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Temperature is one of the most important factors

affecting microbial activity and consequently is of great

importance in a biological waste treatment system. Ex-

tensive research has been carried out to determine the

effects of temperature on biological reactions in the temp-

erature range of 200 to 35° Centigrade. It is generally

agreed that the reaction rate increases by a factor of two

to three for each ten degree Centigrade rise in tempera-

ture within this range. There has, however, been very

little research to determine temperature effects in the

range of 350 to 600 Centigrade. Therefore it was deemed

necessary to determine the effect of temperature on

aerobic biological treatment of an organic waste in the

temperature range of 200 to 600 Centigrade.



The impetus motivating this research is the need for

a treatment process capable of immediate treatment of high

temperature wastes such as some canning wastes and pulp

and paper wastes, without prior cooling. At present the

thermal energy from high temperature wastes is dissipated

by use of cooling towers or other cooling devices. If

it is possible to use the thermal energy to increase the

decomposition rates in a treatment process, then of course

it is desirable to do so.

To evaluate the feasibility of high temperature treat-

ment it was imperative to devise a method or means by which

to compare the organic removal rates and treatment effici-

encies at the various temperatures. To make these com-

parisons it was necessary to determine at the various

temperatures the maximum rate of oxygendemand, the

efficiency of organic removal, the quantity and forms of

nitrogen being discharged in the effluent, the net solids

produced, and the settling characteristics of the sludge.

To compare treatment efficiencies at the various

temperatures the following tests and determinations were

performed:

Suspended Solids

Chemical Oxygen Demand



Nitrogen

Oxygen trptake

Type of Growth

Settling Characteristics

The conclusions drawn from these tests resiflts are

as follows:

The biochemical activity rate as measured by

oxygen uptake increased from 200 to 45°C. The

rate dropped rapidly as the temperature was

increased above 45°C.

The COD removal efficiency was above 90% for

the entire range.

The net solids production decreased as temperature

was increased from 250 to 50°C.

Clarification is difficult at temperatures above

35°C.

Nitrification does not take place above 40°C.

The purification rate can be increased tremendously

by increasing the temperature from 20°C to 45°C.

High temperature treatment appears to be readily

adaptable to dispersed growth systems. However,

thermophilic treatment does not appear to be



applicable to treatment systems which require

solids removal because of the poor settling

characteristics.
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COMPARISON BETWEEN THERMOPHILIC AND MESOPHILIC
AEROBIC BIOLOGICAL TREATMENT OF A SYNTHETIC ORGANIC WASTE

INTRODUCTION

Temperature is one of the most important factors

affecting microbial growth and consequently is of great

importance in a biological treatment system. Bacteria

grow quite slowly at low temperature but increase their

rate as the temperature increases. According to Van't Hoff,

the reaction rates double with every 10°C increase in

temperature up to some limiting temperature. In the micro-

bial cell two opposing forces are acting. One, which

depends upon synthesis, tends to increase the reaction rate

with an increase in temperature and the other, which tends

to decrease the observed rate, depends upon the rate of

denaturation of proteins or of enzyme inactivation. At

low temperatures the degradative reactions are insignificant;

however, as the temperature increases these reactions be-

come more important and approach the magnitude of the

synthetic reactions. As the temperature is increased

further, degradative reactions predominate and growth de-

clines rapidly.

There are some microorganisms which can live above

the temperature which is lethal to most forms of life.
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It is generally agreed that these heat-tolerant micro-

organisms have proteins which resist denaturation at these

temperatures. At temperatures above 65°C, however, the

heat-resistant proteins are also denatured and growth of

the heat-tolerant microorganisms ceases. The organisms

which grow best at the elevated temperatures (above 50°C)

are called thermophiles. The metabolic rates of these

organisms are very high. This suggests that a high rate

of treatment of organic wastes might be obtained in the

thermophilic range.

In comparison to the amount of research that has been

done to determine the feasibility of anaerobic treatment in

the thermophilic range, there have been only a very few

investigators who have reported their research on the treat-

ment of organic wastes aerobically in this range. Most of

the work that has been done to determine the effect of

temperature on metabolic rates has been carried out from 100

to 30°C. It was deemed necessary, then, to determine the

effects of temperature on aerobic biological treatment of

an organic waste in the temperature range from 200 to 60°C.



Purpose

The impetus motivating this research is the need for

a treatment process capable of immediately treating high

temperature wastes, such as some canning wastes and pulp

and paper wastes, without prior cooling. At present the

thermal energy from high temperature wastes is dissipated

by use of cooling towers or other cooling devices. If it

is possible to use this thermal energy to increase the

decomposition rates in a treatment process then of course

it is desirable to do so. It would then be possible to

decrease the size of the treatment units as well as

eliminate the need for cooling facilities.

Scope

To evaluate the feasibility of high temperature treat-

ment it was imperative to devise a method or means by which

to compare the organic removal rates and treatment effici-

encies at the various temperatures. To make these

comparisons it was necessary to determine at the various

temperatures the maximum rate of oxygen demand, the

efficiency of organic removal, the quantity and forms of

nitrogen being discharged in the effluent, the net solids

3



produced, and the settling characteristics of the sludge.

By comparing the results of these tests it should be

possible to determine the feasibility of high temperature

waste treatment.



LITERATURE REVIEW

Thermophilic Microorganisms

This section is devoted to exploring the various types

of organisms that could be expected to be present in a

treatment system operated at elevated temperatures and to

determine their origin, distribution and biochemical act-

ivities.

Types of Thermophilic Microorqanisms

Thermophily is a characteristic that has been observed

in a very diverse group of microorganisms. Robertson

(l927a), in a review of the literature prior to 1927,

reported the existence of thermophilic spore-forming and

non-spore-forming rods, actinomyces and cocci. In later

reviews, both Gaughran (1947) and Allen (1953) reported that

the genus acillus is the most commonly encountered group

of thermophiles in nature. Gaughran (1947) also reported

the existence of thermophilic cocci, actinomyces, spiro-

chaetes and fungi. Brues (1927), in a study of animal life

in hot springs, reported that chlorophyll bearing algae

occur regularly in waters at 600 to 63°C and that forms des-

titute of chlorophyl extend into hotter water of 700 to 71°C.

5
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The temperature requirements for animals of all kinds

are much more exacting than those for the lower plants and,

compared with plants, their powers of adjustment to high

temperatures are considerably less. Even the most resistant

forms of animal life are unable to endure temperatures at

which certain plants thrive. Very few animal species have

been reported to survive at temperatures greater than 400

to 50°c; protozoa are the most resistant. Issel, as

cited by Brues (1927), found rhizopods, flagellates, and

the common amoeba in Italian hot springs at temperatures

slightly above 50°C. Setchelle (1904), in a study of life

in hot springs, was unable to find any organisms existing

at temperatures above 89°C and animals were not found in

waters above 43° to 45°C. Loginova et.al.(1962), in a

study of the thermophilic microflora of Mount Yanga-Tau in

the Southern Urals of Russia, isolated thermophilic fungi,

bacteria and actinomyces. However, no mention was made of

protozoa or other animal forms. Although there have been

only very few reports of animal life at temperatures above

40° to 45°C, it is interesting to note that almost 100

years ago Dallinger (1887), in the president's address to

the Royal Microscopical Society, reported that protozoa,

which originally grew at about 16°C and had their maximum



at 23°C were made to grow normally at 70°C by gradual

exposure to increasing temperature over a period of seven

years. If protozoa can be adapted to such high tempera-

ture in the laboratory then it would seem that they would

also adapt to these temperatures in nature. The reason

for the scarcity of reports on thermophilic fauna may be

due to the lack of proper technique rather than absence of

the thermophilic animals.

Origin and Distribution

Thermophilic microorganisms are ubiquitous in nature.

They very often occur even at temperatures lower ti-ian tl-iose

necessary for growth. According to the reviews of Allen

(1953) and Gaughran (1947), they have been isolated from

freshly fallen snow, air, soil of temperate and tropical

regions, salt and fresh water (both cold and thermal), and

have been found on grains and foods of all varieties, in

raw and pasturized milk, in feces of man and domestic

animals, in feces of birds, fishes, and frogs, in sewage,

in ocean bottom mud, in stored vegetable material, and in

masses of decaying plant materials. Climatic conditions

apparently have little or no influence on the distribution

of the thermophiles. They are natural inhabitants of the



soil and can be isolated from almost anything that comes

into contact with the soil. Since thermophilic bacteria

are universally distributed, it is evident that prolifera-

tion of these organisms will take place whenever favorable

conditions exist, whether in nature or under arifiàiái

conditions.

Temperature Adaption

The problems to be investigated here are how to obtain

organisms that will live and that are capable of minerali-

zing organic matter at temperatures above which most organ-

isms cease to function, and to determine if these organisms

can function at temperatures below 35°C.

As stated earlier, the general consensus is that ther-

mophiles are of secondary nature, i.e. they are variants

of mesophiles adapted, possibly over an extended period

of time, to live at temperatures above those which are

lethal to most forms of life. Is it possible to adapt,

either in a laboratory or in a treatment process, organ-

isms that are capable of mineralizing organic matter at

the lower temperatures, to live and work at temperatures

up to 55° to 60°C? Researchers have attempted to develop

heat-resistant strains from mesophiles but many have been



unsuccessful. Gaughran (1947, p. 211), in his review

stated:

An appreciable increase in temperature
tolerance appears to require a great length
of time, and the sudden development of
thermophilic forms as suggested by Lieske and
Kluyver and Baars, frequently has been con-
sidered very doubtful.

He also states (p. 213):

That some adaptions to environmental con-
ditions occur fortuitously by mutation cannot
be denied. The probability, however, of
observing such a change of prolonged cultiva-
tion of an organism under a slightly modified
environmental condition is hardly to be expected.
Attempts at accomodation by gradual change of
temperature in an effort to duplicate the process
of natural selection are also unjustified, as
attested by the very questionable success in the
work undertaken in the past.

Allen (1953), having observed the close similarities

in properties between the mesophilic and thermophilic

aerobic spore-forming bacteria, conducted experiments in':

which she attempted to isolate thermophilic variants of

mesophilic spore-forming bacteria. She was able to show

that thermophilic bacteria could be derived from mesophilic

members of the genus aci1lus.

Sie, Sobotka and Baker (1961) were able to convert a

pure mesophilic culture of Bacillus sphaericus into a cul-

ture capable of growing at elevated temperatures by adding

9
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to the medium a nucleoprotein extracted from a culture of

rapidly growing Bacillus stearothermophilus ( a thermophilic

bacillus).

Dallinger (1887) as stated before,was able,over a

period of seven years, to increase the maximum temperature

for growth of protozoa from 23° to 70°C.

There are other reports of both success and failure

to obtain thermophilic variants that are not cited here.

These were included only to show that it is possible to

obtain thermophilic microorganism from mesophilic strains.

Since it has been shown that it is possible to increase

the upper temperature limits for microorganisms, the

question is one of determining if all thermophilic bacteria

are recent variants of an existing mesophilic strain or

if they exist in the soil as true thermophiles. Allen

(1953) attempted to answer this question by comparing the

number and types of mesophilic spore-forming and thermo-

philic spore-forming bacteria from soil samples capable

of growth on yeast agar plates. The ratio of those develop-

ing at 55° to 60°C to those developing at 35°C was found

to be 1/100 to 14000. Also, Bacillus circulans was the

most predominant thermophilic species while Bacillus

subtilis, Bacillus meciaterium and related forms were the
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most common among the mesophiles. She concluded, therefore,

that either the frequency of variation of spore-formers

fresh from soil is several orders of magnitude greater than

that found with laboratory cultures, or that thermophilic

spore-forming bacteria exist as such in the soil. These

observations could be explained by the fact that the

character of the media and other environmental factors in-

fluence the temperature for growth of the thermophiles

and also determine the types of organisms present (Morrison

and Tanner, 1924, Hansen, 1932). Allen also states that

there are natural environments favorable for their develop-

ment, their spores are highly resistant, and some distri-

bution of microbes from natural sources must occur; hence,

it would be rather surprising if no thermophiles as such

were found in the soil.

Many researchers have attempted to answer the question

as to whether thermophilic microorganism can function at

temperatures below 35°c. Allen (1953) stated that all vari-

ants which were obtained from the genus Bacillus in her

laboratory were capable of growth at 300 to 35°C as well

as at 55° to 60°C. Some believe the thermophiles exist in

a resting or spore state and do not participate in the

degradation of organic matter until the temperature is
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increased by heat from the sun or by heat generated from

disintegrating organic matter. Others believe that they

are thermotolerant and exist and carry out their activities

in symbiotic relation with their mesophilic neighbors.

Hansen (1932) is inclined to believe that many thermo-

philic bacteria which are reported not to grow at 20°C

would show growth if appropriate methods were used for de-

tecting it. He stated that growth of thermophiles near

room temperature is so slow it may easily escape notice,

but may nevertheless account for the general occurrence of

thermophilic bacteria in nature in temperate climates.

Other researchers tend to agree with Hansen. Campbell

(1954) and Long and Williams (1959) found that strains of

Bacillus stearotbermophilusthought to be obligate thermo-

philes which did not grow in the usual bacteriological

media at 36°C did propagate and grow abundantly when basa-

mm was added to the medium.

Imseneck and Solnzeva (1945) divided the organisms

capable of growing at high temperatures into three groups:

first, a thermotolerant species with an optimum tempera-

ture between 40° to 5GøC which would grow rapidly at 60°C

as well as 25°C;second, eurithermal thermophiles with an

optimum temperature between 550 to 65°C which would also
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show a slight growth at such low temperatures as 280 to

300C; third, stenothermal thermophiles with an optimum

temperature of 550 to 60°c but which do not show any growth

during several days at 28° to 30°C. He obtained colonies

of organisms capable of growing at 60°C by inoculating meat

peptone agar plates with the contents of the intestines of

various animals, or soil, or slime. The overwhelming part

of the colonies belonged to the thermotolerant species. He

was also able to isolate some species of both stenothermal

and eurithermal thermophiles. He stated that some investi-

gators who dealt only with stenothermal species concluded

that at relatively low temperature no growth occurs. In

studying eurithermal species, one could make the mistake

of attributing to all thermophiles the capacity of growth

at low temperatures. In fact, however, there exist in

nature both groups of thermophiles.

As can be seen from this brief literature review, there

is no general agreement among the researchers as to the

capabilities for growth and reproduction and, consequently,

the intensity of the biochemical activities at the various

temperatures. Whether or not there are obligate (Stenothermal)

thermophiles, facultative (Eurithermal) thermophiles and

thermotolerant microorganisms seems to be only of academic
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interest. It is important in this study only if: (1) it

can be shown that there is an intermediate temperature

range between the mesophilic and thermophilic in which the

capacity to mineralize organic matter is much less than at

temperatures immediately above or below this range, or (2)

that obligate thermophiles have a much higher mineralization

rate than do facultative thermophiles. These phenomena are

not expected in this study because a mixed culture will be

used in which a very heterogenous group of microorganism

will be present. All researchers agree that there is no

natural dividing line between thermophiles and mesophiles

or, needless to say, between the proposed different groups

of thermophiles. In fact, Allen (1949,p.2O5) states that:

Within the group of aerobic spore-forming
bacteria, for example, a continuous spectrum
of organisms from those which will not tolerate
temperatures above 35°c to those which will not
grow below 40° to 45°C can be easily assembled.
Any separation into mesophiles and thermophiles
is thus purely arbitrary and a matter of con-
venience rather than the expression of any
discontinuous natural separation.

Based on the above statement it should be possible to

culture a group of organisms at any temperature from 50 to

700C which could assimilate and decompose an organic sub-

strate.
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Biochemical Activities of the Thermophilic Microorganism

Therinophiles constitute a heterogenous group. They

include organisms which are capable of growth in the com-

plete absence of oxygen as well as those that are obligate

aerobes. According to Allen (1953), most bacteria isolated

at high temperature are aerobic spore-forming rods;

nonspore-formers are rare, and facultative forms are more

common than obligate anaerobes. Gaughran (1947) states

that the greatest number of therinophiles are facultative

with regard to oxygen tension; however, there are, in

addition, aerobic and anaerobic forms. They encompass a

group of microorganisms capable of performing most of the

biochemical activities carried out by the mesophiles.

Allen (1953) reported that thermophiles capable of

decomposing cellulose, denitrifying and fixing nitrogen,

digesting starch and proteins, and fermenting sugars to

yield acidic end products have been isolated. Gaughran

(1947) reported that there are thermophiles capable of

carrying out the following biochemical processes: nitro-

sifying, denitrifying, sulfate reducing, sulfur and sulfide

oxidizing,arid iron.Oxidizing.. He also reportd proteoltJ,c,

amylolytic, lipolytic and halophilic thermophiles and
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some that are capable of oxidizing phenol and various

hydrocarbons.

Allen (1953) studied the oxidative capacities of a

group of the thermophilic spore-formers of the genus

aci11us and concluded that they are at least as great as

those of the mesophilic members. To support this content-

ion, she tested four strains of thermophilic bacteria by

the auxanographic method for its utilization of various

organic compounds. The results are shown in Table I along

with some of den Dooren de Jong's results, as reported by

Allen (1953), for mesophilic spore-formers.

Allen also determined the fermentation products

formed from glucose by several thermophilic Bacillus

subtilis strains and compared the results with those

obtained by Blackwood from mesophilic strains of Bacillus

subtilis group. These results are reproduced in Table II.

The above examples illustrate, at least for the strains

tested, that the oxidative capabilities and the fermenta-

tion products of the thermophiles closely resemble that of

the mesophiles.



TABLE I. SUITABILITY OF VARIOUS ORGANIC COMPOUNDS FOR AEROBIC GROWTH OF SOME
THERMOPHI LIC AND MESOPHI LIC SPORE -FORMING BACTERIA

SUBSTRATE
glucose
galactose
arabinose
maltose
lactose
inannitol

acetate
lactate
succ mate
tartrate
laurate
glutarate

glutamate
glyc me
alanine
arginine
hist idine
seririe

7-2 112 139 18-2
+ + + +

+ +, - +

+

+

±

+
±

+ + + +

+
+ + + +

+ + + +

+ + + +

+ + +

+

+

+

ORGANISM THERMOPHILES MESOPHILES

circulans sphaericus coaqulans subtilis vulqatus mycoides polymyxa



TABLE I. (Continued) SUITABILITY OF VARIOUS ORGANIC COMPOUNDS FOR AEROBIC
GROWTH OF SOME THERMOPHILIC AND MESOPHILIC SPORE-FORMING BACTERIA

ORGANISM THERMOPHILES MESOPHILES

circulans sphaericus coaqulans subtilis vulgatus mycoides polymyxa
SUBSTRATE 7-2 112 139 18-2
benzoate - - - - - - -

p-OH benzoate - - - - - - -

phenol + - - - - - -

phenyl acetate + - -
tyrosine ± - - - -
cinnamate: - - - -

glucosamine - + - +
acetamide - - -

glutamine - + - -

triethylamine
ethylamine - -

ure than

nicot inamide
uracil
guanine
indole
tryptophan
proline +

+ +



TABLE II. FERMENTATION OF GLUCOSE BY THERMOPHILIC AND MESOPHILIC STRAINS
OF BACILLUS LICHENIFORMIS (B. SUBTILIS)

PRODUCT

CULTURE
THERMOPHILIC MESOPHILIC

Carbon dioxide 0.226 0.380 1.12 1.02 0.046
Formic acid 0.040 0.069 0.19 0.082 0.242
Acetic acid 0.226 0.158 0.006 none 0.070
Ethanol none 0.107 0.216 0.122 0.046
Lactic acid 0.969 1.04 0.248 0.385 1.37
2, 3-butanediol 0.385 0.403 0.483 0.518 0.081
glycerol none none 0.464 0.413 none
% recovery of C 87.5 95.4 99.5 97.8 86.4
O/R index 0.87 0.58 1.00 0.96 1.08



Growth and Biochemical Activity Rates

Relatively little data are reported on this subject.

Tanner and Wallace (1925) investigated the relationship

between growth rates and temperature. They grew three

cultures of thermophilic bacteria in a liquid nutrient

broth media without aeration, at 55°C, 37°C and 20°C. The

maximum growth was reached in a much shorter time at 55°C

and subsequently died out rapidly after this maximum

growth was reached. This, they report, is in accordance

with the general understanding that temperature exerts a

driving action on cellular activities and at 55°C the bac-

terial cell works much faster and consequently wears itself

out much more quickly.

Hansen (1932) studied the growth and fermentation

rates of a facultative thermophile. His main objective was

to determine the generation times at various temperatures.

The growth rate was found to increase with increasing tempera-

ture from 100 to 55°C above which the rate decreased. The

generation time was about 16 minutes at 55°C and 6 hours

at 20°C. He found that the maximum crop in a culture at

55°C was only of the magnitude of 108 cells per ml, but the

chemical changes were considerable in a short time because

20
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the rate of fermentation was very high. The fermenting

capacity at 55°c was about 30 times as large as that

reported for Streptococcus lactis at around 20°C. Hansen's

experimental arrangement was better than that of Tanner

and Wallace's in that he attempted to keep the culture

aerobic by passing air over the surface of the culture.

His data on growth rates at various temperatures were, how-

ever, extremely irregular. This was probably due to some

environmental factors, possibly, as he mentioned, to acid

end products or to an insufficient oxygen supply.

Imsenecki, as citied by Gaughran, (1947) has found

that proteolysis, denitrification, and hydrolysis of starch

by thermophiles proceeds at a rate seven to fourteen times

that of cultures of mesophilic bacteria. By observing

amylolytic thermophiles he found that their amylolytic

activity proceeded at a rate far out of proportion to the

number of cells in the culture, and that this rate was

not a result of an accumulation of amylolytic enzymes in

the medium.

Imsenecki and Solnzeva (1945) conducted experiments

to ascertain the rate of growth of the thermophiles at 60°C.

They state that growth is more rapid for the therinophiles

than for the mesophiles and that there occurs a more rapid
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diminution of the number of cells in the thermophilic

than in the mesophilic culture. Hence, the stationary

phase is followed by a rapid decline in the number of

viable organisms. Imsenecki and Solnzeva also compared

the growth rates and cell yield of an aerated culture with

that in an unstirred liquid layer one centimeter thick.

They found that not only did aeration appreciably accel-

erate the reproduction of thermophilic bacteria, but that

it also greatly increased the number of cells. Noting that

Hansen investigated the growth of a facultative thermophile,

Allen (1953) investigated the growth of a bacterium which

only grew at high temperatures. She noted a similar

phenomena of rapid growth followed by rapid death. She

obtained a maximum cell crop of about 108 cells per ml

which compared favorably with data reported by Hansen (1932)

and Imsenecki and Solnzeva (1945).

Lyman and Langwell (1923) in work on the decomposition

of cellulose by thermophilic bacteria stated that they

obtained 40 times as much acetic acid at 55°C as at 37°C.

Thermophiles vs Mesophiles

The purpose of this section is to summarize briefly

the similarities and differences between the two broad
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classes of organisms.

The metabolic processes for thermophiles are

similar to those of mesophiles, and consequently

they can use a wide variety of materials as

sources of energy for cell synthesis.

The products resulting from the breakdown of these

materials by thermophilic bacteria are the same

as for analogous mesophilic forms.

The biochemical activities of the thermophiles,

although they include a broad spectrum, are re-

stricted at least in the transformation of nitro-

genous compounds. Arnmonification, proteolysis,

and denitrification has been observed by several

investigators; however, only one has reported the

oxidation of ammonia to nitrite and further oxida-

tion to nitrate has not been reported.

There is no natural dividing line between the

mesophiles and the thermophiles. There exists in

nature an entire gamut of organisms capable of

living at temperatures near freezing to tempera-

tures of 70°C or above.



Temperature Effect on Rate Processes

This section will be devoted to the theories which

explain the effect of temperature on physical, biological

and chemical systems. Also included is a brief discussion

as to why one might expect temperature to exert similar

effects on both biological and chemical reactions.

Comparison of Bioloqical and Chemical Reactions

The bacterial cell may be thought of as a package in

which a large number of enzymic reactions are controlled

by a semipermeable membrane which allows the passage of

various ions and molecules at different rates. Control of

materials into and out of the cell is accomplished both by

physical screening and by electric charge. Beneath the

cytoplasmic membrane is the cytoplasm which consists of a

colloidal suspension of proteins, lipids, and carbohydrates

in an aqueous phase. The major chemical reactions take

place within the cytoplasm. The cytoplasm also contains a

number of insoluble inclusions one of which is the nucleus.

The nucleus is the control panel that governs all chemical

reactions which occur within the cell. The enzymes which

catalyze these reactions also originate within the nucleus.

24
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From tliis brief review of some of the important cellu-

lar constituents, it is obvious that biological reactions

are complicated processes and, therefore, they may not be

expected to conform to the kinetics of a simple chemical

reaction. They must, however, follow the laws of thermo-

dynamics and rate theory. In biological reactions, the

rate is ultimately controlled by enzymes or possibly by

diffusion of the substrate through the cytoplasmic membrane.

In the series of enzymic reactions which occur within the

microorganism, the rate of the overall reaction will be

limited by the slowest step. Thus, complex processes oftn

proceed at a steady rate conforming closely to the kinetics

of a single reaction. Analogous complex chemical reactions

also occur. As an example, the acid catalyzed inversion

of sucrose will be considered.

A solution of sucrose in water in the presence of

acid is hyarolyzed to a mixture of glucose and fructose.

If this reaction is followed by monitoring the change in

optical rotation, the reaction rate is found to obey a first

order equation:

ds
= Ks

dt

where s is the concentration of sucrose.
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In order to understand the mechanism of this reaction,

two concepts must be known. First, if the concentration

of acid is increased, k is increased. Thus, k is dependent

on the hydrogen ion, H±, concentration. Second, water

disappears as a result of the reaction, for a molecule of

water combined with each molecule of sucrose.

C12H22011 + H20 2 C6 H1206

The mechanism proposed for this reaction is shown below:

or

H22011 + ). Cl2

k2

k2

+
011

[c12H22o1 [H±]

3011 + H20 k3 2 C6H121 +H+

The overall mechanism, then, consists of two successive

bimolecular reactions. The second, with the rate constant

k3, is the slower of the two and, therefore, the rate

determining reaction. The reaction rate is given by:

Rate = k3 I2
LC12H230111

Since the first step is a reversible reaction an equilibrium

is established in which:

k1
K =

-
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Replacing the concentration of the intermediate ion in the

rate equation with the above expression gives:

Rate =
k1k3

L20] [C12H22O1j [H+]

This apparent first order reaction is truly a third

order reaction. Only because water is in great excess and

the hydrogen ion is regenerated in the process are these

materials not evident in the rate equation. It is interest-

ing to note that Arrhenius studied the effects of tempera-

ture on the rate of hydrolysis of sucrose in the presence

of various acids and developed an equation to predict the

results. He later applied his equation to biological

reactions.

Bioloqical Optimum

In general, one can say rate processes increase in

velocity with an increase in temperature. Apparent except-

ions can be found to this generalization, but, as pointed

out by Brey (1958), if the rate constant for an elementary

process can be extracted from the observed complex behav-

ior, it is found to increase with temperature. Biologicaland

enzym:ic processes, provide outstanding examples of these

apparent exceptions. In enzyme-catalyzed or biochemical
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reactions, the rate rises to a maximum with increasing

temperature and then decreases. Hinsheiwood (1946)

explained this phenomenon by assuming that two processes

take place simultaneously. One is a synthetic process

and the other is a degradative process. Both increase,

although to different extents, with a rise in temperature.

The synthetic process is the controlling one at low tempera-

tures and is the one most affected. As the temperature

increases, the degradative processes play an increasingly

important role until, at some temperature, the rate of the

synthetic processes, minus the rate of the degradative

processes, reaches a maximum. This temperature, at which

the maximum rate is observed, is referred to as the optimum

temperature. As the temperature is increased further, the

rate of the degradative reactions approaches the rate of

the synthetic reactions and growth ceases. Hinsheiwood

explained the observed increase in the rate constants and

the biological optimum by application of the Arrhenius

theory and Eyring and Magee (1942) and Johnson and Lewin

(1946) applied the theory of absolute reaction rates to bio-

chemical rates of a bacterial culture. These theories and

the commonly used temperature coefficient and temperature

quotient will be discussed briefly below.
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Arrhenius Equation

Arrhenius (1907) was one of the first investigators

to formulate a mathematical expression for the effect of

temperature on a chemical reaction. By observing the

effect of temperature on the rate of inversion of sucrose,

he noted that the rate increased much faster than did the

kinetic energy of the molecules. To account for this, he

introduced the concept of an "activated state". Arrhenius

theorized that for a molecule to undergo a change it must

possess energy at least equivalent to the energy barrier

between the reactants and the products, and that the number

of molecules, M1 possessing this energy is proportional

to the number of inactive molecules, M1:

Ma 1cM

Making use of this relationship, Van't Hoff's expression

for the temperature dependence of equilibrium constants,

and data collected for the inversion of sucrose, he developed

the following expression:

dLnk /1 1

dt RT2

in which k = the rate constant, T = the absolute temperature,

R = gas constant andp = an energy usually referred to as

activation energy.
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If this equation is integrated between the limits of

T1 and T2, the equation can be expressed as:

The rate constant at any temperature can then be evaluated

by knowledge of p and the rate constant at any one tempera-

ture. To evaluate p one of the following indefinite forms

of the integral is usually used:

Lnk=1! - + C= LnA
R T R T

or

Lnk2 =,i
k1

k=Ae RT

From the above equations, it can be seen that if Lk is

plotted against the inverse of the absolute temperature, a

straight line results with a slope of . In place of k

any other observed quantity proportional to k can be used.

Arrhenius (1907, p. 143) was one of the first to

apply his mathematical equation for temperature dependence

to biological or enzymic reactions. He found that different

vital processes, such as alcoholic fermentation by means of

yeast, assimilation and respiration of plants, cell-division

in eggs, and the heart-beats of a tortoise possess very

nearly the same value of p. namely between 12,000 and 16,000

cal./mole, which is of the same order of magnitude as

1

T2
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the corresponding values for the hydrolysis of cane sugar

by invertase, of starch by amylase, or the saponification

of ethyl acetate by bases. From these observations and

others he made the following statement (1915, p. 59):

As a general result of our investigation
we may say that the influence of temperature
on the velocity of different processes in which
enzymes, organic products such as egg white,
or living cells, such as blood-corpuscles,
bacilli, or even higher organisms such as eggs,
or plants are involved, follows the same law
as is found for the influence of temperature on
ordinary chemical processes.

Allen (1949) stated that the activation energies for

enzyme action lie in the range of 5,000 to 20,000 cal./mole

while those for enzyme destruction are much higher, ranging

from 40,000 to 100,000 cal./mole.

Arrhenius (1915) applied his equation to the coagulation

or destruction of living cells, and found that/i was much

greater than for synthetic processes. He calculated? for

the spontaneous destruction of 2 percent Rennet to be

90,000, 2 percent pepsin to be 75,600, 2 percent trypsin

to be 62,000 and the destruction of invertase from yeast

to be 72,000 cal./mole. Although Arrhenius proved that his

equation could be applied to enzymic and biological systems,

both for synthetic and degradative processes, he did not



32

attempt to apply it to the entire temperature range but only

to temperatures considerably above or below the optimum.

Hinshelwood (1946 p. 225) as stated above assumed that

two opposing reactions take place simultaneously, both

increasing in rate with an increase in temperature but in

opposite directions. He proposed the following relationship:

Effective rate of growth = rate of synthesis-rate of
degradation

Rate of synthesis = A1 e_/h11'1T

Rate of degradation = A2 e2/RT

or Effective rate of growth A1e_11i/RT - A2 e21T

At low temperatures the second term is negligible and the

rate is dependent upon A1,
, and T. As the temperature

is increased, the second term, because)u2 is much larger

than Pi' increases much faster than the first, and at some

optimum temperature the difference between the two terms I$4

a maximum. Above this temperature the second term approaches

the value of the first and the rate rapidly declines. The

Arrhenius theory has been given fuller interpretation by

Glasstone, Laidler and Eyring (1941) in their development of

the Absolute Reaction Rate. theory which was later expanded

by Eyring and Magee (1942).
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Temperature Activity Curve Based on Absolute Rate Theory

Johnson, Eyring and Polissar (1954) have covered ex-

tensively the effect of temperature on biological reaction

rates. Only a very brief account will be presented here

and for a more thorough understanding, the reader is

referred to 'The Kinetic Basis of Molecular Biology" by

Johnson, Eyring and Polissar and to the other papers

referenced.

The Absolute Rate Theory is based on the concept of

the activated state as introduced by Arrhenius. The theory

states that every elementary rate process, whether its

nature be diffusion, solubility, oxidation, hydrolysis, etc.,

can be treated as an unstable equilibrium between the

reactants and an activated complex. The activated complex

decomposes at a universal frequency of kT/h which is the

same for all reactions. In this expression k is the Boltz-

mann constant, T is the absolute temperature, and h is

Plank's constant. If P is designated as the probability

that a molecule or atom in the activated state will proceed

on to products and K* the equilibrium constant between the

normal and activated molecules, then the specific rate

constant k' is given by:

k'=Pi- K*
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Because K* behaves for all practical purposes as an equili-

brium constant, the following relationships can be formed

from thermodynamics:

knowing = - T áS*

and

in which

then

= - RT Ln K*

= Free energy of activation

= Heat of activation

LS* = Entropy

LnK* = AF*/RT

K* = F*/RT
e

-

Therefore k' = p e RT + R
h

Note this is similar to the Arrhenius equation:

-/i/RTk' =Ae

in which
hS*

A = P Rhe
and

+ s*/R)

=

From this relationship it can be seen that A is not a true

constant as assumed by Arrhenius, but varies with tempera-

ture. However, fortunately over the temperature range of

concern for biological reactions, A is not very sensitive
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to temperature and can be assumed to be constant. Also,

comparing these two equations, p is not equal toH*;

however, Johnson, Eyring and Polissar (1954) proved that

H* differs from p by only 600 calories at room tempera-

ture, a difference which is within the limits of experimental

error. These relationships, when applied to biological

reactions, are valid only within the temperature range of

growth for the organism of interest and then only at

temperatures below the optimum.

Eyring and Magee (1942) developed an equation which

fits the entire temperature activity curve remarkably well..

They assumed two reactions were sufficient to describe the

rate of growth throughout the entire temperature range.

One, for temperatures considerably below the optimum, the

rate was controlled by a single enzyme, En in accordance

with the following equation:

_AH*
RT + R

Ic' = cT [sJ [) e

in which [s) is the substrate concentration, [En) the

enzyme concentration and the other symbols are as defined

above. In the presence of an excess of substrate, [sJ can

be assumed to remain constant. Second, as the temperature

is increased and the optimum is approached and exceeded, a



(-.iL
1+e RT R

in which

sH = Heat of reaction for denaturation

= Entropy of reaction for denaturation

Substituting this equation for E in the above equation for

k' the following expression is obtained:

(_H* 1S*

CT [sJ CEol e RT R
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reversible protein denaturation reaction retards the

observed rate. Assuming that the enzyme goes from a native

active form En to a reversibly denatured inactive form Ed

according to the following equation: EflEd. Then:

K1 Ea/E and letting E0 the total enzyme concentration

be the sum of E and Ed.

Then

E0 = E + Ed = En + kiEn = E(l + K1)

or E = E0/(l + K1)

Now by replacing K1 by its thermodynamic equivalent:

K1 = e
RT R

Then

E
= 0

HS
RT

+
R1+ e



RT R
1+ e

Johnson and Lewin (1946) shows that this relation describes

the rate of growth of E. coli. Their results are shown

in Figure 1.

Temperature Quotient

The temperature quotient (Q10) is commonly used,

especially in the field of biology, to express the effect

of temperature on a rate process. This term has no

theoretical basis; however, it is a useful term because of

its simplicity and of its widespread use in the literature.

It is simply the ratio of the rate of a reaction at T°C to

the rate at 10°c lower or the number of fold increase for

each 10°c rise in temperature. This term is not a constant

37

Now assuming 1EI constant throughout the temperature

range, [s] in excess, As* constant because it cannot be

separated from the concentration factor, and that the

oxidation rate, rate of substrate disappearance or any

other observed rate is proportional to the specific rate

constant, the following expression for the observed rate

V is obtained.

_H*
V.ck' = CT e

RT
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and because of the fact that there is an optimum tempera-

ture it must decrease with a rise in temperature.

Temperature Coefficient

The temperature coefficient, , is another term

commonly used to express the temperature dependence of a

biological reaction. It is closely related to the

Arrhenius equation:

Lnk2p
(- -1T R T1 T2

(T-T1)

R T1T2

If the difference between T1 and T2 is not great then:

RT

which is commonly referred to as the temperature charact-

eristic. Then substituting C for in the Arrhenius
RT1T2

equation gives:

Ln k2

k
= C (T2-T1)

1

or

RT
(T2-.T1)
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or equating eC to and substituting in the above equation

gives:

k2
=

(T-T)

This equation is the most widely used temperature relation-

ship in the field of waste treatment.

Temperature Effect on Physical Processes

The metabolic activity of the organisms involved is

not the only consideration in determining the effect of

temperature on waste treatment. There are also a number

of physical processes affected by temperature. Three that

are of interest in waste treatment are oxygen transfer,

adsorption, and settling.

Oxyqen Transfer

The effect of temperature on oxygen transfer has been

demonstrated by several investigators as reported by

Eckenfelder and O'Connor (1961, p. 91). The aeration co-

efficient is influenced by temperature because of its

effect on diffusivity and viscosity. They express the

oxygen transfer-temperature relationship by:

= K20 T-20



in which

T = temperature, °C

= oxygen transfer coefficient at temperature T

K20 = oxygen transfer coefficient at 20 C.

The temperature coefficient, 0 has been reported to vary

from 1.016 to 1.047. For bubble aeration Eckenfelder and

O'Connor give a value of 1.02. The transfer coefficient

increases with an increase in temperature, but the solubility

of oxygen decreases; therefore, the rate of oxygen transfer

does not change radically with temperature changes. For

example, referring to the classical equation for the rate

of oxygen transfer based on Whitman's two film theory

(Steel, p. 162):

do2

dt = KLa (C5 - C)

where

do2
- rate of oxygen transfer

KLa = oxygen transfer coefficient

C5 = oxygen saturation concentration

C = oxygen concentration in the system

Let C=O

dt

= K (C200c)
La (20°c)
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Than do2



do2

dt
(35°c) = KLa(200C) (1.346)

= KLa(200C) (945)

Therefore, assuming 9 = 1.02

Then dO2 dO2

r (20°c) (35°c)

Adsorption

The quantity of substance adsorbed by a given adsorbent

depends on the nature of the substance, its concentration,

and the temperature. For example, the ability of the organ-

isms to adsorb organic material giving a high initial

removal of organics is important in biological treatment

processes. This phenomenon is an inverse function of

= KLa(200C) (9.17 mg/i)

(35OC) KLa(35oC) (Cs350 c)

= KLa(350C) (7 mg/i)

Let K(35oC) = KL(200C)
(35-20)

= KLa(2OoC)1.O23520

= KLa(200C) (1.346)

7 mg/i)
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Then dO2
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temperature according to the Gibbs equation (Glasstone,

1946, p. 1208):

.ç y ç Y2-Y1
RT dC RT C2-C1

where
the amount adsorbed at concentration C

C = excess concentration at the surface

74 = surface tension

T. = temperature

R = the universal gas constant

Thus, as the temperature increases the initial adsorption

decreases.

Settlinq

The removal of solids in a sedimentation basin is also

a function of temperature. An increase in temperature will

decrease the viscosity of the waste, thus permitting

larger vertical settling velocity and, hence, the removal

of smaller particles.

Thermophilic Waste Treatment

Tischer, Brown and Cook (1962), in a study of the

decomposition of wastewater by thermophilic microorganisms,

used two pure cultures, tentatively classified as Bacillus
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circulans and Bacillus stearothermophilus. Bacillus

circulans was tested for its ability to reduce the COD of

concentrated domestic sewage.

The procedure used was to inoculate a sample of con-

centrated domestic sewage with the culture. This inocula-

ted waste was aerated for a period of time and aliquants

were taken periodically for COD determinations. These

determinations were performed on the mixture of cells plus

concentrated sewage. The results are shown in Table III.

TABLE III. COD REDUCTIONS BY BACILLUS CIRCULANS

Sample COD COD %

After 68 hours of aeration 56.4 percent of the COD

had been removed. The COD removal efficiency and rates

appear to be very low; however, as stated, the COD temain-

ing includes both the oxygen demand due to the soluble

organics and that due to cells produced. On this basis the

removal is comparable to those reported for conventional

treatment processes.

Time - hrs mq/l Reduction

0 686 0

22 409 40.5

51 323 42.9

68 300 56.4
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Manometric studies were also conducted using a War-

burg apparatus. In this study two interesting observations

were made. First, there was an apparent CO2 requirement

for both cultures. Second, Bacillus stearothermophilus

would not grow in concentrated domestic sewage with a COD

concentration of 400 mg/i but would at concentrations of

2,000 and 4,000 mg/i. For the first observation identical

flasks were prepared except water was placed in the center-

well of one set of duplicates and KOH in the other. For

the flasks containing KOH in the centerwell, the pressure

changes are a result of total gas consumption and in the

flask containing H20 they are an expression of total gas

consumed minus total gas produced. In this series of tests

the volume of gas consumed was greater for flasks con-

taining H20 in the centerwell than for the flasks con-

taining KOH for some of the substrates tested. Therefore,

the conclusion was that these organisms required CO2 for

growth. What part of this was due to pH alone was not

known. The authors stated that it may well be the major

factor because the pH values at the end of the tests were

always high (between 9.5 and 10.2) when KOH was present in

the centerwell, while the flasks containing H20 in the

centerwell showed a final pH value of approximately 7.5.
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The fact that Bacillus stearothermophilus would not grow

in concentrated domestic sewage at a concentration of 400

mg/l and would at 2000 mg/l was also thought to be related

to the CO2 requirement. It was hypothesized that not

enough CO2 was produced at the lower concentration to

maintain the CO2 concentration above the critical level for

growth. They stated that the results obtained using thermo-

philic bacteria to decompose domestic sewage were sufficiently

encouraging to warrant further study.

Husmann and Malz (1959) investigated the feasibility

of treating a phenol containing waste thermophilically with

both the activated sludge and trickling filter processes.

They found that the therrnophilic microorganisms were

more active than the mesophiles but that they could not

grow them to the same concentration in the activated sludge

system or to the same lawn thickness on the trickling

filters; therefore, they could not increase the removal

rates. They found the ratio of lawn thicknesses for meso-

philic versus thermophilic trickling filters to be 2:1.

Husmann stated that the mesophilic trickling filter lawn

was a dark brown color and the thermophilic trickling

filter lawn was a bright pink color. He also noticed the

same color differences in the activated sludge process.
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Husmann and Malz observed the percent reduction in

organics by following percent KMnO4 reduction as growth

developed on the trickling filter. They found that the

thermophilic trickling filter reached equilibrium approx-

irttate1y one week earlier than did the mesophilic trick-

ling filter.

They were able to get a vigorous growth of activated

sludge on a phenol containing synthetic waste. The sludge

concentration increased continuously with an increase in

temperature up to 35°c and decreased rapidly after reach-

ing its maximum at 37°C.

From 30°C up to 37°C, a strong growth of filamentous

bacteria, probably Sphaerotilus, were observed. Above

37°C the growth was predominantly bacterial.

Husmann determined the percent phenol destruction at

different timeintervals and plotted a graph of percent

phenol destruction versus time. His results are recorded

in Figure 2. From this figure it can be seen that the

activated sludges, produced under mesophilic conditions

were essentially higher in their removal rates for a phenol

waste than were the sludges produced under thermophilic

conditions. The activated sludge produced at 30°C was espec-

ially active. After only 15 minutes, 90 percent of the added

phenol was removed.
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If the activated sludges are arranged according to the

amount of phenol removed after 1 hour, then one arrives

at the following series: 30°C - 35°C - 40°C - 20°C - 55°C

- 45°C - 50°C. From this series it can be seen that for a

phenol waste there is an area between the mesophilic and

the thermophilic temperature range where the decomposition

rate is the lowest. At 50°C the activity was the lowest

and it increased as the temperature was increased or de-

creased from this value.

Reyes (1962) determined the effect of temperature on

the aerobic digestion of night soil. His work is summarized

in Table IV. From this table it can be seen that the

"dieawayt' rates K' and the percent reduction increase with

increasing temperature from 80C to 60°C.

Doughtery and MacNary (1958) made a study of high

temperature treatment of citrus wastes. They found that an

activated sludge unit could be operated at a temperature

as high as 36°C with no deleterious effect to the culture

or the degree of treatment. As the temperature was

increased above 36°C the number and activity of the proto-

zoa began to decrease until at 43°C the culture was devoid

of all protozoa. At 46°c the quality of the treatment had

deteriorated to such an extent that the study was concluded.



TABLE IV. VOLATILE MATTER REDUCTION AFTER 20 DAYS OF AEROBIC BATCH
DIGESTION AT 80C to 60°C AND 3%, 6%, AND 8% STARTING
TOTAL SOLIDS (Reyes, 1962)

3% Total Solids 6% Total Solids 8% Total Solids
Digestion

Temp.
C

Reduction
rate,

K' x 10-3
per day

Reduction
%

Reduction
rate,

K' x 10-3
per day

Reduction
%

Reduction
rate,

K' x 10-3
per day

Reduction
%

8 9.262 34.7 5.957 24.0
20 10.456 38.2 14.683 49.1 9.011 34.0
20 8.446 32.2 8.235 31.6
27 12.400 43.5 12.382 43.4 7.583 29.5
35 16.585 53.4 13.348 45.9 12.845 44.6
35 12.618 44.0
42 13.452 46.2 13.833 47.1 12.845 45.4
50 15.384 50.8 15.291 56.4 13.244 45.7
60 24. 355 67.4
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Ford and Reynolds (1965) studied aerobic oxidation in the

thermophilic range by comparing the biological performance

f systems operating at 200, 30°, 40°, 50°, and 60° Centi-

grade. They observed that the substrate was utilized at a

much slower rate at 500 than at 200 and that the maximum

reduction of the organics at the high temperature was

approximately 55 percent, where an 85 percent reduction was

achieved at the low temperature. The average oxygen con-

sumption varied from 7.6 to slightly over 9 ing 02/hr/gram

sludge as the temperature was increased from 40° to 600

Centigrade. For the lower operating temperatures the

oxygen requirement varied from 10 to 30 mg 02/hr/gram of

sludge. In their studies they noted that the high

temperature floc exhibited much better settling character-

istics than the floc at the lower temperature. The reason

given for this was the fact that viscosity decreases with

an increase in temperature and fewer filamentous bacteria

were present at the higher temperatures.



Figure 3. Experimental
apparatus

EXPERIMENTAL FACILITIES

To determine the effect of temperature on the aero-

bic biological decomposition rate of an organic waste, 12

two-liter aeration chambers were constructed from 1/4" and

3/8" acrylic plastic. A picture of these units is shown

in Figure 3. The units were constructed in a block of six

units and each block of units was placed in a controlled-

temperature water bath.
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EXPERIMENTAL PROCEDURES

This section is devoted to the explanation of the

laboratory methods and procedures used to determine the

effect of temperature on an aerobic biological treatment

system.

Culture Maintenance

The mixed liquor suspended solids (MLSS) used to

initiate the experiment were obtained from the activated

sludge treatment plant in Oregon City, Oregon. This

culture was then acclimated to a synthetic substrate and

was maintained by feeding a quantity of substrate equivalent

to 865 mg/l of COD and wasting 1/10 of mixed liquor twice

daily. The formulation of this substrate is given in

Table V. The feeding and wasting schedule was determined

experimentally such that the MLSS could be maintained at

the desired level and the sludge age would compare favor-

ably with conventional treatment.

To determine this schedule and the feasibility of

therrnophilic waste treatment, preliminary tests were per-

formed at both 20°C and 55°C. For these and all subsequent

tests the cultures were maintained in two-liter volume
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TABLE V. SUBSTRATE FORMULATION

Dextrose 94.0 mg/i

Nutrient Broth 60.0 mg/i

NH4C1 18.8 mg/i

NaC1 35.0 mg/i

K2HPO4 63.5 mg/i

MgSO4 8.0 mg/i

Castiie Soap 4.8 mg/i
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aeration units immersed in a constant temperature bath.

At the completion of the preliminary tests new thermophilic

cultures were started from the low temperature units. The

temperature was increased gradually to 40°c and the cultures

were allowed to acclimate prior to beginning the main sequence

of tests.

For the main sequence of tests 12 two-liter aeration

units were used. Six were operated simultaneously; the

other six were cleaned and made ready for the next set of

tests.

Tests were performed at 50 intervals from 20°C to 40°C

in the mesophilic temperature range and from 40°C to 60°C

in the thermophilic range. These tests were carried out

using cultures from the low-temperature units one week and

alternate weeks thereafter, with tests being performed on

cultures from the high-temperature units during the inter-

vening weeks. Maintaining this schedule, tests were performed

on one day, the testing equipment and glassware were cleaned

the next, and a second set of tests were run on the third

day. The temperature was then increased five degrees over

a two day period and the cultures were allowed to acclimate

for five days at which time the contents of the three units

were mixed together and placed in three clean units. The



cultures were allowed to acclimate for five more days

before tests were run at the higher temperature.

Laboratory Determinations

To compare treatment efficiencies at the various

temperatures the following tests and determinations were

performed:

Suspended Solids

Chemical Oxygen Demand

Nitrogen

Oxygen Uptake

Type of Growth

Settling Characteristics

The procedure. and methods used to make these deter-

minations are discussed below.

Suspended Solids

Suspended solids were used as a measure of the bio-

mass present. The suspended solids concentration was

determined by taking duplicate 25 ml samples from each of

the aeration units and centrifuging these samples for ten

minutes at 12,000 rpm or 18,400 x G in a Lourdes superspeed

Model UV centrifuge. The centrate was then poured off
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and the pellet washed into a tared aluminum dish which was

placed in a drying oven and evaporated to dryness at 103°C

for 8 to 10 hours. The difference between the gross and

tare weights times the appropriate dilution factor gave

the concentration of suspended solids in mg/i. Suspended

solids determinations were made for five consecutive days

prior to running the other tests.

Chemical Oxyqen Demand

COD removal efficiencies were determined by performing

COD tests on the synthetic organic waste and on duplicate

samples obtained from each of the aeration units. The

samples were withdrawn from the aeration units and centri-

fuged for 10 minutes at 12,000 rpm. COD tests were run on

the centrate according to the practices set forth in

Standard Methods for the Examination of Water and Waste

Water.

Ammonia Nitroqen

One hundred ml samples were used and the distillation

method as outlined in Part III, Section B of Standard Methods

for the Examination of Water and Waste Water was followed.



Nitrate Nitrogen

A sample from each of the aeration units was centri-

fuged for 10 minutes at 12,000 rpm and nitrate determinations,

using the polarographic method were performed on these

samples according to the procedures outlined in Part III,

Section D, of Standard Methods for the Examination of Water

and Waste Water.

Nitrite Nitrogen

Nitrite Nitrogen determinations were made on a sample

from each of the aeration units. The sample was centrifuged

for 10 minutes at 12,000 rpm. The procedure used was in

accordance with the method outlined in Part III of Standard

Methods for the Examination of Water and Waste Water.

Oxygen Uptake

Oxygen uptake rates were determined by use of a War-

burg respirometer. Sampling with replacement was used to

determine the unit from which to withdraw the sample. To

do this the units were numbered one through three and a die

was tossed. If the number was three or less that unit was

chosen. If the number was greater than three, three was
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subtracted from the number and the unit chosen correspond-

ing to the remainder. From this unit a 100 ml sample was

withdrawn and diluted with distilled water to a suspended

solids concentration of 1500 mg/l. The volume of dis-

tilled water added to the sample was based on the suspended

solids concentration determined the preceding day. This

diluted sample was blended in a Waring blender for a few

seconds to obtain a homogenous sample and five, 5 ml

aliquants were then placed in the Warburg flasks. The die

was tossed a second time and another sample withdrawn and

treated in the same manner.

Prior to adding the sample, magnetic feed vials were

placed in the Warburg flasks and 0.4 ml of the synthetic

substrate was added to each vial. In six of the flasks,

three containing sample one and three containing sample two,

the substrate strength was equivalent to 6.4 mg of COD and

in the remaining four the substrate strength was equivalent

to 3.2 mg of COD.

Two-tenths ml of a 10% KOH solution was then added to

the centerwell of the flasks and a filter paper wick in-

serted. The flasks were then connected to the manometers,

placed on the Warburg apparatus, and allowed to equilibrate

before the manometers were closed. The rate of oxygen
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uptake due to endogenous respiration was followed for two

hours and then the cultures were fed and the rate of uptake

due to active metabolism was followed. The method developed

by Goldstein (1949) was used to convert the manometer read-

ings to pg of oxygen uptake.

Type of Growth

Periodically the culture was examined microscopically

to determine the types of growth present. The color

changes of the mixed liquor in the aeration chambers were

also noted.

Settlinq Characteristics

The settling characteristics were determined visually

by placing a sample of the mixed liquor in a graduate

cylinder and observing the turbidity of the supernatant.



METHOD OF ANALYZING DATA

Oxygen Uptake

The rate of oxygen uptake was the primary criterion

used to compare reaction rates at the various temperatures.

To make this comparison it was imperative that a point be

chosen on the oxygen uptake curve for which the tangent to

the curve, or rate of oxygen uptake, could be easily

determined for each temperature. It was just as important

to choose a substrate concentration for which these com-

parisons would be valid for all temperatures. To meet

these requirements, a concentration was chosen for which

the rate of oxygen uptake was not dependent on the substrate

concentration, i.e., dO2/dt = k, where 02 is the dissolved

oxygen concentration, t is time and k is a constant. To

be insured that the rate was independent of the concentra-

tion, tests were run at two substrate concentrations (3.2

and 6.4 mg of COD/flask) and the rates compared. If they

were approximately equal, they were assumed to be independent

of the concentrations.

To determine these rates a tangent was drawn to the

curve where the slope was a maximum as shown in Figures 4

and 5. The slope of the tangent times the appropriate
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conversion factor gave the maximum rate of oxygen .uptake.

The rate of oxygen uptake due to endogenous respiration

was subtracted from this maximum rate. This difference

was considered to indicate the rate of substrate degrada-

tion. A theoretical curve was then developed using the

model proposed by Johnson and Lewin. This model is repeated

below.

cT ev= RT

+l+eRT R

In estimating the constants for this equation AH*

was determined by computing the slope of the line times

2.303 R, through a temperature range well below the optimum,

on an Arrhenius plot of the data as .shown in Figure 6.

was estimated from the descending slope well beyond the

optimum. If the rate is reduced only slightly from the

maximum for the calculation of H the slope is not reli-

able because the contribution of AH* is too great, i.e.,

the slope will be too small. If the rate is decreased

greatly the slope will be too great because the model varies

from the physical system at the higher temperatures due to

irreversible denaturation of the enzymes. This decending

slope is not a direct measure of LH but actually the
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difference between H and AH*; therefore, to obtain AH

it is necessary to add H* to the value obtained from the

slope.

Having estimated values for AH* and AH, As can be

determined from the following relationships:

-H/RT As/R
K1 =e e

and

K H*+RT
max 1AH - - RT

where K1 = Kmax at the optimum temperature. The equation

for Kmax can be derived as follows (Johnson, Eyring and

Polissar, 1954, p. 222):

Taking the Logarithm of

-

CTe
V = -AH/RT +

1+ e

gives
-AH/RT +s/R;

LnV = Lnc + LnT - Ln (1 + e
RT

Differentiating with respect to T

- H/RT As/R
dLnV 1 _,e e

dT T RT2 ' H/RT s/R
RT2l+e e

substituting K1 for e/1T e/R



dLnV - 1 iH 1(1
dT T RT2 (1 + K1) RT2

when

dLnV
dT

= 0, V = Vmax

Therefore solving for Kmax

AH*+RTK IH - H* -

and solving for S from equation:

AH/RT s/RK1-e e

gives

= R (LnK + H/RT)max

The remaining constant, c, was determined by arbitrarily

choosing some value of V. The value chosen was the

average of the rate determinations at 45°C which appeared

to be close to the optimum temperature.

Having an estimate of all constants in the model, the

curve was compared with the actual data for goodness of

fit. The agreement between the calculated curve and the

observed data will obviously depend upon the accuracy of

the value of theestjmated constants; therefore, a computer

program using iterative techniques was developed to deter-

mine the best value of LIH, H* and V . For each value
max

of the constants a curve was calculated and the residual
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sum of squares was computed. The curve with the lowest

residual sum of squares was chosen as the most representa-

tive one for the system. The resulting curve and the

measured rates are plotted on an arit1unetic plot as shown

in Figure 7. From this curve it is evident that the model

follows the observed data quite well.

To determine if the theoretical model is a good repre-

sentation of the actual system a chi square goodness-of-fit

test was used to compare the expected values from the

theoretical model,to the observed sample means at the vari-

ous temperatures from 20° to 60°C. The probability of

obtaining a 2 of as great as or greater than the calculated

value was 0.10. Comparing the observed values with the

expected values for a temperature range of 25°C to 60°C, the

probability of obtaining a X 2 value as great as the cal-

culated value is 0.80. Therefore the null hypothesis could

not be rejected at the 5 percent level of significance and

for the temperature range of 25°C to 60°C there was a very

close fit between theoretical model and the physical system.

Chemical Oxygen Demand

The units were operated on a batch basis for this

study. Two hundred milliliters of the mixed liquor were
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wasted twice daily from a two-liter unit. Therefore, the

average detention time in each unit was five days. To

determine the percent COD removal it is necessary to know

the COD in the system just after feeding, and again after a

certain predetermined aeration period. The percent removal

then is equal to the COD removed divided by the COD added.

In a batch system in which the settled supernatant is not

wasted before each feeding the initial COD must include the

residual COD in the system plus that amount added to the

system minus the amount wasted with the mixed liquor. By

maintaining a certain feeding and wasting schedule the resi-

dual COD stabilized at some level. The residual COD was

determined 12 hours after feeding. The initial COD is the

COD added plus 9/10 COD remaining after 12 hours aeration.

The percent COD removal was then determined by subtracting

the COD remaining from the initial COD and dividing the

difference by the COD added. The percent COD removal is

given by the following equation:

(I ----R)
1 100
A

in which, P = COD removal efficiency, R = residual COD,

I = initial COD, A = COD added.



RE SULTS

Oxygen Uptake

The results of the oxygen uptake data are plotted on

Figures 7 and 8. From Figure 7 it is evident that the

maximum reaction rates occur at 45°c and rates fall off

rapidly as the temperature is increased or decreased from

this optimum. This does not agree with the results obtained

by Ford and Reynolds (1965). They found 02 uptake rates at

the lower temperatures, of from 10 to 30 mg 02/hr/gram of

sludge which agrees closely with that determined in this

experiment. However, at the higher temperature their

uptake rates are considerably lower. They quoted values of

7.6 to 9 mg 02/hr/gram of sludge which compares to approxi-

mately 180 mg 02/hr/gram of MLSS as determined in this

study. The reason for this discrepancy is not known; how-

ever, part of this difference could be due to the method of

measurement. They determined the amount of CO2 released and

assumed a respiration coefficient of 1.0 to arrive at the

02 uptake. If, as mentioned in the literature, the thermo-

philes have a CO2 requirement the respiration coefficient

may differ significantly from 1.0.
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Observing Figure 7, one can see that the observed rate

at 20°C and 40°c is lower than that predicted by the model

and that the one observed at 35°C is higher than that pre-

dicted. This variation from the predicted rate may simply

be due to experimental error or it may actually be a

characteristic of the system. The measured rates may be a

composite of two curves, one representing the mesophilic

and another the thermophilic microorganisms as shown by the

dashed line in Figure 7. If this curve is actually a com-

posite, then the optimum in the mesophilic range would be

approximately 35°c and the optimum in the thermophilic range

45°c, and there would be a decrease in the rate of oxygen

uptake between the two ranges. The latter interpretation

is not favored by the author because the systems contained

mixed cultures. Husmann and Malz (1959) found a decrease in

activity between the two ranges; however, they were treating

a phenol waste which could be utilized by only a very speci-

fic group of microorganisms. Therefore, they had a culture

with a very limited number of species present, and this

decrease in activity should be expected. The substrate used

in this system consisted of two carbon sources which were

readily available to many species and so mixed cultures were

maintained in the systems.
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In nature all organisms cannot be divided into three

neat packages labeled psychrophiles, mesophiles and thermo-

philes, but there exists an entire gamut of organisms that

can be cultured to grow luxuriantly at any temperature from

5 to 700 Centigrade; therefore there would probably not be

a decrease in activity between the two temperature ranges.

These mixed cultures were acclimated slowly from 20°C over

a several week period to higher temperatures. During the

acclimation period, the feeding and wasting procedures

resulted in a reduction in the number of true thermophiles

because the lower temperatures caused a bacteriostatic

effect and the true thermophiles were diluted from the

system leaving primarily facultative thermophiles. Based

on these statements and assuming the chosen model defines

the temperature activity curve, it is then possible to

select the curve of best fit for the entire temperature

range, by determining the proper values of LH, áH*,

and S.

The heat of activation, H*, for this study was deter-

mined to be 13,750 cal./mole. This is within the range of

12,000 to 16,000 cal./mole for vital life processes as

quoted by Arrhenius (1915) and within the range of 5,000

to 25,000 cal./mole quoted by Allen (1949) for enzyme.
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action. This value for LH* corresponds to a of 2.2

and G of 1.083.

The heat of denaturation, H, of 44,500 cal./mole as

determined in this study is below the values quoted by

Arrhenius (1915) for destruction of enzymes but is within

the range of 40,000 to 100,000 cal./mole as quoted by Allen

(1949) for enzyme destruction. The heat of denaturation

in this experiment may be expected to be low because of the

long acclimation period. The model was developed for re-

versible denaturation, and with this long acclimation period

the enzymes may become active without a decrease in tempera-

ture. Therefore, the velocity would not decrease, with an

increase in temperature as much as would be expected if the

cultures were not allowed to acclimate before the tests

were run.

Cumulative oxygen uptake due to substrate addition is

plotted against time in Figure 8. From this plot of the

data it can be seen that the cumulative oxygen uptake for

the first 6 hours increases as the temperature was increased

from 200 to 50°C and then decreased as the temperature was

increased further. It is important to note that the maximum

rate of the oxygen uptake does not occur at the same tempera-

ture as the maximum cumulative oxygen uptake. This is because
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the rate of death increases more rapidly than the rate of

cellular activity with an increase in temperature at

temperatures close to and above the optimum. This in-

creased death rate results in the release of more organic

substances to the medium. The remaining bacteria utilize

these organics resulting in a higher cumulative oxygen

uptake.

Chemical Oxygen Demand

The chemical oxygen demand of the settled supernatant

increased with temperature as the temperature was increased

above 30°C. This was the result of the poor settling

characteristics of the system at the higher temperatures.

The COD of the centrate resulting from centrifugation of a

sample at 12,000 rpm for 10 minutes remained fairly constant

(from 300 to 380 mg/l) within the temperature range of 20

to 40°C but increased slightly for temperatures above this

range. The COD removal efficiencies were always above 90

percent for the entire temperature range. Based on these

tests high temperature treatment appears to be readily

adaptable to dispersed growth systems. However, thermo-

philic treatment does not appear to be applicable to

treatment systems which require solids removal because of

the poor settling characteristics.



Suspended Solids

Suspended solids were used as a measure of biomass

present. Although the author realizes that suspended

solids are not necessarily a good measure of the active

organisms present and that the ratio of active organisms

to suspended solids is not constant with temperature, other

methods available for estimating the concentration of

active organisms, such as organic nitrogen or volatile

solids are not necessarily better.

The net solids produced for each 100 mg of COD re-

moved are recorded in Table VI. These data indicate a

decrease in suspended solids with an increase in temperature

from 25 to 50°C. The net solids production at 50°C was

only one-half that at 25°C. This is significant because

the cost of solids disposal would be less for high tempera-

ture treatment than for conventional waste treatment.

Nitrogen

The results of the nitrogen determinations are re-

ported in Table VI. The ammonia nitrogen concentration

remained high throughout the entire study. The nitrate and

nitrite concentrations, however, were relatively low. At
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TABLE VI. RESULTS FROM DATA ANALYSIS

Temperature
20° 25° 300 35° 40° 45° 500 550 60°

COD Added 865 865 865 865 865 865 865 865 865

COD Removed 834 830 827 835 834 821 815 820 802

% Removal 96 96 96 96 96 95 94 95 93

Solids Produced 341 341 308 285 236 203 154 155 197

% COD to Solids 41 41 37 34 28 25 19 19 25

Nitrogen

Ammonia 132 89 78 109 171 154 201 150 106

Nitrite 25 33 42 12 0 0 0 0 0

Nitrate 47 31 0 0 0 0 0 0 0
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30°C and above there was no nitrate present in the effluent

and above 35°c there was no nitrite. This was expected

because in reviewing the literature it was conspicuous

that thermophilic nitrifiers are rare if they exist at all.

These results are interesting because treatment at high

temperatures seems to be one way of reducing the nitrogen

concentration in the effluent. By treating a waste at

high temperatures nitrates or nitrites will not be produced.

Then by increasing the pH,thé ammonia could be stripped

from the system.

Type of Growth

Periodically microscopic examinations of the mixed

liquor were made to determine the types of growth present

at the various temperatures. At temperatures from 200

to 35°C bacteria, protozoa, rotifers, nematodes, and other

forms usually present in the mixed liquor of an activated

sludge system were noted. At temperature above 35°C,

however, only protozoa and bacteria were observed. Above

400C only bacteria were observed. The predominant bacteria

at the higher temperatures were small gram negative rods.

The microscopic examinations were usually performed 12

hours after feeding. To determine if there were other types
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of bacteria present, observations were made throughout

the aeration period on two different occasions. Large

gram positive rods were noted within the first few hours

after feeding.

The co'or of the mixed liquor changed continually

throughout the testing period. At 20° to 30°C the mixed

liquor was a light yellowish-brown color, from 35° to 45°C

the color was a medium brown and at 50° and 550 C the color

cycled from a light redish-brown to a dark brown. At

60°C mixed liquor was dark brown in color.

Settling Characteristics

The settling characteristics were only observed

qualitatively. The settling rate was not determined.

The mixed liquor suspended solids settled rapidly at

temperatures from 200 to3O leaving a clear supernatant.

0At 35 C the sludge settled rapidly but the resulting super-

natant was cloudy. From 400 to 550tan interface could not

even be observed and after 30 minutes settling only a

small fraction of the total suspended solids had settled

to the bottom of the graduate cylinder. At 60°C however

a light flocculant filamentous growth developed. This

growth would settle, but not to a dense sludge that could
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be easily removed. Ford and Reynolds (1965) stated that

settling was much more rapid at 500 than at 20°C. The

reasons they gave were that the viscosity decreases with

an increase in temperature and that there were more fila-

mentous organisms present at 20°C than at 50°C. It is

true that filamentous organisms may cause bulking which

could have decreased the settling velocity at the lower

temperatures. The change in viscosity alone, however,

cannot account for the good settleability at the higher

temperatures. Assuming the particle sizes remained the

same, the settling velocity would increase with an increase

in temperature. However, in a biological system the part-

icle sizes are smaller at the higher temperatures because

only bacteria can live at these temperatures. Good

flocculation, i.e., large particle sizes, requires a low

energy system with higher organisms present. Neither of

these requirements are fulfilled in a high teirerature

system; therefore, poor settleability should be expected.



CONCLUSIONS

The biochemical activity rate as measured by oxygen

uptake increased from 20° to 45°C. The rate dropped

rapidly as the temperature was increased above 45°C.

The COD removal efficiency was above 90% for the

entire range.

The net solids produced decreased as temperature was

increased from 25° to 500C.

Clarification is difficult at temperatures above 35°C.

Nitrification does not take place above 400C.

The purification rate can be increased tremendously

by increasing the temperature from 20°C to 45°C.

High temperature treatment appears to be readily

adaptable to dispersed growth systems. However,

thermophilic treatment does not appear to be

applicable to treatment systems which require solids

removal because of the poor settling characteristics.
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RECOMMENDATIONS FOR FURTHER STUDY

Culture both obligate and facultative thermophiles

and determine their relative activities.

Determine the treatment efficiency of high-temperature

minimum solids aeration.

Investigate the feasibility of high-temperature

waste treatment of various high temperature wastes.
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APPENDIX



TABLE VII. CUMULATIVE OXYGEN UPTAKE AT 20°C.

MLSS = 1524 mg/i 1424 mg/i 1544 mg/i 1424 mg/i 1460 mg/i 1404 mq/1

TIME 02 Uptake 2 Uptake 02 Uptake 02 Uptake 2 Uptake 02 Uptake
Minutes ,uq uq 1uq jug

0 0 0 0 0 0 0

15 23 15

30 47 45 39 37 31 23

60 78 60 70 60 70 52

90 109 90 101 90 101 82

120 132 112 132 105

125 156 120 156 127 148 112

135 187 135 202 157 194 150

140 210 150 233 187 210 165

150 249 180 272 217 241 210

165 303 232 342 270 296 262

180 366 277 405 322 350 314

210 475 359 521 419 467 427

240 576 449 653 517 583 532

300 778 614 910 726 801 734

360 980 779 1167 913 1027 929

420 1182 951 1455 1093

450 1377 1221

480 1392 1101
510 1805 1348

570 1750 1550

600 1766 1400
630 2100 1677

660 1953 1730

720 2108 1700
780 2489 1969



TABLE VIII. CUMTJLATIVE OXYGEN UPTAKE AT 25°C.

MLSS = 1452 mg/i 1452 mg/i 1452 mg/i 1384 mg/i 1384 mq/1 1384 mg/i
TIME
Minutes

02 Uptake
pg

02 Uptake 02 Uptake
jig

02 Uptake
1uq

02 Uptake
,uq

02 Uptake
1uq

0 0 0 0 0 0 0

30 47 40 39 38 41 41
65 70 64 70 60 66 65
90 93 88 94 83 83 90

120 117 112 110 105 107 114
125 155 153 156 143 140 155
130 186 201 196 181 182 187
135 225 233 243 211 215 228
140 264 281 282 248 256 261
150 334 354 360 316 322 326
165 427 458 462 399 413 407
180 528 570 556 489 512 497
215 707 771 759 663 694 684
240 824 884 876 768 809 790
270 963 1020 1017 889 942 929
300 1096 1157 1150 1001 1074 1051
390 1476 1535 1534 1310 1445 1409
480 1764 1840 1854 1611 1743 1711
600 2082 2145 2167 1920 2015 2029
720 2354 2386 2425 2131 2246 2200



TABLE IX. CUMUL1TIVE OXYGEN UPTAKE AT 30°C.

MLSS = 1360 mg/i 1360 mq/1 1360 mg/i 1408 mq/1 1408 mq/i 1408 mg/i

TIME
Minutes

02 Uptake 02 Uptake 02 Uptake
,uq

02 Uptake
14uq

02 Uptake 02 Uptake
,aq

0 0 0 0 0 0 0

30 37 38 37 36 40 47

60 67 77 67 72 79 78

90 104 115 105 108 119 117

120 134 154 142 144 150 156

125 171 184 187 180 190 195

130 223 238 240 231 245 250

135 268 292 292 274 293 296

140 327 346 344 332 348 351

150 409 438 442 411 443 437

165 520 561 569 519 562 562

185 669 723 726 656 712 710

210 848 923 921 830 902 874

240 1033 1107 1108 1003 1084 1045

270 1197 1261 1288 1154 1258 1201

300 1353 1430 1460 1313 1424 1349

360 1591 1676 1707 1544 1654 1576

420 1791 1884 1924 1746 1851 1763

495 2007 2114 2156 1969 2073 1997

600 2268 2361 2418 2222 2350 2293

720 2498 2622 2665 2467 2619 2551



TABLE X. CUMULATIVE OXYGEN UPTAKE AT 35°C.

MLSS = 1564 mg/i 1564 mq/1 1564 mq/1 1488 mq/1 1488 mg/i 1488 mq/1

TIME
Minutes

02 Uptake 02 Uptake 02 Uptake
jiq

02 Uptake 02 Uptake 02 Uptake
jiq

0 0 0 0 0 0 0

30 29 30 37 28 31 31

60 51 53 59 50 54 54

90 73 75 81 71 78 69

120 95 98 96 85 101 92

125 160 173 176 149 163 161

130 248 279 279 234 256 245

135 335 369 367 312 341 329

140 408 445 455 382 411 398

150 532 588 595 503 543 520

165 686 754 771 659 706 666

180 853 920 955 814 877 826

215 1160 1229 1293 1097 1195 1132

240 1320 1395 1476 1261 1365 1308

300 1590 1689 1799 1537 1660 1614

360 1823 1922 2049 1756 1908 1882

420 2027 2126 2255 1933 2102 2089

480 2210 2315 2446 2103 2288 2265

600 2538 2661 2805 2394 2622 2540

720 2749 2940 3084 2620 2893 2777



TABLE X. (Continued) CUMULATIVE OXYGEN UPTAKE AT 35°C.

MLSS = 1400 mg/i 1400 mq/1 1400 mg/i 1400 mq/1 1400 mg/i 1400 mg/i

T IME

Mi flutes

02 Uptake
,.uq

02 Uptake
).lq

02 Uptake 02 Uptake
u q

02 Uptake 02 Uptake
jig

0 0 0 0 0 0 0

30 15 15 15 14 16 15

60 51 53 51 50 47 46

90 73 83 73 71 70 69
120 88 106 88 85 85 84
125 153 181 162 149 147 145

130 233 271 257 227 240 237

135 313 362 338 305 318 314
140 372 422 397 362 380 375

150 467 535 507 453 489 474
165 613 701 661 595 636 620

180 751 852 808 722 768 750

210 992 1123 1065 956 1016 995

240 1203 1349 1285 1154 1233 1209

300 1524 1696 1638 1452 1528 1507

365 1779 1953 1887 1678 1761 1752

420 1969 2156 2093 1855 1939 1936

480 2159 2345 2277 2018 2118 2119

720 2764 2948 2908 2550 2684 2686



TABLE XI. CUMULZTIVE OXYGEN UPTAKE AT 40°C.

MLSS = 1380 mg/i 1380 mq/1 1380 mg/i 940 mg/i 940 mg/i 940 mg/i
TIME
Minutes

02 Uptake 02 Uptake 02 Uptake °2 Uptake
j;ig

02 Uptake
jig

02 Uptake
jig

0 0 0 0 0 0 0

30 14 30 29 14 15 15

60 43 52 50 42 38 38

90 64 89 79 70 61 60

120 79 96 94 90 69 60

125 129 155 144 118 99 98

130 157 236 216 167 152 142

135 279 332 210 215 205 202

140 350 436 389 271 266 255

150 508 591 569 375 388 382
167 758 872 835 563 586 562
180 937 1057 1037 702 745 720
210 1244 1404 1368 1001 1065 1027
240 1516 1699 1670 1237 1308 1260
270 1766 1988 1958 1439 1514 1462
300 2024 2276 2239 1661 1727 1672
360 2482 2786 2736 2029 2145 2084
420 2689 3022 2966 2433 2556 2467
480 2882 3207 3146 2704 2776 2669
600 3319 3547 3478 2968 3020 2924
720 3640 3924 3802 3294 3233 3122



TABLE XII. CUMUL2TIVE OXYGEN UPTAKE AT 45°C.

MLSS = 1392 mg/i 1392 mq/1 1392 mg/i 1392 mg/i 1392 mg/i 1392 mg/i
TIME
Minutes

02 Uptake
1ug

02 Uptake
pg

02 Uptake
jig 2 Uptake

jig
02 Uptake

jig
02 Uptake
pg

0 0 0 0 0 0 0

30 28 22 21 20 22 22

65 42 51 42 41 45 51

90 56 58 49 55 60 66

120 77 80 78 75 89 88

125 126 130 134 123 142 132
130 217 239 233 225 238 228
135 308 355 339 314 350 338

140 413 470 452 416 454 433
150 624 717 684 627 678 654
165 960 1093 1037 961 1036 999

180 1226 1368 1305 1227 1311 1256
210 1759 1990 1976 1793 1907 1837
240 2257 2526 2526 2283 2429 2344
275 2523 2787 2858 2549 2704 2623
300 2649 2924 3027 2679 2846 2755
360 2887 3141 3309 2910 3017 3005
420 3062 3308 3500 3067 3077 3174
480 3189 3431 3648 3196 3218 3306
600 3378 3612 3916 3367 3442 3490

720 3511 3742 4163 3565 3606 3637



TABLE XII. (Continued) CUMULATIVE OXYGEN UPTAKE AT 45°c.

MLSS = 1437 mq/1 1437 mg/i 1437 mq/1 1384 mg/i 1384 mg/i 1384 mg/i
TIME
Minutes

02 Uptake 02 Uptake
1uq

02 Uptake 02 Uptake °2
Uptake
jiq

02 Uptake

0 0 0 0 0 0 0

30 35 43 61 30 691 42
60 645 94 109 60 1242 64

90 1325 145 164 104 1800 92

120 1920 188 218 127 2057 106

125 1976 239 252 186 169
130 340 307 283 275

135 442 375 380 374
140 572 457 492 494
155 2480 941 722 849 2226 847
165 1180 893 1080 1065

180 2677 i505 1159 1370 2336 1369
210 2852 2207 1718 1967 2439 1933
240 2985 2794 2242 2496 2535 2477
275 3112 3156 2822 2757 2630 2717
300 3196 3329 3033 2898 2696 2865
360 3350 3597 3326 3055 2799 3091
420 3497 3771 3510 3136 2887 3711
540 3791 4053 3810 3405 3034 3958
720 4261 4451 4212 3658 3196 4205



TABLE XIII. CUMULATIVE OXYGEN UPTAKE AT 50°C.

MLSS = 1407 mg/i 1407 mg/i 1407 mg/i 1407 mg/i 1407 mq/i 1407 mg/i
TIME
Minutes

02 Uptake
jiq

02 Uptake
)1q

02 Uptake
,uq

02 Uptake 02 Uptake
jig

02 Uptake
jig

0 0 0 0 0 0 0
30 48 50 55 47 51 50
60 89 99 97 80 88 93
90 124 142 124 114 117 122

120 151 184 173 147 153 144
125 213 262 235 207 219 209
130 288 340 318 281 299 280
135 371 446 515 374 394 367
140 439 546 498 461 481 446
150 611 758 698 642 671 633
165 885 1119 1009 949 992 920
180 1146 1438 1313 1230 1291 1208
210 1675 2090 1915 1778 1882 1754
240 2142 2544 2385 2206 2334 2171
275 2855 2675 2473 2625 2416
300 3054 2841 2647 2815 2567
360 3436 3166 2988 3187 2847
425 3762 3456 3276 3501 3092
485 3989 3705 3496 3734 3286
570 4265 4002 3744 4004 3530
720 4648 4410 4071 4361 3847



TABLE XIII. (Continued) CUMULATIVE OXYGEN UPTAKE AT 50°C.

MLSS = 1408 mg/i 1408 mg/i 1408 mq/1 1508 mg/i 1508 mq/i 1508 mg/i
TIME
Minutes

°2 Uptake
jig

02 Uptake
1uq

02 Uptake
jig

°2 Uptake 02 Uptake
jiq

02 Uptake

0 0 0 0 0 0 0

30 62 64 35 60 73 50
60 144 142 90 114 146 108
95 227 213 138 174 219 158

120 288 248 166 221 270 187
125 350 305 214 274 335 237
130 432 411 318 361 430 331
135 508 517 409 448 518 417
140 583 631 505 521 598 503
150 755 864 719 702 802 697
165 1030 1183 1037 989 1087 978
180 1284 1488 1320 1257 1386 1251
210 1846 2168 1984 1838 2020 1848
240 2361 2621 2551 2326 2567 2387
275 2862 2919 2910 2634 2903 2596
300 3102 3103 3224 2834 3121 2790
360 3569 3486 3734 3215 3581 3185
420 3899 3783 4180 3530 3931 3487
540 4310 4279 4797 4004 4434 3955
720 4660 4761 5257 4452 4828 4407
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TABLE XIV. CUMULATIVE OXYGEN UPTAKE AT 55°C.

MLSS = 1512 mg/i 1512 mg/i 1512 mg/i 1572 mg/i 1572 mg/i 1572 mg/i
T INE

Minutes
02 Uptake

jig
02 Uptake 02 Uptake 02 Uptake

jiq
02 Uptake

jig
02 Uptake

,uq

0 0 0 0 0 0 0
30 61 69 61 52 64 63
60 128 138 136 111 121 105
90 175 194 184 144 171 162

120 215 235 232 183 200 190
125 262 277 279 229 250 239
130 343 366 348 295 321 309
135 403 443 423 360 392 373
140 477 519 498 426 464 436
150 612 671 661 563 614 584
165 853 940 934 793 856 809
180 1068 1176 1206 1015 1092 1034
210 1566 1715 1765 1481 1584 1505
240 2016 2199 2304 1913 2055 1962
270 2419 2642 2781 2286 2461 2335
300 2628 2814 3067 2476 2675 2539
360 2964 2939 3538 2797 3018 2855
420 3232 3036 3960 3059 3310 3115
540 3703 3153 4574 3485 3767 3544
720 4166 3679 5146 3983 4280 4015



TABLE XV. CUMULATIVE OXYGEN UPTAKE AT 60°C.

MLSS = 1219 mg/i 1219 mg/i 1219 mg/i 1219 mg/i 1219 mg/i 1219 mg/i
TIME
Minutes

02 Uptake
,uq

02 Uptake
pq

02 Uptake 02 Uptake
pg

02 Uptake
4ug

02 Uptake
jig

0 0 0 0 0 0 0
30 53 54 46 39 49 55
65 112 101 93 103 iii 96
90 125 142 125 116 146 137

120 157 189 172 141 181 172
125 177 209 192 167 202 192
130 210 237 218 199 244 227
135 243 277 251 231 272 254
140 276 318 277 264 306 288
150 347 392 337 328 376 357
165 433 507 436 424 467 453
180 538 622 522 527 578 570
210 754 865 720 733 794 782
240 938 1088 885 926 989 975
270 1141 1331 1057 1112 1184 1181
300 1325 1568 1235 1311 1393 1393
360 1679 2081 1612 1710 1810 1833
420 2007 2527 1968 2070 2207 2258
480 2368 3048 2332 2482 2590 2684
600 2978 3541 2992 3041 3189 3192
720 3280 3825 2514 3292 2502 2459



TABLE AJYMONIA NITROGEN IN TREATED EFFLUENT mg/iXVI.

102

TEMP 20°C TEMP 25°C TEMP 30°C

DATE NH4-N DATE NH4-N DATE NH4-N
mg/i mg/i mg/i

4-8-66 116 5-2-66 77 4-24-66 77

5-11-66 86

Ave 132 89 78

136 82 76
145 82 82

82
92

TEMP 35°c TEMP 40°C TEMP 45°C

DATE
NH4-N

DATE
NH4-N

DATE
NH4-N

mq/i mq/1 mq/i

6-6-66 107 6-20-66 152 4-25-66 160

Ave 109 171 154

ii2 150 130
107 i85 147

6-22-66 164 4-27-66 173
180 136
196 177

TEMP 50°C TEMP 55°C TEMP 60°C

DATE
NH4-N

DATE
NH4-N NH-N

mq/l mq/1 mg/iDATE

5-16-66 182 5-30-66 154 6-13-66 107

Ave 201 158 106

195 156 109
227 165 103
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TABLE XVII. NITRITE NITROGEN IN TREATED EFFLUENT

TEMP 20°C TEMP 25°C TEMP 30°C

DATE
NO2-N
mg/i

DATE
NO2-N
mg/i

DATE
NO2-N
mg/i

4-5-66 22 4-18-66 30 5-24-66 43

19 30 42

22 3i 40

28 4-i9-66 32
25 28
26 29
30 5-3-66 35

4-6-66 21 42
30 15

28 5-11-66 40
41
39

Ave 25 33 42

TEMP 35°C TEMP 40°C to 60°C
N0--N NO2-N

DATE DATEmg/i mq/1

6-6-66 10 0

18 0

8 0

Ave 12 0



TABLE XVIII. NITRATE NITROGEN IN TREATED EFFLUENT

1Q4

TEMP 20°C TEMP 25°C TEMP 30°C to 60°C

DATE
NO3-N
mg/i DATE

NO3-N
mg/i DATE

NO3-N
mq/i

4-5-66

4-6-66

Ave

43
48
54
43
43
55

47

4-i8-66

4-i9-66

38

43
26
23

29

28

31

0

0

0

0

0

0

0
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TABLE XIX. CHEMICAL OXYGEN DEMAND IN TREATED EFFLUENT

TEMP 20°C TEMP 25°C TEMP 30°C

DATE COD
mg/i

DATE
COD
mg/i

DATE
COD
mg/i

1-23-66 298 4-18-66 355 5-24-66 386
321 350 377
325 4-19-66 345 382

3-21-66 250 340
340 335
285 5-9-66 351

4-4-66 351 365
308 369
313 5-11-66 337

4-8-66 275 327
292 377
327

Ave 307 350 382

TEMP 35°C TEMP 40°C TEMP 45°C
COD COD COD

DATE DATE DATE
mg/i mg/i mg/i

6-6-66 293 6-20-66 305 7-4-66 420
309 314 436
288 332 459

6-22-66 310
310
314

Ave 297 314 438

TEMP 50°C TEMP 55°C TEMP 60°C

DATE
COD

DATE COD DATE
COD

mq/i mg/i mg/i

7-18-66 466 7-25-66 423 6-13-66 607
514 459 648
514 464 648

Ave 498 449 634



TABLE XX. MIXED LIQUOR SUSPENDED SOLIDS - mg/i

4/4 5/2 5/19 6/1 4/9 4/24 5/12 5/26 6/8
T IME to to to to to to to to toPERIOD

4/8 5/6 5/23 6/5 4/27 5/17 6/12
TEMP 20 25 30 35 40 45 50 55 60

3504 3448 3088 2764 2596 2012 1552 1504 2248
3516 3432 3232 2760 2616 2060 1608 1568 2020
3512 3716 3192 2728 2636 2056 1600 1584 1900
3232 3300 3088 2736 2456 1868 1508 1512 1992
3432 3330 3088 2840 2616 2080 1576 1548 1904
3504 3590 3188 2792 2576 2072 1592 1552 1764
3384 3336 3020 2784 2496 1996 1480 1512 1896
3768 3152 2992 2904 2608 2112 1560 1580 1988
3540 3292 3124 2844 2544 2144 1580 1572 2008
3588 3344 2984 2784 2448 1864 1512 1920
3632 3196 3060 2940 2600 1944 1504 2032
3424 3664 3056 2888 2488 2020 1512 1960
3310 3412 3008 2896 2243 2056 1408 1760
3505 3316 3056 3016 2460 2112 1508 2048
3302 3536 3012 3056 2283 2044 1508 2160

Ave 3410 3403 3079 2849 2359 2029 1534 1548 1973


