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CHAPTER I
INTRODUCTION

The depletion of dissolved oxygen in receiving streams due to the
discha}ge of raw wastewaters and treated eff]uents hés been the subject
of intensive fesearch since the latter part of the last century. Con-
siderable effort has been expended in devising ways to predict the
effect of organic substrates on the disso]ved oxygen resources in the
receiving stream. Streeter and Phelps proposed the "sag" equation for
predicting the dissolved oxygen cohcentration at any downstream point
on the stream as a resultant due to the deoxygenation constant, K],
determined in the closed BOD bottle, assuming the rate of accumulated
oxygen uptaké follows first order decreasing rate kinetics and the
‘reaeration constant, K2, which also followed kinetcs of a monomolecular
reaction. Later work proved that the deoxygenation constant, K], does
not exactly follow monomolecular reaction kinetics, and that the
Streeter~Phe]p§ sag equation was inadequate to predict the exact nature
of changes in the DO profile in receiving streams.

Work has been underway for some time in. the bioengineering labora-
tories of Oklahoma State University fo overcome the shortcomings of the
sag equation. An open stirred reactor technique has been proposed to
simulate conditions in receiving streaﬁs;‘agitation and reaeration are
provided by a mechanical stirrer, the speed of which can be varied as

needed. . Oxygen uptake determined from data obtained in the open stirred



reactors has been compared to that obtained in a "simulated stream" and
found comparable. However, the determination of the reaeration rate,
K2, and the saturation constant, Cs’ is very important in this method,
since the substrate and cells concentrations vary and these variations
can change the values of K2 and CS. If the K2 and CS employed are
inaccurate fdr thé particular conditions under which an open reactor
test is run; fhe open jug technique hay not yield uhseab]e information.
As part of a continuing research effort, part of this work was under-
taken to assess factors which affect the kinetics oflreaeration’and‘to
determine some substrate seed relationship which might‘affect kinetics
of 02 uptake using the open jar technique. Also an important part of
this study involved use of the technique to assess the 02 uptake
characteristics of effluent from a laboratory operated extended aera-

tion pilot plant.



CHAPTER 11
LITERATURE REVIEW

As far back as 1870, Frankland (1) Said of sewage let into rivers
and ponds in Which some fish had died: "Sewage contains no dissolved
oxygen, and if any is absorbed from the air, it is quickly taken up by
organic matter. ~The precipitated sewage also contains no oxygen" (p. 10).
He believed the mechanism to be strictly chemical and that the oxida-
tion of organic matter in water is effected chiefly, if not exclusively,
by the atmospheric oxygen dissolved in the water, | .

In 1884, Dupre (2) stated that microphytes in water have the prop-
erty of‘cohsuming oxygen fhomethe air for their own process, deriving
such oxygen from the air dissolved in the water. In 1908, Adeney (3)
pubTished results on the rate of deoxygenation in a closed bottle using:
the dilution technique. |

Dibdin and Thudichum (4) in an attempt to make some allowance for
' the rep1enishmeht of oxygen supply by atmospheric reaeration, used an
open incubation test. Theriault (5) did not 1ike the idea of an open
vessel, and said that they are utterly inadequate for the purpose of
supplying information concerning the balance which, under natural con-
ditibns, pbtaihs between the ratekof feaeration and the rate of deoxy-
genation of a polluted water. He thought that the separate consider-
ation of these‘two distinct phases of the same problem simplfies the

interpretation of the results and makes it possible to derive accurate



information concerning the amount of organic matter.

While the above attempts at predicting the effect of pollution on
dissolved oxygen were being deve]bped, the importance of estimating the
amount of trahsfer of oxygen from the atmosphere to the body of water
was also being investigated by Adeney and Becker (6) in their studies
on the rate of solubility of atmospheric oxygen in water.

Streeter and Phelps (7) in 1925, while studying the pollution
effect on the Ohio River, combined both deoxygenation and reoxygenation
effects and derived an equation for predicting the saturation deficit:

Ky L -K;t -K,t -K,t
- 1" 2 2
D_K-Kl(e e )+Dae (1)

2
where
D = saturation deficit at any time, t
D, = initial DO deficit from saturation
L. = initial oxygen demand of the organic matter
K1 = rate of deoxygenation constant

K2_= rate of reoxygenation constant

They felt that the reoxygenation rate follows kinetics of monomulecular
reactions, -and that it is dependent on temperature and, to a large
extent, on the degree of turbu1encé, other things being equal.‘ They
further assumed that the deoxygenation reaction is an orderly and con-
sistent one proceeding at a measurable rate according to the following
definite law: - "The rate of biochemical oxidation of organic matter is
proportional to the remaining concentration of unoxidized substance,

measured in terms of oxidizability." This law is one of a monomolecular



reaction, and it states that in equal periods of time, an equal propor-
tion of the remaining demand will be satisfied and the rate of satis-
faction of the demand is equivalent to the rate of oxygen depletion.
During the course of time, many researchers doubted the ability of the
Streeter-Phelps sag equation to predict the deficit accurately. For
the development of any-mathematita] model, prediction is more important,
as Gates, et al. (8) put it: "With any engineering problem, the empha-
sis is not on measuring the event but on being able to predict accu-
rately" (p. 665).

In order to be able to predict the exact values of the oxygen sag
curve requires that one also be able to determine correctly the rates
of deoxygenation and reoxygenation under various conditions. Thus,
Heuke]ekfan (9), while studying the use of the dilution method for
determining the BOD exertion of industrial wastes, .concluded that the
BOD determined applies on]y‘to the concentrations employed.  If it were
possible to use higher concentrations,-a different value might be
obtained‘ He believed this effect to be due to possible toxic compon-
ents in the'waste. Many organic substances are oxidizable at low con-
centrations and toxic at higher concentrations. While they have an
oxygen demand at Tow concentrations, -they may not only remain unoxidized
at higher concentrations but may retard oxidation of an otherwise oxi-
dizable substrate such as sewage. Heukelekian felt that only within a
narrow range could these effects be studied by the dilution method, but
by a direct method the oxygen utilization over any range of concentra-
tions could be studied. To test the effect of various chemicals and
organic wastes on oxygen depletion at various concentrations, Heukele-

kian used a reaeration method, i.e., he reaerated the incubation mixture



before comp1ete‘D0 depletion to extend the range of concentration in
his work. |

Ruchhoft, et al. (10) found the assumption that the course of bio-
logical oxidation is the same in each bbtt]e-no matter what the dilu-
tion is, may lead to serious errors because nitrification and biologi-
cal oxidation rates are’apparent1y affected by the concentration of
organic,matéria] in BOD sﬁbstrate.

‘ To overcome this difficulty, Kittrel and Kochtitisky (11) incubated
a large volume of each sample in an unstoppered bottle from which BOD
bottles were filled for initial and final DO determinations. The final
DO was determined after a limited period’of 1ncubation that would not
cause total oxygen‘dep]etion. When the final DO was determined, another
set of BOD bottles was filled from the ]argé bottle which had been
stored unstoppered in the incubator to permit continuing aerobic action..
For the long term BOD, several BOD bottles were incubated each time it
was necessary to refill from the large bottle to permit a final DO
determination each day."

Orford, Rand, and Ge}]man (12) proposed a single dilution technique
cdlled the "jug dilution technique,” using two one-gallon jugs with the
diluted mixture to be studied. The first jug was completely full and
stoppered. Samples for dissolved oxyden and any other desired analysis
were siphdned from the first jug and replaced from the second jug after
sampling, so that the‘first‘jug was completely full and reaeration was
preVented. When the di;so]ved oxygen content of the jugs was near
depletion, the contents were reaerated and the process continued, thus
making it possible to use a single diluted sample. - Elmore and Harold

(13) also used a similar technique for the determination of BOD.



Orford and Ingram (14) in their work on deoxygenation of sewage,
critically reviewed the monomolecular formula. They stated that there
is no fundamental biological reason why oxidation should take place
according to a monomolecular oxidation.reaction,,and further concluded
that the monomolecular equation is a poor expression for analysis of
biological oxidation because the two parameters of the equation K and
L are constant.

Jennelle and Gaudy (15) studied the mechanism and kinetic course
of BOD exertion in both open.and c1osed systems, and observed that oxy-
vgen uptake rate constants increased with increasing concentrations of
carbon source, thus militating against direct use of the usual dilution
technique for predicting the rate of deoxygenation in receiv%ng streams.
They recommended using an open stirked reactor rather than the standard
BOD bottle dilution technique. Also, they studied the effect of agi-
tation and found that the degree of agitation employed in their studies
did not affect oxygen uptaké in their system. However, Lordi and Heuke-
1ekién (16), working on the effeéf‘of stirring on rate of deoxygenation,
observed that the deoxygenation rate increased with stirring. Also Ali
and Bewtra (17) investigated the influence of turbulence on various
parameters of BOD progression. They used two sets of BOD bottles for
each experiment, with one set sealed and quiescent and the dther set
sealed and stirred by a magnetic stirrer. The oxygen uptake rate was
found to increase signi?icant]y with stirring when either sewage or
g]ucdse was used as substrate.

Thus far, aspects of deoxygenation and the inadequacy of taking
the values of deoxygenation rate constants determined in dilute quies-

cent bottles has been discussed. However, it is also important to



review the reoxygenation aspects to clearly understand the sag equation.

In the past, various attempts have been made to define and predict
the reaeration rate constant, K2, as a function of turbulence and sur-
face renewal rate, although there are other physical and chemica]
factors which can affect the rate of transfer of oxygen to the system.

Poon and Campbell (18) studied the effect of polluted water on dif-
fused aération and found that organic substances such as glycine, glu-_
cose, and peptone reduce the oxygen transfer rate. Kothandaraman (19)
investigated the effects of contaminants as found in a natural river
system on the reaeration rate coefficient, and concluded that the con-
taminants in river water alter the reaeration rate to the extent of I
15 percent compared to the rate for disti]led water.

Kehr (20) observed that concentrations of sewage or of industrial
wastes in natural receiving streams may range from 0.5 to 10 percent or
more. These impurities can cause an éppreciab1e retardation of atmos-
pheric reaeration and impose a bUrden on the stream's recovery capacity
quite distinct from and in addition to that whicﬁ is represented by the
oxygen demand of these wastes. Eékénfe]der (21), working on the effect
of undiluted chemical and pulp and paper mill wastes on the dissolved
oxygen saturation rates, found that the saturation values in pulp and
paper‘mi11 wastes vary from‘77 to 97 percent compared to water. A chem-
ical waste containing organic acids, alcohols, aldehydes, and ketones
exhibited a saturation value only 60 percént of that for water, and the
oxygen transfer coefficient, o, was found.to vary with the nature of
the industrial wastes. It was observed that for‘chipboard and repulping
wastes, o was 0.6, for kraft mill wastes, o was observed at 0.7, and for

semi-chemical paper machine wastes, 1.4. Chemical wastes containing



organic acids, aldehydes, etc., exhibited an o value of 2.34.

Over the years, researchers have developed various mathematical
expressions for K2, the reaeration constant; most.of the expressions are
derived either as a function of velocity, depth, turbulence, and diffus-
itivity. The most extensive study on reactions of natural streams was
that reported by Churchil, et al. (22). They took field measurements of
the actual reaeration rates of river waters which were low in dissolved
oxygen. The waters were released from the Towerdepths of impoundments;
thus they were of Tow DO content. Using multiple regression techniques,
they arrived at a relationship for the reaeration rate in terms of
velocity and depth. This study indicated that inclusion of other
hydrau]ic‘variab]es in a predictidn equation did not offer a significant
increase in the accuracy of the predicted reaeration rate.

Krenkel and Orlob (23), and Thackston and Krenkel (24), using a
recirculating flume, gave expressions in terms of longitudinal mixing,
relating the parameters to flow and channel characteristics; respec-
tively. Isaacs and Gaudy (25) employed a "simulated" stream channel
and from their experimenta]»data‘proposed an empirical formh]a in terms
of velocity and channel depths. These authors also introduced to reaera-
tion calculations a method of determining the reaeration rate constant
assuming the oxygen transfer rate follows monomolecular form (25). The
method is that of Davis (26),‘i.e., the o method, and is essentially a
curve fitting procedure.

Since it is not always possible to represent>adequate1y all of the
physical and chemical factors which affect the stream's assimilative
capacity, it is natural that the Streeter and Phelps sag equation is

inadequate to predict the exact nature of the sag equation. Thus Fair
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(27) put it in plain terms when he concluded that

...Because of the intricacy of the microenvironment of
receiving waters, their behavior can hardly be equated with
any degree of true resemblance to the results of the BOD
bottle test supplemented by coefficient of reaeration.
Nevertheless, we admire the audacity of the Streeter and
Phelps formulation of the oxygen sag. In its present form,
it is a first, though greatly simplified mathematical
model, of what actually takes place in nature. It was so
conceived by its inventors, but not necessarily by its
users. (p. XVI).

He further states that

...0f greater concern, however, is the temptation to over-
interpret BOD findings in terms of the constants of a first
order reaction. Statistical 'goodness of fit' does not, in
fact, identify the mechanism of purification. The pro-
cedure is purely pragmatic. Purification BOD (i.e., as it
occurs in the receiving stream) and bottle BOD itself--may
result from summing up of several zero-order reactions,
including inhibition or catalysis, by reaction products,
from one or more second-order reactions, or from combina-
tions of different orders of reactions. Modern biological
treatment is accomplished by relatively complex ecological
systems. It is hardly conceivable, therefore, that a 250-
ml BOD bottle is a more perfect instrument for wastewater
treatment than the biomass in trickling filters or acti-
vated sludge tanks even if mathematical manipulation of
obser;ed data results in a well fitting curve (pp. XXII-
XXIII).

Thus, attempts have been made to pin down, determine, and predict
the various parameters that affect the ecological systems in a natural
stream.

Thomas (28) proposed the introduction of a rate constant, K3s as
a means of accounting for the removal or addition of BOD by deposition
and resuspension. 0'Connor (29) introduced the effect of longitudinal
dispersion and demonstrated its importance in slow moving, highly mixed
streams such as estuaries. Gannon (30)vstudied the effect of BOD rate
on the oxygen balance in the river and observed that the BOD rates in

the river are higher than in the BOD rate from laboratory experiments.
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They also observed that the period of rapid oxygen utilization was
associated with active nitrification in the laboratory studies, but did
not. observe any considerable nitrification in the river, at ]éast up to
the Tow point of the oxygen sag. Velz.and Gannon (31) thought that the
high BOD removal from the stream is due to two processes. One is the
normal‘bioéhemica1 respiration, and the other is biological extraction
for synthesié of storage material.

Courchaine (32) studied the significance of nitrification on the
oxygen ba]an¢e}in Grand River,_Miéhigan, and observed that the demand
due to nitrification is considerab]e and should be considered as a sig-
nificant demand on the oxygen reédurces of the stream.

Dobbins (33) Tisted the various parameters affecting the oxygen
balance in the stream in the evaluation of the effect on a stream's
assimilative capacity as

1) the removal of BOD by sedimentatfon or.adsorption;

2) the addition of BOD along the stretch by the scour of bottom
deposits or by the diffusion of‘pqrtly decomposed organic products from:
the benthal layer into the water above;

3) the addition of BOD along the stretch by the local runoff;

4) the removal of oxygen from the water by diffusion into thé ben-
thal layer to sétisfyAthe oxygen demand in the aerobic'zone‘of this-
layer;

5) the removal of oxygen from the water by purging action of gases
rising from the benthal layer;.

6) the addition of oxygen by the photosynthetic action of plankton
and fixed plénts; |

7) the removal of oxygen by the respiration of plankton and fixed-
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plants, and

8) the continuous redistribution of-both the BOD and oxygen by the
effect of longitudinal dispersion.

He thought that longitudinal dispersion has negligible effect on
the oxygen profile, but stressed the accurate estimate of the rate of
surface reaeration.

Wuhrmann, Ruchti, and Eichenberger (34) conducted qualitative
experiments on self-purification in a model kiver of 545 meters after
pollution with diluted sugar beet molasses fortified with glutamic acid.
They thought that the rates of'pollutant elimination are strongly depend-
ent on the proportion of heterotrophic and phototrophic organisms in
the biomass and on the absolute concentrations of the polluting sub-
strate. Self-purification may vary within‘short periods of time (con-
stant flow and pollution conditions provided) because gf external and |
internal factors acting on the biocenosis which are independent of the
polluting matter.

Gates, Mancy, Shafie, and Pohland (8) have reported the results of
studies using open stirred reactors. They investigated the sag equa-
tions at various reaeration rates and with various combinations of sub-
strates and seeds. - They found nd\agreement in their sag curves with
those of Streeter and Phelps. With multiple substrate systems such as
glucose~lactose, the DO recovered after glucose was removed, then the
lactose exerted a second sag. Their work substantiated the previous
results of Gaudy and his co-workers regarding phasic substrate removal,
microbial growth, and accumﬁ]ated 02 uptake, i.e., BOD (35)(36)(37).

Isaacs and Gaudy (38) compared BOD exertion in the standard BOD

bottle to that in a simulated stream. A sag curve was calculated, using



13

the Streeter-Phelps equation and the deoxygenation constant taken from
the BOD bottle. There was 1ittle or no similarity between the observed
profile qnd that calculated using the Streeter-Phelps equation.

Later, Jennelle and Gaudy (15) compared the sag curve in an open
stirred reactor and the simulated stream apparatus cited above (38),
and found them comparable. The rate of oxygen uptake was found to be
dependent upon initial substrate concentrations. This finding was
important because of the fact that the early rate of oxygen uptake con-
trols the downward leg of the sag curve and thus determines the minimum
DO in a receiving stream. - They proposed a re]ationship‘between the
‘rate of oxygen uptake and substrate concéntratfon of the same form as
the Monod relationship betweeh microbial growth and substrate concen-
tration. Gates, Marlar, and Westfield (39) made use of the Monod equa-
tion for relating specific growth rate, u, and substrate concentration,
SO° They felt that this relationship applied well to the dilute system
in recejving streams.

Peil and Gaudy (40) in their study compared 02 uptake curves using
the 10-1liter open jar reactors with 02 uptake curves obtained in a 670-
1iter simulated stream apparatus, and found the open jar technique to
provide a fairly good prediction of the actual dissolved oxygen profile
observed in the receiving stream. 'waever, investigations on the effect
of the reaeration constant, K2’ on the kinetics of.oxygen uptake showed
that increased agitation (higher Ko value) caused some increase in the
accumulated oxygen uptake (BOD) curve, with most of the 1ncréasé coming
after the "plateau” area in the 02 uptake curve, i.e., after the low
point along the DO sag curve. They suggested that the K2 of the jar
should probably be within I 50 percent of that estimated for the near
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downstream reaches, in the interest of providing engineering safety
factors.

The foregoing review has been given as background information for
the present work undertaken by the author in which the open jug tech-
nique was employed to assess thetoz‘uptake characteristics and type of

kinetic expresssion for various types of treated effluents.



CHAPTER III
MATERIALS AND METHODS

To study the influence of substrate-to-cell ratio (i.e., food-to-
microorganism ratio) on kinetics of oxygen uptake, and to test the
effluent obtained from a bench scale pilot plant, an open stirred
reactor was operated under closely controlled conditions. The bench
scale pilot plant which was operated was a total oxidation unit-using

hydrolyzed sludge as the feed.
Description of Equipment and Apparatus

Open Stirred Reactors

The open stirred‘reaétor used in this study was a 8.125-inch dia-
meter cylindrical pyrex vessel with a depth of 18 inches. The stirring
was provided by a 2-inch propeller Tocated one inch from the bottom of
‘ thé vessel. The mixer was driven by a 1/50 hp Bodine motor. The speed
of the propeller was regulated by a rheostat. The temperature in the
reactor was maintained constant by a Precision Scientific Lo-Temptrol
recirculating water bath. The reactors were placed in.a rectangular

plexiglass vessel serving as a water bath (Figure 1).

- The Pilot Plant

The bench scale pilot plant was operated to study aerobic digestion

15



Figure 1.. Perspective View of Experimental Open Jar Reactors

Shown in the figure are

1) 1/50 hp Bodine motor

2) flat-bottomed cylinderical Pyrex vessel
3) inlet 1ine for recirculating water bath
4) vertical shaft with 2-inch propeller
5) outlet line for recirculating water bath
6) Plexiglass water bath tank
7) rheostats for control of propeller speed
8) water bath temperature controller
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of sludge after hydrolysis. The -pilot plant operation was. begun by
Saidi; after Mr. Saidi's departure, the author took over operation of:
the pilot plant.

The pilot plant employed was a plexiglass unit with é 6.2-1iter
aeration basin and a 3.2-liter settling chambér with a net volume of
9.4 liters (Figure 2). - The two chambers were separated by a movable
baffle leaving a gap between it and the tank bottom so that the mixed
liquor could pass to the settling tank. _Aefation,was provided by com-
pressed air through sintered glass diffusers. The flow rate of 9.4 |
liters per day was provided by a mini-pump (Milton Roy Model MM2-B-96R)
to allow a detention time of 16 hours in the aeration chamber and eight
hours in the settling chamber, with a total detention time of 24 hours.
Later, since broblems developed with the Mi]ton,Roy pump due to sus=- -
pended solids in the feed, a Sigmamotor Zero-max model was used to pump
the feed. The experiments were run at room temperature, which varied
from approximately 24-27°C. The pH of the system was maintained at
71 0.4 throughout thé»experiment. The feed so]utfon came from the
hydrolysate of trickling filter sludge obtained from the secondary clar-
ifier of the St%]]water-waste-treatment plant, Sti]]watér, Oklahoma.
Rlso fed was hydrolysate of the excess slufige from this laboratory pilot .

plant, i.e., the system was hydrolytically-assisted.

Substrates and Seeds

‘Stirred Reactors

To study the kinetics of oxygen uptake in the open stirred reactors

with respect to food-to-microorganism ratio, synthetic waste was used



Figure 2. Longitudinal Section of Pilot Plant Aeration Basin
and Settling Tank
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with glucose as the carbon source, The composition of the growth
medium is given elsewhere (41).  The seed was taken from an extended
aeration pilot plant and from a batch fed pilot plant. Both the sub-
strate and seed were added to tap water in the reactor which had been
previously brought to a constant temperature.

The treatment plant effluents used in this study were taken from
the pilot plant operated on hydrolysate of é-trick]ing filter sludge
described above, énd an additional three runs were made using effluent
frbm an extended aeration pilot p]aht operated by Roach, affe]]ow
graduate student engaged in research. The synthetic waste he employed
contained glucose ‘as the carbon source and mineral nutrients with a
COD:N ratio of 10:1, along with the hydrolysate of the excess s]Udge
ffom the same unit. The detention time was 24 hours; the feed concen-
tration was 1000 mg/1 COD. His investigation pertains to biological
response to quantitative and hydraulic shock ]oads; However, the
effluents used in this study were taken during steady state operating

conditions.

The Pilot Plant

The'feed for the hydrolytically-assisted extended aeration pilot |
plant operated by the author was obtained from the secondary clarifier |
(trickling filter sludge) of the Stillwater municipal wastewater treat-
ment plant. This sludge was acidified to pH 1, and subjected to high
temperature (121°C) and high pressurev(is psi) for five hours in a lab-
oratory autoclave. The hydroiysate was.removed, cooled to room temper-

ature and finally neutralized, and was added at known concentration

(COD) to the feed reservoir. To this sludge hydrolysate the sludge
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“hydrolysate obtained from the excess sludge from the pilot plant, using
the same procedure, was.added to the feed reservoir and diluted to the

desired feed concentration with tap water.
Experimental Procedures

The Open Stirred Reactor

The rea¢tor'was {nitiallyAc1eaned with acid and rinsed thoroughly
to make sure that the contaminants did not distort the dissolved oxygen
profile during the course of the experiment. The experimental pro-
cedures are given separately below for the experiments with glucose and .

for the experiments with effluents.

Experiments -Using Synthetic Waste. The cleaned reactors were

placed in the water bath and ten liters of tap water were added. After
fixing the propé]Ters in position,  the motor<was‘started. After making
sure that the water in the reactor reached the‘eqhi]ibrium‘temperature
(22.5 : 0.5°C), a stoichiometric amount of sodium sulfite (0.7 gm) and
cobalt chloride catalyst were added to.remove the dissolved oxygen in
the system, and DO in the system was monitored at close intervals.
After recovery of DO in the system and after assurance that enough data
were obtained to determine the reaeration rate and the saturatioh,va]ue,
feed solutions in pre-determined volumes were added to the reactor from
the stock solutions already prepared. A sample for COD determingtion‘
was then taken. The seed wag'added; suspended solids concentration of
the seed was determined on a concentrated sample and the concentration
in the open jar was calculated from a knowledge of the seed dilution.

The experiment was continued and DO was monitored at close intervals:



23

daily for five days to determine the dissolved oxygen profile in the
system. After five days, the filtrate COD and suspended solids were
determined. The oxygen uptake was calculated from the dissolved oxygen
profile obtained, using the'reaeration rate constant, K2, and the sat-

uration value, Cs’ determined graphica}]y from the reaeration data.

Experiments Using Effluents. Effluent from bench scale pilot

plants was added to the already cleaned reactors; the propeller was
fixed in position, and the experiment started. In some expekiments,
the DO was brought to a value of 80-90 percent of saturation and other
experiments were conducted with the effluent as it came from the pilot-
plant. Samples were taken both in the beginning and at the end of the
experiments to determine total and filtrate COD, suspended solids, and
N03=N. However, in some experiments, the DO profile was determined
before meaSuring K2. In some experiments, the K2 value was‘attained
before running the DO profile as per experiments using synthetic wastes.
After a reasonably good DO profile was obtained, 20 ml1 of Clorox was
added to ki1l the microorganisms, and twelve hours' time was allowed to
complete the kill., It was essential to assure that the only mechanism
changing the DO was reaeration. Thevabsence of 02 uptake was checked
on a Warburg apbaratus in pre]imiﬁary studies. Reaeration experiments
were performed similar to those described above using glucose as sub-
strate. The reactor was then taken out of the water bath, cleaned
thoroughly, and the reaeration experiment was aggin run with the tap
watef keeping the system constant (tempekature, stirring rate) except
that the sample was tap water instead of the effluent. This was done 

to determine the effect of effluents on the reaeration rate, K2’ and



24

saturation values compared to tap water.

A few runs were made in which additional solids from the pilot
plant and hydrolysate from the sludges of the pilot plant were added to
simulate conditions of release of substrate and solids from the pilot
plant.  These studies will be discussed in detail in thevnext chapter.

Regardless of the nature of the effluent, the sample volume was
ten liters. In general, effluents were employed without any dilution.
In a few cases, the effluent Was diluted and these will bé delineated

as the results are presented in the next chapter.
Experiments on Factors Affecting K2

It is well known that variohs constituents of the effluent as well
as physical factors regarding the reactor can affect the values of K2.
It was therefore of interest to investigate these aspetts. Special
studies were conducted to determine the effect of propeller speed on K2;
studies to determine the effect of biological solids -concentration on
K2 were also made. Also, since K2 was determined in some studies after
measuring the DO profile, it was essential to add a microbial killing
agent. Experiments were conducted using Clorox and cyanide as killing

agents and their effect on K2 was determined.

Pilot Plant Operation

The pilot plant feed was prepared on alternate days each time pro-
viding enough feed for two days in the feed reservoir. The procedure
followed in operating the unit was as follows: The feed Tline was.
removed from the unit and the suction end removed from the feed reser-

voir and placed in the Clorox solution. This was done to clean and
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disinfect the feed 1ine. Immediately after removing the feed 1ine from
the aeration tank of the pilot plant, the effluent port was stoppered,
the clarification tank baffle was removed, and the total contents of
the system momentarily mixed. At this time, a sample was taken to
determine the bitlogical solids concentration in the system, and the
baffle was reset. Also during this time, samples were removed from the
effluent collection reservoir after thoroughly mixing it for measure- 
ment of biological solids, filtrate COD, and total COD. Then the feed
reservoir was cleaned with dichromate solution and thoroughly rinsed
free of spent solution with distilled water. The hydrolysate of the
trickling filter sludge was added to the feed reservoir and the liquor
was brought to half the reservoir volume with tap water. A sample was
taken for COD (total), then hydrolysate of the excess sludge from the
pilot plant was added and the volume made up to the operating feed
reservoir capacity; samples for total and filtrate COD and biological
solids were taken. The total sampling period usually required approx-
imately one hour, and during this time the feed 1ines were being cleaned
with Clorox solution, rinsed with tap water, and flushed with new feed. .
The 1ine was then re-engaged with fresh medium, and the pilot plant set
into continuous flow operation until the following sampling period.
Periodically, a portion of the settled sludge was withdrawn from the
bottom of the clarifier and biological solids determinations were made
prior to hydrolyzing it. After acidifying to pH 1, this portion of.
sludge was subjected to high temperature (121°C) and high pressure (15
psi) for five hours in a laboratory autoclave. The hydrolysate was
removed, cooled to room temperature, and finally neutralized. Equal

portions were added each two days over a period of 7-10 days, at which
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time a new sample of sludge was withdrawn and hydrolyzed for gradual

- refeeding to the reactor.

Analytical Procedures

Dissolved Oxygen

For the runs made with glucose, dissolved oxygen was monitored
electrometrically using a Precision Scientific Company DO analyzer.
The instrument was calibrated before each experiment and checked daily,
using the Winkler Method, as explained in Standard Methods (42).

For the runs with effluents, the dissolved oxygen concentration
was monitored electrometrically by using a Weston-Stack oxygen analyzer

which was standarized periodically by using the Winkler Method.

Chemical Oxygen Demand

COD determinations were made according to Standard Methods (42).

Biological Solids Concentration

Solids concentrations were determined by filtering a 40-m1 sample
through tared membrane filters (0.45 u pore size, Millipore Filter
Corb., Bedford, Mass.). The filtered sample was dried in an oven at
103°C for two hours, and cooled in a desiccator for two hours before

the final weight was taken.

Nitrate=Nitrogen

Nitrate-nitrogen was determined (using the Brucine Method) accord-

ing to Standard Methods (42) for the treatment of water and wastewater.
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Methods of Analyses

The saturation value, Cs, and the reaeration rate, K2’ were deter-
mined by using the following procedures:

1) The method described by Isaacs and Gaudy (43), herein termed
the "o Method,”" was employed.

2) The reaeration rate and saturation values were also determined
using a different method, for which details are given below.

The equation was given by

dC/dt =.K2(CS - Ct) . (1)

dC/dt = rate of transfer of oxygen per unit time

K2 = reaeration rate constant, hr']

C. = saturation value of DO concentration under the test
conditions, mg/1

Ct = DO concentration at any time, t

Equation (1) is a monomolecular equation; thus, it follows first
order reaction kinetics.

Substituting dC/dt = 0 in equation (1):

0 = KylC, - C,)
= CS - Ct= 0
CS = Ct (2)

Thus, it can be seen that when the rate of transfer.of DO
approaches zero, the dissolved oxygen in the stream approaches the

saturation value, Cs'
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Rewriting equation (1)

dc/dt = K.,C ( £:-t-) (3)
' 2°s CS

and expanding the equation (3), the reaeration equation can be arranged

in a standard straight 1ine form:y A

I

o

de/dt = Kc, - 25 ¢ J > X (4)
T Rols - G —a—

This equation is similar to the standard form:
Y =b - b/ax (5)

wherein the parameters X and Y are Cf and dC/dt, respectively. 'a' and
'b,' the intercepts, are 'Csf and 'KZCS.' respectively. The slope of

the straight 1line is given by

K,C
=28 _
- b/a=—F==Ky
s
the reaeration constant. The saturation value, Cs’ is determined by
measuring the intercept 'a' = C, on the X-axis. (/

The intercept on the Y-axis, 'b' = K,€, 15 the maximum rate of
transfer, where the DO concentration in the system is zero.

An example of reaeration data is shown in Figure 3. The plot shows
the value of dC/dt at a t of 5.5, using a one-hour interval for compu-
tation. The value of dC/dt (0.58) is ADO between hours six and five.

This dC/dt exists at a DO level (Ct) of 4.3 mg/1. Similarly, values of



Figure 3. Arithmetic Plot of the Reaeration Data, DO versus Time

Figure 4. Arithmetic Plot of the Reaeration Data, dC/dt versus
Cy (Method 2)

1

Ky = 0.145 hr CS = 8.4 mg/1
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rate of transfer for each successive time interval during the 1ength of
the experiment (i.e., the DO level and the corresponding oxygen transfer
rates) are computed and plotted in Figure 4, which is a plot of the
straight 1ine in accordance with equation (4). The intercept on the
X-axis in Figure 4 is the saturation value, and the slope of the

straight line is the reaeration rate constant, K2. (Also, the reaera-

intercept on Y-axis
intercept on X-axis:

The values of DO saturation, CS, and the reaeration rate, K2’ using

tion rate can be computed by

the above method (Figure 4) are in good agreement with the values deter-
mined using the method suggested by Isaacs and Gaudy (see Figure 5).

The oxygen uptake was calculated from the dissolved oxygen pro-
files and corresponding reaeration rate, K2, and the saturation values,
CS, determined using the dC/dt method (Method No..2). An example of the
calculation of accumulated oxygen uptake (i.e., BOD curve) is shown in

Appendix A.



Figure 5. Logarithmic Plot of DO Deficit (Method No. 2) versus
Time

1

K, = 0.141 hr~ C, = 8.4 mg/1
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CHAPTER VI
RESULTS AND DISCUSSION

The results presented below are divided into two distinct cate-
gories: i]) tests on the kinetics of oxygen.uptake, and 2) tests Using
eff1uénts from the Taboratory behch scale extended aeration pilot
pTants to eva]uate'tﬁe‘oxygen uptake characteristics in the receiving
stream‘uéing an open stifred‘reactor. A1so,.some of the factors
affecting the reaeration rate will be discussed in this chapter. Dis-

cussion of the data proceeds as the results are presented.

‘Studies on the Kinetics of Oxygen Uptake Using
Open Stirred Reactors With Seed From a
Batch Operated Activated S]udge Unit

The results are presented in decreasing order of F/M ratio. Shown
in Figure 6 is the dissolved oxygen profile and the{cbrrésponding oxy-
gen uptake for an initial F/M ratio of 18.7 with an ﬁnitia] concentra-.
tioﬁ‘of 112 mg/1 of'soluble organic material (COD) and a biological
so1ids‘concehtration of 6 mg/];lthe'carbon source consisted of 90 mg/1

1 and a DO sat-

‘glucose. The system was operated at a K, of 0.117 hr™
uration value of 7.4 mg/1; total oxygen uptake exerted in five days
was'44 mg/1. The Ozluptake curve shows a slight upward concavity during
the downward leg of the DO sag cqrve,\sugéesting that first order

decreasing rate 02 uptake may have been attained.

34



Figure 6.
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Dissolved Oxygen Profile and Accumulated Oxygen

Uptake (BOD) Curve for "Young" Cell Seed at F/M
Ratio of = 18.7

Initial Substrate Concentration 90 mg/1
Initial COD 112 mg/1
Initial Cell Concentration .6.00 mg/1
Reaeration Constant 0.117 hr)
Saturation DO 7.4 mg/1
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Figure 7 gives the dissolved oxygen profile and the corresponding
oxygen uptake with an F/M ratio of 16.80. The added glucose concen-
tration was 120 mg/1, and the measured initial COD was 134 mg/1. Bio-
logical solids (suspended solids) concentration at the start of the
test was 8 mg/1. The experiment was performed at a K2 of 0.128 hr']
and CS of 7.1 mg/1, as determined from the reaeration data. The oxygen:
uptake was 36 mg/1; the sag curve was well rounded when compared to the
experiment in Figure 6. The Tow point was reached a 1little earlier in
this experiment. The oxygen uptake curve showed a slight upward con-
cavity until the low point of the sag was attained.

The initial glucose concentration for the experiment shown in
Figure 8 was 100 mg/1 and the observed initial COD was 120 mg/1. Ini-
tial biological solids concentration (Xo),.was 8 mg/1, giving an F/M

1 and a saturation

ratio of 15.00. When operated at a K2 of 0.11 hr”
value of 7.7 mg/1, the system yielded an oxygen uptake of 44 mg/1. The
sag of the dissolved oxygen profile was.well rounded, and reached the
low point earlier than in Figure 7.

The experimenf in Figure 9 was conducted at a K2 of 0.097 hr'],
and the saturation value obtained from the reaeration data was 7.5 mg/1.
The nominal glucose concentration was 50 mg/1, and the measured COD was
56 mg/1. The initial seed concentration was 6 mg/1, giving an F/M ratio
of 9.3. The oxygen uptake at 120 hours was 31 mg/1. In this experiment,
the Tow point of the sag was reached'faster than those with higher F/M
values, but the recovery of dissolved oxygen was somewhat siower, which
may have been due to the fact that K2 was lower in this experiment.

In Figure 10, it is seen that 31 mg/1 of oxygen was used in metab-

olizing 60 mg/1 glucose (initial COD = 65 mg/1). The seed concentration



Figure 7. Dissolved Oxygen Profile and Accumulated Oxygen
Uptake (BOD? Curve for "Young" Cell Seed at F/M
Ratio of 16.80 .

Sog Initia]‘Substrate Concentration 120 mg/1
$,C0D Initial COD | 134 mg/1
Xo Initial Cell Concentration 8 mg/}
Ko Reaeration Constant 0.128 hr~

c. Saturation DO 7.4 mg/1
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Figure 8. Dissolved Oxygen Profile and Accumulated Oxygen
Uptake (BOD) Curve for "Young" Cell Seed at F/M

Ratio of = 15
Sog Initial Substrate Concentration 100 mg/1
S0 CcoD Initial COD 120 mg/1
X0 Initial Cell Concentration 8.00 mg{}
K2 Reaeration Constant 0.11 hr
Cg Saturation DO 7.7 mg/1
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Figure 9.

3

Dissolved Oxygen Profile and Accumulated Oxygen

Uptake (BOD) Curve for "Young" Cell Seed at F/M
Ratio of = 9.3

Initial Substrate Concentration 50 mg/1
Initial COD 56 mg/1
Initial Cell Concentration 6.00 mg/1
Reaeration Constant 0.097 hr™!
Saturation DO 7.5 mg/1
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Figure 10.

Dissolved Oxygen Profile and Accumulated Oxygen
Uptake (BOD) Curve for "Young" Cell Seed at F/M

Ratio of =~ 8.1

Initial Substrate Concentration
Initial COD

Initial Cell Concentration
Reaeration Constant

Saturation DO

60 mg/1
65 mg/1
8.00 mg/1
0.07 hr!
7.7 mg/1
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was 8.0 mg/1, and the F/M ratio was 8.1. The experiment was conducted

at a K2 of 0.07 hr'1

and a saturation value of 7.7 mg/1. When reviewed
in relation to the previous figures, there_appears to be a general .
trend in that as F/M decreéses, thé Tower poiﬁt of the sag is reached:
earlier.

The experihent in Figure 11 was conducted at an F/M ratio of 7.9,
with an initial glucose concentration of 55 mg/1 and an observed initial
COD of 71 mg/1.  The initial biological solids concentration was 9 mg/1, .

and the reaeration rate was 0.13 hr™!

~at a saturation value of 8.00 mg/1. .
The oxygen uptake exerted was 39 mg/1.. fhe trend of the dissolved . oxy-
gen profile remained similar to the previous ones in that the minimum
dissolved oxygen level of the sag curve was reached more rapidly as .F/M
increased. In Figure 12, the glucose concentration was 40 mg/1, and the
measured initial COD was 52 mg/1. The initial biological solids concen-
tration was 9 mg/1 providing an F/M ratio of 5.80. The oxygen uptake
exerted was 27 mg/1. The experiment was conducted at a reaeration rate

of 0.107 hr™!

» and a dissolved oxygen saturation value of 8.0 mg/1.

The fact that in all of these expefiments the nature of the sub-
strate was the same (glucose) and the seed was taken from the same batch
unit, facilitates comparison of the kinetics. The K2 values were not
all the same, but-the largest difference was from a high of 0.130 hr']
(Figure.11) to a low of 0.07 he) (Figure 10).  Figures 6-12 show that
as the F/M ratib decreases, .the shape of the dissolved oxygen profile
changes in a particular way, i.e., the Tow point of the sag is reached
ear1fer with decréasing F/M rétios. This trend may be due in part to a
slightly decreasing trend in K2 as the F/ M ratio was decreased, but in

the main it appears that it can be attributed to the fact that the time



Figure 11. Dissolved Oxygen Profile and Accumulated Oxygen
Uptake (BOD) Curve for "Young" Cell Seed at F/M
Ratio of = 7.9

Sog. Initial Substrate Concentration 55 mg/1
SOCOD Initial COD 71 mg/1
X0 Initial Cell Concentration 9.00 mg{}
Ko Reaeration Constant 0.13 hr

c Saturation DO - 8.00 mg/1
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Figure 12.

Dissolved Oxygen Profile and Accumulated Oxygen

Uptake (BOD) Curve for "Young" Cell Seed at F/M
Ratio of 5.80

Initial Substrate Concentration 40 mg/1
Initial COD ' 52 mg/1
Initial Cell Concentration 9,00 mg/1
Reaeration Constant 0.107 hr”!

Saturation DO 8.00 mg/1
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to reach the low point in the sag depends»upon the time to attain maxi-
mum toFa] growth, and at higher F/M ratios more time is required because
there'%s a proportionally greater amount of substrate to exhaust before
attaining maximum population. The recovery phase of the DO profile can
be expected to occur after exhaustion of exogenous substrate and attain-
ment of maximum population. The speed of recovery of DO would be
expected to depend upon the biomass concentration present for endogenous
and/or autodigestive metabolism as well as the reaeration rate. For the
studies shown in Figures 6-12, the initial solids concentrations were
small and the sijze of the population after removal of substrate depended
on "F" rather than on "M," thus for lower F/M ratio, the endogenous
phase of 02 uptake would be expected to be lower and the recovery of DO
more rapid. Such a trend was not evidenced. In fact, there was a ten-
dency toward somewhat slower recovery at the lower F/M ratios. In these
experiments, this was probably due to the slightly lower K2 values which
were employed as F/M was decreased. Lower K2 values were used since it
was necessary to develop a "sag" in order to calculate the 02 uptake.

It was seen that there was in some experiments an upward concav-
ity in the 02 uptake curve, which suggested the possibility of attain-
ment of exponential uptake in the early portion of the BOD curves.
Figure 13 is a plot of 02 uptake versus time on semilog coordinates.

The origin on the X-axis was shifted, for each experiment, to the right.
to facilitate plotting all seven curves in the same figure. The accu-
mulated 02 uptake curves are plotted in decreasing order of F/M ratio
from left to right. Curves are numbered 6 through 12, corresponding to
Figures 6 through 12. At the high F/M ratio, there is some evidence

that an exponential phase of 02 uptake developed between hours 10 and



Figure 13. Logarithmic Oxygen Uptake versus Time for Experiments
With ﬁYoung“ Cell Seed (Figures 6-12)

Figure F/M Kz(hr-])
6 18.70 0.117
7 16.80 0.128
8 15.00 0.110
9 9.30 0.097
10 8.10 0.070

1 7.90 0.130
12 5.80 0.107
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30. Straight lines are fitted to early portions of the other curves
as well, although evidence for development of an exponential phase is
seen to diminish as the F/M ratio (i;e., initia] substrate concentra-

‘tion) decreases.

Studies on the Kinetics of Oxygen Uptake Using
Open Stirred Reactors With Seed From a Lab-

oratory Extended Aeration Pilot Plant

.It was of interest to study the effect of types of seed cells on
‘ okygen uptake kihétics. The fo]]dwing run§ were made using seed from
an extended aeration pilot plant. These‘seed cells represented a much
"older" or more mature population than those from the batch uhit which
were employed in the studies of the previous section.

The s]owngrowing character of the seed from an extended aeration
plant is shown in Figure 14, The'F/M ratio was 100, and 96 hours were
required»fok attainment of the low point of the sag; the DO recovered
rapidly. The seed cdncéntration was less than one mg/1, and the nomi-
nal glucose concentration was 75 mg/1. (measured COD = 86 mg/1). At a

]'and a corresponding safuration value of 8.6 mg/1, the

K, of 0.07 hr™
oxygen uptake exerted was 32 mg/1.

The experiments in Figures 15-17 indicate that as F/M ratio is
decreased, recovery of‘the sag curve proceeds somewhat more slowly, and
the low point of the sag‘occuks in a shorter time period.. For the
~ experiment shown in Figure 15,'the substrate was 50 mg/1 glucose, and
the measured initial COD was 76 mg/1. Initial biological solids concen-

tration was less than one mg/1 (0.86 mg/1 calculated by dilution factor)
and the F/M was 88. The 5-day oxygen uptake was 26 mg/1 at a K2 of



Figure 14. Dissolved Oxygen Profile and Accumulated Oxygen
Uptake (BOD? Curve for "01d" Cell Seed at F/M
Ratio of 100

Sog Initial Substrate Concentration 75 mg/1
SOCOD Initial COD 86 mg/1
X, Initial Cell Concentration 1.00 (0.86) mg/}
K, Reaeration Constant 0.07 hr~
Cg Saturation DO 8.6 mg/1
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Figure 15. Dissolved Oxygen Profile and Accumulated Oxygen

Uptake (BOD) Curve for "01d" Cell Seed at F/M
Ratio of 88 =76

Initial Substrate Concentration 50 mg/1
Initial COD ' 76 mg/1
Initial Cell Concentration 1.00 (0.86) mg/1
Reaeration Constant 0.068 he™]

Saturation DO 8.75 mg/1
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0.068 hr™!

; saturation value was 8.75 mg/1. The oxygen uptake was
exerted very slowly. The lowest point of the sag was reached at the
same time as in Figure 14, but the recovery of oxygen in the system was
rather slow compared to Figure 14.

Figure 16 shows the results of an experiment with an F/M ratio of
- 47. Initial biological solids concentration was 2.3 mg/1 (by calcula-
tion), the glucose concentration was 90 mg/1, and the measured initial

], and

COD was 107.0 mg/1. 'This experiment was run at a K2 of 0.123 hr~
the saturation value determined from the reaeration data corresponding
to this K2 was 8.00 mg/1. The minimum point of the sag was reached at-
76 hours, compared to 96 hours for the experiments in Figures 14 and
15. The oxygen recovery also was a little slower. The 5-day BOD was
44 mg/1.
The .experiment shown in Figure 17 was conducted with an initial

substrate of 70 mg/1 glucose and a measured COD of 91 mg/1. Biological
solids concentration was 2.3 mg/1, with an F/M ratio of 40. The oxygen

]'and a

uptake exerted in five days was 33 mg/1 at a K2 of 0.097 hr~
corresponding Cs of 8.1 mg/1, The lowest point of the sag was reached
at 44 hours, compared to 76 hours in Figure 16.

Figure 18 is a plot of oxygen uptake versus time on semilog
coordinates. At the highest F/M ratio, there is some suggestion of the
development of an exponential phase.

The general trends of the curves of this section and the previous
one are similar, and the major difference between them is attributable
to the intrinsic growth behavior of the seeds. The "younger" cells of

the previous section exerted a faster 02 uptake rate than did the

"older" cells taken from the extended aeration pilot plant. In both



Figure 16. Dissolved Oxygen Profile and Acéumu]ated Oxygen

Uptake (BOD) Curve for "01d" Cell Seed at F/M
Ratio of 47

Initial Substrate Concentration 90 mg/1
Initial COD 107 mg/1
Initial Cell Concentration 2.3 mg/1
Reaeration Constant 0.123 hr™!
Saturation Constant 8.00 mg/1
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Figure 17. Dissolved Oxygen Profile and Accumulated Oxygen
Uptake (BOD? Curve for "01d" Cell Seed at F/M

Ratio of 40
Sog Initial Substrate Concentration 70 mg/1
SOCOD Initial COD 91 mg/1
X0 Initial Cell Concentration 2.3 mg/1
K, Reaeration Constant 0.097 he™]
C, Saturation DO 8.1 mg/1
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Figure 18. Logarithmic Oxygen Uptake versus Time for Experiments -
With "01d" Cell Seed (Figures 14-17)

Figure No. M KylhrT)
14 100 0.070
15 88 0.068
16 47 0.123

17 40 0.097
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cases, the data provide some suggestion that exponential 02 uptake was.

attained at the higher F/M ratios employed.

Studies on the Kinetics of Oxygen:Uptake of
Effluents From Laboratory Bench Scale

Extended Aeration Pilot Plants.

‘Eff1uents were taken from two extended aeration pilot plants:

1) effluents from the extended aeration pilot plant operated by the
author, and 2) effluents from thé extended aeration pilot plant operated
by Mr. Roach, a fellow graduate student researcher. The first unit was
fed hydrolysate of secondary clarifier sludge from the Stillwater treat-
ment plant. This pilot plant was operated in'accordaﬂce with the con-
cept of the "hydrolytic assist." The second unit was fed glucose; it
.was also "hydrolytically assisted.”. The operational details of the
pilot plants havé been given in the Materials and Methods chapter.

One of the brimary'purposes of this study was”to determine the
purification ability of the extended aeration treatment by testing the
effluents with regard to oxygeﬁ uptake USing'the open reactor technique.
So the author took over operation of an extended aeration pilot piant
which‘had been previously operated as part of a past Master's research
effort of a fellow graduate student, Mr. Saidi. The study was perfdrmed
with thé aim of determining whether the "hydrolytically assisted"”
'extended aeration prbcess could be successfully employed as a sludge
disposal unit for secondary sludge. On April 21,‘1974, the author took
charge of the unit which had been operating for 161 days. The‘mixed
liquor suspended solids concentration was approximately 14,000 mg/1.

The aeration chamber éuspended solids were later slowly reduced. The
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reduction in mixed liquor suspended solids was due to the fact that the
feed COD concentration in subsequent weeks was lower compared to the
previous concentrations which had been approximately 1200 mg/1, and to
the fact that relatively large concentrations of biological solids were
withdrawn for hydrolysis and refeeding (e}g.,.two liters at 30,000 mg/1
compared to much lower values and concentrations prior to this time).
A1l pilot plant operational data during the period of operation by the
author are shown in Figure 19. The mixed liquor suspended solids con-
centration is plotted on the lower graph. The broad arrows mark the
times of sludge withdrawal from the unit settling chamber for hydroly-
sis and refeeding. The sludge concentration and volume withdrawn are
given in the figure legend. For example, on day 167, 2000 m1 of sludge
at a concentration of 30,000 mg/1 were withdrawn, hydrolyzed, and refed
in equal portions during the time elapsed between days 167 and 179, at
which time another 2000 ml at 28,540 mg/1 were withdrawn. The inflow
concentration is shown in the top graph. The COD concentration of fhe
inflowing hydrolysate of the municipal secondary sludge (trickling
filter s]udge)‘is designated by hexagoné, the total COD, i.e., municipal
siudge hyd¥o1ysate, plus internal mixed Tiquor suspended solids hydroly-
sate by circies, and the total filtrate COD by triangles. The effluent
characteristics are shown in the center graph. The effluent was char-
acterized by‘tota] COD (clarifier effluent), biological solids concen=
_tration in the effluent, and soluble COD, i.e.,‘fi1trate coD (small
arrows).

From day 162 to day 216, the effluent characteristics remained at
rather steady low Tevels. After day 217, the effluent supernatant CODs

showed an increase due to the leakage in biological solids concentrations.



Figure 19.

Performance of an Aerobic Digestion Pilot Plant
Employing Pre-hydrolyzed Sludge as Feed Stock"
(from 162 days to 267 days of operation)

The thin arrows designate the times that pilot
plant effluent samples were studied in open

Jar reactors for determination of 0 uptake.

The numbers for each arrow designate the number
each experiment presented in the report. Sludge
withdrawals from the pilot plant are represented
by thick arrows, and the details are given below: .

Day of Volume of MLSS Conc. of MLSS
Withdrawal  Withdrawn, ml Withdrawn, mg/1
167 2000 30,000
179 2000 28,540
190 1800 19,570
199 1800 15,120
209 1500 11,870
217 1500 13,240
225 1500 11,950
231 1500 ' 8,580
239 1500 5,920
248 900 5,480

259 900 5,560
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However, substrate utilization was not affected, as shown by the
effluent filtrate COD, which remained rather steady at low levels.
After day 217, the leakage of solids might possibly be attributed to
fluctuations in feed concentrations, |

The last O2 uptake study in an open jar was performed on day 208
(see narrow arrow marker). After day 208, the author's main purpose in
running the unit was to keep this brocess operational until another
investigator could assume operational responsibility. After nearly 2/3
of a year into the operation with the high ash feed, it was desirable
that the unit remain functional. Thus, while the feed was allowed to
vary -and there was some relaxation of operational care, the unit oper=
ated continuously. It is interesting to note that the filtrate COD
remained low throughout this period, i.e., the efficiency did not suf-
fer due to the load fluctuations. |

At various times during the operational life of the pilot plant,
effluents were tested in open stirred reactors to determine 0, uptake.
The results are presented in chronological order.

Shown in Figure 20 is the dissolved oxygen profile and the oxygen
uptake curves for effluent taken from fhe total oxidationlpi]ot plant
during the 112th day of operation (during this time Mr..Saidi, not the
author, was operating the pilot p]ant). The feed concentration .on that
day was 1200 mg/1 of trickling filter sludge hydrolysate, and the total
inflow COD (i.e., including internal hydro]ysate) was 1730 mg/1. The
effluent was diluted with an equal amount of tap water. After dilution,
the dissolved organic material had a COD of 49 mg/], and suspended sol-
ids concentration was 12 mg/1. The system was operated at a reaeration

1

rate of 0.162 hr™ ', with a corresponding saturation value, CS, equal to



Figure 20. DO -Profile and 07 Uptake Curves for the Effluent
From the Pilot Plant

Initial Final
Substrate Concentration
Filtrate COD 49 mg/1 -
Suspended Solids Conc. 12 mg/1 16 mg/1

Reaeration Rate Constant,,Kz, 0.162 hr“]

Dissolved Oxygen Saturation Constant, CS, 7.55 mg/1
Oxygen Uptake, 17 mg/1

Dilution Rate, 1/1
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7.55 mg/1. The 02 uptake at the end of the experiment was 17 mg/1.

The dissolved oxygen profile increased initially, followed by a slow sag
before the DO recovered in the system. The initial increase in DO
attests to the lag period which existed. This is also reflected in the
rather long lag in 02 uptake. After this lag period, the 02 uptake
curve was concave upward, suggesting autocatalytic growth of the micro-
organisms exerting the BOD.

The results shown in Figure 21 are the DO profile and 02 uptake of
a sample of effluent taken on the 119th day of operation. On this day,
the feed to the unit consisted of 1240 mg/1 COD of trick1ing filter
hydrolysate. No internal sludge hydrolysate was fed on this day. The
filtrate effluent COD was 76 mg/1. The effluent was tested directly,
i.e., it was not diluted. The initial biological solids concentration
was 12 mg/1, and the system exerted an oxygen demand of 28 mg/1. The
final soluble organic material (COD) after five days was reduced to 59
mg/1, and biological solids to 8 mg/1. The reactor was operated at a K2
of 0.095. Similar to Figure.20, this experiment also showed an initial
DO increase and a gradual reduction in DO concentration. However, the
DO changes in the system were not pronounced. The oxygen uptake curve
showed essentially zero order kinetics, as the DO remained in the sys-
tem at practically the same level throughout.the experiment.

Figure 22 shows results for a similar exberiment, but with Tow
initial DO of 3.3 mg/1. The soluble substrate concentration was rather
low=-24 mg/1-=but the biological solids concentration was a little
higher than the previous experiment, 56 mg/1. There was a rather rapid
increase in the dissolved oxygen concentration to about 5 mg/1, attest-

ing, again, to the apparent lag in metabolism. The DO remained at



Figure 21. DO Profile and 0, Uptake Curves for the Effluent From
the Pilot P]an%

Initial Final

Substrate Concentration
Filtrate COD 50 mg/1 59 mg/1
Suspended Solids Conc. 12 mg/1 8 mg/1

Reaeration Rate Constant, K,, 0.095 hr~ -1
Dissoved Oxygen Saturation Eonstant, s 7.80 mg/1
Oxygen Uptake, 28.00 mg/1
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Figure 22. DO Profile and 0p Uptake Curves for the Effluent From
the Pilot Plant

Initial Final
Substrate Concentration
Filtrate COD 24 mg/1 -
Suspended Solids Conc. 56 mg/1

Reaeration Rate Constant, K,, 0.13 hr"]
Dissolved Oxygen Saturation Constant, Cs, 7.20 mg/1
Oxygen Uptake, 32.00 mg/1
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slightly below 5 mg/1 until after the 90th hour, when recovery began.

1, and the saturation value was 7.2 mg/1.

The reaeration rate was 0.13 hr™
The oxygen uptake (BOD) exerted was 32 mg/1..

O2 uptake of the ﬁi1ot:p]ant’eff1uent oncday 179 is shown in Fig-
ure 23. The initial soluble COD was 32 mg/1, and the biological solids
concentration was 76 mg/1} After five days, the concentration of sol-
uble organic material decreased to 28 mg/1, and the biological solids -

to 73 mg/1. With a reaeration rate of 0.09 hr™]

and a corresponding
saturation value of 7.65 mg/1, the BOD of the effluent was 20 mg/1.
Analyses for N03eN were made, and there was no nitrification during the
course of the experiment.

" The above Figures (20-23) show that in all cases there was an ini=-
tial increase in DO concentration. The eff]uent‘was employed as it
existed fn the effluent holding tank,‘and the DO there was not satur-
ated. Thus,‘the lower DO values together with the metabolic lag
exhibited by the cells from this extended aeration unit brought about
the initial increase in DO. In general, the results showed that if the
effluents were let into a receiving stream with reasonably Tow K2, they
would not cause any stress to the oxygen resources of the stream. The
experiment of Figure 20, for which the sample was diluted with 50 per
cent tap water, was the only one which showed any recognizable sag.

The other three experiments (Figures 21-23) did not show any sag at all,
yielding almost straight Tine kinetics for oxygen uptake. In Figure 23,
even though the Suspended solids concentration, 76 mQ/], wésithe highest.
of any tested in this series, it produced the 1owestrBODs, attesting to
the low biological activity of suspended solids from this treatment

process..



Figure 23. DO Profile and O Uptake Curves for the Effluent From-
the Pilot Plant '

Initial Final
Substrate Concentration
Filtrate COD 32 mg/1 28 mg/1
Suspended Solids Conc, 76 mg/1 73 mg/1
Nitrate Nitrogen 0.00 mg/1 0.00 mg/1

Reaeration Rate Constant, Ké 0.09 hr']
Dissolved Oxygen Saturation~Constant, C 765 mg/1
Oxygen Uptake, 26 mg/1
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From the results, it can be seen that the organic matter (COD) in
the effluent from a hydrolytically assisted extended aeration unit
treatihg hydrolyzed frick]ing filter sludge is slowly metabolized and
there is an apparent metabolic lag. The results indicate that this
waste is subject to a high degree of biological treatment, and the
effluent does not cause serious stress to the stream.‘ Only scant nitri=-
fication data were collected during this span of operation. For the
experimental results shown in Figure 23, determination for N03-N was
made, and none was found. However, it is known from the previous oper-
ation by Saidi tﬁat the effluent exhibited varying degrees of nitrifica-
tion during the first 105 days of operation. Thus, some of the O2
uptake shown in Figures 20, 21, and 22 could have been due to nitrifica-
tion. | |

The next three experiments (Figures 24, 25, and 26) were undertaken
to observe the type of kinetics in the receiving stream when a high con-
centration of biologicals was. contained in the effluent. Therefore,
additiona] mixed liquor solids were added to the effluent samples in
the open stirred reactors before the start of the experiment.

Figure 24 shows results of an experiment using effluent and bio-
logical solids taken during the 16th day of operation. The biological
solids concentration was increased from 16 mg/1 to 178 mg/1 by addition
of mixed Tiquor solids from the aeration chamber. The soluble COD was
42 mg/1. At the end of five days, the biological solids concentration
decreased s1ightly to 160 mg/1 (i.e., by 18 mg/1), and there was 1ittle
or no difference in the soluble organic material measured as COD (it

1

changed from 42 mg/1 to 40 mg/1). At a K2 of 0.185 hr ' with a CS of .

5.9 mg/1, the oxygen uptake exerted was 27 mg/1. No nitrification was



Figure 24. DO Profile and 02 Uptake Curves for the Effluent From
the Pilot Plant With the~Add1t1on of Mixed Liquor
Suspended Solids

Initia], Final

Substrate -Concentration

Filtrate COD 42 mg/1 40 mg/1
Suspended Solids Conc. 178 mg/1 160 mg/1
Nitrate Nitrogen Conc. 0.00 mg/1 0.00 mg/1

Reaeration Rate Constant, Kp, 0.185 hr™!
Dissolved Oxygen Saturation Constant, C 5.90 mg/1
Oxygen Uptake, 27.00 mg/1
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observed during the experiment. The DO profile exhibited a well
rounded sag. Approximately 24 hours were required for both the falling
leg and the rising leg of the oxygen sag curve. After apparent zere
order kinetics in the early phase of uptake, a decreasing rate curvé‘
deve]oped:

Figure 25 is an expefimént with almost the same amount of initial
bio]ogiéa] solids as that used in the experiment shown in Figure 24,
run on day 197 of the pilot plant operation. During the course of the
experiment, the concentrations of total and soluble organic material
measured as COD-did not show any change. (Initial filtrate COD, 56
mg/1, final filtrate COD, 56 mg/1, initial total COD, 172 mg/1, final
fota] coD, 172 mg/1). . But there was a c6nsiderab1e-amount-of nitrifi-
cation. The N03~N Concentration increased from zero mg/1 to a final
concentration of 23 mg/1. Biological solids concentration increased by
17 mg/1, i.e., from 165 to 182 mg/1. The total oxygen uptake computed
using a‘K2 of -0.093 hr”1 and a saturation value, CS, of 8.95 mg/1, was
23 mg/1. The oxygen uptake curve did not flatten out as in Figure 24,
because the DO in the system recovered rather slowly.

The results shown in Figure 26 are the 0, uptake of a sample of
effluent taken on the 198th day of operation of the pilot plant. The
biological solids were increased to an initial value of 337 mg/1.
Also, the initial DO was raised by aeration prior to making the test.
During the period of the experiment, the filtrate COD did not change
significantly; it showed a decrease of 4 mg/1 from an initial value of
56 mg/1 to a final value of 52 mg/1. The biological solids increased
slightly from 337 mg/1 to 345 mg/1. But the total organic material

measured as COD decreased from 308 mg/1 to 288 mg/1, i.e., a decrease



Figure 25. DO Profile and Oy Uptake Curves for the Effluent From
_ the Pilot Plant With the Addition of Mixed Liquor
Suspended Solids

Initial Final
Substrate Concentration
Non-filtrate COD 172 mg/1 172 mg/1
Filtrate COD 56 mg/1 56 mg/1

Suspended Solids Conc. 165 mg/1 182 mg/1
Nitrate Nitrogen Conc. 0.00 mg/1 23.00 mg/1

Reaeration Rate Constant; K,, 0.093 he
Dissolved Oxygen Saturation Constant, Cs’ 8.95 mg/1
Oxygen Uptake, 23.00 mg/
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Figure 26. DO Profile and 0, Uptake Curves for the Effluent From
the Pilot P1an% With the Addition of Mixed Liquor
Suspended Solids

Initial Final
Substrate. Concentration
Non-filtrate COD 308 mg/1 288 mg/1
Filtrate COD 56 mg/1 52 mg/1
Suspended Solids Conc. 337 mg/1 345 mg/1
Reaeration Rate Constant, K,, 0.125 hr!

Dissolved Oxygen Saturat1on2Constant C 8.80 mg/1
Oxygen Uptake, 44.00 mg/1
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6fz20 mg/1 of total COD. The N03=N concentration decreased from 29.5
mg/1 to a low value of 14.7 mg/1. There is no apparent explanation for.
this decrease, since the trickling filter hydrolysate was known to con-
tain excess nitrogen in relation to carbon source. The DO in the system
came down faster than in the previous two experiments. The system was-

operated at a reaeration rate of 0.125 hr”.”1

and a corresponding sat-
uration value of 8.8 mg/1. The computed oxygen uptake was 44 mg/1.

Two experiments were performed to observe the 02 uptake‘behav{or
when significant amounts of both substrate and biological solids were
present in the effluent. In these experiments, the effluents were
initially aerated to increase initia]vDO concentrations in the system.
The substrate cqﬁsisted of hydro]ysate of the sludge withdrawn from the
pilot plant. The results are shown in Figure 27. The actual effluent
at the pilot plant had an initial soluble COD of 64 mg/1 (196th day of
operation), and a suspended solids concentration of 138 mg/1. After
the addition of both the hydrolysate and the biological solids from the
aeration chamber, concentrations were raised to 160 mg/1 of COD and 305
mg/1, respectively. After five days, the total COD concentration
decreased only 50 mg/1 (312 mg/1 to 264 mg/1), whereas the soluble
organic material decreased by 100 mg/1 (160 mg/1 to 60 mg/1), but the
biological solids concentration remained at almost a conétant level
(initial concentration 305 mg/1; final concentration 297 mg/1). The
system showed nitrification (24 mg/1)vfrom an initial 14 hg/] concen=

tration to a final value of 38 mg/1 of NO
1

3-N. The total oxygen uptake
exerted was 96 mg/1 at a K2 of 0.145 hr™' and a saturation value of 8.7
mg/1. The DO profile showed a distinct secondary sag which was

expressed as a "plateau" in the oxygen uptake curve.



Figure 27. DO Profile and 02 Uptake Curves for the Effluent From
the Pilot Plant With the Addition of MLSS and the
Recycle Sludge Hydrolysate

Initial Final
Substrate Concentration
Non-filtrate COD 312 mg/1 264 mg/1
Filtrate COD 160 mg/1 60 mg/1
Suspended Solids Conc. 305 mg/1 297 mg/1
Nitrate Nitrogen Conc. 14 mg/1 38 mg/1

Reaeration Rate Constant, K,, 0.145 hr"]
- Dissolved Oxygen Saturation~Constant, CS, 8.7 mg/1
Oxygen Uptake, 96 mg/1
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For the experiment shown in Figure 28, hydrolysate of the trickling
filter sludge was added to the reactor along with the mixed liquor sus-
pended solids from the aeration tank of the pilot plant (206th day of
operation). The day the experimentwwés run, the effluent of the pilot
plant contained 7.5 mg/1 suspended solids and 90 mg/1 of soluble COD.
After fhe addition of the trickling filter hydrolysate and the solids,
the concentration of the soluble substrate was 112 mg/1 and that of sus-
pended solids, 222 mg/1. :Withih five hours, the DO in the system reach-
ed the minimum point of the sag, but the DO quickly recovered and
reméined at a rather constant level. After five dayss the soluble COD
value decreased by 64 mg/1 (112 mg/1 to 48 mg/1), whereas the suspended
solids increased by about 50 mg/1 (222 mg/1 to 272 mg/1). Total COD
decreased by about 20 mg/1, from 214 to 174 mg/1, and there was a small.
amount of nitrification, 6 mg/1 (from an initial value of 20 mg/1 to a
final value of 26 mg/1. The total oxygen uptake was 55 mg/1 at a K2 of .

0.141 hr-!

and a dissolved oxygen saturation value of 8.4 mg/1.
Figures 20 to 28 give é fair idea of the efficiency of the pilot
p]aht. Figures 20 to 23 show that the actual effluents from the pilot
plant did not cause any appreciable reduction in the oxygen resources
of the stream for medium values of reaeration constant; also the BOD
values were rather low. Even when large amoﬁnts of "biological” solids
were purposely added to the effluent, fhe»recovery after an early sag
was rather rapid (e.g., Figure 24) except when there were significgnt
amounts of nitrification. The results shown in Figures 27 and 28 %ndi-
cate that although the treated effluents plus addition of excessive 5

solids did not cause appreciable oxygen uptake, the leakage of both

suspended solids and either cell hydrolysate or raw trickling filter



Figure 28. DO Profile and 02 Uptake Curves for the Effluent From
the Pilot Plant With the Addition of MLSS and the
Trickling Filter Sludge Hydrolysate

Initial - Final
Substrate Concentration
Non-filtrate COD 214 mg/1 194 mg/1
Filtrate COD 112 mg/1 48 mg/1
Suspended Solids Conc. 222 mg/1 272 mg/1
Nitrate Nitrogen Conc. 20 mg/1 26 mg/1

Reaeration Constant, K,, 0.141 he™]
Dissolved Oxygen Saturgtion Constant, CS, 8.4 mg/1
Oxygen Uptake, 55 mg/1
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sludge hydrolysate may cause considerable strain on the oxygen resources
of the stream.

An additional three runs were made using effluent from a’hydro—»
lytically assisted extended aeration pilot plant operated by Mr. Roach,
a fellow graduate student engaged in research. The operational proce;
dure for the pilot plant was given in detail in the Materials and
Methods chapter.

On March 2, 1974, effluent was taken from Mr. Roach's unit, placed
in the open jar reactor and diluted With 50 percent tap water (Figure
29). On the day the sample was taken, the feed COD for the unit was
1950 mg/1, filtrate COD of the effluent was 20 mg/1, with a suspended
solids concentration of 10 mg/1. After dilution, the COD of the fil-
trate was 36 mg/1. It would appear that either the original effluent
COD value or fhe one with dilution was in error, since the COD of the
tap water has been found to be 10-11 mg/1. The dissolved oxygen in
the system increased slightly before a slow sag occurred. This general
behavior was similar to that shown in Figure 20 for the effluent which
was taken from the author's pilot plant. The oxygen uptake showed an
initial lag before showing an increase in the rate of BOD. The soluble
organic material was reduced from 36 mg/1 to 7 mg/1; the biological
solids increased by a slight amount (4 mg/1). The reaeration rate was
0.23 hr'] at a saturation value of 7.85 mg/1. The oxygen uptake exerted
was 12 mg/1 of BOD. |

Figure 30 is an experiment similar to Figure 29 with 50 percent
dilution with tap water. The initial soluble organic material was 30
mg/1, and the biological solids concentration was 12 mg/1. After five

days, the filtrate COD was 15 mg/1 and the final biological solids



Figure 29. DO Sag and 0g Uptake Curves for the Effluent From

Mr. Roach'S Extended Aeration Pilot Plant
~ Initial Final
Substrate Concentration
Filtrate COD 36 mg/1 7 mg/1
Suspended Solids Conc. 16 mg/1 12 mg/1

Reaeration Rate Constant, K,, 0.23 he™]

Dissolved Oxygen Saturation Constant,,Cs, 7.85 mg/1
Oxygen Uptake, 12 mg/1

Dilution Ratio, 50/50
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Figure 30.

DO Sag and 02 Uptake Curves for the Effluent From

Mr. Roach's Extended Aeration Pilot Plant

Initial Final

Substrate Concentration
Filtrate COD 30 mg/1 15 mg/1
Suspended Solids Conc. 12 mg/1 8 mg/1

Reaeration Rate Constant, K,, 0.163 he™]

Dissolved Oxygen Saturation Constant, CS, 7.6 mg/1
Oxygen Uptake, 10.00 mg/1

Dilution Ratio, 50/50
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concentration was 8 mg/1. The sag curve showed a trend simi]qr to.
Figure 29 and Figure 20, i.e., an initial 1ncrea§e in DO fb]]dwed by a
slow sag and a slow recovery. The oxygen uptake curve showed an ini-
tial ]ag'before the rate 1ncfeased. The oxygen uptake exerted was. 10
mg/1 at a reaeration rate of 0.163 hr'] and a saturation value of 7.6
mg/1. Mr. Roach took no eff1uéntﬁdata on this day, but it is apparent.
from the results of the open jar test that the effluent was of a high
quality.

The plot in Figure 31 is the'O2 uptake for a sample taken on March
9, 1974, from Mr. Roach's pilot plant. In this experiment, no dilution
water was added to the sample. The initial soluble subsfrate concen-
tration was 45 mg/1, and the biological solids 12 mg/1. After five
days, the soluble Cdb was 36 mg/1 and the biological solids concentra-
tion was 16 mg/1. At a K2 of 0.103 hr'] and a saturation value of 7.1
mg/1, the sample exerted an oxygen uptake of 23 mg/1. This result is
similar to that shown in Figure 23, wherein the sample was not diluted

and oxygen uptake showed straight line kinetics, i.e., there was no sag

~4n the DO profile.

The results of Figures 20, 29 and 30 show that when the sample was
diluted with tap water they showed a lag period followed by a period of
more rapid 02 uptake. The lag might be due to a reduction in concen-

tration of viable seed organiSms. The later period of semi-rapid 02

“uptake (compared with steady straight line O2 uptake of undiluted

samples) might be due to the diluting out of possible inhibitory sub-
stances in the effluent. When the effluents were diluted with tap
water, there was a significant reduction in soluble COD during the

5-day incubation period. But when the samples were taken without any



Figure 31. DO Sag and O Uptake Curves for the Effluent From
Mr. Roach's Extended Aeration Pilot Plant

Initial Final

Substrate Concentration
Filtrate COD 45 mg/1 36 mg/1
Suspended Solids Conc. 12 mg/1 16 mg/1

Reaeration Constant, K,, 0.103 he™]
Dissolved Oxygen Saturation Constant, CS, 7.1 mg/1
Oxygen Uptake, 23 mg/1
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dilution, less change in the soluble COD took place.” Unfortunately,
during this time nitrification data were not taken. While it must be
admitted that the data leave much to be desired, the overall trend
regarding 02 uptaké of the effluents without added seed, suspended sol-
ids, -and/or substrates, is that the "residual” COD in the effluents
from the pilot plant is indeed rather slowly metabolized biologically
resistant organic matter, ‘and it should not be expected that it can be
removed by normal secondary treatment processes. Also, these results
indicafe‘that the condition of discharge with respect to stream flow,.
i.e., dilution of the effluent, may exert subtle effects upon the
observed kinétics beyond the usua11y‘expected effect of substrate con-
centration on rate of 02 uptake.

Table I gives values of important parameters determined during the
early open jar experiment. Also shown are the values of K2, the reaera-
tion rate constant, and the dissolved oxygen saturation concentration,
Cs, calculated using the two different methods described in detail in
the Materials and Methods chapter. In this study, oxygen uptake was:
computed usjng the constants K2 and Cs>obta1ned from Method No. 2.
However, the CS values used in the first trial of the o Method (Method
No. 1) were those obtained as a result of employing Method No. 2. Thus,
in a real sense, both methods were employed and it would appear that
Method No. 2 not only provides a more direct way of determining _C.s from
a limited amount of data, but also gives K2 values whfch compare well
with those obtained by the « method. Ba;ed upon the experience gained
here, it appears ideal to employ both methods; i.e., use Method No. 2
to determine the saturation value, then employ Method No. 1 using the CS

from Method No. 2.to determine K2; and finally check the K2 using



TABLE 1

VALUES OF THE PARAMETERS DETERMINED

. 3 Reaeration "“Saturation Nitrate
Non S;}g, cop F1;thCOD Suspe;d%i Sol. Rate, K,, e} Const., ¢ Nitrogen
9 9 Method “Method Method Method Conc.
. No. 2 No. 1 No.2 WNo.?1 mg/1 Oxygen o
Figure Initial Final Initial Final Initial Final dC/dt a dc/dt a Initial Final F/M Uptake Temp. C Remarks
6 - - 112{ 90) 15 6 16 0.117 0.107 7.40 7.40 - - 18.70 44 22.5 “"Young" Cell Seed
7 - - 134120 9 8 45 0.128 0.128 7.1  7.10 - - 16.80 36 22.5 " " "
8 - - 120¢100) 9 8 93 0.1 0.107 7.70 7.60 - - 15.00 44 " " " N
9 - - 56{ 50) 9 6 20 0.097 0.085 7.50 7.40 - - 9.30 31 " " " "
10 - - 54(8)) 10 8 37.5 0,07 0.718 7.70 770 - - 8.1 31 " " v
11 - - 71( 55) 9 9 15 0.13 0.114 8.00 8.00 7.9 39 " " " ®
12 - - 52( 40) 9 9 - 0.107 0,197 8.00 8.00 - - 5.80 27 " " " "
14 86( 75) 19 1(5.86)15 0.07 0.073 8.60 8.60 - - 100 32 " BT N
15 76( 50) 9 1(0.86)13 0.068 0,064 8.75 8.80 - - 88 26 " " " "
16 107( 90) 10 2.3 50 0.123 0.118 8.00 8.00 - - 47 44 " " " "
17 91( 70) 7 2.3 30 0.097 0.098 8.10 8.10 - - 40 33 " " “
_ - _ . ' 25 Effluent from pilot plant
20 49 12 16 0.162 0.147 7.55 7.4 4.05 17 (di1uted 50/50)
21 60 59 12 8 0.095 0,092 7.8 7.8 - - 5.00 28 L Eff. from p.p. (not diluted)
22 24 - 56 - 0.130 0.126 7.2 7.65 - - 0.428 32 "
23 32 28 76 73 0.09 0.091 7.65 7.65 - - 26 "
24 42 40 178 1560 0.185 0.204 5.9 5.9 0.00 0.00 0.236 27 " Effluent suspended
25 172 172 56 56 165 182 0.093 0.106 8.95 8.95 0.00 23.00 0.039 23 " Solids, no dilution
26 308 288 56 52 337 345 0.125 0.120 8.85 8.60 29.50 14.70 0.166 44 "
27 312 264 160 60 305 297 0.145 0.167 8.7 8.7 14,00 38.00 0.525 96 " Recycle sludge hydrolysate
+ MLSS added to the effluent
28 214 194 112 48 222 272 0.141 0.144 8.4 8.4 20 26 0.507 55 " Trickling filter sludge
hydrolysate + MLSS added
to the effluent
29 36 7 16 12 0.23 0.22 7.85 7.85 - - 2,289 12 v Mr. Roach's effluent
(50 + 50 dilution)
30 30 15 12 8 0.163  0.163 7.6 7.4 el " 2.507 10 " (50 + 50 ditution)
31 45 36 12 16 0.103 0.1026 7.1 7.1 3.750 23 " No dilutior

In experiments 24-28, the Ko values employed in 02 uptake calculations were obtained

using actual experimental reactor mixed Tiquor after running the DO profile.
values were also run on tap water to determine o values for experiments 24-28.

were 1.49, 0.80, 1.16, 0.83, and 1.01, respectively.

The Ko
These

70l
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Method No. 1.

A Study of -the Factors Affecting the
Reaeration Rate and Some Useful

Aids to the Methodology

For the success of the open stirred reactor technique, the deter-
mination of the best estimate of the va1ue of reaeration rate constant,
K2, and the dissolved oxygen saturation va]ue,~Cs, in the system, is
important. Since the var1ou5‘paramefeks, 1ike the solubility and type
of organic material, concentkation of biological solids, préssure, and
agitation‘may affect the oxygen tkansfer rate and the éaturation value,
the determination of these'va1ues is a matter of considerable concern
in the fie]d. In addition to natura1‘componeht$'of the liquor, one has
to add sodium Su1f1te,,or bubble nitrogen gas to remove the dissolved
oxygen to conduct the reaeratfon rate test. It is also necessary to add
an 1nhib1tory.agént to stop the oxygen uptake due to the microorganisms.
It ‘has been reported that even thé‘addition.of double the normal value
of sodium sulfite might affect the reaeration rate (44).

Wh%1e a comprehensive study of -all of the parameters affecting the
reaeration rate and the technique of obtaining K2 may be?somewhat=bey6nd
the scope of this work, a féw of the aspects have been investigated and

are reported in thfs chépter.

 Relation Between Mixing Propeller Speed and

the Reaeration Rate, K,

To simulate stream conditions in the open jug, the reaeration rate

in the reactor should be adjusted to a value somewhere near the value
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of that in the receiving stream. Figure 32 gives an arithmetic plot of
~the reaeration rate versus the speed of the propeller; the transfer
medium was tap water. The speed of the propeller was measured with a
Precision Stkoboscope (Sargent-Welch Company, Skokie, I11.). The.
reaeration rate increased s]ow]j}n a straight 1ine up to 675 rpm. At
speeds higher than 675, the reaération rates increased enormously for

a small increase in the speed of the propeller. Figure 33 is a semi-
logarithmic plot of the data; the general ‘trend is one of exponential

increase in K2 with increasing rpm over the range studied.

Relation Between Biological Solids Concen-

tration and the Reaeration Rate Constant

The -effect of biological solids on the reaeration rate should be
studied more extensively than was done in this investigation. However,
the experimental results which were obtained herein showed that the
effect is two-fold: 1) biological solids do affect the reaeration rate,
and 2) the effect is apparentiy different, depending Upon the va]ue~of-
K2 (assumedly dependent upon agitation and/or mixing ve]ocity)._ In
Tables II and III, the K2 data are presented in increasing order of
suspended solids. Table II covers Tow K2 values, i.e., those up to.
t‘0.2 hr"1. It is seen that except for the study at 42 mg/],suspended
solids, .the effect of the solids was to increase the value of K2 over
thatiat the corresponding rpm.in tap water. Table ITI shows the results
for higher K2 values. At the Towest suspended goljds.concentration, thé
K2 was increased because of the bresence of solids, but as the solids

concentration was increased, the K, was decreased because of the

presence of suspended solids.



Figure 32. Arithmetic Plot_of Propeller Speed versus Reaeration
Rate, K, hr-1
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Figure 33. Logarithmic Plot of Propeller Speed versus Reaeration
' Rate, K2, hr-1
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TABLE II

EFFECT OF SUSPENDED SOLIDS ON LOW REAERATION RATES, To.2n

111

1

Reaeration Rate, K2

K, With Solids

Suspended .
Solids Tap Water (no Solids) Solids K2 With Tap Water
0.25 0.165 0.174 1.054
25 0.151 0.167 1.105
25 0.163 0.193 . 1.184
42 0.231 0.173 0.748
75 0.198 0.347 1.752
95 0.203 0.267 1.315
102 0.239 0.287 1.200
TABLE III

EFFECT OF SUSPENDED SOLIDS ON HIGH REAERATION RATES >0.25 hr~

1

Reaeration Rate, K2

K2 With Solids

Suspended Tap Water - No Tap Water +

Ky With Tap Water

Solids Suspended Solids Suspended Solids -
35 1.43 2.19

50 0.83 0.73

70 1.49 1.26

105 1.60 0.78

1.531
0.879
0.845
0.787

Note: 15 ml Clorox added to all reactors
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The results agree with Poon.and Campbell (18) in that at low
reaeration rates and low suspended solids concentrations there is an
increase in the amount of reaeration rate, K2. With the results at
hand, further conclusions are diffiuclt to make and would seem to

require a considerable amount of research data.

Effect of Chlorine and Cyanide on Reaeration

Rate, K2

Chlorine has benerally been used by workers in the field to inhibit:
02 utilization by microorganisms. The brief investigation made in these
studies provided some 1ndicatfon that microorganisms killed by chlorine
released 1lysis products, as measured by an increase in the soluble
" organic material (COD), whereas for the same concentration of biological
solids, there was no release of soluble products when cyanide was used
instead of chlorine as the inhibitory agent. The results are summar-
ized in Tables IV and V. '

Experiments indicated that addition of Clorox to water did not
affect the K, to any significant amount at levels of 1-3 m1/1 (Table VI).
A series of exﬁerimentsrwas conducted to compare the K2 values (at iden-
tical propeller speed) for tap water, tap + Clorox, and tap + cyanide,
with various amounts of suspended (biological) solids added to the sys-
tem contain{ng Clorox and cyanide. The results are summarized in Table
VII. It is seen that except for the experiment at 50 mg/1 suspended sol-
ids, killing cells with cyanide yielded K2 values closer to those .
observed for tap water at identical propeller speed. Further work on
the advisability of -employing cyanide rather than chlorine is being

planned in the bioenvironmental engineering laboratories.
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TABLE IV

CONCENTRATIONS OF -SOLUBLE ORGANIC MATERIAL (COD) BEFORE AND AFTER
INHIBITION WITH CLOROX AS THE INHIBITORY AGENT

Filtrate COD Filtrate COD
Exp. Clorox Conc. Suspended Solids Before Killing After Killing

“No. m1/1 - Conc., mg/1 mg/1 mg/1

1 2.0 35 62.5 58.59

2 2.5 70 85.93 97.65

3 . 3.0 105 74.27 85.84
TABLE V

CONCENTRATIONS OF SOLUBLE ORGANIC MATERIAL (COD) BEFORE AND AFTER
INHIBITION WITH CYANIDE AS THE INHIBITORY AGENT

3 . Filtrate COD  Filtrate COD
Exp: Cyanide Conc. Suspended Solids Before Killing After Killing

No. mg/1 Conc., mg/1 mg/1 mg/1
1 100 35 46.87 46.87
2 150 70 58.59 58.59

3 200 105 62.5 46.87
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TABLE VI
EFFECT OF CLOROX ON REAERATION RATE

Conc. of Reaeration Rate _K,_With Chlorine
Clorox Tap Water Tap Water + Chlorine - K2 With Tap Water
1 ml/1 0.336 0.378 1.125
2 m/1 0.540 0.462 | 0.855
3 ml/1 0.540 0.5696 1.054

TABLE VII

COMPARISON OF REAERATION RATES BETWEEN CHLORINE AND CYANIDE

AS INHIBITORY AGENTS

Ko With Ko With

Suspended . Tap Water Tap Water Tap Water  _Clorox Cyanide
Solids Conc. Without  + Solids  + Solids Ko With K2 With
mg/]‘ Solids + Clorox + Cyanide Tap Water Tap Water
25 0.163 0.495 0;1925 0.036 1.180
35 1.4337 2.1883 1.89 1.526 1.318
50 0.8316 0.7294 0.495 0.877 0.595
70 1,485 1.26 1.485 0.848 1.00
75 0.198 0.3465 0.308 1.75 1.55
105 1.5992 0.7845 0.9039 0.490 0.565




CHAPTER V
SUMMARY AND CONCLUSIONS

In this work, the open stirred reactor technique was used to study
the kinetics of oxygen uptake with respect to initial "food" (COD) to
cell concentration (suspended solids) ratio, and it was found that with
"young" cell seed and glucose as substrate, the oxygen uptake curves
followed logarithmic rate kinetics in the early phase of 02 uptake; but
the duration of the logarithmic phase decreased with decreasing F/M
ratios. With "o1d" cell seed, the oxygen uptake curves did not show any
definite logarithmic rate kinetics; at very high F/M rétios, logarith-
mic uptake was approached.

Effluents from the ]aboratory‘extended aeration pilot plants were
tested in the open jars for their effect on the oxygen resources of a
receiving stream. In these studies, the effluents were diluted by 1/1
ratio; undiluted samples were also tested in the open stirred reactors.
It was found in these studies that in both of these cases the extended
aeration effluents do not deplete the oxygen resources of the stream in
any appreciable manner. Also, the experiments operated by adding the
mfxed liquor so]ids to the effluents would not cause any severe deple-
tion of the oxygen resources of the receiving stream. But the experi-
ments operated to test the effect of leakage of both the soluble sub-
étrate (in this case, sludge hydrolysate) and biological solids showed

considerable oxygen uptake, thus they could cause severe strain on the
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oxygen resources of streams without abnormally high reaeration constants.

This study a]so gave an idea of the efficiency of .treatment in the
pilot plants operated in the laboratory. It was-obéerved that the‘
treatment effliciency was rather high; most of the soluble COD fed to
the pilot plants was removed in the pilot plant itself and the soluble
COD which was released can be removed only very slowly. This removal
cannot'pbssibly be accomplished jn the pilot plant operation at the
usually Tow hydraulic detention iimes; Thus, fhis‘study shows that all
of the possible organic material (soluble COD) was removed in the treat-
ment plants, and further reduction_1s<not,possib1e within the relatively
short hydraulic detention time in these systems.

A few experiments were performend on thé,effect of suspended solids
on the reaeration rate, K2, and it was found that low suspehded solids
concentratidn»and relatively 1ow'K2 values tended to increase the o
factor. However, at higher K2‘va1ues.(i.e., greater mixing speed), o -
decreased with increased solids.

Preliminary studies on the use of cyanide as the inhibitory agent
for microbial respiration instead of chlorine indicated that the use of
cyanide shou]d be investigated further, since the results were favor-
able. Chlorine gave reasonably good results, but its use did cause some

release of soluble organic material (COD).



CHAPTER VI
SUGGESTIONS FOR FUTURE WORK

1. Additional studies should be made to determine the effect of
the source of the seed on the oxygen‘uptake kinetics.

2. The'O2 uptake kinetics due to nitrification in the receiving
stream should be studied in more detail.

3. In-depth studies should be conducted to determine the effect of
contaminants on the reaeration rate constants and the dissolved oxygen
satdration constants.

| 4, Studies should be made on a variety of possible microbia]l
inhfbitory agents to employ during reaeration studies in determination
Of'KZ and Cs when samples contain biological solids. Study of the use
of cyanide shdu]d prove useful, based on the preliminary studies in this
investigation.

5. The possibility of determining the amount of change, if any,
of reaeration rates during the course of a jar study might be accom-
p]isﬁed if one could measure O2 uptake manometrically along with the DO
sag measurement., This independent measure:of the BOD curve along with
the profi]é data would allow ohévto back cﬁ]cu]ate the K, values for
'various time intervals.  Thus one might determine the degree of con-
stancy of K2 throughout the experiment. Also, the average K2 thus cal-
culated could be compared to the K2 determined at the end of the’open

Jjar test.
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APPENDIX A

CALCULATION OF 02 UPTAKE USING THE OPEN
STIRRED REACTOR PROCEDURE
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In the successful use of the open stirred reactor technique, the
accuracy of determining the reaeration rate constant,_Kz, and the dis-
solved oxygen saturation constant, Cs, is vital to determination of
oxygen uptake values in the receiving stream. In this study, reaera-
tion rate, K2, and the saturation constanf, CS, weré calculated using a
graphical method (Method No. 2--see Chapter III; Materials and Methods),
and these values were checked with another method (Method No. 1--see
Chapter II1I, Table I). Affer obtaining the best estimate of K2 and CS,
and after measuring the DO profile during the given jar test, the oxy-
gen uptake can be calculated using a numeriéa] integration technique.
The calculations are illustrated in Table XIII, Emp]oying the DO pro-
file (column 1) and calculating the deficit from saturation (column 2),
this deficit is multiplied by the rEaeration rate, K2, and the selected
‘1nterva1 of time, At, to yie1d the total oxygen transferred to the
reactor (column 6). This value is summed with the change in DO con-
centration in the system during At (column 7), yielding the oxygen
uptake exerted by the microorganisms in the stabi]ization of organic
waste during the time interval (column 8). The accumulated oxygen
uptake is given by the successive summation of these values over the
length of the experiment (column 9). The data presented in this table

were obtained during the study presented in Figure 10.
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TABLE VIII
CALCULATION OF OXYGEN UPTAKE FROM OPEN STIRRED REACTORS

1 2 3 H 5

7 8

rime 00 D 2P . at Koot 4po 6.7 0, Uptake
Hour mg/1 mg/1 mg/1-hr ° Hour mg/1 mg/1 mg/1 mg/1
0 6.55 1.15 0.0805 0.00 0.00 0.00 0.00 0.00
4 5,40 2.30 0.1610 4.00 0.644 =1.15 1.794 1.79
8 4.25 3.45 0.2415 4.00 0.966 -1.15 2.116 3.91
12 3.25 4.45 0.3115 4.00 1.246 -1.00 2.246 6.15
16 2.35 5.35 0.3145 4.00 1.498 -0.90 2.398 8.55
20 1.40 6.30 0.4410 4.00 1.764 -0.95 2.714 11.26
24 0.90 6.80 0.476 4,00 1.904 -0.50 2.404 13.67
26 0.35 7.35 0.5145 2.00 1.029 -0.55 1.5790 15.25
28 0.48 7.22 0.5054 2.00 1.0908 +0.13 0.8808 16.13
32 0.60 7.10 0.4970 4.00 1.988 +0.12 1.868 17.99
38 0.70 7.00 0.4900 4.00 1.960 +0.10 1.860 19,85
40 1.30 6.40 0.4480 4.00 1.792 +0.60 1.192 21.05
4 2,10 5.60 0.392 4,00 1.568 +0.80 0.768 21.81
48 2.80 4.90 0.3430 4.00 1.372 +0.70 0.672 22.49
522 3.35 4,35 0.3045 4.00 1.218 +0.55 0.668 23.15
56 3.75 3.95 0.2765 4.00 1.106 +0.40 0.706 23.86
60 4.25 3.45 0.2415 4,00 0.966 +0.50 0.466 24.33
64 4.65 3.05 0.2135 4.00 0.854 +0,40 0.454 24,78
68 4.75 2.95 0.2065 4.00 0.826 +0.10 0.726 25.51
72 5.10 2.60 0.1820 4.00 0.728 +0.35 0.378 25.88
76 5,30 2.40 0.1680 4.00 0.672 +0.20 0.472 26.36
80 5.35 2.35 0.1645 4.00 0.658 +0.05 0.608 26.96
8 5,50 2.20 0.1540 4.00 0.616 +0.15 0.466 27 .43
88 5,55 2.15 0.1505 4.00 0.6020 0.05 0.5520 27.98
92 5.70 2.00 0.1400 4.00 0.56 +0.15 0.41 28.39
96 5.80 1,90 0.1330 4.00 0.532 +0.10 0.432 28.82
100 5.80 1.90 0.1330 4.00 0.532 0.00 0.432 29.26
104 5.85 1.85 0.1295 4.00 0.518 +0.05 0.468 29.72
108 5.85 1.85 0.1295 4.00 0.518 +0.00 0.518 30.24
112 5,55 1.85 0,1295 4.00 0.518 0.00 0.518 30.76
170 6.00 1.70 0.1190 4.00 0.476 +0.15 0.326 31.09
120 610 1.60 0.1120 4.00 0.448 +0.10 0.348 31.43

- - =1
cg = 7.7 mg/1 Ky = 0.07 hr






BOD
cop

“rate of trans?er of dissolved oxygen per unit time, mg/1/hr”
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biochemical oxygen demand, mg/1

chemical oxygen demand, mg/1

dissolved oxygen saturation constant, mg/1
dissolved oxygen deficit from Saturation at any time, t, mg/1
dissolved oxygen at ahy time, t, mg/1

1

reaeration rate constant, base e(hr'])

initial substrate concentration (mg/1) as glucose

initial soluble COD, mg/1
initial biological solids concentration (suspended solids),
mg/1

mixed liquor biological solids (suspended solids), mg/1
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