  
Ozone Date Residual Ozone in 'ION 
Dose Dose 

.62 9/8/85 0 . 53 5 .54 -4 . 5  

1 .27 9/12/85 . 169 1 . 04 2 .55 65 

2 .63 9/13/85 0 2 .28 3 .49 52 

3 .92 9/13/85 . 34 3 .01 1 .57 78  

5 .45 9/22/85 . 004 4 .08 1 .59 83 

7 . 50  3/30/86 1 .57 6 .36 1 . 45 27 . 5  

-



Table C3 . 

Applied Testing 
Ozone Date 
Dose 

.66 9/16/85 

1 . 34 9/22/85 

2 .67 9/22/85 

3 .96 9/28/85 

5 .27 9/28/85 

8 . 10 3/27/86 

12 .25 3/30/86 

15 . 86 3/30/86 

2 1 .4 3/30/86 
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Threshold Odor Nunt>er at Various Ozone Dosages 
Contact Time of 1 0  Minutes 

Ozone Absorbed TON % Red  
Residual Ozone in roN 

Dose 

0 . 53 2 . 35 67 . 8  

. 01 1 . 14 2 .52 73 

0 1 .94 4 .09 57 

. 01 1 . 91 2 .36 55 

0 3 .28 2 .58 51 

1 .9 6 .98  1 . 57 57 

2 .2 4  10 .20 1 . 59 57 

2 .91 13 . 15 3 .17 13 

4 .08 19 .58  1 . 26 66 

-
·II� 



Table C4 . 

Appl ied Testing 
Ozone Date 
Dose 

. 46 3/31/86 

2 .6 3/31/86 

4 .97 3/31/86 

8 . 9  3/26/86 

13 . 1  3/26/86 

17 . 2  3/26/86 

22 . 7  3/26/86 

. 66 

Threshold Odor Nur'rt>ers at Var ious Ozone Dosages 
Contact Tine 20 Minutes 

Ozone Absorbed % Red  
Residual Ozone in 'IDN 

Dose 

0 . 41 0 100 

0 2 .14 2 .9 18 . 9  

. 11 4 .08  2 . 3 37 

. 36 7 .57 2 .0 45 

. 7 3  1 0 . 84 1 .26 66 

1 . 52 13 .84 2 .9 2 1  

2 . 4 17 . 80 1 .26 66 

-
. .  ," 
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Table CS .  Threshold Odor Numbers at Various Ozone Dosages 
Contact Tine of 3 0 Minutes 

Applied Testing Ozone Absorbed 'IDN % Red  
Ozone Date Residual Ozone in 'ION 
Dose Dose 

. 42 3/31/86 . 11 .42  1 . 83 42 

1 .34 3/24/86 0 1 . 06 1 .26 66 

2 .2 3/31/86 . 11 1 .9 8  4 . 13 -13 

3 . 8 3/31/86 . 11 3 .27 1 .87 49 

5 .23 3/25/86 .19 4 . 96 1 .9 64 . 8  

9 .52 3/25/86 .23  8 .57 1 .45 6 0  

11 . 9  3/26/86 . 40 9 .1 0  1 .68  54  

15 .98  3/26/86 1 . 11 11 . 07 2 . 0 45 

26 . 3  3/25/86 2 .9 8  13 . 15 2 . 23 39 

-



Source 
IOOde1 
error 
corrected total 

Source 
tine 
cone 
tine • con 

Table C6 . ANOIA of 'ION Results 

DF. 
19 
72 
91 

SlJIIl .of. SQuares 
122 .96 892 

73 .28256 
196 .25148 

Df. 
4 
3 

1 2  

Mean SQuare 
6 .47204 
1 . 01781 

� � ss  
17 .6796 0  

7 . 12921 
98 . 16010 

£ Value  
6 .36 
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£ Values 
4 .34 
2 .3 3  
8 . 04  

-



TIME. 
5 

10 
20 
3 0  

2 .5 

Table C7 . Least Square Means of IDN Result 

Least Square Means 

'IDN .PROB T 00 LSMEAN{Il=LSMEAN(J) 
LSMEAN lLJ. � 2. .3. .4. 
2 .98750 1 0 . 2036 . 0 . 0139 0 .0007 
2 . 58250 2 0 . 02036 0 .1846 0 .0218 
2 . 11479 3 0 . 0139 . 0 . 1846 0 . 3548 
1 .76375 4 0 . 0007 0 . 0218 0 . 3548 
2 . 11600 5 0 .0067 0 . 143 8  0 . 9972 0 . 3122 

Note : Tb ensure overall protection level , only probabilities 
associated with pre-planned compar isons should be used . 

'IDN PROB T HO LSMEAN{I)=LSMEAN{J) 
.am LSMEAN lLJ. � 2. .3. 
4 2 . 18793 1 0 . 2552 0 . 3198 
0 . 6 2 .53760 2 0 .2252 0 . 8880 
1 .3 2 .49450 3 0 . 3198 0 .8880 
5 . 3 2 . 03160 4 0 . 6 097 0 . 1001 0 . 1333 

Note : To ensure overall protection level , only probabil ities . 
associated with pre-planned comparisons should be used . 
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5. 
0 . 0 067 
0 . 1438 
0 .9972 
0 . 3 122 

� 
0 . 6 097 
0 . 1001 
0 . 1333 

'ION LSMEAN 
TIME. moc LSMEAN NUMBER 

5 4 1 .7 0000 1 
5 0 .6 5 . 98000 2 
5 1 . 3  2 .95000 3 . 
5 5 . 3  1 . 32000 4 

10  4 2 . 50800 5 
10  0 .6 2 . 486 00 6 
10  1 .3 2 .66800 7 
10 5 . 3 2 .66800 8 
20 4 2 .446 66 9 
20 0 . 6 -0 . 0 0000 10 
20 1 . 3  3 . 12250 11 
20 5 . 3 2 .89000 12 
3 0  4 2 .2 8500 13 
3 0  0 .6 1 . 69000 14 
3 0  1 . 3  1 . 00000 15 
30 5 . 3 2 . "08000 16 

2 .5 4 2 .00000 17 
2 . 5 0 .6 2 .53200 18 
2 . 5 1 . 3  2 .7 3200 19 
2 . 5  5 .3 1 .20000 20 

� 

r-liiA 
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. Ozone Applied (mg/ 1) 

Fiugre C2 . 'Ihresoold o:br Number versus Ozone Ibsage, 
5-rni.nute Contact Time 
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D e t e n t i o n  T i me = 1 0  M i n u t e s  

o 2 4 · a a 1 0  1 2  - 1 4 1 6 1 s 20 22 24 2 6  

Ozone Applied (mg/1) 

Figure C3 . 'Ihreshold OCbr Nunber versus Ozone Ibsage, 
1 0-minute Contact Time 
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D et e n t i o n  T i me = 2 0  M i n u t e s  

o 2 4 6 · a · 1 o  1 2 - 1 4  1 6  : 1 a  2 0  22 2 4  2 6  

· Ozone A ppl ied (mg/1) 

Fiugre C4 • 'lhreshold O<:br Nunber versus Ozone DJsage 
20-minute Contact Time 
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D e t e nt i o n  T i m e  = 3 0  M i n u t e s  

0 2 4 6 8 \1 0  1 2  �- 1 4  1 6  1 8  20 2 2  2 4  2 6  

Ozone Applied (mg/1) 

Figure CS . 'Ihresh:>ld Odor Nunber versus Ozone Ibsage, 
30-minute Contact T.ime 
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APffiNDIX D 

Water Treatment at Fainnont. Minnesota 
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Water Treatment at Fairmont 

History 
The existing water treatment plant in Fairmont was construc

ted over a number of years with separate improvements made to it at 

different times . The source of water for . the city of Fairmont and 

this plant is Budd Lake . This lake is fairly small and very susce� 

tible to environmental influences . 

In 1978,  a new intake line and wetwell were added to the 

plant along with two new intake pumps . The new line was extended a 

greater distance into the lake to obtain better qual ity water during 

periods when water levels in the lake are low. At the same time, a 

groundwater supply well was contructed . This well is used only as a 

backup for the water supply from Budd Lake . 

It has been stated that the Fairmont water treatment plant 

has a maximum capacity of 4 .5 MGD, however the actual current maxi-

mum operating capacity is 4 . 0 MGD. The plant is presently capable 

of operating at 3 pumping rates : 1600 gpm ( 2 . 3  MGD) , 2400 gpm ( 3 . 5 

MGD) , or 2800 gpm ( 4 . 0  MGD) . 

Treatment Process 

A schematic layout of the treatment plant is shown in 

Figure (Dl) . Table (Dl ) contains a list of the volumes and deten-

tion times of each basin at the specified flow rates . After raw 

water is pumped into the plant, it flows through a rnicroscreen to 
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small particles and algae . The water then passes to a contact basin 

where activated carbon, alum, arnroc>nia, and sometirres potassium 

t:ermanganate are added . The water then flows into the prechlor ina-

tion basins . 

At this point the flow can be divided into 3 separate flow 

streams each having its own mixing basin where line, soda-ash, 

polyphosphate, and possibly a coagulant aid are added . Each stream 

also has its own flocculation and settling basins. Streams 1 and 2 

can each handle approximately 25 t:ercent of maximum flow, while flow 

stream 3 can accorrm<:>date the other 50 t:ercent . 

After settling, the 3 fl<M streams are reconbined and direc-

ted to a recarbonation basin where carbon dioxide is added to lower 

the pH. Following this step the water fl<Ms to the 3 rapid sand

filters . The filtered water is then chlorinated, fluor idated and 

discharged to the clearwell . The clearwell serves as temporary 

storage, and a contact basin for the chlor ine and fluoride . From 

the clearwell the water is pumped v ia high se rvice pumps to the dis-

tr ibution system. 
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Table Dl . Volumes and Contact Tines for Each Basin at the 
Three Operating Rates, _Fairmont Water Treatment 
Plant 

Basin 

A: Wetwell 

B:  Raw Water Inlet 

C :  Microstrainer 

D:  Chemical Feed 

E :  Contact Basin 

F :  Prechlorine Feed 

G: , H: Chlorine 
Contact (each) 

I :  Chlorine Contact 

J :  , K : Chlorine 
Contact (each) 

L:  Rapid Mix 

M: , N: Rapid Mix 
(each) 

0: Slow Mix 

P: , Q: Slow Mix (each) 

R: Clarifier 

S : , T: Clarifier 
(each) 

U: Recaroonation 
Basin 

V: , W: , X: Filters 
(each) 

Y :  Clearwel1 

Volume 
Detention �ime At flew Bates (Minute) 

1600 gpn 2400 gpm 2 80 0 <JI:l1l 
(gallons) 

33 , 420 20 .88  13 .92 11 . 94 

11, 907 7 .44 4 .96 . 4 .25  

15 , 020 9 .39 6 .26 5 .36 

32, 366 20 .23 13 .49 11 .56 

10, 034 6 .27 4 .18 3 .5 8  

13 , 5 80 8 . 49 5 .66 4 .85 

36 , 57 0  22 . 86 15 .24 13 .06  

800 gpm 1200 gpm 

3 0 , 818 30 . 52 25 .68 

37 , 026 46 .28  

19 , 493 24 .36  16 .24 

10 , 771 13 .46 

45 , 628 57 . 0 4  38 .02 

27 , 152 . 33 .94 

160 , 222 200 .28  133 .52 

127 , 160 158 .95  

101 , 286 63 . 3 0  42 .20 36 . 17 

32, 770 20 . 4 8  13 .65 11 .70 

640 , 000 6 .67  hrs . 4 .4 hrs . 3 .8 hrs . � 
• ... 
__., 
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