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CHAPTER I
INTRODUCTION

It is widely recognized that organic matter contained in effluent
streams of mun1eipa1 and industrial -origin cause oxygen‘dep1etion in
receiving waters due to m1cvob1a1_uti]ization:of-the‘organ1c;matter as .
carbon source for growth; Thus, there is a‘grow1mg trend throughout
the world to reeuire that-sueh biqdegradatiohlof‘these carbon sources
be conducted 1nVWeT1=engineered;bioreactorsIprior-to recycling the |
effluent to the water resource. In the design of such bioreactor
plants, e,gu,;aetﬁvated sludge plants, it is essenfia] to characteriae
the organic matter and to determine its "treatability."” Prominent among
.the needed paramefers is -the measurement of the amodnt of carboﬁ source
in the waste whlch is available to the microorgan1sms In most cases in
the past; the 5~day BOD test has been employed. The SO= ca11ed "ACOD"
test has recently been recommended, basee upon studies conducted in the
bioenvironmental engineering laboratories of Ok1ahoma State Un1vers1ty
This test measures the amount of b101ogica11y ava11ab1e carbon source in
the waste as the difference between initial and final COD'when the waste
is metapo1ized by an acclimated population.  Thus, it provides a direct
measure of the waste strength in terms of -carbon source (expressed in
terms of 02 uptake) A]so, in these 1aborator1es there has been recent
research on an open reactor procedure for measur1ng the 0, uptake (i.e.,

BOD) of a waste‘1n systems of low organic concentration.



The purpose of the present study was to gain insight into practical
means of performing treatability studies in batch reactors. The ACOD
test was emp1qyed aS a-me55ure of the strength of the waste. In these
studfes, a synthetic waste of rather high strength and known composi-
tion was employed in order to determine the repeatability of results of
the test and by estimating thé réactionAcharactekistics of the system
(the 1iquid and the batch reactor), and by‘measurihg the dissolved oXy-
gen profile during the course of running the ACOD test, it was possib]e.
to determine 1f the open reactor technique could be used to assess the
0, uptake (BOD exertion) in these high strength systems. It was also
the purpose of this study to.compare both the ACOD results and the 02
uptake results with results obtained using other analytical techniques
. for measuring these parameters. . The oVeré]l aim of the study was to

provide practical recommendations for making treatability studies.



CHAPTER II
LITERATURE REVIEW

Since Frankland (1) ran the first modern biochemical oxygen demand
(BOD) test in 1870, this test has been widely used to evaluate pollu~-
tional strengths of wastewater, ~But the need fOr several days' incuba-
tion time and low precision and reproducibility made the test totally
inadequate for the present day-to-day plant operation. Many investi-
gators have tried to find new methods (2)(3)(4)(5)(6) which can rapidly
and accurately determine the pollutional strength of wastes. Most of
these methodS have found only Timited acceptance because:they are not
rapid enough or they need special, expensive equipment.

Perhaps the conventional chemical okygen demand (COD) test pro-
posed by Standard Methods for the Examinafion of Water and Waetewater
(7) and the'rap1d COD test developed by Jeris (8) are the two most
pkactica] methods for measuring total organie matter, .Using the COD
test, it may be possib1e’to establish a re]étionship between COD and
. BOD for a speciffc waste. After deferm1ning the relationship, the BOD
of a sample may be estimated by the COD:BOD ratio.

| These two methods are based upon the fact that all organic com-
pounds, withgfewfexceptiohs, can be oxidized by the action of strong
oxidiiing agehts under‘acid conditfoneo Some chemical compounds which
are oxidized in the COD test are not oxidized in the BOD test, or are

oxidized to only a small degree. Also, some inorganic compounds are



oxidized by COD, so there are decided limitations to use of the COD test
in predicting the BOD value.

In 1960, Symons, McKinney and Hassis suggested an improved method
to determine the biological treatability of wastewater (9). They stated
that

...the change in soluble COD through an activated sludge

pilot plant tells exactly what portion of organic matter. in

the industrial waste is being removed and discounting

special cases, this removal is due to biological action only

(page 849).

Hiser and Busch (10) have proposed a total biological oxygen demand
(TbOD) test. The TbOD test clarifieS-the relationship of the‘COD and
the BOD by showing that the net reduction in soluble COD of a biological
mass cu1turewsubstr§te system is the total biological oxygen demand
(TbOD) of the system. They concluded for the T,0D test that

...1t provides a rapid determination of -the total biological

oxygen demand of soluble organics with a precision of £ 5 to

10 percent. This test also contains an inherent safety fac-.

tor for the oxygen requirements of a waste (page 515).

Gaudy and Gaudy (11) have also recommended this biological treat-
ability analysis. They noted the amount of -organic matter removed in

the reactor is,;he difference between initial (influent) and terminal

(effluent) COD value:

CPD; - CODe5= coD- (1)

They also defined the term “ACODtﬂ as the amount of COD removed at any
time. When the amount of organic matter cannot be further reduced bio-
logically, then ACOD indicates the amoﬁnt ofVOrganic matter in the
wastewater which can.be removed by microorganisms. Actually, ACOD is

always greater than ultimate BOD in a waste sample unless "total



oxidation" occurs. The difference is due to the subsequent fate of the
microorganisms Which,were produced from the organic substrate.

In 1963, Van Hall and Stenger (12) introduced a method for measur=-
ing the organic carbon present in water, the total organic carbon (TOC)
test. This method is especially app]icab1e to small concentrations of
100 mg/1 or less of orgénic~mattef. The test is performed by injecting
a‘known quantity of .sample 1h a stream of okygeh on a contact catalyst
bed. The organic carbon 1s oxidized to.COZVand.is swept by oxygen
through a nondispersive infrared analyzer (sensitized to CO,) which, in
turn, relays a.signal to a recorder. This feét can be performed: very
rapidly add is very accurate. It is free of many of the variables
inherent in the COD and BOD tests. The correlation between TOC and COD
is ver& good for a'specifiq waste or .one for}which the chemical com--
ponents are known. The correlation between TOC and BOD is not so good
as TOC and COD, especfally when the wastewater contains some complex
ofganic materials (13)(14). For using tota1 carbon as a test parameter,
Busch - (15) suggested total b101ogiba11y available carbon (TbAC) as a
term to indiéate{the bioiogica] treatabi]ify, which is the net reduction
in total carbon of a mass culture system,

In 1966, Busch (15) stated that the biodegradable content of
organics in aqueous solutions can be assessed in two ways, by measuring
the change in organic content effected by bacterial metabolism, or by
measuring the bonsumption of oxygen‘by Bacteria in affecting the removal
of organics. He presented a balance equation for measuring the oxygen
requirement, that is, the difference in‘mixed 1iquor COD (ACODML) from
the zero time to the point of maximum solids, multiplied by‘a dilution

factor:



0, uptake = DF x CODML (2)

DF - volume of mixed 1liquor
volume of substrate-

Gaudy and Gaudy (11) present a readily facilitated energy balance,
in which all componets of the balance are expressed in terms of oxygen,

i.e., as oxygen uptake and COD: .

ACODfﬂtrate = 02 uptake + ACwb"io‘]o_gica] solids (3)

or

0, uptake = AC0D¢31tpate ACODb'io]ogical solids (4)

This balance represents the partitioning of the substrate between res-
piration and synthesis. The COD of biological soTidS can be determined
either by a calculation or by direct méasurement. The "theoretical COD"
of the cells based on the emp1}1ca1 formula for sludge, CgH,0,N, is

1.42 mg COD/mg cells (11), so the above equation can be written as .

0, uptake = ACODf11trate - 1.42 aAbiological solids (5)

In another paper, Gaudy, et al. (16) presented four ways of
approaching the calculation of the energy balance. They also found that
the cell composition is greatly affected by operational conditions.,
Also, with cells of different cé]]lage, the COD of biological so]ids is
different. So, one COD value for é]] samples of cells may lead to a
considerable error in calculation; thus, determination.of cell COD by

actual measurement is recommended.



In the bioenvironmental laboratories of Oklahoma State University,
a series ofvinvéstigations has been undertaken on determination of the
Oé uptake by monitoring the dissolved oxygen.(DO) sag and integrating
these data with reaeration rate of the system.

Jenné]]e and Gaudy (17) compared oxygen uptake in four systems--
an open channe1,'an_05en stirred reactor, closed bottles, and stirred
BOD bottles. Iﬁ théir studies, they fohnd no increase in the rate of
oxygen uptake in the stirred.closed bottles over the quiescently inocu-
Tated BOD bottles. They were not particularly. interested in.agitation
effects, but they did note and study in some detail the effect sub-
strate‘concentration had in increasing the ]dgarithmic rate of 02
‘uptake.

Peil and Gaudy (18) investigated the use of open-stirred reactors
for the prediction’of oxygen utilization in a receiving stream. They
also investigated the effects of reaeration rate (i.e., agitation or
mixing) on oxygen uptake,‘and found that the increases in reaeration
rate caused higher oxygen uptake values. The present studieé offered
an opportunity to asseSs bxygen'uti1ization,in a high energy mass cul-
ture system. The 0, uptake was measured using DO sag and vessel
reaeration data, and these results wére compared with the oxygen uptake
values which were calculated from balance equations of both Gaudy and

Busch.



CHAPTER III
MATERIALS AND METHODS
Laboratory Apparatus

The aeration vessel used in these studies consisted of a 20-inch
high, 5-inch diameter test tube with rounded bottom. The aeration vol-
ume was 3000 m1. A constant compressed air flow of 3000 cc/min was
supplied. A Fisher and Porter Model 53 RB 2110 air flow meter was
employed to control air flow rate. A plastic tube "tee" with a 3/16-
inch diameter was used as a diffuser. This Srrahgement eliminated
clogging by microorganisms, and negated concern over éhange in head
loss during the experiments. In these‘experiments,‘it was desired to
maintain the reaeration characteristics of the water as constant as
possible during any given run. When carborundum diffusers were employ-
ed in preliminary experiments, some clogging problems were encountered.
A botton filter was placed in the air 1ine to clean the compressed air.

The experimental apparatus is shown in Figure 1.
Composition of Synthetic Waste

Glucose was selected as carbon and energy source in these studies.
The daily synthetic wastewater fed to the batch unit was designed to
have a chemical oxygen demand (COD) of 1000 milligrams per liter
(mg/1). Other required nutrients contained in the wastewater are shown

in Table I.



Figure 1. Batch Treatability Study Apparatus
(1) cotton filter
(2) air flow regulator
(3) batch aeration tube

(4) dissolved oxygen probe
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TABLE I
COMPOSITION OF THE WASTE

Constituents : Concentration
Glucose 1000 mg/]
(NH4)2504 500 mg/1
MgSO4-7H20 100 mg/1
FeC13°6H20 0.5 mg/1
MnSO4°H20 10.0 mg/1
CaCl,°2H,0 7.5 mg/1

1.0 M phosphate buffer 100 m1/1
(KH2P04 - 52.7 g/1 K2HP04 - 107 g/1)
Tap water 100 m1/1

Distilled water to volume

Source of Microbial Populations

The first microbial population employed was that taken over from
Mr. Harry Little. This batch activated sludge system was started on
January 12, 1974, and terminated on July 9, 1974.

The second population was developed in a batch tube with daily
feeding of glucose and necessary nutrients (see Table I). The seeding
material was supernatant from an extended aeration pilot plant being
operated by Mr. Larry Roach. This population was started on June 10,

and terminated on August 23, 1974.
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The third batch activated sludge employed was started July 25,
and operated through September 27, 1974. The seed was obtained from

the primary clarifier of the Stillwater municipal waste treatment plant.

Experimental Prbcedures

Daily feeding was performed-at-fhe same time each day. One-third
of the mixed 1liquor was wasted through a siphoning tube, then aeration
was stopped. The cells were allowed to settle for 30 minutes; then
another one-third was'femoved as supernatant. After synthetic waste
feed was added, distilled water was added to volume, three 1iters, and
the unit was again aerated.

The pH value of the mixedl]iquor was maintained at 7.0; pH was
checked every .day by use of a Beckman Expandomatic SS-2 pH meter. Alka-
Tine solution (sodium hydroxide) was added to the reactor as needed to
maintain pH at 7.0 I .2, Every two days, samples were taken before and
after feedingp The chemical oxygen demand}(COD) and mixed 1iguor sus-
pended solids (MLSS) were detefmined to assess the performance of the
system. When terminal, ioeo,.24—hour, COD value (CODe) and biological
solids concentration were shown to be approximately constant for several
days, the system was adjudged to be in "solids balance," and batch )
studies to measure the rate of COD removal and solids growth were made.

Ten such runs were made during these studies. The food-to-micro-
organism ratio (F/M) of the experiments ranged from 0.5 to 29. Prior to
each run, the MLSS concentration was diluted to yield the desired con-
centration. The experiment was. started ihmediate1y after adding the
feed. COD and MLSS samples were taken at half-, one-, or two-hour

intervals. Dissolved oxygen (DO) readings were taken every one minute
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to every 15 minutes, depending upon the rapidity of change of DO. Sam-

pling was continued until the substrate was removed. .
Analytical Procedures

Chemical Oxygen Demand

The COD procedure employed was. that given in Standard Methods for
the Examination of Water and Wastewater (7). Sample sizes were 5, 10,

or 20 ml, depending upon estimation of the COD value.

Mixed Liquor Suspended Solids

The biological solids concentrations were determined by the mem-
brane fi]tek technique. A membrane filter (0.45 p pore size, Millipore
Filter Corp;, Bedford, Mass.) was dried at ]O3°C for two hours, cooled
to room temperature in a desiccator, and weiéhéd on a Fisher Scientific
Company Gram-Atic scale. After vacuum-assessed filtration of a known
volume of sample, the filter papers were put back in the oven at 103°C
for two hours, cooled to room témperature in a desiccator, and weighed.
From the difference of weight before and after filtration, the biologi-

cal solids concentration could be found.

Dissolved Oxygen

A Weston & Stack dissolved oxygen meter was employed for dissolved
oxygen measurements. Thé meter was calibrated once every two days:
against the Winkler dissolved oxygen analysis. When taking a DO read-
ing, slight agitation is necessary. When not agitated, the water sample

forms a stagnant film of deoxygenated water and acts as an added
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diffusion barrier for the dissolved oxygen. Proper agitation reduces
this film to a constant minimum thickness (19). The DO was monitored
throughout the deoxygenation and récovery'periods., The accumulated
oxygen uptake was calculated using the reaeration rate (K2) of this
system and the DO profi]é. The procedufe for calculating oxygen uptake

is described in the Appendix.

Total Organic Carbon

In the first three experiments, samples were taken for analysis of
total organic carbon (TOC). After the COD sample was. taken from the
filtrate, the remgining filtrate was placed in a small sampling bottle,
capped, and kept in a freezer for later TOC analysis. Dilution of the
TOC samples was made according to Beckman Company Instructions 1706
(20). Distilled water was used for dilution; it had been stripped of
C02 by passing Lamp Grade nitrogen thrbughvit for 50 minutes. It was
then stored in a bottle with an ascarite-filled vent tube.

The TOC sample bottles were covered with parafilm and sent to the
Oklahoma State Univers1ty‘Zoo1ogy Department. Analysis was performed
by Ms. Mary Ann Nichol. Her analysis procedure and accuracy in using
the Zoology Department's Model 915 Beckman total organic carbon analyzer
had been previous]y checked by the U..S.~Environmenté] Protection Agency

personnel at the Robert S. Kerr Laboratory at Ada, Oklahoma.

Mixed Liquor COD

In experiments. 6 through 10, mixed 1iquor COD (CODML) samples were
taken. At various time intervals, known volumes of mixed 1iquor were

placed directly 1hto the COD flasks. The reagents in the flasks were
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the same as in the standard COD test; procedures of refluxing and
titration were also the same. The sample sizes were 5-, 10-, or 20-ml,

depending on the estimated CODML value.

COD of Biological Solids

The COD of the biological solids was determined in experiments 6
through 10 as the difference in COD of thé mixed liquor and of the fil-
trate. In two experiments the cell COD was also detérmined by another
method. In experiments 9 and 10, instead of taking duplicate MLSS
samples each time, one was taken for determining MLSS and the other was
used for determining COD of the bioiogica] solids. After filtration,
the solids on the filter paper was scraped off, put into a sample bot-
tle, and frozen for later processing. After the experiment was finished,
the bottle of frozen samples was removed from the freezer, thawed,
diluted to 25 ml; five or ten ml of diluted sample were put into COD
flasks. The reagents in the COD flasks were the sahe as in the stand-
ard COD test; pfocedures of refluxing and titration were also the same.

It was desirable to gain some data regarding the efficiency of the
scraping procedure. This data was obtained in the following way: after
scraping off the solids, the filters were put back in the oven and
dried. The differences of weights before and after filtration and
scrabing were the weights of solids remaining on the filters. The net
weight of solids used for measuring COD was the difference of the
weight of -the MLSS sample and the so]ids,remaining'on the filter paper;

i.e., the difference of two filters. -
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Determination of'Reaeration_Constant

Various investigations (e.g., Eckenfelder, et al. [2]], and Poon
and Campbell [22]) have found that soluble chemicals and suspended
solids in the water could affect the oxygen absorption rate constant.
The wasté components in the present studies were the same in all exper=- .
iments, although the waste cbncentration changed during thé course of
every experiment. As the waste concentration decreased, the biological
solids were utilizing the substrate and increasing in concentration.
The 1ncrease of solids concentratfon was considerable during each
experiment, and this change could affebtrthe‘reaeration rate. ‘Since
the 02 uptake~va1ue$ were computed from the DO profile and the reaera-
tion rate data fromzthe-reactor (K2 and CS), the éa]cu]ation of 0,
‘uptake might be improved by adjustihg K2 during each exherim&ﬁt as
‘necéssary, . After every ACOD test, Vakious reaeration tests were run.
Some‘weﬁe run on varidus~concentrations.of mixed liquor (these were run
after experiments 6 through 10), and some were run using distilled
water. In addition, special reaeration.tésts»were run-at different
solids COncentrationsiand different concentrations of inorganic salts
in order to obtain enough data to cover a wide va}iety of conditions of
biological so]ids‘cbncentrations-and inorganic salts. Sincé the air
flow rate (except for one instance) was.always 3000 cc/min, any change
in K2 could be attributed to suSpgndedwor disssolved solids added, and
to changes in barométric;pressure‘and temperature. The K2 value from

each reaeration test was corrected to 25° by Streeter's equation (23)

Ky(T°C) = K,(20°C) [1.0156t-20)] (6)
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After this correction, these data were plotted as K2 versus sus-
pended solids concentration ahd K, versus mineral salts concentration,
and curves were developed on the plots. When 02 uptake was calculated,
the K, values at different suspended solids concentrations were then
determined from the K2 versus SS curve. The procedures for running the
reaeration tests are given below.

For reaeration experiments using distilled water, or distilled
water plus varying concentrations of inorganic salts, for the synthetic
medium, the reactor was cleansed with dichromatic cleaning solution and
rinsed with distilled water prior to each test. The DO meter was
standardized and calibrated against the Winkler dissolved oxygen analy-
sis. Then three liters of distilled water were put into the reactor.
Sufficient sodium sulfite (2.94 mg/1 per mg/1 DO) a16ng with 0.5 mg/1
cobalt chloride catalyst was added to remove the dissolved oxygen.

When dissolved oxygen was totally removed, desired salts, buffer, and
nitrogen were added in amounts proportional to those indicated in Table
I. In these experiments, glucose was not added. After aeration was
started, the DO readings were recorded at 15 seconds to one minute
intervals until a constant value was attained. Temperature and air
flow rate were monitored during the test. By using the Table of Solu-
bility of Oxygen in Nater‘given in Standard Methods (7), the saturation
dissolved oxygen (CS) was estimated and adjusted for the temperature and
atmospheric pressure during the reaeration run. The dissolved oxygen
deficit was found by subtracting dissolved oxygen levels from saturation
DO. These values were plotted versus time on semilogarithmic graph
paper. Data on the graph paper were adjusted using the o Method (24)

until correct saturation DO was found. A straight 1ine through all the



18

points was plotted; .the slope of this line was K2, the reaeration rate
constant.

Reaeration studies in the presence of biological solids were run
in essentially the same wayaasnfhose with distilled water and salts.
However, these studies were run using spent synthetic medium, i.e.,
medium after the substrate had been removed by .the microorganisms.
Thus, inorganiC;sélts (Table I) were not present. The concentration of
b1o1ogiéa1 so11ds was adjusted in each experiment so as to give a range
of -solids concentratiohs° Also, C]orowaas addéd to the reactor to
ki11 the microorganisms. Preliminary festsvon the Warburg respirometer
(by P. Reddy) indicated that a concentration of 2.4 mg/1 of Clorox was-
ample for killing 100 mg/1 of microorganisms. After adding Clorox, the
unit was mixed well for 4-6 hours using a magnetic stirrer. Sufficient
sodium sulfite (2.94 mg/1 ber one mg/1 DO) along with 0.5 mg/1 cobalt
chloride catalyst was added to remove the dissolved oxygen, and the

reaeration test was conducted as previously described.



CHAPTER IV
RESULTS

Daily values of COD and MLSS before and after feeding were measured
to ascertain that the terminal COD (CODe) had been nearly constant and
an acclimated microbial population had been developed before a kinetic
test of substrate remové] and growth was begun. -Data for several days
before each experiment are shown in Figures 2 and 3. Vajuesvof CODé
ranged from 20-40 mg/ln The efficiency of COD removal based on filtrate
COD varied from 96 to 98.2 percent. During‘operation,of-the batch pilot
‘plant in preparation for‘éxperiments 1 through 5, a record of daily sol-
ids wasting was kept. WaStage was measyred as the.difference in sus-
pended solids.concéntfation befofe and after fhe‘daily feeding protocol.
So]ids wastage was 28 to 35 perceht; daily solids production was 550 to
620 mg/1. The data shown‘inithe figures indicaté that a fairly constant
CODe and biological solids production}was attained, i.e., the system had
reached a balanced condition prior to using the cells in a ACOD test.

During thé first three ACOD experiments, an attempt was made to
find a correlation between COD and TOC, using glucose as the organic
carbon source. The COD and TOC data were plotted versus aeration time.
The theoretical COb, which was computed by multiplying the measured TOC
value by 2.67 (calculated ratio of COD and TOC for glucose), was plotted
on .the graphs.

The results of experiment .1 are shown in Figure 4. The initial COD
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Figure 2. Performance of the Batch Activated Sludge Unit From
5-11-74 to 7-22-74
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Figure 3. Performance of the Batch Activated Sludge Unit From
7-23-74 to 9-25-74
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Figure 4. Dissolved Oxygen Profile, 02 Uptake, COD, MLSS,
and TOC vs Time for Experiment 1

Initial Conditions:

F/M = 0.6

COD = 980 mg/1
TOC = 377 mg/1
MLSS = 1564 mg/1

Reaeration Constants:

0.1320 min=! from 0 hr 0 min to O hr 9 min
0.1680 min=1 from 0 hr 9 min to 0 hr 30 min
0.1654 min=! from 0 hr 30 min to 7 hr 0 min
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(CODi) was 980 mg/1; the correﬁponding TOCi was 377 mg/1. Thus, the
COD/TOC ratio was 2.6 at the start. At the first hour, the average
ratio was 2.68. By the second hour, the organic matter was essentially
removed; the COD/TOC ratio was decreased to 2.22. After three hours,
the ratio was 1.76 on average. The lower portion of the figure showing
the DO profile and the calculated 02 uptake will be commented upon
later.

The results of experiment 2 are shown in Figure 5. The C0D1 was
1023 mg/1; the TOCi was 411 mg/1. The COD/TOC ratios were lower in
this experiment than in the previous one; the average ratio in the first
two hours was 2.44. After substrate removal, the averagevratio de-
creased to 2.17. Theoretical (calculated) COD values were compiled by
multiplying results of the TOC analyses by the theoretical COD/TOC
ratio for glucose, 2.67. In general, the calculated COD was slightly
higher than the measured COD.

The results of experiment 3 are shown in Figure 6. Although the
TOCi was the same as in experiment 2, the initial COD was higher (CODi
= 1077 mg/1). The average COD/TOC ratio during the first two hours was
2.61, i.e., these compared well with experiment 1, and these values are
close to the theoretical values. As in the previous experiments, after
the organic matter had been utilized, the ratio decreased (average =
1.22).

In addition to TOC analysis, COD and MLSS data were also taken on
dissolved oxygen, from which the BOD curve was computed. 02 uptake was
also computed from the COD and MLSS data.

In experiments 1 through 5 (Figures 4 through 8), 0, uptake was

also computed, using the energy balance concept of Gaudy, et al. (11)



Figure 5. Dissolved Oxygen Profile, Op Uptake, COD, MLSS,
and TOC vs Time for Experiment 2

Initial Conditions:

F/IM =.1.,0

COD = 1023 mg/1
ToOC = 411 mg/1
MLSS = 986 mg/1

Reaeration Constants:

0.1325 min=1 from 0 hr 0 min

K
2 0.1304 min=1 from 0 hr 10 min to 7 hr 0 min
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Figure 6. Dissolved Oxygen Profile, 02 Uptake, COD, and MLSS
vs Time for Experiment 3

Initial Conditions:

F/M =1.8

COD = 1077 mg/1
TOC = 411 mg/1
MLSS = 592 mg/1

Reaeration Constant: -

K, = 0.1298 min~]
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(see equation 3), but with a cell COD factor of 1.42 mg COD/mg cells.
In the remaining experiments, the actual COD of the cé]]s was measured,
thus the 02 uptake could also be assessed by this means.

In experiment 1 (Figure 4), the initial soluble organic substrate
concentration waS 980 mg/1 COD. After a 2=hour period for substrate
removal, 960 mg/1 of COD had been utilized. Initial biological solids
concentration was 1564 mg/1. The solids concentration reached a méxi-
mum after three hours; the net microbial growth (AX or AMLSS) was 661
mg/1. Oxygen uptake computed using equation 3 was equal to 114 mg/1
at the end of the substrate removal period.

In Figure 4 it can be seen that the DO profile exhibited a very
sharp deoxygenation phase.  Thus; at the ninth minute, the air flow
rate was increased from 3000 cc/min to 4000 cc/min to stop the rapid
decrease in dissolved oxygen. Between the 65th minute and the 85th
minute, the dissolved oxygen recovered rapidly and then it came to a
constant value. It is seen that the resulting 02 uptake curve did not
follow a first order increasing rate during the substrate removal
phase. The 0, uptake curve followed first order-1ike kinetics with a
slowly decreasing rate until the 65th minute; following this, the rate
was of zero order. The 02 uptake value shown on the curve is 87 mg/1
at the second hour, i.e., at the time of substrate removal.

In experiment 2, Figure 5, the CODi was 1023 mg/1, and the initial
MLSS (Xi) was 986 mg/1. After 4.5 hours, 975 mg/1 of COD was utilized
by the microbial population, and 632 mg/1 of microorganisms had grown.
The dissolved oxygen decreased rapidly at the start. The maximum sag
occurred from the 11th minute through the 15th minute at a deficit of
4,32 mg/1 (DO = 4.3 mg/1). - The DO recovered slowly until the 100th
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minute, and then remained at 5.2 mg/1. After the substrate was removed,
the DO increased sharply within 26 minutes, and remained constant there-
after. At the end of the substrate removal period, the 02 uptake was.
121 mg/1, and the 02 uptake measured using the materials balance prin-
ciple was 124 mg/1. For.the experimental results shown in Figure 6
(experiment 3), the COD; was 1077 mg/1 after the 5-hour substrate utili-
zation period; 1065 mg/]lof COD had been removed. Initial MLSS was 592
mg/1, the biological solids increased during the substrate removal
phase, and at the time of substrate removal, a level of 1212 mg/1 was
attained (aX = 650 mg/1). Computed 02 uptake (mass balance) was 142
mg/1 at the fifth hour.

After starting the experiment, the DO dropped to the minimum value
(DO = 3.45 mg/1) in 30 minutes, and then began a long sag, lasting
almost five hours. The 02 uptake curve is similar to that shown in
Figure 5. The O2 uptake at five hours was 166 mg/1.

Experiment 4 (shown in Figure 7) was conducted at a higher F/M
ratio (10) than the previous experiments. Initial COD was 1038 mg/1
and initial MLSS was only 108 mg/1. The rates of microbial growth and
substrate utilization were rather slow. It took 17 hours to attain
substrate removal, and a biomass yield (0.41) was -computed. A small DO
sag is shown on the DO profile. The maximum deficit was only 2.8 mg/1
(DO = 5.4 mg/]). TheO2 utilization increased at a slow rate commen-
surate with slowness of the increase in bijomass and decrease of COD.
Between the 14th and 16th hours, there was a short-lived, relatively
rapid increase in biomass concentration, which was reflected in the DO
profile and thus in the 02 uptake curve. The 02 uptake was 238 mg/1 at

the end of the substrate removal period. Computed by equation 3, the



Figure 7. Dissolved Oxygen Profile, 02 Uptake, COD, and MLSS
vs Time for Experiment 4

Initfal Conditions:

F/M = 9,6
COD =-1038 mg/1
MLSS = 108 mg/1

Reaeration Constants: -

0.1468 min~! from 0 hr 0 min to 2 hr 0 min
0.1424 min=1 from 2 hr 0 min to 4 hr 0 min
0.1382 min-1 from 4 hr 0 min to 18 hr 0 min
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02 uptake was 429 mg/1.

The results of experiment 5 are shown in Figure 8; the F/M ratio,
10.9, was slightly higher than in the preceding experiment. Initial
COD was 1116 mg/1, and initial MLSS was 102 mg/1. Time for substrate
removal was four hours less than in the previous experiment. The value
of ACOD was 1089 mg/1, and that for aAMLSS was 591 mg/1. Dissolved oxy-
gen in the system increased s1ightly during the first two hours; later,
there was a long deoxygenation phase lasting slightly longer than eight
hours. As soon as the DO reached its minimum (DO = 4.35 mg/1) at the
eleventh hour, it recovered rapidly to 5.5 mg/1. The_O2 uptake formed
a concave upward curve, suggestive of first order.ihcreasing rate kin-
etics during the 02 deoxygehatfon portion of -the DO profile. After the
13 hours of substrate remové] period, the biomass had utilized 255 mg/1
of oxygen. By way of comparisdn, the values computed from mean balance
technique using the calculable COD of the biomass, was 250 mg/1.

In expériments 6 through 10, the COD of the biological solids was .
determined experimenta]Ty, as recommended by Gaudy, et al. (16). The
COD of the biomass‘(CODbiomass) is easily obtained as the difference
between the mixed 1iquor COD (CODML) and the filtrate COD (CODf)o, The

oxygen or energy equivalent of the biomass is

(COD, - COD) # MLSS

The 0, uptake may also be obtained as ACODy, » as suggested by Busch (10).

In experiments 9 and 10, the mémbrane~fi]ter.scrap1ng technique was
also performed for the determination of biomass COD. Thus, 0, uptake
was obtained by various means. |

The results of experiment 6 are shown .in Figure 9. The reactor



Figure 8. Dissolved Oxygen Profile, 02 Uptake, COD, and MLSS
vs Time for Experiment 5

Initial Conditions:

F/M = 109
COD = 1116 mg/1
MLSS = 102 mg/1

Reaeration Constants:

0.1491 min™) from O hr 0 min to 6 hr 0 min

K
2 0.1449 min=1 from 6 hr Olmin to 25 hr 0 min

Ko
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Figure 9. Dissolved Oxygen Profile, 02 Uptake, COD, MLSS,
and CODML vs Time for Experiment 6

Initial Conditions: .

F/M = 13.4
COD = 2116 mg/1
MLSS = 158 mg/1

CODML 2243 ‘mg/1
Reaeration Constants:

0.1358 min=1 from O hr O min to 5 hr 0 min

Ko =
K% = 0,1329 min-1 from 5 hr 0 min to 10 hr 0 min
Ko = 0.1319 minz1 from 10 hr 0 min to 15 hr 0 min

0.134 min=1 from 15 hr 0 min to 25 hr 0 min
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initially contained 2116 mg/1 of soluble organic material (CODi) and
158 mg/1 of biological solids. After 22.5 hours of aeration, 1975 mg/1.
of COD were utilized and 1100 mg/1 of microbial mass were produced.

The initial CODML was 2243 mg/1; in 22.5 hours, 753 mg/1 were converted
to COZ‘ Tﬁere are several small sags during the deoxygenation phase of
the DO profile, yielding a slightly increasing rate of oxygen utiliza-
tion during the deoxygenation portion of the sag curve. There are also
several stages of-Oé recovery, yielding the decreasing rate of 02 utili-
zation in the recovery portion of the DO profile. The-O2 uptake curve
showed an 02 utilization of 525 MQ/1 during the substrate removal rate
phase. The 02 uptake computed by Gaudy's mass balance equation with
actual measurement of cell COD was 743 mg/1. Using Busch's equation
(ACODML), 753 mg/1 was obtaiﬁedo‘

A very high F/M ratio (F/M = 29) was employed for experiment 7.
Initia1 COD was 3178'mg/1, and initial MLSS was 108 mg/1. Results are
shown in Figure 10. - An autocata]ytic curve was obtained for both COD
and MLSS. Like most of the experiments, the end of substrate removal
coincided with the maximum point of MLSS. The ACOD was . 3020 mg/1, and
net microbial growth was 1664 mg/1.. Durihg,the 20~hoﬁr substrate
removal period, mixed 1iquor COD decreased from 3333 mg/1 to 2252 mg/1.
The DO decreased with}a first‘ordér~1ike increasing rate until shortly
before the 14th hour, when the disso]véd oxygen approached zero. It
remained Tow unti] the organic matter was.gone. The corresponding_o2
uptake curve indicated 755 mg/1 had been used by the time of substrate
removal. By use of Gaudy's equation 3, 02 uptéke was computed to be
1118 mg/1. The'ﬁixed Tiquor COD curve shows a ACODML of 1081 mg/1 after

20 hours.



Figure 10. Dissolved Oxygen Profile, 02 Uptake, COD, MLSS,
and CODML vs Time for Experiment 7

Initial Conditions: -

F/M = 29.4

COD = 3178 mg/1
~MLSS = 108 mg/1

CODML = 3333 mg/1.

Reaeration Constants:.

0.1412 min=! from 0 hr O min to 5 hr 0 min
0.1382 min=1 from-5 hr 0 min to 10 hr 0 min
0.1351 m1'nj‘1 from 10 hr 0 min to 25 hr 0 min
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Experiment 8 was conducted at a very low F/M ratio. The system
initially contained 2212 mg/1 of MLSS and 993 mg/1 of COD; the results
are shown in Figure 11. The organic carbon was utilized rapidly--
within two hours. The AMLSS was 728 mg/1, and ACOD was 954 mg/1. There
was very 1little reduction in mixed liquor COD within the 2-hour sub-
strate removal period; . the ACODML was only 37 mg/1.. The DO dropped to
zero within four minutes after starting the experiment, and remained
low for two hours. Because of the essentially zero DO, the 02 uptake
curve was a straight line during this portion of the DO profile. Later,.
it followed a slightly increasing rate curve. The.O2 utilization was
132 mg/1 during the 2-hour substrate removal period. Computed by the
mass balance equation, the O2 uptake was 102 mg/1.

The results of experiment 9 are shown in Figure 12. Initial COD
was 1049 mg/1. Initial biological solids concentration was 1200 mg/1.
During the two hours required for substrate removal, 1029.mg/1 of COD
was utilized. Solids production was estimated at 648 mg/1 (see biolog-
ical solids curve). »02 uptake assessed as the difference between ini-
tial mixed‘11quor COD and mixed 1iquor COD at the end of the substrate
removal period was 213 mg/1. The DO remained at zero for 1.7 hours
before recoVering;{ The O2 uptake curve had a shape similar,to those
shown in Figure 11. At the time of substrate rembva], 127 mg/1 of 0,
were utilized by calculation of 02 uptake using the sag curve data.

The COD/biomass calculated as:

(CODy - COD;) # MLSS

Using the mass balance equation, O2 uptake was 259 mg/1. Using mem-

brane filter scraping technique, a lower COD/biomass ratio was computed.



Figure 11. Dissolved Oxygen Profile, 0, Uptake. COD, MLSS,
and CODy, vs Time for Experiment 8

Initial Conditions:

F/M =.0.5

COD = 993 mg/1
MLSS = 2212 mg/1
CODMLI=u35]2 mg/1

Reaeration Constant:

K, = 0.1270 minT]
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FigureQ]ZD Dissolved Oxygen Profile, O Uptake. COD, MLSS,
and CODMLjv5~T1me for Experiment 9

Initial Conditions:
F/M

= 0.9
COD =.1049 mg/1
MLSS = 1200 mg/1
CODyy,_ -=-2355 mg/1.

Reaeration Constant: .

K, = 0.1289 i)
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This caused a higher calculated 0, uptake value (312 mg/1).

In Experiment 10, the reactor contained a very low initial MLSS--
46 mg/1; the COD1 was 1044 mg/l. Results are shown in Figure 13. The
substrate was removed within 17 hours. ACOD was 1013; AMLSS was 594
mg/1. Mixed Tiquor COD decreased by 328 mg/1. The DO profile shows a
long and slow deoxygenation phase. It recovered rapidly after the sub-
strate had been removed. An S-shaped 02 uptake curve typical of a
growth system was obtained. The 02 uptake at the 17th hour was 313
mg/1.. By subtracting CODf from CODML, the COD/biomass ratio was com-
puted to be 1.18. Calculated O2 uptake was then equal to 312 mg/1.
Using the COD/biomass ratio measured by membrane filter scraping tech- -
nique, the calculated 02 uptake was. 365 mg/1. |

-Pertinent data from the ten experiments are summarized in Table II.
The values -given in column 18_for»02.uptake are the vaiuesiof accumu-
lated 0, uptake at the time of substrate removal calculated from the DO
sag aeration data. The percent recovery‘showh in column 18 represents
the sum of the 02 uptake shown in column 19, and the AX of column 16
multiplied by 1.15 & the ACOD value shown in column 14. The factor 1.15
represents the average experimental values for COD of the biomass (mg
COD/mg cells) calculated from the measurements made in experiments 6
through 10.

Determining the correct value for reaeration rate, Ky, is impor-
tant in computing 02 uptake using the onyen sag reaeration method. 1In
these studies, the K2 values emp]oyed for calculation were corrected
(or adjusted) to account for the effect of the biological solids concen-
tration, water, and temperature. Consideration of other correction

factors such as inorganic salts concentration was also made. A1l data



Figure 13, Dissolved Oxygen Profijle, 02 Uptake, COD, MLSS,
and CODML vs Time for Experiment 10

Initial Conditions::

F/M = 22.7
COD =-1044 mg/1
MLSS = 46 mg/1

CODML 1080 mg/1
Reaeration Constants:

0.1430 min-1 from 0 hr=C min to 10 hr=C min

K-
2 0.1320 min~1 from 10 hr=9 min to 25 hr-0 min

Ko
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TABLE II

SUMMARY OF EXPERIMENTAL DATA

1 2 3 4 5 6 7 8 9 10 M 12 13 " 15 16 ” 18 19
. . Time for 0
Date  Tegp. B@:ﬁ??ﬁlﬁ A\;::gw Kz_] € €Dy Xy C00e  X¢ S::;;C:%e aCcoD copscon, , % Uptike Recovery

Exp. (1974) (°C) (in. Hg.) (cc/min) (min™") (mg/1) (mg/1) (mg/1) (F/M) (mg/1) (mg/1)  (hr) (mg/1) & 1 (mg/1) Yield (mg/1) (%) Remarks

l. 5-15 25 29.7 3000 0.1320 8.34 980 1564 0.6 15 2154 2 965 0.985 656 0.68 87 0.87 T0C = 377 mg/1

2 5-29 25 29.7 333300 0.1326 8.34 1023 986 1.0 20 1596 4.5 1003 0.981 632 0.63 121 0.85 TOC = 411 mg/1

3 6-12 23 30.1 3000 0.1298 8.73 1077 592 1.8 12 1224 5 1065 0.989 620 0.58 166 0.83 T0C = 411 mg/1

4 7-9 27.5 29.95 3000 0.1468 8,00 1038 108 9.6 20 510 17 1018 0.981 412 0.9 237 0.70

5 7-22 29 30.0 3000 0.1491 7.80 1116 102 10,9 23 570 13 1093 0.979 613 0.56 255 0.88

6 7-30 26 30.05 3000 0.1358‘ 8.26 2116 158 13.4° 47 1200 22,5 2030 0.969 1100 0.54 525 0.88 CODML = 2243 mg/1
7 8-21 26 30.0 3000 0.1412 8,24 3178 108  29.4 106 1668 20 3012 0.948 1664 0.55 755 0.89 CODMl = 3333 mg/1
8 8-27 24 29.9 3000 0.1270 8.52 993 2212 0.5 20 2720 2 793 0.980 728 0.75 132 1.00 CODML = 3512 mg/1
9 9-12 23.5 30.0 3000 0.1289 8.6 1049 1200 0.9 24 1440 2 1025 0.977 670 0.65 127 0.88 CODML = 2355 mg/1
10 9-25 21 30.0 3000 0.1430 9.01 1044 46 22.7 20 §60 17 1020 0.977 594 0.58 313 0.98 =

€oD,, = 1080 mg/1

'The T0C and CODML values shown are initial TOC and initial COD"L

LS
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obtained from reaeration tests converted to Kz'svat-25° are shown in
Figures 14 and 15.
In Figure 14, it is seen that theVK2 of pure water at 25°C varied

1 t6 0.210 min~]

from 0.198 min~ at the 3000 cc/min air flow rate. How-
ever, in the presence of a solids content at 100 mg/1, the K2 value
decreased to 70 percent of the value for pure water. When the solids
content was inckeased to 500 mg/1,.thelK2 was -decreased to 65 percent
of the pure water value. However, further increase in suspended solids
concentration did not change the K2,significant]y.

The inorganic nutrients (nitrogen, salts, and buffer) needed for
microbial growth were also found to exert sohe effect on K2. Necessary
nutrients for 1000 mg/1 of glucose (25 m1/1) was found to decrease K,
by five percent; Doubling the strength of hutrients decreased-K2 by
eight percent; so the nutrients in the mass culture are not expected to
exert<much‘effect‘oh K2. The data are plotted in Figure 15, The inor--
ganic salts concentration on the ébscissa are the relative total salts
concentration, in accordance with Table I. The number "1" indicates
inorganic salts concentration equal to that added when Si is equal to

1000 mg/1. The number "2" indicates double strengfh in organic salts;

"3" indicates triple-fold strength, etc.



Figure 14, Effect of Biologic&l Solids Concentration on
Reaeratijon Rate

3000 cc/min

2.4 m1/1 per 100 mg/]

‘biological solids

Cells suspended in distilled water, .i.e., no
mineral salts and glucose in the system

Alr flow rate
Clorox dosage

ATl K2 values were adjusted to 25°C
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Figure 15, Effect of Mineral Sa]ts (Sa1ts, Nitrogen, and
Buffer) on Reaeration Rate

Air flow rate = 3000 cc/min.
No biological Solids in the system
A1]'Ké‘va1ue5;were adjusted to 25°C
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CHAPTER V
DISCUSSION
Studies on the Correlation of COD and TOC

It has been found that the COD/TOC ratio decreases during purifi-
cation, i.e., the COD/TOC ratio for the raw waste is higher than for
the treated effluent. The data shown in Table III follows this general
trend, although in experiment 2 the decreasing trend in COD/TOC ratio
is not really in evidence. Various reasons for such a trend have been .
suggested by Eckenfe]der-(zs). His suggestiohstpertained largely to
situations not really app]icab]é,to the present case wherein all of the
COD was due to a known carbohydrate which is readily metabolized. It
is believed that there is a fundamenté1 reason why the chemical oxygen.
demand should be proportionally lower than the carbon cohtent‘after
treatment in an aerobic system. It is recalled that in the three sys-
temé under study, the residual COD waé very low. Also, it is readily.
appreciated that in the process of aerobié metabo]ism, the overriding
drive or pressure is to oxidize the substrate. Any reduced carbon is
contained within the cells (synthesis). Any carbon in solution after
the exogenous substrate has been removed would be expected to be oxi-
dized products or .carbon leaked from the intact cells. Thus, it is.
believed that the reason for the decreasing trend in COD/TOC ratio in

comparing raw and treated effluents is an expectable one on the basis .
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TABLE III
CORRELATION OF COD AND TOC VALUES

Experiment 1 Experiment 2 Experiment 3
coD ToC cop TocC cop TOC
Time mg/1 mg/1  COD/TOC mg/1, mg/1  COD/TOC mg/1 mg/1  COD/TOC
0 980 377 2.60 1023 an 2.49 1077 an 2.62
0.5 447 161 2.77 894 375 2.38 904 349 2.59
1 187 70 2.66 . 784 332 2.36 786 296 2.65
1.5 4] 17 241 674 2N 2.48 629 241 2.60
2 20 9 2,22 564 227 2.48 508 195 2,61
2.5 24 6 . 447 200 2.24 an 165 2,49
3 8 6 1.33 . 365 162 2.25‘ 3 138 2.25
3.5 49 2 290 m 2.61 241 115 2.10
4 4 6 0.67 129 65 1.99 179 85 2.1
5 8 6 1.33 31 14 2.21 12 10 1.2
6 16 6 2.67 24 14 1.7 14 1 1.27
7 12 71N 24 1 2.8 12 10 1.2
23 24 5 31 13 2,39 12 10 1.2
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of metabolic considerations.

Table IV shows;the treatable fraction of the synthetic waste as
measured by‘COD (see ACOD/CODi),and as measured by TOC (see ATOC/TOCi)._
It can be seen that either thé COD or TOC test could be used with equal
facility to gain»iﬁsight into wastewater treatability.

TABLE IV
SUMMARY OF THE EFFICIENCY OF COD AND TOC REMOVAL

Experiment 1 Experiment 2 Experiment 3

COD;, mg/1 980 1023 1077
ACOD, mg/1 965 1002 | 1065
ACOD/COD, 0.985 . 0.981 0.989

TOC,, mg/1 377 an a1
ATOC, mg/1 371 308 401
ATOC/TOC; 0.98 0.968 0.976

Studies on the Effects of Initial Biological Solids
Concentration on the Rate of Substrate Utili--

zation and on the Oxygen Sag Curve:

The effect of initial biological solids concentration on the rate:
of substrate utilization is.shown in Figure 16. In all of the studies

shown, the initial available organic carbon source concentration was



Figure 16. Effect of Init1a1.MLSS on:-the Substrate Utilization

Rate
Exp. No. Xy_(mg/1) M
VIII 2212 0.5
I 1564 0.6
IX 1200 0.9
ITI 592 1.8
V 102 10.9
X 46 22.7
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constant, ! 1000 mg/1. It is seen that the higher the initial solids
concentration, the higher the substrate utilization rate. Also,
increasing the initial biological solids concentration (i.e., decreas-
ing the F/M) changes the type of kinetics for substrate removal--going
from kinetics approaching the first order increasing rate mode at high -
F/M ratios to kinetics approaching the first.order decreasing rate mode
at low F/M ratios.

Also, it is noted that the general shape of the oxygen sag curve
is controlled by the substrate utilization curve and the growth curve.
When the system has a high initial biological solids concentration, the
dissolved oxygen will decrease rapidly in either linear or first order
decreasing manner, as seen in Figures 4, 11, and 12. Under these con-
ditions, the corresponding Oz-uptake curve can be expected to show a
decreasing rate. When the system contains low initial solids concen-
tration (high F/M), the rates of substrate andvoxygen utilization will
be slow at the start and then increase in keeping with increasing rate
of biomass accumulation, as shown in Figures 9, 10, and 13. The cor-
responding 02 uptake will show an increaéing‘rate during the deoxy-
genation phase of the DO sag, in accordance with the findings of
Jennelle and Gaudy (17). It is also interesting to note that at the
time of substrate removal, somewhat less 02 was used in systems oper-
ated at low F/M ratios (experiments.8 —> 1 ——4>k9;——%72 ——?%>3) than
for those at higher F/M ratiOS;(experiménts 4 —> 5 —>10). The
experiments cited above were all run\at-Si = 1000 mg/1 glucose; thus
the lower F/M ratios were provided by higher initial cell concentra--
tions. It is believed that in these systems the substrate was removed

in large measure for productfem of storage products, e.g., polysaccharide.
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These materials require less .energy expenditure than does the synthesis
of nuc]eié acid, protein, and liprids. Thus, 02, during the substrate
removal period, might be expected to be lower at higher F/M ratios. In-
these experiments, cell combosition was not.run.‘ However, the results
obtained are consistent with those of others who have run sludge com-.
position ana]yses.a1ong.with substrate removal, -solids accumulation, and
0, uptake (11)(28)(29). The s1ightly decreasing trend in cell yield as

F/M is increased is also consistent with the above analyses.

Comparison of~02 Uptake Value by Three.
Different Methods

Busch (10) has stated that mixed 1iquor COD decreases with time
because part of the organic matter is cénverted to carbon dioxide.
When all of the organics have been utilized, thevmixed 1iquor COD con-
tinues to decrease because of the endogenous respiration and predator
activity. So the difference of mixed Tiquor COD (ACODML) represents
the organic carbon which has been converted to CO2° One can therefore
reason that the decrease in mixed liquor COD is a measure of 02 uptake,
i.e., BOD exerted. Measurement of 02 uptake by this approach has been
compared to 02 uptake using a Warburg respirometer in studies made pre-.
viously by Carl Goldstein and Paul Perkins (see MS thesis by PerkinS
[30]).

In Gaudy's energy balance equation (equatiom3), the difference in
soluble COD (ACOD) représents the carboh uti]iiedwfew~synthesis and res-

piration. The difference in biomass COD (ACODb1omas represents the

s)
carbon source which has been converted to biomass. Se the difference

of these two parameters (ACOD - ACODbiomass) represents the carbon
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source, expressed in terms of 02, which was used for respiration by the
microorganisms. 02 uptake value computed by either Gaudy's or Busch's
method should be the same as the result computed by the "oxygen sag"
method. _

A summary of 02 uptake reéu]ts at the time of substrate removal is
given in Table V. The‘co1umn headings are self-explanatory although
columns 6, 7, and 8 may need some exp]anatory comments. In column 6,
the balance is based upon the theorefica1 COD of cells with empirical
formula C5H702N, i.e., 1.42 mg COD/mg cells. In column 7, the COD of
the cells was determined by actual measurement of CODML - CODf, and in
column 8, the COD of the cells was measured directly, i.e., by removing
the biomass from the filter and determining its COD. The method
employed in column 7 is the one to be recommended, since it is the
easiest to run and is less subject to experimental error than the method
employed in column 8. |

Comparing Oz‘uptake values in columns 5, 7, and 9, it is seen that
only in experiment 10 were the va]ues very close to each other. The
four remaining experiments for which a comparison is possible--6, 7,
and 9--show reasonably good compérison with either COD method; however,
the 02 uptake by the ‘sag method is Tower. In experiments 7 and 9, the
‘DO went to zero for some time, and the sag method is best employed when
the K2 is such that the DO does not go to zero or, in any event, stay
there for long. (18). However, this possible reason for the difference
is not possible to cite for experiment 6. In experiment 8, this trend
is reversed; the DO sag method yielded the highest 02 uptake, and there
is an apparent error.in the mixed liquor COD measurement since there

was a differnce of only 37 mg/1 COD dissipated in the two hours required



TABLE V
SUMMARY OF THE RESULTS OF OXYGEN UPTAKE

—

1 2 3 4 5 6 7 8 9

02 Uptake by Gaudy's Materials
Balance Equation

Time for 0 Uptake : Measured ﬂggsured

0, Uptake
Substrate by Oxygen Theoretical  “Phiomass 2

biomass

Removal Sag Method - by Scraping by Busch's

Exp. Date  F/M (hr) (mg/1) CODpiomass. DY CO0y-COD¢  Tochnique Method

1 5-15 0.6 2 87 14

2 5-20 1.0 4.5 121 124

3 6-12 1.8 5 166 142

4 7-9 9.6 17 237 435

5 7-22  10.9 13 255 250

6 7-30 13.4  22.5 525 413 ( 743) 753
1.12

7 8-21 29.4 20 755 669 1118 1081
(1.15)

8 8-27 0.5 2 132 79.8 102 37

, (1.17)

9 9-12 0.9 2 127 114 259 312 213
(1.12) (1.04)

0 9-25 22.7 17 313 40 312 365 328
(1.18) (1.09)

*Values in ( ) are measured COD/biomass Ratio
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to remove all of the substrate;

At this stage of investigation it must be said that more data are
required before passing judgement on whether the DO sag method or the
balance method or the_mixed Tiquor COD method provides the best and most
convenient procedure for estimating the 02 uptake during treafabi]ity
studies. The only two exberiménts whére it can be said that valid com-
parison might be made are'éxperiments 6 and 10. 1In experiment.]b, all
methods yielded essentially the same result, whereas in experiment 6,
the DO sag method gave an 02‘uptake approximately 75 percent that of
the two COD methods. Clearly, more WOrk is indicated. Work is espe-
cja]]y needed on the estimation of K2 and CS for the experimental sys-

tem; some information is available and is discussed.in the next section.

Effect of Suspended Solids and Soluble Chemicals

on Oxygen Solubility and Reaeration Rate

Various workers (e.g., see Eckenfelder, et al. 29 ) have reported
that soluble or insoluble solids will influence oxygen saturation.
Since the biological solids concentrations were high in most of these
tests, consideration of the saturation value was. necessary. The a
Method for calculating K2 and Cs presented by Isaacs and Gaudy (24) can
be usefully employed for the Correction of solubility data for the par-
ticular 1iquid employed. Accordingly, the solubility data used in
determination of the reaeration rates for this research were not those
which appear in Standard Methods for the Examination of Water and
Wastewater, but were those calculated in accordance with reaeration
data using the o Method technique. As shown in Figures.14 and 15,

increasing the solids concentration or increasing the nutrients
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concentration reduced the K2 value at the rather high mixing rate (air
flow rate) employed. In a mass culture system, as the substrate and
nutrients were decreased, the biological solids increased; so the
determination of a\"true"»K2 is rather complicated. = Clorox was used in
this research to kill the microorganisms; in preliminary experiments it
was found to reduce K2 by as much as 10 percent. A1so,'aht1-foaming
agents -have been reported to reduce the K2 by 35 percent (21). 1In
present experiments, anti-foam -agents were not employed except during
two of the reaeration studies at high biological solids concentrations
(see values at 2700 and 4200 mg/1, Figure 14), and the agent employed
(Anti-foam A Spray, Dow Corning Corp.) did not cause any apparent
effect, since it did not alter the trend of the data. In these two
experiments, the agent was used very,sparing1y. A1l of these factors
need consideration when estimating'the system K2°

The results of this 1nve§tigat10n indicate that for high energy-
systems, the oxygen sag reaeration technique for determination of 02
uptake in wastewater is not a technique that can be applied indiscrim-
inately. First, it is necessary to_adjust the air flow rate to the
waste strength so that a reasonably well defined DO sag develops, yet.
the DO cannot be allowed to reach brvin any event rema%n at zero for
any length of time. Secondly, the reaction 1iquor-const1£uenfs-(ce]]s,
substrate, soluble or insoluble matter) can exert an effect on the Ky.
The effect of the constituents of the system are more pronounced in
who]elwaste high energy-systehs than in low strength sy%tems such as
secondary effluent in receiving streams. Thus, information for such
systems cannot readily be transferred to the system studied here. It

is apparent that more work will be needed in order to recommend the DO
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sag procedure for measurementrof-oz_uptake in treatability.studies.'.
The materials balance prdcedure or the CODML approach ‘would appear to
provide a convenient and useful means of obtaining the 02 uptake at
the time of substrate removal or at other selected points along the
substrate removal and growth curves. However, such a procedure

requires obtaining much COD and/or solids data.



CHAPTER VI
CONCLUSIONS

1. Regardless of the F/M ratio, tﬁe COD expressed as.a fraction
of COD; (i,e.;‘ACOD/CODi) remains essentially cbnstant, thus providing
greater assuréhce that the ACOD of a waste sample can be determined
under a variety of batch growth conditions. |

2. In an}aerobic system, the COD/TOC ratio of treated effluent
can be expected to be lower than the COD/TOC ratio of the raw waste.
Reasons for this have been presented in fhe discussion of -results
sector.

3. At high agitation or mixing rates, the reaeration rate
decreases with an increase in'bio1ogica1 solids concentrations; increas=-
ing concentration of dissolved inorganfc45011ds,(sa1ts, etc.) also
reduces the KZ’ but at a lesser degree. . |

| 4, Def1n1te conclusions regarding the su1tab111ty of  the sag
method for calculating Ozluptakevin a high energy-high mixing rate
system such as existé for a batch treatability study cannot be made

based on the results herein presented.
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CHAPTER VII
SUGGESTIONS FOR FUTURE WORK

1. Continued experiﬁenta] work is warranted on the effects of
high concentration of biological solids and soluble chemicals on the
reaeration rate. Analytical work is also warranted concerning ways of
using the re%eration data to determine oxygen solubility and reaera-
tion rate.. _ |

2. Treatability studies should be undertaken at different air
flow rates using the 3-Titer reactor to determine relationship between
air flow rate and organic Ioading»which would permit making the ACOD
run without having the DO go to zero.

3. More work should be done for the purpose of comparing the

oxygen uptake values computed by the three methods herein employed.
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APPENDIX A

A CALCULATION OF 02 UPTAKE FROM AERATION
REACTORS (TABLE VI)
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TABLE VI

CALCULATION OF OXYGEN UPTAKE FROM DO PROFILE
AND REAERATION RATE

1 2 3 4 5 6 7 8 9 10
' . KZDAt 02
Time 00 D K0 at %Pt o0 Zap0  uptake
hr-min mg/1 mg/1 mg/l-min min mg/1  mg/1 mg/1 mg/1 Remarks
0-0 7.50 074 0.1 A . 0 K, = 0 1412 min”!
15 2.03 -0.40 2.43
0-15 7.10 1.14  0.16 2.43
45  7.65 -0.10 7.75
-0 7.0 1.2 0.8 10.18
60 10.80 0  10.80
2-0 7.00 1.24 0.18 20.98
60 11.10 -0.10 11.20
3-0 6.90 1.34 0.19 32,18
60 12.00 -0.15 12.15
-0 675 1.49  0.21 44.33
60 13.50 -0.25 13.75
5-0 6.50 1.74  0.24 58.08 K, = 0.1382 min™
60 15.60 -0.25 15.85
6-0 &25 1.99  0.28 73.93
75 23.25 -0.45 23.75
7-15  5.80 2.44  0.34 97.68
45 16.20 -0.30 16.50
"8-0 550 274  0.38 114.18
60 24.90 -0.50 25.40
9-0 5.0 3.24  0.45 139,58
60 26.40 -0.70 27.10
-0 -4.30 3.94  0.53 166.68 K, = 0.1351 min”!
60 35.10 -0.80 35.90
N0 3.50 4.74  0.64 202.58
) 60 43.20 -1.20 44.40
12-0 2.30 5.94  0.80 246.98
60 53,70 -1.40 55.10
13-0 0.90 7.3 0,99 302.08
60 62.40 -0.70 63.10
14-0 0.20 8.04 1.09 365.18
60 66.00 -0.15 66.15
15-0 0.05 812 1.1 431.33
120 133.20 0  133.20
17-0 0.05 8.19 1.1 564,53
’ 120 133.20 0  133.20
19-0 0.05 819 1.1 697.73
30 31.50 0.85 30.65
19-30  0.90 7.3¢ 0.9 728.38
30 25.20 2.20 23.00
20-0 3.10 5.14  0.69 751.38
30 17.55 1.60 16,95
20-30  4.70 3.5  0.08  768.33
30 13.20 0.60 12.60
21-0  5.30 2.9  0.40 780.93
' 240 63.60 2.00 61.60
25-0 7.30 0.94  0.13 842.53

Cg ~ 8.80 mg/1

75



76

The reaeration rate constant is an important factdr in calculating
02 uptake. The procedure of determining the K2 of an aeration system
was described in the Materials and Methods section.

From the dissolved oxygen values recorded (column 2) during the
experiment, the deficit (column 3) at each time may be found by sub-
tracting the DO from the saturation value for the water temperaturé.
The deficit produced in the jars is then mu]tip]ied by the reaeration
rate existing in the vessels (column 4). ‘Co1umn 5 Tists the time
interval between DO determinations.

The amount of DO entering the system during a specific time inter-
val is determined by multiplying K2, deficit, and the length of the
interval (column 6). The change in DO during each interval is the
difference in DO recorded in column 7. The integral 02 uptake caused
by 02 utilization by the microbes for a specific time period can be
measured by subtracting column 7 from column 6 (column 8). Column 9
shows the summation of the 0, uptake. This upt&ke curve is shown in

Figure 10.
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Oxygen saturation constant, mg/1:

Biomass COD, mg/1

Terminal chemical oxygen demand, mg/1

Filtrate chemical oxygen demand, mg/1

Initial cheﬁica]_oxygen demand, mQ/i

Mixed 1iqudr chemical oxygen demand, mg/1
Oxygen deficit from saturation at any specified
time, mg/1

Dissolved oxygen, mg/1

Food to microorganism ratio

Reaeration rate constant, min-]
Mixed 1iquor suspended solids, mg/]

Total organic carbon, mg/1

Microorganisms constant yield coefficient, mg/mg
Terminal cell concentration, mg/1

Initial cell concentration, mg/1
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