


This dissertation has been 63-4897
microfilmed exactly as received

VARMA, Man Mohan, 1928-
COMPARISON OF RESPIRATION AND METABOLISM -
OF BIOLOGICAL SLIMES USING RADIO-
PHOSPHORUS,

The University of Oklahoma, Ph.D., 1963
Engineering, sanitary and municipal

University Microfilms, Inc., Ann Arbor, Michigan



THE UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

COMPARISON OF RESPIRATION AND METABOLISM OF

BIOLOGICAL SLIMES USING RADIO-PHOSPHORUS

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the
| degree of

DOCTOR OF PHILOSOPHY

BY
MAN MOHAN VARMA
Norman, Oklahoma

1963



COMPARISON OF RESPIRATION AND METABOLISM OF

BIOLOGICAL SLIMES USING RADIO-PHOSPHORUS

DISSERTATION COMMITTEE



When to the sessions of sweet silent thought

I summon up remembrance of things past,

I sigh the lack of many a thing I sought,

And with old woes new wail my dear time's waste:

Then can I drown an eye, unused to flow,---

Shakespeare
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COMPARISON OF RESPIRATION AND METABOLISM OF

BIOLOGICAL SLIMES USING RADIO-PHOSPHORUS
CHAPTER I
INTRODUCTION

General
Water, although an invaluable natural resource, has
the objectionable feature of being a commén vehicle of many
communicable diseases. Probably the major.cause of this is
the contamination of streams with pathogenic bacteria and
viruses by tﬁe indiscriminate and discriminate mixing of sew-
age with potable water. Additional poilution of streams also
occurs whenever sewage contributes various undesirable oxygen-
-demanding materials. Consequently, sewage is frequently treated
to avoid gross pollution of streams; with the degree of treat-
ment depending in large part upon dilution water available and
other qualities of the receiving stream.
The treatment of sewage can be divided into two phases:
(a) primary or hydraulic; and (b) biological. The biological
phase is by far the more important and the most complex of the
two. As slimes are responsible for the biological reduction
of organic wastes an increase in knowledge of biological slime

1



behavior is neéessary. For this reason, the present investi-
gation limited itself to this subject with the ultimate objec-
tive of providing a tool to more properly evaluate biological
waste treatment processes and to develop new treatment methods.
Past evaluation has béen based on slime respiration studies,
the tool hergin is based on metabolism in essence, the study
resorts itself into a comparison of respiration and metabolism

of sewage slimes.

Slime~-Formation

To better understand the biological processes involved
in sewage treatment plants, it is essential to keep in mind the
fundamentals of biochemical changes that take place. For, in
contrast to treated water, raw sewage always contains compara-
tively large amounts of organic matter and greater numbers of
micro-organisms. "Under optimum conditions the development of
microbial flora is rapid; and sooh the little oxygen normally
present in sewage is used up by respiration. In other words,
oxygen dissolved in water can be used by bacteria in oxidizing
and utilizing the organic matter present in the sewage. How-
ever, as the initial content of dissolved oxygen in sewage is
so small the whole amount is normally consumed in a matter of
a few minutes.

Nevertheless micro-organisms are capable of stabilizing
the organic matter into stable end products, provided favorable
conditions are maintained for a sufficient period of time. All

biological methods involved in the treatment of waste water,



either in a sewage treatment plant or in natural bodies of
water, are based upon the development and activities of micro-
organisms. A film, or matrix, formed by certain micro-organ-
isms, together with the organisms themselves, constitute the
essential element of the aerobic biological treatment system.
The £ilm formed is of a viscoﬁs, jelly-like nature, and high
in microbial population. This film is usually called a zo-
ogleal mass and is commonly refefred to as biological or sew-
age slime.

Such slimes are capable of adsorbing to themselves the
substances that are dissolved or suspended in the carrying wa-
~ter. These can be metabolized by slimes to produce energy and
its end products. Sanitary engineers, still in quest of a
better definition, refer to this process as "biological oxi-
dation," or "biochemical o#idation,“ with the strength of the
sewage in terms of this process being called the Biochemical
Oxygen Demand or B.N.D.

Slimes will form whenever there are environmental con-
ditions providing the elements for their growth; namely food,
water, and air. Slimes grow in trickling filters, and acti-
vated sludge units in attached or free floating conditions.

Many bacteria are responsible for the aevelopment of
slimes upon surfaces. Since one species may dominate in a
given environment, the compositioﬂ of any natural slime will
be determined by the biochemical and physical environments

in which it grows. Many bacteria can grow attached to surfaces



submerged in either pure or polluted waters. Such attachment
may be either by means of secretion of mucilaginous material
from the cell or by use of stalks and holdfasts. If favorable
environmental coﬁditions prevail, the slimes will have a tend-
ency to build up. As the thickness of the slime layer in-
creases, the lower layers tend to receive less food and insuf-
ficient oxygen. The result is that the lower layers enter into
an anaerobic endogenous metabolism. Once a slimg film is formed
its rate of growth increases, at a rate directly proportional
to the B.0.D. of the substrate, except under conditions of very
large B.0.D. concentration wbere the growth rate is constant.

Slimes are primarily responsible for the metabolism of
organic matter into stable end products in a sewage treatment
plant. The organic substrate, or food, within the slime bac-
teria, undergoes biological oxidation, wherein various types
of enzymeé catalyze the transfer of electrons in a series of
biochemical reactions. The oxidizable substrates are thus
cdnverted to stable end products. |

The supply of organic material in the incoming sewage
is sufficient to provide a continuous source of the food re-
quired for the bacterial growth. Inorganic material used as
food by some of the bacteria is élso present in adequate quan-
tities in the sewage. Aside from the lack of food, potentially
limiting growth factors are pH, temperature, oxygen éupply, and
osmofic pressure. Of these limiting factors, it appears that

only pH and the oxygen supply can be controlled economically.



The pH will vary according to the type of sewage. The
pH of domestic sewage is rarely so acidic or alkaline as to
cause extensive destruction in the bacterial growth. However,
some industries do produce an effluent which may be very low
or very high in pH value. 1In sﬁch cases the pH must be con-
trolled by dilution or by neutralization. A sufficient supply
of oxygen is essential in order to maintain a proper growth of
éerobic bacteria responsible for the formation of slime. The
temperature of sewage will vary depending largely upon the
ambient temperature. Usually it will lag a few degrees behind
atmospheric. Very little is known about the effects of osmotic

pressure and no further reference will be made to it.

Reaction Rate Constant
It is customary to measure the rate of depletion of
organic material in terms of the slope of the first order de-

pletion curve as

X = K(L-y) (1)

where L is the total depletable amount, y is the depletable
amount at any time t,-and the proportionality factor "K" is
called the reaction rate constant. This rate, %%-, can be ex-
pressed in terms of uptake of food, oxygen, or phosphorus, or

!
in terms of bacterial growth.

Zooglea ramigera is the major organism responsible for
sewage purification in trickling filters and activated sludge

units. The existing method for determining the "K" value,



which reflects the rate of purification of the waste water,
was developed by Theriault and Hammon (65). This method is
time consuming, cumbersome, and demands special technical
abilities on the part of the investigator. It is based on the
first order reaction, which states that the rate of biochemi-
cal oxidation of organic matter is proportional to the remain-
ing concentration of oxidizable material. The rate of utili-
zation of oxygen due to the aerobic micro-organisms, both bac-
teria and protozoa, is determined in sealed bottles containing
known amounts of oxygen to which has been added predetermined
amount of the polluted water under study. This procedure is
commonly referred to as the B.0.D. Test. This is for a fixed
time and temperature-usually five days at 20° c.

Logically, the first order reaction implies a constant
rate of reaction. If plotted on a semi~log paper with the log-
arithm of per cent remaining as ordinate and time as abscissa,
thelreéulting curve will be a straight line, and the slope of
the .curve will be proportional to "K".

Various investigators (7, 8, 9, 11, 13, 14, 21, 23,
34, 39, 61) have commented on the applicability of the first
order reaction occuring in the heterogenous microbial popu-
lation feeding on widely varied composition of organic mate-
rial. Most of these investigators_have attempted to evaluate
"K" values through oxygen uptake studies.

Tracers

32

Reid (51) developed a technique using P™~ to determine

the value of "K", and measurihg basically metabolism as opposed
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to the respiration meaéurements usually determined by oxygen
uptake studies. The present study is concerned with the tracer
technique measure of phosphorus uptake with the direct meas-
uremant of respiration.

When existing elabora%e and time-consuming methods
fail to prodﬁce reliable results, it is frequently desirable
for the investigators to attempt a more rapid approach through
the introduction of a tracer. A tracer may be defined as a
non-injurioﬁs agent possessing easily recognizable physical or
chemical properties capable of tracing the path of the investi-
gation. In sanitary engineering practice different types of
tracers have been used and proven to be satisfactory.

These tracers may be chemical salts like sodium chlo-
ride, or organic dyes like fluorescein. Even bacterial cul-~

tures of Serratia marcescens have been used with satisfactory

. results. However with recent developments of radiochemistry,
the attention of sanitary engineers has been largely devoted
to the use of radioactive tracers. Sanitary engineers have

- been using such tracers for many years. Various investigators

have described the use of radioactive phosphbrus, P32, in their

studies (27, 46, 60, 51, 53). Indications were given that,

when present in concentrations at or below 10 millicuries per

liter, P32 exerts no significant effect on the biological oxi-

dation of the sewage (27). In addition, it was reported that

P32 inhibits the biochemical reaction in sewage when the activ-

ity leyel ranges from 10 to 80 millicuries per liter (60). In



studies of slimes found in sinks and traps, P32 was used as a

32

tracer. Other slime studies have shown that P™" is metabolized

by slimes and that the plots of uptake of P32 vs time are simi-
lar to the plots obtained in B.0O.D. studies (51, 53).
- The tracer used in the present study was 932 because

it does not have any adverse effect on the rate of biochemiéal
reaction and it is a moderate energy B (beta) emitter. The P32
can be handled easily and does not require much health pre-
cautions when used in low concentration, in addition to having
a convenient half-life of 14.7 days. Further, the phosphorus,
a necessary nutrient in cell growth, fulfills the requirement
thét the tracer should accgrately reflect the rate of the re-

action measured.

Summary

As oxygen uptake measures respiration and phosphorus
uptake measures metabolism, it is necessary'tﬁ know the cor-
relation under varying conditions between these two processes
~in order to be able to use the lattef for "K" determination
rather than the generally employed oxygen uptake procedures.
A direct result of this study was the development of this
correlation and the explanation of such deviations as may oc-
cur in terms of the processes involved. If there is a direct
or an indirect correlation, the P32 uptake technique may be
substituted for the existing method with obvious advantages.

If there is a substantial deviation, the investigator will have

not one but two tools to study the reaction rate constant.



CHAPTER II

SLIMES: RATE CONSTANTS AND P32 UPTAKE

Background

For almost one hundred years slime-forming bacteria
have been studied by various investigators. In 1914 Johnson
(37) was perhaps the first person to observe the importance
of the bacteria in the activated sludge process; However,
zooglea bacteria were mentioned by Flugge (25) in his book in
1886. Kruse's chapter in this book states that Itzigshon in
1867 was the first person to observe the bacteria. In 1897,
Stutzer and Hartleb (64) described them as spore formers capa-
ble of oxidizing nitrogenous compounds. Buswell and Loﬁg (9)
while presenting a theory on the microbiology of the activated
sludge process contended that the zooglea, assisted by proto-
zoa, are responsible for rapid purification of waste water.

Extensive research on this subject did not start until
1935, when Butterfield (10) isolated the bacteria from acti-
vated sludge and described some of its morphological charac-
teristics. Heukelekian and Schulhoff (32) purified a sterile
solution of sewage by introducing a small quantity of the or-

ganism. Later, Wattie (68), McKinney and Horwood (42) conducted

9
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extensive investigatién on the ability of Zooglea ramigera to

stabilize organic substrate in activated sludge. Butterfield
(10) , Ruchoft and Watkins (55), Breedsley (6), Hall (31) have
studied those slimes which are commonly found in sewage treat-
ment plants while Starkey (63), Sanborn (56), and Beckwith (4)
héve studied slimes encountered in raw waters, particularly
those associated with the coliforms and aerobacteria.

Investigations to date have shown that Zooglea ramigera

has the ability to grow in floc or in colonies in a liquid me-
dium in quiescent state, and also in liquid subjected to slow
agitation produced by aeration sufficient to maintain aerobic
conditions. The isolation of the pure culture of the bacteria
has been described by McKinney and Weichlein (43) as well as
by Dugan and Lundgren (19). However, slimes for the present
study were selected by environmental conditions rather than
by pure culture techniques.

. In the biological sewage treatment process, the organic
material is synthesized into its stable end products princi-

pally by aerobic bacteria. 2ooglea ramigera is chiefly respon-

sible for the stabilization of the‘organic material in the
sewage. Zooglea bacteria form slimes, which may be described
as the gelatiﬁous matrix or film formed on submerged water
surfaces constituted both by living and associated non-living
matter. The bacteria, at times, use for food the gelatinous
mass which binds the bacteria together. The thickness and
life of the film will depend upon various physicalé chemical,

‘and biological environmental factors.
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Slimes usually appear in polluted streams or rivers
ahd in sewage treatment plants; their growth is especially
luxuriant in sewage containing large concentrations of organic
matter. They are particularly sensitive to changes in temper-
ature and pH. The oxygen supply, theﬂsupply of nutrients, and
capacity to support the mass.of growth without sinking are also
important fer pfoper growth. -

Since various other types of bacteria are found asso-

ciated with Zooglea ramigera, the resulting slimes may some-

times appear grayish-white in neutral and alkaline water. 1In
acidic water the slimes may appear rust-colored when covered
by other bacteria. Even traces of organic matter will provide
the necessary food for their growth in the sea and in otherwise
unpolluted streams. beell and his associates (72, 73, 74)
have described many fundamental aspects of attached growths in

salt water media.

Rate Constants and Growth

The present standard B.0.D. test (62) by the dilution
method determines "K" values by calculating the amount of oxy-
gen consumed by a particular sample of the waste. It is an
indirect method which involves the determination of the values
of L and y in equation (1),, %%-= -K(L-y) . The "K" value will
determine the rate of slime growth, upon which depends the rate
of sewage purification{

The quantitative study concerned with the rate at which

the reactions occur, is called reaction kinetics. Reaction
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kinetics provide a convenient way to classify the reactions
according to their molecularity, (i.e., the number of atoms

or molecules taking part in the chemical reaction). Deter-
mination of the reaction rate constant, "K", in a purely chem-
ical reaction poses no problem, and can be determined rather
easily. The rate of chemical reaction varies from an exceed-
ingly large value to essentially zero depending upon the com-
position of the mixture, the temperature, and the presence or
absence of a catalyst. Accurate knowledge of these variables
affecting the rate is very important.

Chemical reactions brought about in a biological sub-
strate are termed biochemical reactions and are more compli-
cated than ordinary chemical reactions. If other parameters,
such as pH and temperature, are held constant, the rate of
biochemical reaction will increase with the rate of increase
in the population of the organisms and the food supply. |

The population of the organisms increases at varying
rates in time from lag phase to accelerated growth, and thence
to a logarithmic phase of growth (see Figure 1l). Thereafter
a static phase is reached where only minor variations occur in
the population.v Or to paraphrase, initially where a population -
of the.micro-organisms.is small, the "K" value will be small.
The .value of "K" will increase slowly and steadily as the popu-
lation of bacteria increases. It would be practically constant
during the static pﬁase of microbial growth. The final stage

would have a negative "K". This is the endogenous stage in
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FIG I: GROWTH PATTERN OF BACTERIA
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Figure 2 A Photograph of Rotating Drum Apparatus
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which the bacteria "live off of" themselves. In the typical
bacterial growth curve, the area of principle interest is the
logarithmic phase, because in this phase the population of
bacteria is increasing at the maximum rate and the food utili-
zation is high. The relation between food utilization and
bacterial growth here is linear, the rate being logarithmic.

Zooglea ramigera exhibits an S-shaped or logistic type

growth curve typical of many bacteria and is apparently more
of an autocatalytic than monomoleculafvtype. The rate of
growth, rather than the absolute count determines the rate of
oxidation. 1Inadequate supply of food, decomposition of at-
tached portions, abrupt changes in temperatures, and scouring
velocitiés will cause detachment sloughing of the attached
living or hon—living slimes.

The aerobic bacteria will grow in a free supply of
oxygen, with some species éven being capable of drawing limited
amounts of oxygen from their food substances. As long as the
concentration of oxygen does not fall below the critical limit,
the growth of bacteria is independent of the amount of oxygen
available for their respiration.

Bacteria grow best in a limited optimum temperature
range, which varies from species to species. The growth will
decrease or increase if the temperature is varied much on ei-

- ther side of the optimum range. The bacteria are also suscep-
tible to small changes in pH, with the upper and lower limits

of the pH being 4.0 and 10.0 respectively. For the optimum
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bacteria growth, Bergey's Manual (5) recommends a temperature
of 20° to 30°C, and a pH value of 7.0 to 7.4.

When the bacterial population reaches its maximum, a
condition of equilibrium occurs. This condition would be soﬁe-
where near the point of maximum growth. At this point, there
is every possibility that a slight depletion in the concentra-
tion of food will shift the balance to initiate the declining
phase ;% the bacterial growth curve. Naturally, sanitary en-
gineers would like to maintain the bacterial population at
somewhere close to the maximum rate of multiplication for then
the rate of utilization of organic food, (i.e., "K" value)
would be a maximum.

The organisms themselves break the complex substances
into simpler forms and use them as a source of energy in their
metabolism. In doing so, they ultimately break down the nutri-
ents into stable end products. The end products are not pu-
trescible and do not pollute a natural body of water. As in
the case of all other organisms, the living processes of bac-
teria are dependent upon the activity of specific enzyme sys-
tems.

Since enzymes serve essentially as catalysts, accel-
erating or retafding specific biochemical reactions, they have
much influence on the reaction velocity constants. Enzymes
are in no way associated with the end products, nor are they

répidly used up in the reactions catalyzed by them. The ef-

-fect of enzymes may be shown by
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E + S = ES—>E + end products (2)
where E represents an enzYme, S a substrate, and ES, a sub-
strate complex.

It is assumed that a change of concentration of fooa
per unit time is proportibnal to "K" multiplied by the con-
centration, C, of oxidizable organic matter remaining in solu-

tion. This is expressed as

- Sy
g O< Kc (3)

It is further assumed that optimum temperature and pH condi-
tions prevail. The position of this with respect to time will
then be a direct function of the food supply, L, as previously

shown in
- =k (by) (1)

where, L, may be measured in terms of: (1) oxygen uptake;
(2) carbon dioxide production; (3) the concentration of the
nutrients:‘(4) total bacterial growth; (5) increase in the
slime weight; or (6) the uptake of p32,

In their studies Monod (46) and Hinshelwood (35) sug-
gest that the factors limiting the bacterial growth are: (a)
depletion of nutrient material; and (b) presence of toxic mate-
rial. Wwhen depletion of nutrient material is the major factor,
thé "K" value becomes a function of concentration of the nu-
trient remaining in solution. The presence of toxic materials

will greatly affect the rate of growth of bacterial population.

When the toxic substances are present in high concentrations,
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the micro-organisms may die, thus stopping their metabolism.
If such conditions arise, it is necessary to reduce the tox-
icity by dilution.

In the biological treatment of sewage or industrial
waste, when organic matter is brought in contact with the
micro-organisms, the substrate is broken down and converted
to cellular constituents of the organisms. Stoichiometrically,
the two stage process can be illustrated by the following:

Organic matter + NH, + P + O,— Bacteria
Cell Material + CO2 + HZO (4)

Cell Material + 02———a> CO2 + H20 + NH3 (5)

In the first stage, the micro-organisms process the
organic matter primarily for the purpose of creating new cells.
Thus, the micro-organisms continuously remove organic matter
from the liquid substrate by synthesizing new protoplasm for
use in building new cells and rebuilding old cells. Also, the
chemical composition of protoplasm varies not only for the va-
rious groups of micro-organisms, but may vary for a simple
species, depending upon the physical and chemical environments.

Porges, et al (49) suggested that an empirical compo-
sition of the cells may be established by direct analysis of
oxygen, carbon, hydrogen, nitrogen, and ash. When the con-
centration of nutrients decreases and is not sufficient to
propagate the building of new cellular masses then the endo-
genous oxidation starts. In thié'part of the.reaction, shown
by Equation 5, the cell material is oxidized to its stable end

products.
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Respiration and Metabolism

The bacteria like any other living form respire and
consume food. The bacteria first take the organic matter into
their cells and theﬁ process it for energy and synthesis. Un-
like higher forms, bacteria are not capable of consuming solid
food. So the complex organic matter is broken into simple sol-
uble food by exoenzymes before the bacteria can consume it.
Solubility of food is very important, because all the food
must diffuée through the cytoplasmic membrane before it is
available in the form of energy for bacteria. During the proc-
ess of growth, aerobic bacteria consume oxygen freely.

For many years, scientists have been trying to corre-
late the uptake of oxygen, with the rate of utilization of the
organic matter from the substrate. Sir Edward Frankland in
1870 (26) was perhaps the first to use oxygen as the yardstick
for the measurement of pollution. Independently and about the
same time Geradin (28), Dupre (20), tried to establish that
the amount of oxygen consumed during an oxidation process may
give a QUantitative index of the amount of organic matter oxi-
dized. After the publication of the Eighth Report of the Royal
Commission on SewagerDisposal, the American Public Health Asso-
ciation (A.P.H.A.) appointed a subcommittee to make a thorough
report on the_method proposed by the British Commission. Later
Theriault and Hammon (65) publishea their classical paper.

- Their procedure for measurement of oxygen uptake in a polluted
water became a standard test, and is referred to as the B.O.D.

Test.
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Respiration was originally defined as being strictly
the uptake of gaseous oxygen. The current school of thought
advocates that, since oxidation could occur by removal of
hydrogen or removal of electrons (without employing gaseous
oxygen), the term respiration therefore includes all reactions
by which the bacterial cells obtain energy, whether gaseous
oxygen is involved or not. Since the latter definition does
not distinguish fermentation (anerobic digestion) from aerobic
digestion - and this distinction is very important in the san-
itary engineering field - it is desirable to define these terms
as they are used in this report:

RESPIRATION - The uptake of gaseous oxygen. It in-
cludes oxygen used by synthesis and endo-
genous respiration of the cell.

EERMENTATION - The transformation which occurs in a

living cell in absence of gaseous oxy-
gen.
Since this study is devoted to respiration only, no further
reference will be made to fermentation. The uptake of oxygen
may be measured by: (1) various types of manometric techniques:
(2) respirometer; (3) B.O.D. techniques, or (4) by measuring
produétion of C02.

The biochemical change§ involved in microbial respira-
tion are very complex. Micro-organisms require food for growth
and construction of new protoplasm, as well as for fepairing

old and worn out protoplasm, and for supplying energy in carry-

ing out endothermic reactions. The stabilization of organic
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food occurs in a continuoﬁs chain of reaction, involving oxygen
as a necessary constituent. Investigators have often believed
that the volume of millions of micro-organisms is very small

in comparison to their surface area. As a result their respir-
atory activity is much greater than that of their food uptake.
Apparently the respiratory activity of the micro-organisms is
more or less related to the surface area used; for this reason,
all research to date on sewage treatment processes has been
done on respiration rather than on metabolism.

Metabolism involves the intake, digestion, assimilation

of food into tissues, and transformation of potential energy
of food into kinetic energy. With this transformation the or-
ganisms accomplish work and thé elimination of waste products.
Metabolism may be endothermic or exothermic, depending whether
energy is absorbed or liberated during the reaction.

The organic constituents encountered in a sewage plant
are very complex molecules of unknown composition. Although
the decomposition of simple organic material will be accom-
plished much more readily than that of complex food substrate
molecules, complexity is not the only criterion of resistance
to attack.

The stabilization of organic matter in the waste water
will also depend upon the rate of permeability. It is known
that hydrophilic hydroxyl, carboxyl, and amino groups will dif-
fuse much more readily than hydrophobic groups. However, if

the carbon chain to which the hydrophilic groups are attached
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éxceeds twelve atoms, the rate of diffusion.decreases with ah
increase in the number of carbon atoms (42). The hydrolysis
of complex organic matter is brought about by extracellular
enzymes, and recent studies (22) have shown that extracellular
enzymes .may be located in the cell wall or cytoplasmic mem-
brane. |

Placak and Ruchhoft (48), Heukelekian, et al (34), and
Helmer et al (32) found that there is a direct relation between
the removal of B.O.D. and the growth of the sludge solids.
However, in the opinion of the author, this relationship is not
constant for all types of waste material and the conversion
factor will change for different types of food.

As has been indicated earlier, "K" values can be de-
termined by using either 02 consumed or co2 generated. In such
studiés, 02 and CO2 for a system should essentially be equal to
each other. The ratio of carbon dioxide evoled to oxygen uptake
is called the respiratory quotient (R.Q.) and may be calculated
'theoretically from a chemical equation, which may be expressed
as:

Soluble food + oxygen + bacteria —s=ILess
soluble food + more bacteria + carbon
dioxide + water (6)

Food has been shown in the soluble form, because bacteria gen-
erally cannot consume solid food. The above equation may also
be written into a general chemical form

MH.,O + NCO2 + BHZO (7)

2
The small letters represent constants for a given organic food.
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Although the above equation represents the general
course of the reaction process, the chemical equations for the
oxidation of sugar may be written as follows:

(a) Considering synthesis only:

C6H1206’ + O2 + NHB‘» C5H.7NO2 +

CO2 + 4H20 (8)

R. Q. =1/1 =1.0
(b) Considering respiration only:

CgHp 06 + (1-5) 02-—-->(5-1) CH.O +

6 2
(1-5) co, + (1-5) H,0 (9)

_ (1 to 5)

R. Qo - (l to 5) = 1.0

(c) Combination of respiration and synthesis:

8C_H, 0. + 1802 + 4 NH3-—>10CH o +

61276 2
4C H.NO, + 18 CO, + 30H,0 (10)
= 18 _
R. Q. = 7§ = 1.0

From stoichiometry it appears that the R.Q. factor for
the oxidation of sugar is 1.0. Investigators in the sanitary
engineering field have often accepted this as holding true for
all cases. However, an arbitrary assumption of R.Q. as 1.0
may often be erroneous as demonstrated by Siegle and Clifton
(57, 58). Results of their studies in Table 1 show that R.Q.
varies from 0.70 to 1.95. Therefore it must be emphasized
that the experimentally derived R.Q. factor may or may not
equal 1.0. AThis is particularly true when the substrate is
of a complex nature, and the oxidation reactions yield inter-

mediate products in the synthesis process. The stoichiometry
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TABLE 1

COMPARATIVE CARBON BALANCES IN THE OXIDATION ASSIMILATION
OF SEVERAL SUBSTRATES DURING THE GROWTH OF ESCHERICHIA
COLI2 (DURATION OF EXPERIMENT 4.5 HOURS)

Substrate,

mg.c " Succinate Fumarate Lactate Pyruvate Glycerol
Initial sub-

strate.C 5.51 3.14 3.31 4.45 5.40
Cell-C-after

assimilation 0.55 0.44 0.37 0.51 0.72
Cell-C-before

assimilation 0.35 0.21 0.29 0.20 0.51

C Store 0.20 0.23 0.08 0.31 0.21

Supernatant-C,
at end of

experiment ‘ 5.04 2.57 3.19 3.76 5.15
co,-C 0.29 0.30 0.12 | 0.39 0.10
Total recovered 5.53 3.10 3.40 4.46 5.46
Total recovered,

Percent 100.3 98.7 102.7 100.2 101.1
nl Co, produced 536 534 214 724 182

pl O2 consumed 380 v274 222 394 266

R. Q. observed 1.41 1.95 - .97  1.84 0.70

qFrom Siegel and Clifton (57).
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does not always account for the intermediate products. Because
of this it is believed that a direct study of metabolism will
not only alleviate the shortcoming of the respiration test,

but also provide a research tool for further investigations of

metabolic activity.

_Theory of Uptake of P32

32 is added to the substrate it remains in solu-

tion. Bacteria during their growth remove P32 as well as or-

When P

ganic matter from the solution. This uptake of radiophosphorus
by bacteria is not in any way different than the uptake of non-
radioactive phosphorus, as bacteria cannot differentiate be-
tween the two. The slimes will pick up P32 from solution by

(a) adsorption initially removed on the surface, and then (b)

32

assimilated by the bacteria. Thus, when P is used, the proc-

ess of consumption can be readily detected with a Geiger tube.
The total surface area of the bacterial slime is very
high compared to its volume, and the adsorption rate is strictly

dependent on the surface area of the slime. The slimes will

32

first adsorb P™° and then slowly assimilate it during their

growth. For short periods of exposure, the rate of adsorption

32

of P will be more pronounced. As time progresses both the

bacteria population and the rate of assimilated P32 will in-

crease simultaneously. This implies that adsorption occurs
very rapidly, and is most important during the initial phase

32

of the experiment. The mechénism of uptake of P may be

shown as:
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32

Solution P32 ==—— adsorbed P (11)
Sloughing
32 . 32
Adsorbed P -——-A551m11ated P (12)

where the rate of growth of slimes is represented by assimi-

32 32

lated P instead of total uptake of P™".

In order to make a distinction between the adsorbed

32 32

) 2 and assimilated P”“, Reid (51) has shown that slime growth‘
can be inhibited by a chemical agent. Such a chemical agent
should have two properties: (a) it should have sufficient
power to inhibit groﬁth, and (b) it should not accelerate the
rate of sloughing. For example, Reid found that a buffer so-
lution at a pH of 4.0 arrested growth but led to rapid slough-
ing. A merthiolate solution (1:2000 or 1:4000) was found‘to
be successful for the measurement of adsorption by inhibiting
the growth without affecting the rate of sloughing. Sloughing
of attached slimes from the surface is important because. the
manometric technique developed for attached slimes depends on
surface contact. As the slimes grow and age, the important
factors producing sloughing are the forces discussed in the
following:

Sloughing is a common phenomenon in trickling filters.
Studies of attached slimes on a rotating drum indicate that
slime layers will buiid up at a rate depending upon the amount
of food available and its temperature (54). In order to bet-
ter understand causes of sloughing, it is necessary to know
the forces acting on the slime and the influence of the surface

they are attached to. These forces are (a) the cohesive force



26

between the slimes and the rotating drum surface; (b) cohesive
force between two adjacent layers of slime; and (c) the trac-
tive force between the medium and the slime.. The tractive
forces remain constant uniess the speed of rotation is changed.
The cohesive force between.the primary layer and the surface
apparently does not change, unless endogenous conditions de-
velop in deep layers. As layers feed from adjacent ones, thin
layers will to a certain extent prevent sloughing. The primary
layer invariably remains attach;d to the drum while secondary
layers may slough off, either gradually or abruptly. However
the cohesive force between two layers may be reduced due to
the increase in'the death rate of the bacteria, or may in some
cases be overcome by excessive growth of the secondary layer.
Therefore, changes in the forces (a) and (b) described above,
will cause slime sloughing.

From the proceeding it can be concluded that:

1. In aerobic biochemical reaction, the respiration
(uptake of oxygen) results in the transformation of the organic
matter into its end products which are carbon dioxide, sulfates,
nitrates, and water:;

2. The organic matter is consumed by the bacteria
through diffusion (partly oxidized and partly converted into
building cells and cytoplasm);

3. Only stabilized portions can be ccnsidered to be
oxidized;

4. The oxygen uptake will only show the oxidized por-

tions of the food material, and will not represent the organic
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material remaining behind. Usually the quantity of oxygen
consumed is correlated with the cbnsumption of food. 1t is
doubtful if the quantity of oxygen consumed is in any way
directly related with the complegity of food; and

5. It would be much more convenient to calculate the
rate of stabilization of organic matter with the use of radio-

phosphorus-32.



CHAPTER III

PRELIMINARY STUDIES OF ATTACHED SLIMES

Experimental Apparatus

The apparatus used in this study was designed to study
the proper evaluation of the following factors that affect the
rate of slime growth and thus its direct influence on the up-
take of P32:

1. sSeparation of adsorption and assimilation;

2. Concentration of food:

3. Type of food;

4. Temperature.

The apparatus consisted of three glass drums 3 3/4
inches in diameter and 2 inches wide, mounted on a copper rod.
(See Figures 2A and 2B.) These drums were rotated approxi-
mately half submerged in individual stainless steel troughs
containing synthetic sewage. ~The outer surface of the rotating
drums were roughened by sand blasting to facilitate adherence

of the bacteria. :The drums were allowed to rotate at a con-

stant speed of 2 rpm until a satisfactory growth appeared.

Experimental Procedure

Once the desired growth was establishéd, a known quan-

32

tity of P°" was injected with a one cc Tuberculin-hypodermic

28
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syringe into each trough. Pulses were counted every hour with
a Geiger-Mueller (G.M.) detector tube, for fifteen hours; one
additional reading was made at the end of 25 or 26 hours. All

32

of the P readings were corrected for decay and background.

The growth rate of Zooglea ramigera expressed in terms

of oxygen uptake essentially measures respiration and in terms

32

of P”° uptake measures metabolism. However the experimental

technique involves the study of the simultaneous uptake of
oxygen and P32: both for the attached and free floating slimes.
After considerable experimentation, three general approaches
were used for this research. The first included preliminary
studies of the attached slimes on the rotating drums, primarily
to evaluate various variables, described later. The second was
to place the entire rotating drum apparatus inside of a mano- -
metric device -~ a procedure whereby thé uptake of oxygen was

32 in an air-tight system.

measured along with the uptake of P
Finally in a third series of'experiments, a procedure was de-
veloped where free floating slimes were grown in enclosed en-
vironments. This last technique included the use of the stand-

32 tracer. These studies are

ard B.0.D. test along with ap
described in detail in the following sections.

All of the‘experiments used dehydrated lactose broth
as the source of synthetic sewage. One gram/liter of lactose
broth has a 5 day 20°C B.0.D. of 400 mg/liter. 1In a few ex-

periments, Bacto-peptone was added to lactose broth. The

growth in the synthetic sewage was initiated by seeding with
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raw sewage from the Norman, Oklahoma Sewage Treatment Plant.

Merthiolate, 1:2000, was used to inhibit the growth when it

was necessary to separate adsorption from total uptake of P32

and thus obtain the desired data on assimilated P32.

Preliminary Studies

In the first phase of the investigation, several tests

32 yas added initially to the synthetic

sewage. The rate of uptake of P32 was observed periodically

were made in which P

at various stages of slime growth. No attempt was made to

inhibit slime growth and as they grew, the uptake of P32 in-

creased. Typical curves of the total uptake of P32 are shown
in Figures 3 and 4. These are characteristic of bacterial
growth curves. Figure 3 shows the relation of counts per min-
ute vs time, while Figure 4 represents the per cent uptake of

P32 vs time.  For purposes of calculation, the highest reading

32 was assumed to be equal to 100 per

of counts per minute of P
cent utilization.

The rate of growth increases from a lag phase to a log-
arithmic growth and slowly reaches a peak although the slimes
may remain for long periods at a maximum population or may de-
cline due to lack of food. The curves reached a population
peak at about 86 hours. Thereafter the§ declined due to the
insufficiency of food; as evidenced in these experiments by
the sloughing of the slime. Ih the logarithmic growth phase,

there is always an excess of food around the micro-organisms.

As the slimes grow, they utilize the food by removing the
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orgaﬂicfmatter from the solution. When the organic matter is
removed, if is conVerted into bacterial protoplasm, which is -
eventﬁally reduced to stablé end products.

There appears to be a linear relationship between the
effeqtive mass of slimes and food concentration. When there
is a continuor.s depletion in the concentration of the avail-
able food, the bacterial growth reaches its maximum population
and thereafter decreases, as shown in Figures 3 and 4. The
maximum population will continuously vary in response to the
concentration of available food. When the depletion of food

32

is negligible, P will increase or remain at a constant value

for a long period. But when food is depleting continuously,

32 will reach a peak value and will thereafter

thé uptake of P
decline, indicating a decrease in the growth rate.

The following conclusions were made from these prelimi-
nary studies:

1. The "K"-values for trickling filters or aeration
tanks may be maintained at a desired level throughout the pe-
riod of their operation, but under ordinary conditions the
"K" values in a stream will vary depending upon the concentra-
tion of available food, which cannot be controlled.

2. The sloughing of slimes is an important factor to

32

consider when comparing data of P™° uptake with respiration,

because the sloughed-off mass may include living and growing

bacteria which may be consuming food and oxygen, yet are not

32

included in the counting of P™" on the rotating drum. This
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2 L 3 3
3 needs correction, since there is a

possibility that due to excessive sloughing, the P32 count

error in counting the P

may decrease consistently while the uptake of oxygen may con-

tinue to increase.

3. There is a definite relationship between the number

of bacteria and metabolism of P32. Hence P32 uptake rate can

be used for the studies of oxidation rates.
Adsorbed and Assimilated P32

In order to measure the adsorbed P32, it was necessary

3

2 by inhibiting the bacterial slime
32

to record the uptake of P
growth. Thus the measured uptake of P”~ would predominately
be due to adsorption only. To inhibit growth of the slime,
the bacteria were grown in the synﬁhetic sewage-as before, un-
tii significant growth appeared on the drums. Then an inhib-

32 was in-

iting agent was introduced. A known quantity of P
jected and readings were taken every hour. Since the slime
growth may be inhibited with a very acidic, or basic buffer
solution one of pH 4.00 was tried. However, the rate of
sloughing was increased and a sufficient amount of sloughing
was detected in less than two hours. A merthiolate solution
in concentration of 1:2000 and 1:4000 was used next and proved
to 'be an excellent agent for inhibiting growth without affect-
ing the sloughing rate. As a result a merthiolate solution
1:2000 was selected as the inhibiting agent.

The results of the adsorption measurements are shown

in Figures 5 and 6. They show that the adsorption rate is
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more pronounced in the first two hours with a relatively con-

32

stant rate thereafter. The assimilated P~ “, however, continues

to increase so long as the bacterial population increases.

32 is added to a substrate containing bacteria, almost

32

wWhen P

instantaneously a small quantity of P is adsorbed by the

bacteria in the substrate. As the bacteria grow and multiply,

32 is assimilated by the bacterial cells. 1In the

32

adsorbed P

process of assimilation of the food the adsorbed P diffuses

through the cell nucleus and becomes a part of the cytoplasm.

In the first two hours, the P32 measured was mostly due to

adsorption. From the second to the sixth hour it was present
in both the adsorbed and assimilated states. After about six

hours the rate of assimilation apparently exceeds the rate of

adsorption and the P32 measured thereafter is primarily assimi-

lated P32,

32

Adsorption of P~ is necessarily a function of surface

area and depends upon the surface properties of bacteria.

32 vs per cent total P32 are

Plots of per cent of assimilated P
shown in Figures 5 and 6, and represent the results of experi-
ments conducted at different concentrations of food. The find-
ings appear to bé in generally good agreement, within the
limits of experimental error. The result is a straight line,
which can be represented by:

Per cent P32 metabolized = 1.15 (Per cent

total uptake) - 14.5 (13)

The plots show that, when no metabolization has occurred,
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adsofption of 3 to 20 per cent has taken placé. This suggests
that adsorption occurs rapidly and is most important in the
initial phases of growth. The linearity of the plots seems to
indicate a high degree of direct correlation. These results'
are in agreement with the postulated hypothesis.

Additional experiments were conducted to evaluate the
effect of slime thickness on P32 adsorption. Slimes were grown
in the rotating drum apparatus and when a uniform thickness was
established, the synthetic sewage was inhibited with the merthi-

32 was injected. No inhibition was used 'in

olate solution and P
the other two identical troughs and the slimes in these contin-
ued to grow. After two and one half hours, metabolism in the
second trough was arrested by merthiolate solution. No changes
were made»in theAthird trough at this time; but at the end of
10 1/2 hours the sewage in the third troughs was replaced by
merthiolate to arrest the slime growth. This arrangement made
it possible to perform the experiment under conditions of dif-
ferent slime thicknesses. Results are shown in Figure.7. Ap-
parently the thickness of film has little or no effect on the
32

adsorption of P°°., From this the conclusion was drawn that

adsorption is a function of surface area only.

Plotting of "K"-Value

The uptake of P32 by the slime at various time inter-

vals and at varying food concentration is shown in Figure 14.

The plots show a gradual increase in the uptake of P32, up to

maximum. For the purpose of calculations, this maximum value
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was assumed to be equal to 100 per cent utilization. The net
counts obtained in each test per minute, were changed into
percentages of maximum counts. These percentages were then
subtracted from 100 per cent remaining. The percentage re-
maining plot vs time (hours) on a semilog paper is shown in
Figures 8, 9, 10, 11, 12 and 14. The plots are straight line
and the "K"-values have been summarized in Table 2. Table 2
indicates clearly that the "K"-value varies with differences
in pH and temperature and the effect of pH is more pronounced
at higher than at lower temperatures.

The curves for determining "K" by using P32 as a tracer
are similar to oxidation plots obtained by measuring B.0.D. To
prove the applicability of this method for determining "K" it
is necessary to compare the findings of these studies with
those of comparable respiration studies. This was done and

the findings are presented in the subsequent chapters.

Food Substrate Effects

Dextrose, lactose, and d--levulose sugars were used as
the source of nutrients for the.growth of slimes in some of
the experiments. Not only the concentration, but also the com-
position of the food was found to decidedly effect the growth
rate. The sloughing of the slimes occurred more readily at
the lower concentrations of nutrients as shown in Table 3. It
is evident from tﬁe results that growth in d-levulose and dex-
trose sugars was very poor. In lactose sugar the growth was

better.
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TABLE 2

"K" VALUES OF BIOLOGICAL SLIME AS DETERMINED
BY P32 UPTAKE TECHNIQUE

Synthetic Sewage Temp gC
Nutrients per 100 cc. PH + 2 K Remarks
1 gm. Lactose Broth ° Ave. of
+ 1 gm. Peptone 8.2 20 0.071-0.053 5 runms

o Ave. of
1.5 gm. Lactose Broth 8.0 20 0.0611 2 runs
1.5 gm. Lactose Broth 8.5 202 0.0765

' 8.25 .20o 0.1006
8.25 20 0.101

1.0 gm. Lactose Broth 7.5-7.7 30° 0.076-0.089

o Ave. of
1.0 gm. Lactose Broth 8.0 27 0.052-0.049 2 runs
1.5 gm. Lactose Broth 7.0 30° 0.1035
0.5 gm. Lactose Broth _— 20° 0.073
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TABLE 3
ATTACHED SLIME STUDIES - UPTAKE OF P32 IN DIFFERENT
SUBSTRATES AT VARIOUS TIME INTERVALS
P32 2 MICRO CURIES PER LITER

—— n— —

d-Levulose Lactose Sugar Dextrose Sugar
Time Net Counts Net Counts Net Counts

Hours Per Min. % Total Per Min. % Total Per Min. % Total
1l 32 50.0 777 59.4 29 37.6
37 57.8 1051 80.4 40 51.9

3 42 65.6 1163 88.9 49 63.6
4 43 67.2 1299 99.3 43 55.8
6 43 67.2 1286 98.4 56 72.6
7 52 81.2 1276 97.6 67 86.9
9 64 100.0 1276 97.6 62 80.5
10 - -—— 1306 99.9 77 99.9

P32 3 Micro Curies Per Liter

1 227 60.4 249 77.6 20 19.4
2 283 75.3 267 83.3 26 25.2
3 300 79.8 - 260 8l.1 30 29.1
4 310 82.4 275 85.8 39 37.8
5 323 85.9 262 81.7 - 40 38.8
6 336 89.3 269 83.9 41 39.7
8 335 89.1 284 88.6 48 46.5
9 320 85.0 285 88.9 51 49.4
11 336 89.3 288 89.8 61 '59.2
12 348 92.5 307 95.7 72 69.8
14 369 98.1 309 96.4 82 79.5

376 99.9 320 99.9 103 99.9

)
wm
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Figure 14 shows the relation of per cent P32 uptake

32 yhen 4 mg/100ml lactose sugar was

to per cent assimilated P
used as a synthetic sewage. The results are shown in Table 4.
The plots obtained in this study do not differ greatly from
those of the previous studies presented in Figures 8 through
~15. In Figure 16, most of the plotted points lie on the up-
per part of the curve. Only one point is on the lower portion

of the curve. This again shows that the rate of growth of

slimes in lactose broth is faster than in lactose sugar.
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TABLE 4

ATTACHED SLIME STUDIES - P32 UPTAKE IN

4 PERCENT d-LEVULOSE SOLUTION

Time Total Counts % Total Assimilated Percent P32
(Hours) Per Minute Uptake p32 Assimilated
1 400 85.0 324 83.2
2 409 87.0 333 » 85.6
3 447 95,0 339 87.1
5 444 94.6 364 93.5
6 452 96.0 372 95.6
7 436 92.9 356 91.5
8 436 92.9 356 91.5
10 432 92.1 352 90.5

11 4.69 99.9 389 99.9




CHAPTER IV
MANOMETRIC RESPIRATION STUDIES OF ATTACHED SLIMES

Manometric Theory

- In general the oxidation reactions may be described as
the uptake of oxygen and the liberation of carbon dioxide by
the living organism. It is éustomary to measure the respira-
tion of organisms by determining the rate at whichlthey absorb
oxygen in a sealed chamber. As the concentration of the oxygen
in fhe liquid sﬁspension and surrounding atmosphere decreases
below the critical limit the respiration rate diminishes. If
the concentration of oxygen continues to decrease, organisms
may enter into endogenous respiration and eventually a stage
is reached where metabolism in the micro-organisms ceases, and
they.die.

The development of manometric equipment for the de-
termination of gaseous exchange iﬁ biological metabolism has
provided an excellent téchnique for the measurement of respira-
tion. The metabolism of urea was measured manometrically in
1932 by Krebs and Henseleit (38). Archibald k2) successfully
"employed the more recently developed colorimetric technique
for measurements of urea metabolism. In many cases the choice

45
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between manometric and colorimetric is optional with the in-

vestigator, but in some metabolic studies the manometric sys-
tem is wholly satisfactory, and the easiest to use, even with
the recent development of micro-colorimetric methods.

"Manometric instruments, designed for measurement of
gases either absorbed or evolved, depend upon exchanges be?ween
the gas phase and the liquid phase. Manometric techniques pro-
vide a rapid method for estimating the rate of absorption of
dxygen by the substrate. However, when more than one gas is
evolved the situation becomes complex, although it can be re-
solved in some situations.

When bacteria are suspended in a liquid, they use up
oxygen both from the liquid and the surrounding atmosphere if
the supply of nutrient remains adequate. This results in the
release of carbon dioxide. If only CO2 and O2 are involved in
- the process, one can easily measure the uptake of oxygen by
absorbing liberated co, in an alkaline solution. The carbon
dioxide gas in the presence of an alkaline solution produces
little or no measurable pressure. Therefore, any change in
manometric pressure will be directly related to the uptake of
oxygen.

Carbon dioxide is less soluble in water than oxygen,
but the errors involved in the manometric method are negligi-
ble. When dissolved in water, a small part of the Co, combines

with water to form carbonic acid in a manner which may be ex-

pressed as
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‘;.. - +I -
CO, + H,0 =" H,CO; =—H + HCO,4 (14)

-However, nearly all of the Co2 in sélution is dissolved CO2
with less thaq one percent existing as H,CO;. The exact con-
centration will depend upon the pH of the solution. Manometric
methods may be designed according to:

1. Change in pressure at constant volume;

2. Change in volume at constant pressure:;

3. Change in both pressure and volume;

although this investigation was limited to method number one.

Manometric Background

The investigator is able to choose from the variety of
manometric methods available, depending upon his own personal
experience, the type and amount of equipment available, and
the accuracy desired.

Barcroft and Halden (3), in 1902, were perhaps the
first to devise the "blood gas" manometer. In 1900, Adeney
(1) attgmpted to measure the oxygen demand of sewage by use
of a direct adsorption method. In 1909 Rideal and Burgess (53)
devised several forms of manometric apparatus, but these proved
unsatisfactory due to leakage. These earlier manometric meth-
ods required shakiné during the éoﬁrse of an experiment.

‘Sierp (59), in 1928, developed an épparatus wherein
sewage cquld‘bg maintained in contagt with pure oxygen and its
rate of absorbtion.measured in a caiibrated eudiometer tube.
His méthod was much less cﬁmbérsome-ﬁhan the diiution method.

In'1§26,'Wafbutg (66) developed another type of respirometer
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for measuring uptake of oxygen. In the tenth edition of
Standard Methods (62) the Warburg apparatus, after some modi-
fications, has been accepted as a tentative standard procedure
for measuring dissolved oxygen in waste water. 1In 1930, Dixon
and Elliot (17) repeated the work of Barcroft (3) and showed
that the rate of respiration is independent of the rate of
shaking. Later the manometric method became very popular in
the field of respiration studies.

Wooldridge and Standfast (70, 71) studied the effect
of temperature on the éctivity of bacterial metabolism, and
the effect of pH on oxygen uptake using the Barcroft respiro-
meter inAtheir studies. When the oxygen uptake values of sew-
age as determined by the Barcroft respirometer and B.0O.D. di-
lution methods weré compared, the manometric method always
showed higher values. Their investigations failed to derive
any constant ratio between the two values. However, they did
conclude that the oxygen uptake in the first few hours (10 to
20) was more rapid than later stages.

Dixon (16) has presented nomographs for use in mano-
metric studies. Falk and Rudolf (23) studied the various fac-
tors affecting the rate of oxygen uptake, and recommended that
temperature variations should be kept at a minimum. They fur-
ther showed that the respirometer's direct utilization method
gives results whiéh are comparable to standard dilution method
for measuring B.0.D., in contrast to the findings of Wooldridge

and Standfast (70, 71).
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In 1948, cCaldwell and Langelier (1ll) increased the
volume of the respiration flask in the Warburg apparatus from
15 ml to 125 ml in order to get more accurate determinations.
Their results were more closely reproducible than those of
previdus investigators. They were also successful in demon-
strating the usefulness of the manometric method in studies
of sanifary engineering problems, and were able to derive the
following general relationship between weight of the oxygen

consumed and height of the manometer,

w=h—¥,‘“—c (15)
L

where,

= oxygen uptake mg/liter

manometer reading (cm water)

Vi, = total volume of gas (ml)
VL = total volume of the fluid in flask (ml)
C = constant

The value of C varies with the density of the manometer
fluid used; with_a manometer fluid‘density of 1.00, C is 1.27.

Lee and Oswald (39) obtained five pef cent accuracy in
duplicated tests. They concluded.that the results of mano-
metric techniques are not strictly comparable to those obtained
by the standard dilution method, and that the Warburg test when
applied to sterile waste is particularly sensitive to seed and
nutrient relatiohshiﬁs.

Iudwig, Oswald, and Gotass, (40) did extensive work at

the University of California on the application of manometric
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techniques in determining B.0.D., with encouraging results.
They used the formula derived by Caldwell and Langelier (11)
for calculation of B.0.D. Using Brodie's fluid in their ma-

nometer they derived the following:

A

w=1.3h—vﬂ— : (16)
L.

It may be noted that their formula is identical to that of
Caldwell and Langelier, except for the vaiue of C.

Dawson and Jenkins (13, 14) invegtigated the oxygen
requirement of oxygen uptake for activated sludge. They stud-
ied the effect of shock loadvof both organic and inorganic sub-
stances on the oxygen uptake of the sludge. 1In 1958 Wasserman,
Hopkins, and Porge (67) using the Warburg apparatus studied

the oxygen uptake of the yeast, Saccharomyces fragilis in whey.

They found that the rate of oxygen uptake in the presence of
either lactose or galactose was rapid in the first hour and
later decreased correspondingly with time. In 1959, Snaddon
and Harkness (61) successfully showed that respiration of a
sewage sample receiving regular additions of oxygen does not
differ from that of an identical sample which receives a large

single dose of oxygen.

Experimental Technique

The apparatus shown in Figures 17 and 18 was designed

32 by slimes. The respiration

by the author to study uptake of P
chamber encloses the entire respiration system in a small box
(6 1/2" wide x 7 1/2" long x 3" high) except for the manometer

and the carbon dioxide absorption tubes.
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FIG I8: PHOTOGRAPH OF RESPIRATION STUDIES -
OF ATTACHED SLIMES
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The lower portion of the box was made of two thin
sheets of stainless steel. The annular space between the two
sheets was packed with felt to prevent radiation of heat.
Temperature changes of the liquid in the box were negligible
as a consequence. A 3 1/2" diameter glass drum, driven by a
‘motor mounted outside the box on a stand, rotated in the box.
The outer surface 6f the rotating drum was made rough by sand
blaéting in order to facilitate attachmenﬁ of the slimes. The
entire assembly was mounted on a wooden platférm. The upper
part of the box was made of plexiglass, and could be screwed
to the lower portions for an air-tight fit. A Gieger Muller
tube was permanently fixed in the box to record uptake of P32
by the slimes. The box had two connections: one to the ma-
nometer for pressure measurements;.the other to a train con-
taining Ascarite for carbon dioxide absorption and magnesium
perchlorate for moisture absorption.

Mercury was used as the manometric fluid to avoid
problems associated with solubility of carbon dioxide in water.
The mercury was replaced by light motor oil in the latter pért
of the investigation. This provided better measurement in the
changes of the pressure in the manometric tube. In the absorp-
tion train, Ascarife, a composition of sodium hydroxide and
asbestos, was used because of its superiority to alkaline flu-
ids in co, absorbing qualities. Ascarite permits the quantity
of the gas liberated by the metabolic action of the organisms

to be accurately calculated by the difference in weight of the
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Ascarite before and after absorption of the gas. The Ascarite
should be changed when half of the contents have changed color.
Magnesium perchlorate was used as a dehydrant as it is porous
and easy to handle, and is able to absorb up to 60 per cent of
its weight of water without reducing its efficiency.

The gases other than carbon dioxide and oxygen are not
significant factors in the manometric method. The possibiiity
of liberation of any gases other than co, and 0, is remote,
particularly when pure oxygen is used in the experiments as
it was in the present studies. Porter, (50) has shown that
some carbon dioxide must be available to the micro-organisms
for their proper growth. Hence the small quantity of the car-
bon dioxide gasAliberated in the experiment had no adverse in-

fluence on the bacterial growth.

Experimental Procedure

Twelve hundred (1200) cc of synthetic sewage was put
in the lower portion of the apparatus. The drum was allowed
to rotate until a satisfactory growth appeared. The background
counts were obtained by placing the upper portion of the box
on the lower portion. Then a calculated quantity of P32 was
injected with a hypodermic syringe and the whole apparatus was
made air~-tight. The box was flushed with oxygen by connecting
the apparatus to an oxygen regervéir. The apparatus was filled

with oxygen, flushed, and refilled several times, to ensure

that the gas in the respiration chamber was all oxygen.
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A 50 cc hypodermic syringe was used to introduce a
measured amount of oxygen to the chamber through a side opening
to bring the manometer to a designated pressure. The drum was
allowed to rotate for an hour. This was sufficient time for
the slimes to utilize an appreciable amount of oxygen, thus
evolving a corresponding amount of co,. The gases in the cham-
ber were then circulated through the Ascarite absorption train,
with the aid of a small recirculating pump. The pump was oper-
ated for eight minutes, a period sufficient to permit recircu-
lation of the gases approximately ten times. After the co,
was absorbed by the Ascarite, measured amounts of 62 were added
to the chamber to bring the manometric pressure up to the ini-
tial pressure. The volume necessary for this purpose is the
32

volume of oxygen used through respiration. The uptake of P

was measured concurrently with that of the oxygen.

Discussion of Results

The P32 readings were corrected for half-life decay

and slime sloughing error. An attempt was made to formulate
a mathematical equation to predict the sloughing of slimes on
the rotating drums. Several experiments were performed, but

the results were unreliable and statistically uncorrelatable.

32

However, the uptake of P vs time is an exponential curve,

which means that if there is no‘sloughing and the bacteria

32,2

grow in the logarithmic phase, a plot of (P™")" vs time would

be a straight line. Therefore a correction for sloughing was
32,2
)

made by plotting (P vs time and the best fitting straight

line was drawn.
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32 uptake thus obtained was

The highest reading of P
considered to be 100 per cent uptake. The accumulative quan-
tities of oxygen uptake were reduced to per cent uptake total

32 uptake vs per cent oxy-

and were plotted as per cent total P
gen uptake. The intércept at the Y axis, corresponding to the
zero consumption of oxygen, was taken as the initial adsorp-
tion. Cprfections for adsorption were made as previously in-
dicated. The final plotting of per cent P32 assimilated and
per cent uptake of oxygen is a straight line of approximately
0.9 élope with a maximum error of about 8 per cent. This error
may be due to the experimental technique. One experiment (fe-
sults are shown in Figure 23) was céntinued for 57 hours.

These results with an error less than 5 per cent show that for
a long period of time, approximately 50 hours, the effect of
adsorption is negligible.

Experiments were performed using lactose sugar as the
source of food and the resulting plots of per cent P32 vs per
cent oxygen uptake were straight lines having a slope of 0.8
(see Figure 28). 1Invariably it was observed that the bacteria
were acid producing; even the phosphate buffer which initially

held the solution of a pH of 7.2 was overcome by the acid pro-

duced. Generally speaking, Zooglea ramigera is not an acid .

producer, this lowering in pH was due to acid-producing bac-
teria present in the mixed culture used.
Similar experiments were performed at a pH of 8.6. The

solution was brought to the required pH by adding sufficient
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buffer solution of the type described in Diehl and Harvey (15).
The result of a typical experimental run is shown in Figure 34.
The rate of oxygen uptake was slow in the initial few hours,
and thereafgeé graduallyiincreased until sloughing started. A
concentrated solution of lactose broth was added periodically
by a 5 cc hypodermic syringe to maintain an excess of nutrient.
Once the sloughing started,.it could not be stopped. Apparently
the sloughing is accelerated by the production of intoxicants
during metabolism. At the end of the experiment, the pH was
down to 7.5, as a consequence of bacterial acid production.

Experiments were also performed at a pH of 5.0. The
oxygen consumption was very small throughout these experimenté,
being almost negligible in the first few hours. The low pH of
the substrate solution might have inhibited the bacterial res-
piration to such an gxtent that utilization of oxygen could not
be detected manometrically. The small uptake of oxygen in the
first few hours indicates a low respiration tate, not that res-
piration was chemically stopped, because in the latter part of
the experiment, the rate of oxygen uptake increased considera-
bly.

32 uptake, mer-

In studying pressure change effect on P
cury was replaced by light motor oil as the manometric fluid;
because of the distinct advantage in sensitivity in detecting
significantly small changes in voliume. Figures 29, 30, 31, 32,
33, and 34 show the findings of this set of experiments. The

32

relation between the rate of P™“ uptake and that of oxygen is
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linear. It can be concluded from these results that the rate

of P32

uptake is not affected by pressure changes in the ma-
nometer.

Stoichiometrically, it would seem that for every mole
of oxygen used, one mole of co, is produced and hence the meas-
urements of either oxygen of carbon dioxide concentration should
be equally good in measuring bacterial activity. However, the
ratio of moles of carbon dioxide produced to the moles of oxy-
gen consumed was usually less than one in the initial part of
the experiments. And in the latter part of most of the experi-
ments the ratio was more than one. The respiratory quotieqts
for the various tests are listed in Table 5. In Experiments
14, 16, and 17 with pH values of 5.0, 8.6, and 6.20 respeé-
tively, the R.Q. was greater than one. Apparently whenever
the pH deviated significantly, on either side of neutral pH
(7.0), the respirstion rate was affected and the consumption
of oxygen could not be measured accurately. This behavior is
of fundamental importance, and it should be emphasized that
if this relationship is verified, much‘can be done to clarify
the behavior of slimes.

A statistical analysis was made of the data obtained
from two sets of experiments and the results are presented in
Table 6. Sample calculations for one set are given in the
Appendix.

The general equation is:

32

Percent total P = K (Percent 02) + C (17)

Where K = Slope of the line

y intercept
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TABLE 5

MANOMETRIC STUDIES OF ATTACHED SLIMES - RESPIRATORY
QUOTIENT OF VARIOUS RUNS AT VARIOUS TIME INTERVALS
(R. Q. = ¥co, MOLES/ 3, MOLES)

Time .Pime Time

(Hours) R. Q. (Hours) R. Q. (Hours) R. Q.
Run No. 1 Run No. 2 Cont'd. Run No. 2 Cont'd.
6 0.348 30 0.750 65 0.768
12 0.669 31 0.822 67 0.762
15 0.863 32 0.869 69 - 0.756
20 ~ 1.000 33 0.918 Run No. 3
22 1.05 34 0.934 5 0.266
23 1.16 35 0.983 12 0.331
25 1.16 36 0.995 16 0.671
27 1.24 | 37 0.982 19 0.728
29 1.26 38 0.960 21 0.798
31 1.25 40 0.939 23 0.985
Ruﬁ No. 2 | 42 0.862 25 1.059
4  0.069 44  0.840 27 1.036
8 0.111 46 ~  0:828 29 1.047
15 0.283 48 0.814 31 1.086
18 0.330 50 0.815 33  1.104
20 0.370 53 0.797 35 1.104
24 0.453 56  0.794 38 1.092
.26 0.565 58 0.789 . 40 1.068
28 0.670 59 0.784 42 1.056

29 0.716 | 62 _0.773 43 1.053
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TABLE 5--Continued

Time Time Time

(Hours) R. Q. (Hours) R. Q. (Hours) R. Q.
Run No. 3 Cont'd. Run No. 5 Cont'd. Run No. 7 Cont'd.
45 1.045 10 1.304 7 1.272
47 1.036 12 1.408 8 1,395
49 1.035 14 1.249 10 1.152
52 1.010 Run No. 6 11 1.229
55 1.003 2 0.000 12 1.242
57 1.016 4 2.126 Run No. 8
Run No. 4 5 2.081 1 1.354
1 0.91 7 2.203 2 1.187
3 1.04 9 1.943 3 1.152
4 1.24 10  1.887 4 1.223
5 1.69 12 1.525 5 1.274
6 1.70 13 1.570 7 1.074
7 1.82 15 1.667 8 1.071
8 1.81 16 1.603 9 1.113
10 1.76 17 1.608 10 1.072
11 1.73 Run No. 7 11 1.095
12 1.71 1 0.812 12 1.092
Run No. 5 2 0.913 14 1.102
2 1.129 3 1.259 Run No. 9
4 1.196 4 0.833 1 0.00
6 1.306 5 0.955 2 7.07
8 1.169 6 1.042 3 7.86
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TABLE 5-~-Continued

Time Time Time
(Hours) R. Q. (Hours) R. Q. (Hours) R. Q.
Run No. 9 Cont'd. Run No. 11 Cont'd. Run No. 13 Cont'd.
4 8.46 5 0.799 22 1.14
6 8.35 6 0.765 24 1.11
7 9.31 7 0.703 25 1.13
.9 12.57 8 0.656 Run No. 14
13 9.56 Run No. 12 1 5.71
15 6.25 1 0.944 2 7.75
Run No. 10 2 0.983 3 8.70
1 2,11 3 0.981 4 8.57
2 1.49 4 1.039 5 9.68
3 1.26 5 1.08 6 6.48
4 1.08 6 1.02 7 5.11
5 0.997 7 0.998 Run No. 15
6 - 0.939 8 0.964 1 0.791
7 0.870 10-1/2 0.902 2 0.960
8 0.843 12 0.896 3 1.067
9 0.821 Run No. 13 4 1.118
10 0.771 1 1.66 5 1.22
Run No. 11 2 1.74 6 1.19
1 1.41 4 l1.68 7 - 1.16
2 0.916 6 1.60 8 1.14
3 0.932 11 1.34 9 1.15
4 0.820 13 -1.30 10 1.11
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TABLE 5--Continued

Time
(Hours) R. Q.

Run No. 15 Cont'd.

11 1.08
Run No. 16
1 7.04
2 6.70
3 8.35
4 6.72

.5 5.78
6 4.23
7 4.08
8 3.56
9 3.14

10 - 2.82

11 2,63
Run No. 17
2 24.6
3 14.9
4 17.3
6 4.48
8-1/2 2.94
9 2.92

11 3.23
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TABLE 6

SUMMARY OF THE STATISTICAL RESULTS OF ATTACHED
SLIME STULI{ES

Experiments
Set 1 ' Set 2
Experimental coefficient of correlation "r" 0.91 0.86
Theoretical coefficient of correlation "r" 0.319 0.348
Slope of the line 0.69 0.9
y intercept, i.e. per cent P32 adsorbed 21 17.9

The validity of the correlation coefficient (r) was
dheckéd with the tables provided by Fisher and Yates (51). The
"r" value according to the table for 52 degrees of freedom at
the 0.01 probability level is 0.319. This means that when the
value of "r" is more than or equal to 0.319, we can say, with
99 per cent certainty, that there is a significant correlation
between the two variables. The experimental value of "r" is
0.91, which is much higher than the theoretical value of 0.314.
This gives more evideﬁée to the validity of the postulation -

32

"that the rate of assimilated P is equal to the rate of uptake

oxygen. "

Conclusions and Recommendations

The findings of the experiments discussed above, have

led to the following conclusions:

32

1. The rate of uptake of assimilated P is the same

as the rate of uptake of oxygen.
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2. The relatioﬁ between the rate of uptake of oxygen
and that of uptake of assimilated 932 is not affected by the
type or concentration of the food.

3. The relation between the rate of uptake of oxygen

32

and the uptake of assimilated P is not affected by manometer

'pressure.
4. Similar experiments should be performed using a

complex food source.

5. More work should be performed to further study the



CHAPTER V
FREE FLOATING SLIMES

- General

Since World War II, the chemical industry has expanded
enormously and has created manifold new and serious problems
in the area of waste water treatment. The industry discharges
organic materials which are foreign to those ordinarily encoun-
tered in domestic sewage. These new waste materials have in-
creased the B.0.D. of the sewage. By experience, sanitary en-
gineers have found the use of activated sludge particularly
suited for the treatment of waste water with a high oxygen de-
mand. In this process the mixed liquor is agitated by the pas-
sage of forced air. Flocs of slimes remain floating in the
tank while vast numbers of varied bacterial species utilize the
organic compounds in the liquor as their source of food, oxi-
dizing these into stable end products.

A bench scale experiment was set up wherein free float-
ing slimes were grown in an enclosed environment in an attempt
to compare their ﬁetabolism and respiration with that of the
attached slimes. P32 was injected and samples were measured

at intervals for P32

uptake. Air was passed through the mixed
liquid, and the Coz_was removed on an Ascarite frain.

- 69
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Apparatus and Procedure

The apparatus shown in Figure 35 was used for growing
the slimes. This consisted of a four-liter flask, flow meter,
and an air regulator with a pressure.gauge. The flask had
three orifices; one served for introduction of air, another as
an outlet vent for gases, and a third as an entry for collect-
ing samples of the liquid. The height of the sampling tube
could be adjusted allowing samples to be collected at different
levels. Since gases from the flask were saturated with water,
the excess water was removed in an ice and salt bath. One end
of the condensing coil in the bath was connected to the vent
tube and the other to the.vacuum flask. The vent gases were
then passed through an Ascarite train.

This method provided an excellent way for measuring
the production of COZ’ However, as oxygen uptake could not
be measured accurately, a revised procedure similar to that
used in the studies of attached slime was substituted, and is
shown in Figures 19 and 36. Almost all of the experimental
work was performed by this modified apparatus, which permitted .
accurate measurements. |

The four-liter flask used as the aeration chamber was
retained without.change. The condensing bath, flow meter, and
pressﬁre gauge were removed, and were replaced by another four-
liter flask. This was used as an oxygen reservoir tank. The
stopper in this flask was provided with three holes, each

served with glass tubing. One tube with a clamp was used for
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injecting pure oxygen by means of hypodermic syringe. Another
tube was connected to a magnesium perchlorate tower leéding to
an Ascarite train.

Raw sludge was obtained from the Norman Sewage Treat-
ment Plant and was mixed with synthetic sewage in the ratio of
1:2 by volume. After the mixture had béen aerated for several
minutes, 50 cc mixed-liquor samples were separately collected
at the top, center, and bottom of the aeration flask. Solids
were determined by centrifuging the samples for ten minutes.
Samples from all three locations had the same per cent of sol-
ids, showing’that the mixture had been well aerated and agi-
tated. The synthetic sewage was replaced every twelve hours
to promote makimum growth without disturbing the sludge. This
was done by momentarily stopping the supply of air, decanting
the top liquid and replacing it with equal quantities of fresh
synthetic sewage. |

After sufficient slimes were grown, a measured amount

of P32

was added to the mixed liquor. At selected intervals

a 50 cc sample was collected from the aeration flask into a
dilution bottle. One cc of this sample was filtered through

a 0.8 micron, Type AA Millipore membrane filter. The filter
was dried under an infra-red light and the beta emmission was
counted with a G.M. detector tube. The filter was then washed
with a 2 per cent saline water, dried and recounted. This was
done to separate the adsorbed sz from the assimilated. Three
samples were filtered énd counted with the average taken as the

32

activity of the P™“ uptake.
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The gases were circulated through the Ascarite train
throughout the experiment-except for periodic weighings of ac-
cumnlated co,. During theSé weighings, the gases in the aera-
tion chamber were by-passed and.recirculated by clamping at
"A" and "B" and leaving clamps "C" and "D" open. The amount
of carbon dioxide was determined by weighing both the Ascarite
and magnesium perchlorate tubes. Oxygen was added witﬁ a 50
cc hypodermic syringe and the level of water in the manometric

tube was brought back to the initial height.

Discussion of Results
- Experiments were verformed using different concentra-

tions of suspended solids at different pH values. The plots

of per cent P32 uptake vs per cent oxygen uptake are shown in

Figufes 37, 39, 41, 42, 43, 44, 45, 46, and 47. From Figure

37 it is evident that the rate of P32 uptake has a linear cor-

32

relation with the rate of oxygen uptake. When the P”" uptake

is 30 per cent the oxygen uptake is zero. The latter situation

32

is a measurement of the adsorbed P on the membrane filter

which could not be removed by washing.
Figure 39 shows the resuits of another experiment in

which the solids concentration was 7680 mg/l. In the first

32 uptake increased linearly

with the oxygén uptake. After this time the rate of P32 up-

205 minutes of this test, the P

take decreased as'compared to that of oxygen. This may be due
to an increase in death rate of the bacteria caused by lack of

available food, or the bacteria in the sludge may have undergone
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oxidation of their own tissues (endogenous respiration). En-
dogenous respiration customarily occurs in the absence of
available food, whereupon the cells oxidize their ;wn tissues
to obtain the necessary energy for maintenance. Eckenfelder
(23) contends that endogenous respiration may even take place
concurrently with synthesis. This was probably one of the
causes of sludge reduction in the mixed liquor which is dis-
cussed below.

Stabilization of the organic material is accomplished
both by oxidation and synthesis. So long as conditions are
favorable, synthesis will exceed oxidation, and during this
interval the rate of B.0.D. removal is ﬁoth high and linear.
Up to this point, concurrent with B.0.D. reduction, there is
an increase in the sludge mass. As long as the slimes are in-
creasing, the membrane filter will retain increasing quantities
of solids each time a sample is filtered. One would expect
that the P32 uptake would increase éorfespondingly, but the
moment the rate of oxidation exceeds the rate of synthesis,
both the growth curve and the B.0.D. removal curve abruptly
slope downward. Under these conditions the mass of solids is
decreasing, and as a result the mehbrane filter will show a

32 uptake.

decrease in P
In contrast, the accumulative oxygen uptake wiil con-

tinue to increase. Figure 40 shows the curve between moles of .

oxygen uptake vs time. After reaching its peak the curve ab-

ruptly slopes downward. This shows that, although the accumu-

lative value of oxygen uptake continued to increase, its rate
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per unit time decreased. A significant hypothesis can be pro-
posed here: that if sufficient food is added, the curve in
Figure 39 may again turn upward. This hypothesis was tested
and the experimental results are shown in Figure 41. The ex~-
periment was similar to the preceding one, with 6ne exception;
after five hours and twenty minutes, two grams of lactose broth
were added. The curve thereafter resumed itsiupward trend.
This proves that the P32 uptake rate is linear to the oxygen
uptake rate, but only when the rate of synthesis exceeds the
oxidation rate.

In other experiments (see Figures 46 and 47), a food
source in the form of synthetic sewage was added periodically
to maintain the logarithmic stage of growth 6f the bacteria
in the sludge. However, it became evident that the flocculant
sludge bacteria could not be maintained in a growth stage in-
definitely, because after a few hours the bacteria started to
die. This méy have been due to the toxic effect of metabolic
by-products produced in the oxidation process. This situation
may be avoided in a continuous system where the sludge is con-
stantly recirculated, and an inoculum of growing bacteria is
added continuously in the form of raw settled sewage. This is
the case in a properly operated sewage treatment plant. If
this is done, an equilibrium stage méy.be reached where ex-
tremely large populations of bacterial organisms may be kept
alive by providing a constant excess qf food. Here, the rate

of synthesis would be sufficient to counterbalance the loss of
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bacteria due to deatb. This condition can be maintained easily -
in a sewage treatment plant.

_ The R.Q.'s of the experiments discussed above are shown
.in Téble 7. They varied from 0.637 to 2.25, but most of the

time were close to 0.8.

Conclusions and Recommendations

vFrom the above studies it can be concluded that when

32

the supply of nutrient was abundaht, the P™" uptake had a lin-

ear correlation with the uptake of oxygen. If all of the ad-

sorbed P32

could have been washed from the filter membrane,
the reéulting line would pass through the brigin with a slope
of 1.0. In addition, the following fihdings were made:

1. Reaction rate coefficient of free floating bio-

32, and results are

logica1>siimes can be measured by using P
compafable to respiration studies.

2. The proposed method of measuring the reaction rate
coefficient is applicable only when the rate of synthésis ex-
ceeds the rate of oxidation.

3. Similar experimehts should be cérried out using
complex food sources.

4; Chemical analysis of slimes should be made in order

to study their stoichiometry and respiratory quotients.
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TABLE 7

FREE FLOATING SLIME STUDIES - RESPIRATORY
QUOTIENT OF VARIOUS RUNS

Time Time Time

(Minutes) R. Q. (Minutes) R. Q. (Minutes) R. Q.
Run No. 1 Run No. 3 Cont'd. Run No. 5 Cont'd.
20 0.637 85 1.68 100 1.08
60 0.805 125 1.69 140 0.81
95 0.830 185 1.75 205 0.82
135 0.843 230 1.79 250 G.89
220 0.850 | 1290 1.84 295 0.86
280 1.163 330 1.81 325 0.82

340 1.135 370 1.82 Run No. 6
380 1.078 390 1.76 5 1.00
Run No. 2 - 440 1.76 50 1.33
125 0.661 Run No. 4 90 0.85
165 1.11 10 0.120 125 0.71
205 1.07 50 0.430 170 0.71
270 1.10 90 0.663 210 0.73
325 1.06 130 0.710 250 0.72
385 1.04 170 0.800 | 285 0.73
415 1.03 230 0.870 325 0.74
465 0.99 230 0.890 365 0.76

Run No. 3 Run No. 5 Run No. 7
10 0.107 20 0.93 10 1.29

50 1.57 . 60 1.16 45 1.90
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TABLE 7--Continued
—_—

Time Time
(Minutes) R. Q. (Minutes) R. Q.
Run No. 7 Cont'd. Run No. 9
70 2.25 15 0.296
100 2.19 60 1.21
130 2.48 105 1.21
175 1.99 150 1.30
205 1.81 195 1.14
235 1.66 240 1.15
270 1.53 285 1.22
Run No. 8
25 1.175
70 0.903
105 0.905
160 0.900
195 0.866
235 0.868
270 0.850
305 0.851

330 0.859




CHAPTER VI
DISSOLVED OXYGEN TEST

General

- The amount of oxidizable material present in water is
expressed quantitatively as the amount of oxygen required by
the bacteria in the water to oxidize the organic compounds
present into stable end products. This quantity.of oxygen re-
quired for stabilization is dependent on temperature, time, and
other factors. Stream pollution may also be due to physical or
chemical characteristics of wastes such as oil or dye liquors.
Although compourn<ds like phenol may add to undesirable odors
and certain toxic materials may kill fish, they do not contrib-
ute to the B.0.D. pollution load. Pollution from various types
of orgenic solids is, however, a prime consideration in abating
stream pollution.

Much credit for the development of the Standard B.O.D.

Test as described in the Standard Methods (62) goes to Theriault
and Hammond (65). This test has been used for many years to
evaluate the effectiveness of sewage treatment plants. In ad-
dition, by virtue of it§ professional acceptance, the Standard

i

B.0.D. Test has also been uéed for many years as an effective

83
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criterion for measuring stream pollution caused by the dis-
charge of excessive organic wastes, and thereby dﬁaﬁing stream
pollution.

This section discusses experiments that were performed

32

to correlate the P”™" uptake with oxygen uptake in B.0O.D. Test.

In these experiments, both the uptake of oxygen and that of

32 . . .. .
P versus time, were determined under similar conditions and

at controlled temperatures. ‘It was anticipated that the P32
would be altered, in its position in the sample, by changes
occurring in the bacterial population in the solids. Samples

32

were, therefore, analyzed not only for oxygen and P uptake,

but also for the nuﬁber of bacteria existing in the sample.

As the Standard Test (62) for the bacteriological ex-
amination of water is cumbersome and takes five to six days to
obtain results, all bacteria counts for the experiments de-
scribed below were made using the relatively new membrane f£il-
ter techniqﬁe. This technique was developed in Germany during
World War II (29) and its use has been studied extensively in
this country since 1946. It requires approximately sixteén
hours for the fuil development of~the colonies at incubation
temperatures of 37°C. The membrane technique, the results of
| which are comparable to those of the Standard Test, has been

zccepted as a standard method for the bacteriological examina-

tion of water (62).

Experimental Procedure

The Standard B.0.D. Test by dilution was used to deter-

mine the oxygen uptake. Measurements were made with a Baush
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and Lomb Spectronic 20, as recommended by Oulman and Baumann
(47) . Two sets of standard B.0O.D. bottles were set up with
one set acting as a control and the other tagged with P32. At
intervals, the tagged samples were analyzed for P32 uptake
while the control samples were analyzed for oxygen uptake. The
essential equipment used for this test is shown in Figure 20.
The contents of the tagged B.0.D. bottles were passed
through a 0.45 micron membrane filter. The filter was then
washed with 2.5 per cent saline water to remove adsorbed P32.
One cc of the filtrate was transferred to a planchet, which was
dried on a rotating table under an infra-red lamp and then
counted for remaining P32. The counts were multiplied by 300
to obtain estimated total counts in the 300 cc of the filtrate
in the B.0.D. bottle. Each set of measurements was corrected
for half-life decay. To check consistency of results, the num-
ber of counfs on the planchet and in the filtrate were summa-
rized. These values should be constant if corrected for decay,
and should total to that of the original radioactivity. The

results showed a statistical fluctuation and therefore the mean

value was used in computing the uptake.

Bacterial Test Procedure

In the initial experiments, no attempt was made to
study the growth of bacteria in the B.0O.D. bottles. After it
was observed that the P32 uptake was different than the oxygen
uptake, records were kept of each day's bacterial counts. Sep-

arate bottles were used for this phase'of the investigation.
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The apparatus used for making the bacterial counts éonsisted
of a stainless steel funnel clamped to a removable base for
supporting a membrane filter and is illustrated in Figure 20.
After sterilizing this equipment, a sterile membrane filter
was‘placed on the base and the funnel clamped over it. The
sample containing the bacteria to be counted was measured,
poured into the funnel, and filtered under 12-15 p.s.i. of
vacuum. The funnel was then removed and the vacuum was re-
leased.

The membrane filter was removed with sterile forceps
and placed on an absorbent pad which was saturated with a se-
lected media in a sterile ointment tin.

The selection of culture media depends upon the type
and purpose of analysis (e.g., for total count, or for a par-
ticular organism or group). For these tests M. Enrichment
broth (12) was used for total bacterial count, and M-HD Endo
broth was used for coliform count (30). The ointment tin was
closed and inverted for incubation so that the nutrient would
diffuse downward through the membrane. Duplicate samples were
tested and all of the plates were incubated at 35°-37% (29)
for a period of sixteen hours. At the end of this period
counts were made on those filters that showed thirty to three

hundred colonies.

Discussion of Results

Results of the several trials are shown in Figures 48

32

through 58, It is evident from tﬁe plottings that P~ uptake
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and bacterial count cénsistently follow éhe same pattern, while
the oxygen uptake does not. The curve representing the cumula-
tive oxygen uptake consistently increases, whereas the P32 up-
take and total bacterial count curves decline after a time.
During the first tweﬂty-four hours of the study, represented
by Figure 49, the bacterial population was approximately 1.42

32

x 103 per milliliter of sample. Assimilated P showed 128

counts per minute, and the bacteria consumed 2.3 mg/liter of
oxygen.' During the next twenty-four hours the bacteria at-
tained a peak population of 6.5 x lO3 bacteria per milliliter.
The assimilated P32 was 189 counts per minute, and bacteria
exerted an oxygen demand of 0.7 ﬁg/liter.

On the third day the population of bacteria decreased,
most probably because of depletion of the a&ailable food. At
this stage, the bacteria were in a state of endogenous metabo-

lism. Uptake of P32 increased, but the bacterial population

3

decreased to 1.7 x 10~ bacteria per milliliter. The oxygen -

demand was 0.8 mg/liter.v‘On the fourth day both bacterial
population and the uptake of P32 decreased.

On the fifth day, the most important day of the test,
a significant decrease in bacterial population was observed.

The bacterial population was 1.1 x 103 bacteria per milliliter,

and the uptake of P32 decreased considerably. The oxygen up-
take was only 0.32 mg/liter. For the five day period of in-
cubation, the total uptake of oxygen was 5.28 mg/liter; the

result of the respiration of bacteria. Total consumption of

oxygen is due to both active and endogenous metabolism.



91

A large portion of available food was cdnsumed in the
first two days, after which the number of bacteria started de-
creasing. Investigators have often indicated, although there
is little supportive evidence in the literature, that at the
end of five days of incubation at 20° ¢ about 90 per cent of
the food is consumed.

Similar results were indicated by additional trials as
shown in Figures 48, 50 through 58. Of particular signif-
icance are the data plotted in Figures 57 and 58. For these
two experiments, domestic sewage from the Norman sewage treat-
ment plant was used instead of synthetic sewage. The number
of bacteria and uptake of P32 were shown to aecrease consist-
ently after the first day, while the cumulativé oxygen steadily
increased as in the previous tests.

Since the bacteria used in these experiments were a
mixture of aerobic and facultative species it was considered
desirable to run parallel experiments with only aerobic species

of Serratia marcescens. This particular strain of bacteria has

a remarkablé property of growing into large pink colonies at
room temperature in only 48 hours. A pure strain of the bac-
teria was 6btained from the Department of Microbiology of the
University of Oklahoma, and the bottles were set up by the
'method previously deséribed,.except that dilution water after
aeration was sterilized by passing it through a membrane filter.

32

Results are shown in Figure 53. In this case both P™" and oxy-

gen uptake followed the same trends, although a good correlation
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between the two could not be established. Since the results
were not correlatable, in order to simplify the line of re-

search it was decided to perforﬁ short term B.O.D. studies.

Short Term Studies

It is customary to incubate the B.0.D. bottles at 20°%
for five days, but in recent years investigations have been
made of B.0.D. tests using shorter incubation periods and tem-
peratures of 30°C or more. It has been shown (7, 8) that
shorter incubation periods have also yielded reproducable and
accurate results. Therefore several short term B.0.D. studies
were performed at 30° to compare the suitabiiity of this>meth-
od with the standard fivg—day B.O.D.

Bacterial populations have an ability to adapt to the
prevailing environment and it is often possible to grow bac-
teria abundantly after a period of conditioning in environ-
mental conditions which are usually toxic for them. Mills and
‘stack (44) have shown that even secondar& and tertiary amines,
which are not usually oxidized by micro-organisms in domestic
Sewage, may be oxidized by acclimatized micro-organisms. The
B.0.D. of industrial wastes always yields a higher value if
acclimatized seeding is used (45). The adaptability of bac-
térial populations may be temporary, or they may even undergo
changes of permanent character which involve a change in, or
loss oan particular gene. Whether the adaptation results from
changes in species composition, a selective process‘among indi-
viduals of a species, or even a permanent change in individual

cells, is not yet known.
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In the experiments represented in Figures 59 and 60,
acclimatized seeding was used at incubation temperatures of
30°%. The seeding was prepared in the manner desc “ibed by
Mills and Stacks (44). From the results, it is quite evident
that the rate of oxygen uptake was much higher at 30°¢ than
at 20°C, as was expected. Although the plots of the P32 up-
take and oxygen uptake are fairly straight lines, a good cor-
relation between the two could not be established.

It appeared from the results of the preceding trials
that no useful conclusions could be drawn in these particular
phases of study. Because of this it was necessary to survey
the literature in an attempt to locate the reaséns for these
erratic results.

Numerous investigators have felt that the Standard
B.0.D. Test is limited in the supply of total oxygen available
for the bécteria to grow. Because of this the quantity of sew-
age sample that can be inoculated into the B.0.D. bottle is
also limited. This second factor puts a strict limit on the
concentration of food available for the bacterial growth. Con-
sequently, after twoAdays of incubation at 20°C, the food sup-
ply decreases drastically and the bacterial population starts
to die. At this point the rate of oxidation exceeds rate of
Asynthesis. As explained previously, under such circumstances

32

the curve representing P~ uptake slopes dowﬁwardsl In almost

all of the present studies the maximum available oXygen in the

4

dilution water was 7.5 mg/liter, i.e., 0.703 x 10% moles of
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oxygen per B.0.D. bottle. This quantity is little less than
2 cc of oxygen at standard temperature and pressure. It ap-
pears that, with such a small available supply of oxygen, the
‘proposed method of measuring the reaction rate coefficient is

not adequate.

Conclusions

From the above studies it can be concluded that:

1. The rate of uptake of P32 and oxygen are directly
correlatable, so far as the supply of oxygen and food is suf-
ficient, and that B.O0.D. is removed mainly by synthesis.

2. In early stages of the B.0.D. test, the rate of up-
take of food is fast and directly proportional to the biologi-
cal growth which is evident from the bacterial growth curves.
Probably this B.0.D. is stored in the cell.és a reserve food.

3. When a major portion of the food is stored in the
cell, the oxidation of cellular matérial starts through endoge-
nous respiration. During the endogenous respiration the plot-

32

ting of uptake of P”“, and bacterial growth decline down, and

do not bear a directtcof:eiation with cummulative uptake of
oxygen.

4. Cellular material is oxidized to its end products
rby endogenous respiration when the organic matter (B.0.D.) is

insufficient to support active bacterial growth.



CHAPTER VII
CONCLUSIGNS

In this age of rapid evolution in research techniques
in so many of the disciplines, scientists must be ever careful
that they do not cling to the old techniques useful as they may
have been and thereby delaying the quest for new explanation of
the natural phenomenon. In the field of sanitary engineering
the conventional B.0.D. test and manometric techniques have
served and still are serving as excellent tools of research.
However there are indications as this report has attempted to
prove that there are methods somewhat different from the exist-
ing methods, which by attacking the problem from a different
approach will yield similar results as indicated by the mano-
metric or the standard B.O.D. tests.

The present assignment concerned itself to develop a
correlation between respiration and metabolism studies of the
biological slimes using P32. The results have been compared in
three different ways, which have been discussed in detail in the
preceeding pages. However a summary of the conclusions is given
Below. The results indicate a high degree of correlation in the
metabolic and the respiration activities of slime growth. This
verifies the validity of using P32 uptake techniques.
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32

1. The rate of uptake of assimilated P is the same

as the rate of uptake of oxygen.
2. The relation between the rate of uptake of oxygen

32 is not affected by the

and that of uptake of assimilated P
type or concentration of the food.

3. The relation between the rate of uptake of oxygen
and uptake of assimilated P32 is not affected by manometric
pressure.

4. Reaction rate constant of biological slimes can be
measufed accurately by using radiophosphorus.

5. The proposed method is only applicable and compa-
rable to respiration. So far rate of synthesis exceeds the
rate of oxidation.

6. B.O0.D. although is a quantitative measure for the
concentration of the organic substrate oxidized by micro-
organism, it is not a true representation of metabolic proc-
esses in a sewage treatment plant. The growth of micro-organ-

isms is restricted in a B.0.D. test due to the limited supply

of oxygen and food.
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APPENDIX

Statistical Analysis

In almost all areas of scientific studies, statistics
is playing an increasingly important role in the evaluation
of the research data. The techniques of analysis may vary
from one science to another, but the basic philosophy is gen-
erally common to all. Statistical anélysis provides an excel-
lent device for testing a formulated hypothesis, or acquiring
an adequate amount of knowledge from which conclusions may be
drawn with a certain degree of confidence. Often a research
worker has to establish a relationship between two or more
variables, or parameters. It is frequently desirable to ex-
press this relationship by a mathematical equation. In deter-
mining the equation it is customary to plot the points on a
suitable graph paper, such as rectangular, semilog, or log.
From these points it is possible to draw a curve, which will

describe a relationship between the variables. A linear re-

lationship described by a straight line, or an approximately
'straight line, provides a simplé mathematical equation which

may be of the form

Y=C+mX
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where m is the slope of the line and represents the change in
Y divided by the corresponding change in X; and "C" is a con-
stant, and is the value of Y when X = 0 and is called the Y
intercept. If all the points lie on a perfect straight line,
then there is perfect linear correlation between X and Y. But
invariably, the points are scattered, and the investigator is

tempted to determine "r" the coefficient of correlation.

r = -dexplained variation

total varzation

The quantity "r" is a measure for the usefulness of
the regression line for estimating purposes. "r" is a dimen-
sionless quantity and its value may vary from O to + 1. If
the value is close to zero the line is incapable of predicting,
and a perfect prediction is envisioned if the value is + 1.
The sign of plus or minus before "r" merély tells if the value
of Y increases or decreases as X increases. It is the magni-

tude of "r" that is important and not its sign.

Analysis of the Data

In order to establish a correlation between the percent

uptake of P32 and the percent uptake of oxygen, the data col-
lected on the various experiments in the attached slime studies

were analyzed statistically. Percent uptake of P32

was plotted
on the Y axis. The data were analyzed in two different sets
for a total of nine experiments. The calculations of one set

are shown in Table 8.
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TABLE 8

ATTACHED SLIME STUDIES - CALCULATIONS OF
COEFFICIENT OF CORRELATION

Run (02-52) b
No. % 0, % P°2 0,-0, P22-F>2 (0,-5,)° (p*2-F>%)? (p7%-F%%)
7 10.1 29.2 -35.2 -35.9 1239.0 1288.8 1263.7
17.7 40.6 -27.6 -24.5  761.7 600. 2 676.2
21.5 50.1 -23.8 -15.0  566.4 225.0 357.0
36.6 58.0 - 8.7 - 7.1 75.7 50.4 61.7
48.0 64.7 + 2.7 - 0.4 7.3 0.2 - 1.1
55.6 70.6 +10.3 + 5.5  106.1 30.2 56.6
58.1 76.8 +12.8 +11.7  163.8 136.9 149.7
60.6 81.8 +15.3 +16.7  234.1 278.9 255.5
85.9 89.7 +40.6 +24.6 1648.4 605. 2 998.7
92.2 95.9 +46.9 +30.8 2199.7 948.6 1444.5
99.9 99.9 +54.6 +34.8 2981.2 1211.0 1900.1
8 3.7 27.5 -41.6 -37.6 1730.5 1413.7 1564. 2
9.8 38.5 -35.5 -26.6 1260.2 691.2 944.3
15.9 47.0 -29.4 -18.1  864.4 327.6 532.1
22.7 54.0 -22.6 -11.1  510.7 123.2 250.8
30.0 60.0 -15.3 - 5.1  234.1 26.0 78.0
47.2 71.0 + 1.9 + 5.9 3.6 34.8 11.2
54.6 72.5 + 9.3 + 7.4 86.5 54.8 69.5
58.3 80.0 +13.0 +14.9  169.0 222.0 193.7
84.5 +24.0 +19.4  576.0 376.4

69.3

465.6
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TABLE -8--Continued _
b

Run (02-52) x
No. % 0, % p32 0,-3, p32_532 (02_52)2 (p32-532)2 (p32_532)
76.7 89.0 +31.4  +23.9 986.0 571.2 750.4
87.7 93.0 +42.4 +27.9 1797.7 778.4 1182.9
99.9 100.0 +54.6 +34.9 2981.2 1218.0 1905.5

9 0 47.6 -45.3 -17.5 2052.1 306.2 792.7
18.2 52.2 =-27.1 =12.9 734.1 166.4 349.6
27.2 57.0 -18.1 - 8.1 327.6 65.6 146.6
36.4 62.0 -8.9 - 3.1 79.2 9.6 27.6
45.4 70.0 + 0.1 + 4.9 .01 24.0 0.5
45.4 74.2 + 0.1 + 9.1 .01 82.8 0.9
45.4 .2 + 0.1 +16.1 .01 259.2 1.6
63.6 94.6 +18.3  +29.5 334.9 870.2 539.8
99.9 100.0 +54.6 +34.9 2981.2 1218.0 1905.5

10 13.7 35.6 -31.6 -29.5 998.6 870.2 932.2
22.6. 47.5 -22.7 -17.6 515.3 309.8 399.5
30.5 56.8 -14.8 - 8.3 219.0 68.9 122.8
40.8 64.9 - 4.5 =-0.2 20.2 0.04 0.9
50.0 72.0 + 4.7 + 6.9 22.1 47.61 32.4
58.8 78.2 +13.5 +13.1 47.2 171.6 176.8
69.0 84.2 +23.7 +19.1 561.7 364.8 452.6
78.3 89.7 +33.0 +24.6 1089.0 605.2 811.8
87.5 95.0 +42.2 +29.9 1780.8 894.0 1261.8

99.9 99.9 +54.6 +34.8 2981.2 1211.0 1000.1
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TABLE 8--Continued

——eeeeee—e—————— e

Run (02-52) X
No. % O % P32 0.-6 P32-§32 (0 -5 )2 (P32—§32)2 (P32_§32)
2 2772 272
11 7.8 39.6 -37.5 -25.5 1406.3 650. 2 956.2
22.5 51.6 -22.8 -13.5 519.8 182.2 307.8
32.6 59.6 -12.7...- - 5.5 161.3 30.2 69.8
44.4 71.6 - 0.9 + 6.5 0.81 42.2 - -5.8
56.1 79.9 +10.8 +14.8 16.6 219.0 159.8
68.2 86.6 +22.9 +21.5 524.4 462.3 492.3
83.2 93.3 +37.9 +28.2 1436.4 795.2 1068.8
100.0 99.9 +54.7 +34.8 2992.1 1211.0 1903.5
=2446.1 3518.3 42,985.2 22,350.1 29,918.9
N = 54
0, = 45.3
532- 5.1
_ _la2985.2 ~
0, = —J——gz———-- j/796 = 28.3
4

32 __ [22350.1 _ _
P _-{——54 -—V413.8 = 20.

-29918.9

T = {54)(28.3)(20.4) ~ 0-939

Slope = (o.959)(§%4§) = 0.691

32
= (0.619 0, - 31.3)
p32 = 0.691 O. + 21.8

2

_ 20.4 _
P’ - 65.1 = [0.959 x 28.;:] [Eé 455%






