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CHAPTER I
INTRODUCTION

The purposeful addition of waste to ponds began in
ancient times in the Orient and Europe. Today, in many
parts of the world, ponds are purposefully fertilized
with organic wastes as well as with inorganic fertilizer
in order to encourage the growth of algae, thereby increas-
ing the yield of fish, Edminston (1) has described the
technology and technical philosophy of fish culture ponds
and their development from ancient to modern times, Pur-
ification of sewage in fish ponds has been a recognized
art in Germany for many years (2), In America, fish ponds
have not been used for sewage treatment (3).

The first stabilization or oxidation ponds in the
United States were not apparently built as treatment
devices, but for the purpose of withholding wastes from
receiving streams where their presence would be objection-
able, However, the waste purification potential of such
ponds was quickly realized., Since Gillespie's (4) descrip-
tion of the ponds of Santa Rosa, California, which were
built in 1924, there has been a succession of papers

describing one or several specific pond installations (5,

=



6, 7, 8) and a number of papers and articles which attempt
to place pond design on an increasingly rational basis (9,
10, 11, 12), A comprehensive review on stabilization ponds
has been published by Fitzgerald and Rohlich (13).

According to a report of the American Society of Civil
Engineers published in 1957, oxidation ponds have been
widely employed for the treatment of domestic and industrial
wastes throughout the United States and in many countries of
the world (14), The number of oxidation ponds presently
employed to treat purely industrial wastes in the United
States and elsewhere in the world is not accurately known,

The name "oxidation pond" is a more recent term used to
describe the storing of waste water in artificial reservoirs
for the purpose of reduction of organic loading by natural
processes, Such ponds have also been called ''stabilization
lagoons," "stabilization ponds," and simply ''lagoons,"

The oxidation pond is a shallow, earthen storage tank
in which raw or partially treated waste water is held for
a period of time, usually from ten to thirty days (15).
Dense growths of algae develop in the ponds and produce a
large amount of oxygen which is utilized in satisfaction of
the energy requirement for heterotrophic bacteria. The
organic material in the waste water serves as carbon source
for the heterotrophic bacteria and the carbon dioxide pro-
duced as an end product of bacterial metabolism serves as a

hydrogen acceptor in the metabolic processes of the photo-



synthetic algae. The algal synthesis product may be
expressed by the general formula CHzo, which has been
termed "primary cell'" material (16).

It should also be remembered that oxidation ponds may
be employed as a pre-treatment process in which the pond
serves as a surge tank or reservoir to equalize the effect
of peak loadings on a sewage treatment plant. It can also
serve to dilute concentrated waste, and can provide an
additional settling basin for sewage treatment (17).

The rising cost of secondary treatment of waste
waters, the increasing population, industrialization,
urbanization, etc.,, together with the general drive for
improved health standards and esthetic character contribute
to the magnitude of the waste water problem, and the need
to provide adequate waste water treatment at economical
costs. For small communities, the use of oxidation ponds
for secondary treatment of wastes appears to hold the most
promising economic answer, Also, for larger towns where
other secondary treatment processes have already been in
operation for many years, the use of oxidation ponds as a
possible tertiary treatment measure would appear to hold
promise,

. Although oxidation ponds have been in use for a num-
ber of years as a second treatment process (10, 18), much
information remains to be uncovered concerning the amount

of organic loading that can be successfully treated, and



there is much still to be learned concerning the engineer-
ing possibilities for creation of the most favorable con-
ditions for the photosynthetic processes, Some general
surveys of the algae occurring in oxidation ponds have
been made (19, 20, 21), the most extensive being reported
by Silva and Papenfuss (22), However, a study of succes-
sive organic loadings on oxidation ponds does not appear
to have received extensive attention in previous studies,
The purpose of the present study was the investiga-
tion of effects of organic loading in oxidation ponds.
Controlled laboratory experiments were conducted in both
batch, or discontinuous, systems and in continuous flow
culture systems. In these studies both organic loading and
detention time were varied. One of the most important
aspects of the study was the determination of the amount of
oxygen made available by the photosynthetic process, Dis-
solved oxygen concentration was monitored in all experi-
ments since it is perhaps the most critical parameter for
determining or predicting the conditions in an oxidation

ponds.



CHAPTER 11

THEORY AND MECHANISM OF BIOLOGICAL WASTE TREATMENT

IN OXIDATION PONDS

A. The Role of Photosynthesis

A diagram of the biological processes prevalent in
oxidation ponds is shown in Figure 1. In oxidation ponds
two biological phases will exist, i.e,, the bacterial
phase and the algal phase. The bacterial phase may consist
of three different biological systems: 1) aerobic bacter-
ial metabolism; under essentially aerobic or under totally
aerobic conditions, 2) an acid-forming bacterial phase,
and 3) a methane-forming bacterial phase (3). It should
be noted that the acid-forming and methane-forming phasés
exist under anaerobic or possibly facultative conditions,
In shallow ponds with an active algal phase in operation,
the photosynthetic production of oxygen does much to
assure that the aerobic bacterial phase exists in the
system. In aerobic ponds the overall bacterial metabolism
may be represented as follows:

(CHﬁO)f + 0, —> CO, + H,0 + new bacterial cells,

In the above equation (CH20)Y represents the organic mat-

ter in the waste water, This material is decomposed



fairly rapidly in water due to its availability as food for
microorganisms, Complex organic material in waste water is
converted into simple substances which may be readily util-
ized by the bacteria. A considerable portion of the
original carbon sources in the waste water is converted to
new bacterial cells, and the portion from which energy is
extracted to produce the new bacterial cells may be roughly

equated to the amount of CO, which is produced as an end

2
product of aerobic metabolism, This aerobic process would
soon come to a halt if oxygen were not continuously sup-

plied to the system, Oxygen may be supplied by biological

means in accordance with the following equation:

CO2 - 2H20 — algae (CH20) - H20 - 02

From a chemical standpoint, the growth of algae may be char-
acterized by two overall processes, i,e,, photosynthesis

and secondary synthesis, In the photosynthetic process,
carbon dioxide is converted to carbohydrate and oxygen is
produced. Illumination is required for the overall photo-
synthetic reaction, The secondary synthesis involves the
conversion of carbohydrate to other biochemical compounds
which the algae need in order to reproduce and grow; e.g.,
such compounds as lipids, proteins, nuéleic acids, etc.

The cyclic patterns characterizing such metabolic processes

are indicated by the double circles in Figure 2 (23).
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B.  The Path of Carbon Photosynthesis

The pathway of carbon fixation .in photosynthesis may
be considered as a series of reactions starting with 002

and ending with the fixing of the carbon in CO2 into a
.carbohydrate storage compound (24). In its most simple
~form,. the reaction can be given as follows:

COz.+ 4(H) — (CHZO) o HzO

where»(CH20)~represents'the carbohydrate and (H) represents
the reduéing agents or the ‘''reducing power" derived from
~the light reaction, The energy stored.in the form of car-
bohydrate can be recovered by the aigae in:the form of ATP
syhthesized in:.oxidative phosphorylation processes during
respiration, - Figure 3 shows a general metabolic diagram
.depictinggthe-cyclic'synthésis of essential intermediates
needed by the algae (25). &this seen:that the only carbon
.compound which enters:the cycle is COQ. The first stable
‘product of carbon:assimilation .in photosynthesis is
3-phosphoglyceric acid, Some of the carbon which is fixed
may be oxidized by the Krebs cycle, and much of the ATP
‘which is obtained by the algae in:the absence of light
 most probably ariseS‘thfoughvthe-functioning of this~oxiiﬁ
‘dative :pathway, The major source of ATP, however, is
photophosphorylation. The key process in:the pathway of
carbon:in photosynthesis is quite naturally the fixation
.of carbon dioxide, In aqueous solution, carbon dioxide

-is present in'various forms in equilibrium with each
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~other (26). This equilibrium may be represented as fol-
lows:

+ Hy0 m=me H, CO === HCO, + B a==2C0; + 2H

.CQ 5

2
In:the first reaction, C02.combines=with:thetfiveacarbon
'acceptor,,ribulose~diphosphate,_tozform;two molecules of
phosphoglyceric acid, The reaction may be described as
follows:

o . €0,

Ribulose~1, 5~diphosphate ——== 2-carboxy, 3-~keto-l,
5-diphosphate —==2 phosphoglyceric acid, Basshams and
Calvin (27) have found that the reductive carboxylation
coccurs in:the light and produces two molecules of
3—phosph6glyceriC'acid (PGA), The: triosephosphates which
‘are produced are either combined to form hexose or are
‘utilized directly in:the regeneration of ribulose diphos-~
‘phate.” The net effect of the cycle shown in Figure 3 is
. the  conversion of three~molecu1es of’@arbon dioxideuto
triosephosphate; this reaction is brought about at the

-expense -of six molecules of NADPH, and nine molecules  of

2
ATP,

While some of the ATP needed by the algae is undoubt-
edly 'produced through the oxidative phosphorylation during
the oxidation of some of the carbohydrate compounds which
are produced, the major source of ATP and of reducing
power:(NADPH2) comes about during the light period and
involves . the -activation of pigments such as chlorophyll A,

chlorophyll B, and carotenoids which provide the initial
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production of "assimilation power' (ATP and NADPHZ)

crequired for the assimilation of carbon dioxide which takes

place in the dark, as shown .in Figure 3. These very impor-

~tant light reactions involving the chlorophylls are not yet

-well understood, and a .detailed discussion of the various

theories which have been proposed.

“scope -of the present discussion,

.that one of the primary functions

-the photolysis of water, In 1937,

evidence ‘which suggested that;the

cause-a splitting of water with a

.is somewhat beyond the

Howevef, it may be stated
of the light reaction:is
‘R. Hill (28) presented

effect of light is: to

consequent reduction of

a hydrogen acceptor. If the hydrogen acceptor is desig-

‘nated as some oxidant (A) the overall reaction may be

written as follows:

HOH + A light

'(oxidant)

In the above equationvAHz

~the algae use .to fixiC02

reaction:

€0, 2

chloroplastg’

+-2AH, —= (CH,0) + H

AH

2

+ 0y

represents reducing power which

_in accordance with the following

O + 2A

. The' Hill reaction explains in some respects the production

of ﬁeducing.powervneeded_to fix carbon dioxide, but'tells

little concerning the production .of energy in: the form .of

ATP-which is needed to drive the synthetic reaction,

Arnon: (29) ' has proposed: that:

the primary light

reaction-is the activation of an electron:in:chlorophyll
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.raising it to a higher energy level. This higher energy

level is very unstable, and when the electron falls back. to
a.lower'level, the energy released can be trapped as ATP,
A detailed description pertaining to the electron:flow

mechanism can:be found in.the literature (30),

C. . Influence of External Factors on Rate of Photosyn-

thesis in Oxidation ‘Ponds

Although there is much yet to be-learned concerning

- the precise chemical mechanisms involved in the photo-
‘synthetic process, it is ' possible to gain information
‘which can be-used in. the engineering design of oxidation

‘ponds by studying the external factors which exert some

control over -the photosynthetic process., Some of the

‘most important factors which should be. considered are:. -

carbon dioxide-concentration, light intensity, and
tempeféturé;
1, The Effect of CO, Concentration

2
Blackman . and Smith (31) found that at high light

_intensity and at constant temperature the rate of photo-
synthesis in water was proportional to the concentration

.of carbon dioxide, However, above a certain concentra-

tion, further increases:in carbon dioxide concentration

‘have no effect on the rate. of photosynthesis., Warburg

(32) working with Chlorella found that the rate of

photosynthesis was proportional to the carbon dioxide
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concentration within the range 0£.0.05 to 10.0 mg/1 (32).
Above the upper'concentration;.further:increasés1invcarbon
.dioxidearesulted_in~smaller;and smaller  increases in
photosynthesis. Brown noted that for any given light

intensity,. a point is reached where increasing the CO, con-

2

‘centration does not affect the rate of photosynthesis; how-
ever, if-ashigher'light:intensify;iS’used, a higheerO2
_concentration .can be utilized (33).

2. - The Effect of Light Intensity

The first research on'the influence.of light intensity
-on-the photosynthetic process appears to be that of Daubeny
in-1886. - He concluded that photosynthesis was directly
- proportional to the 1ight.intensityn(34). Oswald.(BB)
:reported;that'the»effective:range-of light: intensity for
glgal»production in'oxidationwponds-lies‘between.400vft;

candles and SOO ft. candles.

3. - The Effect of Temperature

It is well known-that"the rate of many chemical
reactionsfiS'considerably&affected by.temperﬁture. The
»photqunthetiC'activity;of'chloroplas%s.is readily lost at
temperatureS'abovex45°C._ Thus,,chloioplasts-exhibit-a
‘higher degree of thermolability,thén.is chéracteristic of
many -enzyme systems (31), Matthali found that with
aincreasing temperature photosynthesis increased to a max-

imum between temperatures of 15 and 25°C. and thereafter
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fell off as the temperature was further increased (36).
1Precise,information:céncerning the effect of temperature
on:the operation of oxidation ponds is not abundantly
‘;available, It . is difficult to separate-the effects of
'témperéture on&ﬂxaphotosynthetiC'process:and.on the

- heterotrophic metabolic processes:as they affect overall
oxidation pond efficiency;~also,,in;the~fie1d, changes 'in
:temperature~areavery often:associated with changes in
:lightJintensity. It is known. (21) that temperatures of
'8-1390. do not necessarily interfere with the production
of 1arge4a1ga1ncrops,.nor.do they hinder the effective
~operation;of ponds;with~respect.to BOD removal., Oxidation
{pondSAérefsuccessfully'operated,in'North Dakoté during

/periods;in:which:they;are‘covereg by a layer of ice (8).



- CHAPTER 111

'MATERIALS AND METHODS

A,  Experimental Apparatus

1, Batch Unit

The experimental ponds used in these studies were con-
‘structed in accordance with the following specifications:
/Materials:‘1P1até‘glass:fixed\by aluminum frames
“Width - 28,5 :¢cnm |
“Length : 48.6 cm
- Depth : 27.2 ¢cn

Total{surfacé-area of pond: 1387 cm?

 T6ta1‘Voiume-of'fhe-pbnd": 36 liters.

The ponds were illuminated by two light sources:
_Three«gro-luxxlamps:(FlStS—GRO,,Sylyania) were: placed trans-
versely;across-the‘pond.af a distance of three: inches from

~the-water surface, In:addition, the ponds were placed
directly below.two soft white fluorescent ceiling lights
-(40W), The surface of the water was three feet from-the
ceiling lights. These light sources combined yielded.an
 incidentv1ight“intensity,of.450 ft. candles at the surface
~of the pond. : Each .pond was equipped with a rubber samp-

ling siphon which was used to transfer samples to BOD bot-

15
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tles for determinationuof dissolved oxygen,

2., Continuous~flow: Unit

The bench scale oxidation ponds used in:the continuous-

-flow studies :were of the same dimensions' as those used. in
.the batch studies., A side view of the experimental setup

-is shown in Figure 4, - Feed was-admitted,to\the‘oxidation

ponds from.a 10-liter constant head feed tank; the flow.was

- metered: through a 10 ml biuret :attached. to- the line fron
-the constant head feed tank, . The oxidation ponds were
fitted with three.outlets, as shown in.the figure, The

-placement of the outlets allowed sampling at three depths

in . the tank,

B. .Seeding Population

"1, - Heterogeneous-Microbial Seed

The7heterogeneous-miérobial’seed'used_insmost-studies

‘herein reported was obtained from the primary clarifier

effluent of‘the~munici§al waste water treatment plant in

SﬁﬁllWater, Oklahoma. vIn:a:fveexperiments,vSeed was

obtained from .a laboratory activated sludge unit, and this

is noted in:the protocol for‘the»individual-experiment.

2. . Algal Seed

In order to ensure development of an algal popula-
tion ‘which would be somewhat typical of that found in an

oxidation pond, and in order ‘to enhance the possibilities



(A) ~ Feed Reservoir
(B) - Oxidation Pond
(C) =~ Outlet

(D) - Burettes

Figure 4.

Schematic Representation of the Continuous
Flow Oxidation Pond, ' '

17
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of the prédominance of a dispersed. algal culture, the ponds

were seeded with a pure culture of Chlorella pyrenoidosa.

The culture was obtained from the Department of Agronomy at
Oklahoma State University. A stock algal seeding population
‘was maintained in the laboratory in one of the batch oxida-
tion ponds. which was fed a high concentration of algal
growth medium (see next section for description of medium) .
No attempt was made to maintain a pure culture of Chlorella
in the stock seeding material or in the oxidation pond
studies., This stock algal seed was maintained primarily to

‘ensure -a _healthy algal seed at the initiation of each exper-

iment and one for which sedimentation would be minimal,

C. -Synthetic Wastes

‘1, Standard Synthetic Waste
The chemical constituents of the standard synthetic
waste used throughout these -studies ére‘shown»in Table 1.
TABLE I
~STANDARD. SYNTHETIC WASTE ... .... ...

Constituent ‘ Concentration
Glucose 1000 mg/1
(NH4) 9S04 500 mg/1
Mg (S0y) - 7Hg0 100 mg/1
‘FeClg.6H0 0.5 mg/1
_MnS04 . Ho0 10 mg/1
CaClo.«2H20 7.5 mg/1
Trace Elements (Tap Water) 100 ml/1
*1,0M potassium phosphate 40 ml/1
(pH 6.8)

. *KgoHPO, .: 107 grs/0.5 1
KHoPOy4 -: 52.7 grs/0.5.1
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The chemical constituents of the medium used to promote

.the growth of algae are shown: in:Table II,

TABLE 11I
' STOCKRALGAL;GROWEH&MEDIUM‘37)'

. Constituent _Concentration
Potassium Sulfate 75 gm/1
Ammonium: Nitrate -150 gm/1
pH-Salt Mixture 75 gm/1

It is seen;in'Tablé II that 75 gm/1 of “prsalt mixture"

‘were used, The chemical constituents of this mixture are

given in:Table: III,
" TABLE 111

STOCK pH SALT MIXTURE 37

- Constituent Concentration
Dipotassium Phosphate 24,0 gm/1
- Sodium Chloride 22,5 gm/1
-Magnesium Sulfate (hydrate) 1 12.5 gn/1
Calcium Phosphate, CaHPO4-2H50 5.6 gm/1
Ferric Citrate ' 2,06 -gm/1
Manganese Sulfate 0.37 gm/1
Potassium Iodide ‘0,06 gm/1
- Copper  Sulfate 0.03 gm/1
..Zinc Chloride 0,02 gm/1

Cobalt Chloride 0,004 gm/1

D, ..Analytical Techniques

1. -Removal of Qrganic»Matter

(a) Chemical Oxygen Demand (COD) Test

~The chemical oxygen demand. (COD), test is widely

~accepted as a measure -of the pollutional strength of waste

-waters, It is based on the principle that organic matter
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can be oxidized: to carbon dioxide and water under the

1standardv¢onditions-of the test, In the present study the

- COD technique was used. to measure~the’substrate»remaining.in
'golution after passing the mixed liquor through.a membrane
filter. In:all studies the COD test was run in accordance
-with procedures  given in the 11lth edition .of Standard
;MethodS'(SS), and in:all cases the silver sulfate catalyst

-was-employed.

(b) Anthrone Test"

In-addition:to measuring removal of organic matter by

:the:COD test, the anthrone test was employed to determine

the- amount of total carbohydrate remaining in the  filtrate.

Ththest-was?runaaccording to procedures: given by Gaudy and

.co-workers (39, 40). The use of the anthrone. test in addi-
-tion .to the COD test afforded the possibility of determining

‘whether the microbial population produced from:the'original,

carbohydrate'substrateﬂany-noncarbohydrate\metabolic inter-

mediates which were elaborated. into the medium,

2, uBiological-SolideDetermination

Biological solids - concentration was determined byvthe

-membrane- filtration technique, as described in Standard

;Methods:for'thejExamination‘of'Water'and Waste Water (38),

~In:all cases the membrane filter pore size employed was

'0.45 p (Millipore Filter Corporation, Bedford, Mass.).
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.3, . Dissolved Oxygen Determination

Dissolved oxygen:was determined by the azide modifi-

cation of the Winkler test as outlined in:Standard Methods

.fqr*fhejExamination of Water and Waste Water (38),

4, Other Analyses

(a) pH

pH was monitored throughout all studies using a Beck-
man pH meter (9600 Zeromatic with Standard Electrodes and
Holder),,which was maintained in accordance with the Beck-
man operating and maintenance instruction manual (41).

(b) Oxidation Reduction Potential

The-usefof‘oxidationrreduction~potentia1 in assessing
the performance of biological treatment units :was first
reported in-1914}(4ﬁ). .The value of the analysis in:fhe
-operation.of biolgical treatment unitsais somewhat -contro-
»versial;“however,,inzsysteisof'kndwn-composition,.the ORP
-and the dissolved oxygen analysis together give .an indi-
cation of the degree of aerobiosis in the system. - In
-these-studies: the oxidation reduction potential was meas-
ured in accordance with the procedure outlined: in. the

"Beckman operating and maintenance instruction manual (41),

~E. -Experimental Protoco

~The types of experiment conducted in the present
study may be placed in:the following three broad cate-

gories?
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‘I, Studies on Physical Reaeration in the Laboratory
,Oxidation 'Pond

~ - The protocol for these studies was not particularly

complicated, and it is felt that the detailed technique is

appropriately given along with the results which are pre-

‘sented in the next chapter.

- 2., Studies on Reaeration due to Photosynthesis
In: these studies the optimum concentration of sodium
bicarbonate for algal photosynthesis was determined under

two conditions, 1In one set of experiments, the batch units

‘which:were exposed. to theAatmosphere;were»seeded,with‘algae
'in algal growth medium, and the course of reaeration :was

determined. .In:this~type.of'study reaeration was due to a

combination of physical reaeration:from the atmosphere and

the photoesynthetic production of oxygen by the algae, In
-another set of.expériments,sthe algal suspension :was. sealed

~in:BOD bottles and the reaeration due solely to the photo-

synthesis was measured. As in:the case of the physical
reaeration studies, the details of the experimental»proto-
col will be-presented along with the results in Chapter 4.
3. »Studies'onithe‘Eﬁfects of‘Vérious Organic Load-
»ings-on‘the'Expefimental Oxidation Ponds
‘'These-studies comprised. the major research effort.,

Various types of operation were employed.in both discontin~

‘uous, or batch, systems and in continuous-flow systems.
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(2) Batch Unit-Studies
.In the batch studies three. types of systems were inves-
tigated. The essentidl differences in systems 1, 2, and 3

are shown in Table- IV,

TABLE 1V

COMPOSITION OF BATCH UNIT OXIDATION POND
T System 1 System 2 System 3

Sodium Bicarbonate

30 gn/1 0 ml 100 ml 100 ml
Seed 100 ml 100 ml 100 ml
Algae 500 ml 500 ml 500 ml
Algal Growth Medium 1500 ml 1500 ml - 1500 ml
¥*Standard: Synthetic Wastes 90 ml 90 ml 90 nl
1,0M -‘Potassium Phosphate

(pH 6.8) 1200 ml 1200 ml 1200 ml
. Tap Water 126,510 ml 26,410 ml 26,410 ml
Light Intensity 450 ft-c 450 ft-c DARK
Light Periodicity 12 hrs/day 12 hrs/day 0 hrs/day

*Inorganic constituent of standard synthetic waste added
to yield concentrations shown in Table I. Glucose,. trace
-elements and phosphate buffer not included.

It is' seen:that. the only difference between systems 1 and
2 was the omission of sodium bicarbonate in system 1, and
Vthat~the-on1y difference between_systems«2=and 3 is that
system 3 was operated in:the absence of light., Samples
‘were- siphoned from: the mideepth of the experimental ponds
twice daily, The samples were siphoned directly into a
BOD bottle, and a;pbrtion_of the sample was allowed. to
overflow into-a 1000 ml beaker. Dissolved oxygen was
- determined on the sanple retained. in.the BOD bottle and

other ‘analyses were run.on the portion of sample which

overflowed. to the 1000 ml beaker, 1In  these studies at
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various -organic loadings in the oxidation pouds,. three

different loading conditions were examined., = They were as
.follows: 1) initial organic loading followed by a detention

-period,of seven days,. during which samples were taken:for

analysis; 2) organic loading applied at three-day intervals,
with samples taken over. a period of twelve days; 3) organic

1oading'applied.eachvday with systems observed over a

'period'of seven days. -All experiments were run:at 23°c,
* 40

(b) Continuous Flow Studies

‘Continuous flow studies in:the experimental ponds were

‘performed at inflowirates:which‘yieldedvdetention-times-of

10faqd 20 days.  The chemical composition:of the-synthetic
medium was: the same»as-that.shown-in’Table‘IVJfor'system 2,

However, the‘substrate\concentration.(glucose):was varied

frbm’100 fo_600.mg/1 for‘studies*at the 10-day retention
jtime‘and 100 to‘iOOO mg/1 glucbsesatnthe-20—dayﬁretention
h.time; - The experimenthwefe‘started by filling the ponds
'with medium and seedingywith-loo ml of heterogeneous
“bacterial seed and 3000 ml of algal seed, Approximately
“three - days  of batch»operation;wéfe-allowed for developmeht

~of the miXed,flora,.then:feedgwas'admitted,continuouslyjand

samples:wereatakeniat-fhree:depfhs_in:the-pond (see Figure

'3). In:all cases the lighting intensity was 450 ft. candles

‘and: temperature was maintained at 23°c, i;19_.



CHAPTER IV

RESULTS

1. Studies on Physical Reaeration in the Laboratory Oxida-

In oxidation ponds deoxygenation can occur by. bac-
terial respiration and by algal respiration. Reoxygenation
can come about by algal photosynthesis and by atmospheric
reaeration across the water air surface, 1In the present
study, the physical reaeration characteristics of the
experimental oxidation pond were determined using water
devoid of algae, thus preventing reaeration by photosyn-
thetic means. The experimental ponds ‘were filled with
distilled water (36 liters) and the water was deoxygenated
using sodium sulfite. The reaction between soedium sulfite
and oxygen may be represented by the following equation:

2Na2$03 + O2 — 2Ni‘ra.2$04

252 .+ 32 —+» 284
In accordance with this eguation, 7.875 pounds of
sodium sulfite or 8.236 pounds of "Santasite' are required
to remove one pound of oxygen. For the present experiments

the dissolved oxygen which was initially in the water was

determined and the amount of "Santasite" was calculated.

25
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‘The deoxygenation chemical: was added in slight excess.
-After adding sodium sulfite, samplestwere‘withdrawn,period—
ically and the course of reoxygenation.followed by deter-
‘mining the dissolved oxygen using the Winkler method.,  In
order to maintain-a constant volume of water in. the oxida-
tion pond, the volume removed at each sampling period was
replaced. with tap water containing dissolved oxygen: at 7.5
mg/l. In this way it was possible to calculate the slight
change in dissolved oxygen concentration which would be
-expected due to mixing the large volume of pond liquor with
the rather small (approximately 650 ml) volume of makeup
water.

- The results are shown in Table:V, - The column marked
“"control dissolved oxygen' shows the values of dissolved
~.oxXygen concentration.in:a tank which was previously satur-
-ated with'DO, and to which sodium sulfite was not added.

- The remaining cblumns'show:the=dissolved oxygen and cal-
‘culated DO deficit for parallel experiments in two oxida-
tion ponds, Figure 5. is an.arithﬁetic-and Figure 6-a
,semilogariﬁhmic plot of the course of reoxygenation . in
-both experimental ponds. . It is seen.fromaFigure-G that
physical reaeration follows first order kinetics. - Also,
it-is apparent that comparable rates of reaeration were

.observed for both tanks.

.2, Studies .on Reaeration due to Photosynthesis

It is noted that these experiments were of a prelim-



'TABLE V

"REPLACEMENT 'OF DISSOLVED OXYGEN BY PHYSICAL REAERATION

“Time - Control -Pond 1 DO Pond 2 - DO
Hrs DO mg/l DO mg/l Deficit DO mg/l _ Deficit
0 7.56 '1.98 5.58 1.39 6,17
1/4 7.53 - .0.11 - 7.42 0.00 7.53
~-3/4 7.56 0-.43 7.13 0,27 7.29
2 7.46 0.94 6.52 0.73 6.73
4 7.48 1.42 6,06 1.59 5.89
6 '7.53 2,04 -5,49 1.88 5.65
9 ' 7.59 2.73 4,86 2,61 4,98
12 7.64 '3.33 4,31 3.11 4,53
22 7.35 4,64 2,71 4.53 . 2.82
.25 7.56 5.08 2,48 5.06 . 2.50
30 7.35 . 5.32 2,03 5.38 1.97
36 7.38 ~.6.10 1.28 5.63 1.75
46 7.45 . 6,05 1,40 6.13 1.32
53 7.43 6.20 1.23 6.33 1,10
71 7.40 6.60 0.80 6.97 "0.43
83 7.38 6.55 0.77 6.75 0.63
95 7.68 6.95 0.67 - 7.05 0.63
107 7.68 7.05 0.63 7.10 0.58

143 7.46 7.45 0.01 7.46 0.00
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inary nature,. and were accomplished before the research had

progressed to the point where. the final algal growth medium

‘had.been selected. In. the studies reported in this section,

the- medium which was used. corresponded to that shown in

“Table I, except that glucose was not-added. In:addition:to
. this medium; varying concentrations of sodium bicarbonate
-were employed. . This- was done in order to gain some.idea of
’the'probortion of carbonwsource\which.might be used in suc-
‘ceeding experiments. - Also, the experiments reported in.this
- section of the results were done .under a relatively low
-1light. intensity (50 ft. candles). It should also be noted

. that -when these experiments were performed, the predomin-
-antly Chlorella algal population had not yet been selected.

The algal seed used in:the present experiments consisted of

a mixed population :of algaefdeveloped,from injitial seeds

-obtained from the Botany. Department at Oklahoma State Uni-

versity, .Medium.and;algal.seed.were~p1aced in: the labora-

tory experimental pond; the water was deoxygenated, and the

-course of changes in dissolved oxygen were followed., -The

‘results are given in: Table VI and plotted in Figure 7.

Using oxygen production .as an:indirect measure of algal

growth, the results shown in Figure 7 indicate that the rate

of algal growth.is stimulated by the addition:of bicarbonate

~and. that 100 mg/1 bicarbonate was at least as- effective as

- It was also desirable to perform some preliminary stud-



' TABLE VI

.- REPLACEMENT OF DISSOLVED OXYGEN BY PHYSICAL REAERATION
‘ AND ALGAL PHOTOSYNTHESIS

~-Pond 1 0 mg/1 Pond.2 100.-mg/1 Pond. 3 300 -mg/l
_Sodium . _-Sodium . ... Sodium
-Time " Bicarbonate Bicarbonate Bicarbonate
- ~Hrs. DO mg/1 ‘ DO mg/1 DO mg/1

o 3.01  2.26 1.97
173 2,26 ~ 0.65 0.96
. B/6 1.96 0.41 0.75
‘12/3  0.88 0,99 1.03
4 2/3 1,07 1,25 1,74
§8>2/3_ 71,15 "1.30 '2.39
22 2,13  3.08 '3.34
28 2,57 3.64 | 3,39
234 2,90 4,19 - 3.80
45 ~.3.35 5.29 - 4,72
51 3.50 5.18 4,82
57 3.75 . 5.56 5.30
65 - 4,00 5.60 5.35
76 4,15 6.10 5.50
83 - 4.30 6.70 5.90
94 4.45 7.15 6,60
106 . 4.80 7.20 -~ 6.75
124 5.15 7.45 7.10
132 _5.25 7.60 7.25

Temperature = 22°C, % 1°
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ies in systems in Which-reaerétion~was due only to algal
*;EPOﬁdé&nfh§Sisgf Touacéompliéh;thié,'systems closed to the
fjéimcsﬁheré;Wefggset1up»in BODch"ttlese In these experiments
fﬁhé?ééme mediﬁm;éhd'élgal seeding material used for the

éxpéfimeﬁtgvéhoﬁnxéﬁ Table VI were employed. The lighting
;iﬁféﬁsity'épd”iempérﬁtﬁreewere also the same, Two series of
::éXperiments were set. up at varying concentrations of sodium
: bicarbbnateg_qln éhother series of experiments in BOD bottles

'a single concentration of sodium bicarbonate was used and

glucose at various concentrations was added,

Figure 8 shows the course of dissolved oxygen produc-
tion for closed systems devoid of glucose, using three dif-
ferent concentrations of sodium bicarbonate. The increase
in dry weight of algal material during the course of the

experiment is shown for eacﬁ-system in Figure 9, In both

- figures there is a striking difference in. the performance

of systems receiving sodium bicarbonate and the .control sys-

tem to which no carbon source was added. There is also some

.indication that the presence of sodium bicarbonate in higher

concentrations exerted a suppressing effect on the rate of
algal growth.

For the experimentsvshown in Figuresls and 9, sodium
sulfite-was\not added to deoxygenate the water prior to
taking Sampleso Whén sodium sulfite was added, its effect
was to increase the lag period before rapld oxygen produc-

tion but it did not seriously affect the oxygen production
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rate after the lag period-was over, This can be seen by
comparing the results shown in Figure 10 with those .in
Figure 8, It should be noted that the apparent suppressing
effect of higher concentrations of sodium bicarbonate was
again evidenced in:the experiment shown in Figure 10,

It was desirable: to gain .some preliminary information
pertaining to the€ course of 6xygen.utilization.and produc-
tion .in closed systems which could be oxygenated by photo-
synthetic reaeration and deoxyéenated by bacterial res-
piration. 1In order to gain some insight.intovthis experi-
mental situation, BOD bottle experiments were set up using
sodium'bicarbbnate at 100 mg/1 and varying concentrations
of'glucosé. The seeding material consisted of the hetero- .
geneousgalgal seed used in:the previous studies and a
miged:populationvof heterotrbphic organisms obtained from
-a laboratory scale activated sludge plant. The'results.ére
-shown in: Figure 11, It is apparent that the severity of
the initial sag in dissolved oxygen concentration: was pro-
-portional to the amount of glucose‘added;“ Even in: the
"system which received no glucosé;vthere,waslan.appréciable
deérease'in‘DO concefatration during the firsf two days.

It was seen:from :Figure 8,that,there4wasfapproximate1y;a
two~-day lag in oxygen production by the~aigae, and . it is
~apparent from Figure 11 that during this period of»lag in
‘algal oxygen production, the endogenous respiration of the'd

'seed material in ‘the BOD bottle was enough to cause . a
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noticeable decrease in dissolved oxygen concentration, It
is also interesting to note the apparent plateau in DO con-
centration between the fourth and Sixth:days of the experi-
ment for the systems containing 5 and 10 mg/1 glucose.
There was also an apparent but slight.plateau in DO concen-
vfration.in:the‘system which received no glucose. The
plateau appeared to be somewhat masked in the system con—l

taining 15 mg/1 glucose,,,

3. Studies on. the Effects of Various Organic Loadings on

5

.the Experimental Oxidation Ponds

A, Batch Unit Studies :
1, 1Initial Organic Loading followed by a Detention
Period of Seven Days

In" this series of experiments the organic loadings
were varied from:100 to 600 mg/l glucose for each of three
-oxidation ponds defined in Table IV (see Materials and
Methods, page 23), The results.are~shown:in“Figufes 12
through 29,

The 7-day. batch studies conducted at a glucose -loading
of 100 mg/l1 areé presented in Figures 12, 13, and 14, for
éystems.ligz, and 3,,fespective1y, It can be seen:that
the rate of glucose-and¢COD:remova1‘for the system ‘which
‘was not illuminated (Figure 14) was considerably slowgr f
than for the systems which did receive -light. Comparison

.0of biological solids concentrations in  all three figures

-.shows quite strikingly the effect of additional algal
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growth caused by the presence of light, It is interesting

to note: that even in the system which was not:subjected to

. the lighting cycle, the dissolved oxygen did not reach zero,

~and there was considerable recovery in DO concentration (see -
- Figure :14), The recovery and dissolved oxygen concentration

;shown: in Figure 14 is attributable to physical reaeration.

Every attempt was made .to shut light out from the experi-
mental oxidation pond;- however, the shield was removed for

approximately one-half hour in:each twenty-four hours

(approximately, fifteen minutes each sampling period), and

© light was admitted during this time, Also, since the shield

.consisted-of'a;cardboard‘box and the top of the box .was

approximately -three inches from -the water surface, four holes

.approximately -three~eighths inch in:diameter were made: in the
.top of the shield in order to allow access of air to the
'atmosphere-abbvevthe‘water surface, A-small amount of light

- was continuously admitted through the ventilation holes, It

is seen:that in all systems the pH underwent slight but pre-
dictable changes during the course of substrate removal, and

that. the presence of algae did not cause an undue.increase

~in'pH, This was due: to.the rather large amount of phosphate

~buffer in:the medium,

Experiments conduected at.the: 200 mg/1 glucose loading

level are shown.in Figures 15, 16, and 17, ' These results

.are. in:general accord with those shown in the previous

three figures. The rates of substrate .and COD:removal are
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"somewhat;higher;‘however,Jthis.would‘appear-to be due
~largely to higher initial biological solids concentration
 emp1oyed,in:the;studies:performed at the 200 mg/1 glucose

-loading level,

Experiments run.at the 300 mg/l glucose loading level

are shewn:iniFigures:lS,.lg,.and 20, At this .loading level

~there was:a striking increase in: the severity of the dis~

-solyed oxygen sag,.and the dissolved oxygen in :the system

whiéh was. not- lighted did. not exhibit .an .appreciable dis-

-solved oxygen recovery, -The lack of recovery.in.the system

~in-which photosynthesis was not permitted, or in any event

was negligible, would appear~tovbe»due‘primarily;to the

 endogenous»respirationaof the biological solids in the sys-
tem, Again, the'rate;of-removal of COD.and substrate was
;notiééably;slower in:the system which received no:light
athaﬁginkeipher systém;which:wasisubjected3to»theglighting :

The results of studies conducted at the 400 mg/1
glucose loading level are shown. in:Figures: 21, 22, and. 23,
It is seen in this series of experiments that the dissol-

ved oxygen: for systems .which were: subjected. to theflight-

ing cycle did not recover to the extent.that.was observed

‘at-1owerxloading’1evels, i.e,, the severity of the sag -was

increased, - The systen whicﬁ"wasfrUn:in;the dark showed a
fairly;rapid.drop;in:dissolved,oXygen‘concentration,‘and

evidenced,little or no recovery. It may -also be observed
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that changes.in,oxidation‘reﬁuction;potential (O,R.P.)
could .be correlated fairly well. to changes in dissolved
oxygen concentration,

Experiments at the 500 mg/1 glucose loading level are

-shown in Figures 24, 25, and 26, At this loading level

there -was a. rather serious oxygen.deficiency in all three

-systems, The oxidation reduction. potential dipped below

zero, and in :the systems which received light the attainment
of negative O.R.,P. marked an:apparent change in: the predom-
inance or in:physiological characteristics of the algal

culture .in: the system, The color of. the:'unit changed from

‘a dark green:to a yellowish-green, The‘dark“systém-exhib-
-ited. some physical evidence of anaerobiosis, e.g., traces

.of hydrogen sulfide gas were emitted from-.the pond surface,

Anaerobiosis was much more pronounced at the 600 mg/1

‘glucose loading level (see Figures 27, 28, and 29), At

.this:loading level there was a severe depression in oxida-

tion reduction potential, and a much more noticeable change

-in:algal characteristics,; as evidenced by a color change

-from. dark green to light.yellow after the oxidation .reduec-

tion potential dropped below zero, All systems exhibited

typiqal anaerobic odors during: the period of negative oxida-

tion :reduction potential,

2. Organic Loading Applied at Threemday,Intervals
~with Samples taken over -a Period of Twelve Days

In this set of experiments, two loading levels, 100
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mg/l and 200 mg/l gliucose, were employed, All other experi-
mental conditions were the same.as those used for the stud-
ies reported in the previous subsection,

Figures ‘30, 31,.&@6 32 show the performance of the
.three . types of systems at the 100 mg/1l glucose loading level,
It. is seen from Figures 30 and 31 that either systém which
-received. light performed fairly well with respect to sub-
‘strate removal, and that in both systems there was a con-
stantly increasing concertration of biological solids, It
is also interesting to nete that in both .of these systems
the dissolved oxygen level at. the end of each loading cycle
after the first cycle was higher than the preceding one,

In Figure 32 it is seen:that substrate removal efficiency
was gradually retard@d'upon'repetitive-feeding; and that
the dissolved oxygen. level was considerably lower than that
.shown in Figures 30 and 31, The biological solids level
increased at a fairly uniform rate in all systems, but the
-net increase was greater in the lighted. ponds.

Figures 33, 34, and 35 show the behavior of the three
-systems at a loading. level of 200 mg/1 glucose, It is
seen . that at the>three=day{feeding cycle the oxidation
pond systems which received light did net remove the-car;
bon :source very effectively, nor was there a high concen=
tration of dissolved oxygen present at any time after the
initial oxygen had been ugsed, The oxidation reduction

~potential in Figures 33 and 34 did not exhibit the cyclic
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pattern .shown.in Figures 30 and. 31 for systems operated at
~the 100 mg/l glucose  -loading level, 1In.the system which
‘received no-light (Figure 35), it can be seen .that
anaerobic condition:existed. after the first feeding cycle,
This.period of the: experiment also marked the onset of
other‘evidencé;of anaerobiosis, i,e., the typical anaerobic
digesterjsmell,,hydrogen:sulfide, Table VII shows the per-

cent,COD;?emévai.after the first day and last day of each

~ feeding cycle, The greater efficiency of'theilighted_sys~

tems  is apparent from the table,

3. Organic Loading Applied Each Day with Systems
- Observed over Period of Seven Ddys

Figures 36, 37, and 38 show results for the three

_types. .of system studied under loading conditions of 50 mg/l

glucose added each 'day, It is seen :that regardless of. the

‘presence of light or bicarbonate, the dissolved oxygen con-

centration in:all systems was: reduced to Zero;by-the-end;of
the~second day of operation, As :.observed in:previous
experiments,'theJcﬁlbr of the units changed from a rather

dark green:to:a»ligh% green:shortly after the: second day

“of operation when .the dissolved oxygen: had dropped to zero,

In the system which received sodium bicarbonate (Figure -37)

-there was congiderable recovery in the oxidation reduction

potential after the fourth day of operation, and it was
evidenttthatzthe disSolved.oXygen,concentration:was,incréas-

ing;during;thg'sixth4day;oi operation, Using oxidation



~ TABLE VII

PERCENT COD REMOVAL FOR BEGINNING AND ENDING: LOADING PERIOD
"FOR THREE=DAY LOADING:INTERVALS

‘(Data taken from:Results shown in Figures 30 through 35)

- Substrate - COD Removal Efficienty (%)

Figure :Leading, mg/l - Dav 1 Day 3 Day 4 :Day 6 “Day 7 Day-9 Day 10 - Day 12
30 100 46.6 63,3 47.9 71,4 '28.2 73.4 43,1 76.2
31 100 44.9 67,3 50 69.7 39.4 175.7 45,6  76.0
32 100 44.4 80,0 46 68,9 33.3 48,3 28,9 56.9
33 200 19.6  50.0 47 56.7 28.4 50 32,6 55,0
34 200 20,4 56,4 32,4 66,2 36,5 66.4 38.6 66,6
35 200 25.4 45,7 28.2 50.2 20,5 39.9 27.4 45,8

System 1: Figures 30, 33 = 12-hr Light; No Bicarbonate
‘System 2: ~ Figures 31, 34 = 12-br Light, 100 mg/1 Bicarbonate
‘System 3: Figures 32, 35 - No Light, 100 mg/l Bicarbonate

69
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reduction potential as'an indicat0r, it seems :1ikely -that
3the'system~shownvin‘FigureJ36:wésrbeginning-to recover from
a condition of anaerobiosis. It is interesting to note the
.considerable effect that the addition.of sodium bicarbonate
‘had  on:photosynthetic oxygenation. The beneficial effects

- of photosynthetic reaeration are rather dramatically shown
for the systems by comparison of the oxidation :reduction
.potential curves .for the:systems which were-subjected to
light and the system:which was not (see:Figure 30)., Sub-
strate removal was more effective in the lighted systems
also,

It was:of interest to determine- whether the apparent
recovery of aerobic conditions exhibited in Figure 37  at
the 50 mg/1l glucose daily loading would be evidenced at
:higher'loadings1during»assevenuday:period of operation,

-In order to gain-:.an' insight into this poessibility, an-
-additibna1 experimentrwaS‘runffor'a system which received
in.addition: :to 100 mg/l.sodium~bicarbonatendaily,.100 mg/1
glucosew..Therresults-afe‘shOWn¢in~Figuref39, It. is seen..
:that. the dissolved oxygen dropped to zero-in:about"oneiand
one-half days, and exhibited no/recovery‘within-thelseven-
day period of observation, Oxidation.reduction :potential
.showed a continual decrease: throughout the experiment.

The inability of the system to remove .substrate -effectively
. is 'shown by the gradual increase in:COD'and substrate at

the: .end of each successive feeding cycle,
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B, Continuous Flow Studies

The first series of experiments in the continuous flow
oxidation ponds were run using a detention time of ten days.
The performance of the experimental ponds for loading levels
of 100, 200, and 600 mg/l glucose are shown in Figures 40,
41, and 42 under conditions of twelve hours of light and
twelve hours of darkness., The performance of the ponds dur-
ing the three or four-day period of batch operation prior
to continuous addition of feed is not given in the figures,
At the zero day, the concentration of the glucose in the
pond was brought up to the desired feed concentration level,
and continuous feeding from the feed reservoir was begun,
The period of time required to reach somewhat steady con-
centration levels varied with the organic loading level.

In all cases the plotted values represent the average of the
top, middle, and bottom samples. In general the values Df
the levels were very close, except that the biological
solids concentration of the bottom sample was always
slightly higher than that found at the other two levels,
Samples were always taken within one-half hour after turn-
ing on the light. In Figure 40 it is seen that in the sys-
tem fed 100 mg/l glucose the oxidation reduction potential
and dissolved oxygen concentration achieved relatively high
values after the initial sag. At the 300 mg/1 glucose feed-
ing level (Figure 41) the dissolved oxygen and O.R.P. were

noticeably lower than at the 100 mg/l glucose feeding



500

400}

BIOLOGICAL SOLIDS, mg/1

100

200

10

COD AND ANTHRONE, mg/1

Light Intensity: 450 ft-c

TIME, DAYS

Figure 40, Purification of 100 -mg/l Glucose in a Continuous Flow .
Oxidation Pond Operated at a Detention Time of 10 Days.

Light Control: : 12 Hrs/Day| 6
NaHCO3 ' : 100 mg/1
CoD
. ,
A A N— —— A\. A/A N\Z Y 2
* Anthrone O _
O"’Q_Q“Q"‘Q~'O/i T ~0—=0—b o
6 8 A 10 12 : 14

20

DISSOLVED OXYGEN, mg/l -

‘£100

=-200

=300

o

-400 -

9L



BIOLOGICAL SOLIDS, mg/1

1000,

8oo|

600

400)

200

COD AND ANTHRONE, mg/1

400

0

Light Intensity: 450 ft-c
Light Control : 12 Hrs/Day.
NaHCO, : 100 mg/1. T
'-——-u———-.-——-l—-——l-———-———4**‘-37“""“’
—_— O.R.P. '
. : A A A Ao A e A .
;////' s o/ -
—a”£>—_-<)‘"‘13 c>_-—T>
/O/ O/O\O____H Soli ds7’ 10
COD
\\\**3 2 e N }_—l&_——qﬁ
T A~ —~—a
. O—6—0—0—0—0t0-—0_0—0—g o
0 1 3 6 9 10 11 ’ 12 13 1 15
. TIME, DAYS :
Figure 41. Purification of 300 mg/l Glucose in a Continuous Flow 0x1dat10n

Pond Operated at a Detention Time of 10 Days,

20

DISSOLVED OXYGEN, mg/l

10

‘s0C
500
400
300

~~
200 .
160
[a¥
~
J1o0
}200
-300
J400

(M, V

LL



SOLIDS, mg/l

900

800

700

600

500

400

300

200

700 _ 14
‘Light Intensity: 450 ft-c
7 o , Light Control : 12 Hrs/Day i
_ H g X _
eoo:{\ _ o ‘NaHCO, 3 100 mg/1 ha
A ' ' _ BT _ '
. 500 \&s 10
E% O
E coD B
2 400 L 8
& P
% \A a a N a N A N Al—.—‘\‘—' A e el =
e \
= 300-\,3 A Solids -6
< - /O\
o—
o.
200 J . 0 p: L 4
100 | o A—a, //js\\ﬂﬁ-¢&—11*"45\\wﬁ——45~.ﬂﬁ 2
: *~<} Anthrone o
q ~O0—0—0O— C>,o—io—cr- -5 -
0 N [ I W ; P T S 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 42, Purification of 600 mg/1 Glucose in a Continuous Flow Oxidation
Pond Operated at a Detention Time of 10 Days. .

DISSOLVED OXYGEN, mg/1

10

14

pH

S

- 900

800

| 600
500
400
300

200

o’.
0.R.P,

=100

=200

-400

-500

(M. V.)

=300

| 700

8L



79

level, 1In Figure 42 it is seen that at the 600 mg/l feed-
ing level the system was anaerobic, whether judged by the
negative O.R.P. or the absence of dissolved oxygen., The
unit also exhibited typical odors of anaerobiosis., Also,
it is interesting to note that again, when zero dissolved
oxygen and negative O.R.P.'s were recorded, the color of
the pond content changed from a bright green to greenish-
yellow and thence to a yellow color. It is interesting to
note in Figure 42 that even though anaerobic conditions
existed, the substrate removal efficiency was fairly good.
It will be recalled that the samples were taken within
the first half hour after initiating a light period. Since
the light was on for twelve hours and off for twelve hours,
it would be expected that there might be some fluctuation
in the dissolved oxygen concentration, and indeed, some
fluctuation in some other parameters as well. For this
reason although it is believed that the unit approached
fairly good mixing conditions, it cannot be claimed that
these continuous flow ponds operated under conditions of
complete mixing. It was of interest for the pond operated
at a loading level of 600 mg/l glucose to determine
whether the dissolved oxygen recorded at the time of sam-
pling was representative of the dissolved oxygen through-
out a 24-hour day. Therefore, after the completion of the
fifteen days of operation shown in Figure 42, the pond was

sampled on a round-the-clock basis for the next twenty-
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four hours, and dissolved oxygen determinations were made,
The results are shown in Figure 43, It is seen that at
this level of loading there were no cyclic tendencies
observed in the dissolved oxygen concentration. On the
next day the light was turned on for twenty-four hours, and
dissolved oxygen determinations were made during this per-
iod. The results are shown in Figure 44, where it is seen
that the dissolved oxygen remained at zero,

It was of interest to determine whether a loading of
600 mg/1l glucose could be applied at the ten-day detention
time if the system was subjected to continuous lighting.
The results are shown in Figure 45. Comparison of Figure
45 with Figure 42 shows that the major difference made by
operating with the light source on for twenty-four hours
was the time taken to reach a concentration of zero dissol-
ved oxygen. Also, the oxidation reduction potential level
in Figure 45 is somewhat higher than that in Figure 42.
It is seen from Figure 45 that even under conditions of
total lighting the oxidation pond experienced anaerobic
conditions, as adjudged by the oxidation reduction poten-
tial and the dissolved oxygen concentration., The pond
also exhibited the typical odors of anaerobiosis.

At the twenty-day detention time experiments were run
at glucose loading levels of 100, 300, 600, and 1000 mg/1.
It is seen from Figures 46 and 47 that the systems oper-

ated extremely well at the 100 and 300 mg/l loading levels.
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It will be recalled that at the ten-day detention time the
system underwent anaerobiosis at the 600 mg/1l level (Figure
42, However, at the same loading level and a detention
time of twenty days (Figure 48) the system remained aerobic
and gave fairly good substrate removal efficiency. On the
twenty-first day of operation, dissolved oxygen concentra-
tion was run on an around~the-clock basis; the results are
shown in Figure 49, It is seen that at this detention
time DO concentration underwent an increasing and decreas-
ing cycle during the on and off period., On the twenty-
second day of operation the light was left on, and dissol-
ved oxygen was again determined at freguent intervals
throughout the twenty-four hour period. The results are
shown in Figure 50, where it is seen that the dissolved
oxygen concentration exhibited an increasing trend. There
is no immediately apparent explanation for the slight dip
in oxygen concentration which occurred in the early morn-
ing hours toward the end of the period. There was no
significant variation in the temperature during this
period. Therefore the depression in the dissolved oxygen
concentration cannot be attributed to retarded metabolic
activity of algae due to a lowered temperature during the
early morning hours,

Experiments of twenty~day detention time were also
run using 1000 mg/1 glucose feed. The results are shown

in Figure 51; it is seen that anaerobic conditions devel-
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oped. at this loading level. -Also, there was a decrease in
-COD removal efficiency'although removal still averaged
approximately 70% even at this loading. Another continuous
‘flow experiment at the same:loading level and detention
gperiodeasvrun;under'conditions of twenty-four hours of
light per day. The=resu1ts*are=shown;ianigure:BZ. Even
~under conditions of contimial light.the system was anaerobic,
~and the-major difference between the results shown in Fig-
-ures‘51 and.52:istthe-time’required"té reach the anaerobic
condition. The steady state .solids level was slightly
“higher:for'the“system'which;was continually lighted, and it
-attained a steady state condition more rapidly than the

" system which'waS'subjected.to alternate light ‘and dark

- periods.

.It_iS'offen-observed in:the field that . oxidation ponds
v»providé:éxCellent;breeding ﬁiaCeS¥f6r mosquitoes,  It.is
‘iﬁtereSting‘td note that the same may be said for labora-
tory oxidation ponds. .Toward the end of the experiments
conducted. at:the: 1000 mg/1l glucose loading level (Figures
51 and 52), the surface -of the ponds literally. became
~cOvéredrwithvmosquitoeswin‘the’1arva1'stage. - The experi-

ments«wereAterminated before they matured.
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'CHAPTER V
DISCUSSION

:The studies on-physical_reéeratioﬁ;in the 1ab6ratory
.ox$dation‘pondaahd the-early;studies on:reaeration due to
phbtosynthesis.conducted in the BOD bottle and in the lab-
oratory ponds essentially are of a preliminary nature and
were intended.to provide -insights for subsequent experi-
mental design, |

The reéults~of the physical reaeration studies (Fig-
ure~5)’indicated,;as~would befexpected,'that the course of

physical reaeration did follow. first order kinetics over 'a

’

7wide{rahge ofvlﬂcvalﬁgs; - In:the la'te hours .of the expéri—,
‘ment when the chaﬁge ih*D0-ooncentration'wasxrather'small,
,thére\appeéred”tO\be‘some‘divergenceffrom-the first order
’kinéticsé,however, it -should be=noted;that_in these experi-
ments;thev”saturation.vglue" from-which theé deficits were
-computed were not true-saturation values.
‘»The<resu1ts~shownaianigurev7.show;the enhanced rate
.of reaeration.due to.algal growth; the level of dissolved
.oxygen in;the:ppndiwhich received. no sodium bicarbonate was
‘considerably’ lower than in those .to which bicarbonate was

-added., It is also interesting to note that the dissolved
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oxygen«ievel’obtained.forfthe'éystem.which_received no . added
bicarbonéte.in Figure .7 were considerably lower than the
dissolved.oxygen-values;attained.solely;by physical reaera-
—tidnt(comparevFigures 5'and.7).f'This result may be par-
tially due to the: fact that for the results shown .in Figure
-5 diStilied;water-waS’employed,»whereas in Figure 7 the
"salts;mediﬁm-waSﬂused, - This could affect the rate of

- reaeration :and the amount of dissolved oxygen which could
be~helé in.thé?system.

;Itiisialso interesting to note in Figure . 7. that the
‘oxygen production using-100 mg/l sodium bicarbonate was
tslightly greater than that using 300 mg/l. The same effect
was notedufOf the~fesu1tssshown in Figure 8 which were con-
~ducted in closed:systems-(BOD bottles). In this figure it
fis’cleérly’seen;thatgat 300 and 500 mg/lisodium bicarbonate
.therekwéé;a;défipitg»su?pféssing:effect'upon.the_rate of
féoxyéénati&ﬁ;éﬁdffhe:totai;ambunt‘of oxygen produced. The
'beneficia1 effect~of adding 'sodium bicarbonate is manifest-
‘ed . to a»greater‘degree in.Figure;S'than;invﬁggure~7,,M6st
;probablyﬁbecéusé-for-thefsYstem=shown.in FigﬁreJ7 carbon |
wdioxide‘could-énter.the‘system from the atmosphere, Algal
soiids productionffor these systems (shown in Figure 9)
1refleqt the‘same:trend-asrthé'oxygen production data shown
:inPFigure-8,,thusﬂindicating'thatveither‘oxygen~production
~or‘solidSmpfOQuction can be used_as;a useful parameter to

lmeasurelthefactivities;of the algae° The additional exper-
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iment run .using various:levels of sodium bicarbonate -in
which the medium was first deoxygenated (Figure 10) yielded
. the same trend as the previous experiments. As a.result of
these -preliminary experiments, the 100 mg/1 level .of

- sodium bicarbonate was selected for inclusion in the syn-
-thetic medium used in.subsequent loading studies.

- The results shown.in Figure 11 are particularly inter-
esting, since .they show very prominently the considerable
-oxygenating capacity of the'aigae° - This is especially. evi-
dent . in the experiment for which 15 mg/1 glucose was -added,
It is also interesting to note that in.these experiments a
plateau in oxygehﬂproduction;was noted., ' This is of par-
'tiéular;interest,‘since‘many studies :in.the Bioengineering
iLaboratoriés,of OklahomafStateaUniversity'have-shown~that
‘plateaus exist . in oxygen utilization, as well (43, 44, 45).
| U;lThq'loading.stﬁdies in the laboratory oxidation ponds
wcohpfiéédifhé;méjér feseérch effdrt. -The\firsfvsetfof such
mstudies;was conducted in batch, using a  detention:time of
sevengdays-with:aesinglerinitialfloading'varying from 100
to 600 mg/1.  Comparison:of the'ovérall results :shown:in
‘Figures 12 through 29 allows the following genmeralizations
“to be'drawn: Concerning biological solids production, the
-system Which received ‘1light :and. which contained sodium
bicarbonatea(systemlz) produced more biological solids
'than:did.the'systemvwhich-received;light-but,contained"no

-added sodium bicarbonate (system 1), . However, system 1
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- produced much mpre‘sblids:than-did system.3, which contained
-soldium picarbonate~but received no light, Concerning the
‘prevailing'Qissolved oxygen concentration, there were no
flarge-differences between:s&stemSal.and 2; however,. much

. morevoxygen:was,producedvin%syétems 1 and 2 than in system
3, . which received:no:light, Considering the oxidation

-reduction:potential, system 2, to which sodium bicarbonate

- -was ‘added, .recovered to high values more effectively than

'did system 1. However, in system 1 the O.R.P. values
recovered more rapidly than in system 3. The trends given
above held true:in general over  the entire'rangerof load-
:ingstwhich;were»studied. InwsystemStwhich_receivedrlight,
'.anﬁerobiosis, as~measured by dissolvéd oxygen- concentration,
existed until the’end of the seven-day period for systems
' loaded above 400 mg/l. In the systems which did not receive
'alight;‘thereuwas:only ahslight recoVery;in dissolved oxygen
concenfration=at.a*loading level of 200 mg/l glucose,
~Pertaining to ‘one.of the-most important parameters
assessed, that is, COD removal rate, there were no-great
-;differencestbetween:systemS‘l'and 2; however;‘the-removal
fates-in both of these.systems were much greater than those
70bserﬁedAin,system 3, which received no:1light. This result-
}wbuld, of course, be expected at the higher loadings, where
.dissolved. oxygen or oxygen tension might be- expected. to
play a rate-limiting role .in-COD or substrate removal,  How-

ever, it may be-seen in Figures 12 through 17 that. the same
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trend, i.e., greater removal rate in'systems receiving light
than in:the dark system,. were observed. for systems in which
.theidissolvéd:oxygenvconcentration‘did nbt;decrease'enough
~to limit the rate of COD removal. This result could be con-
‘strued as an.indication:that the algae may havevmetaboiized
“someiof’the:glucose,vthus~adding to its rate of removal,.,. The
~utilizétion,of Qrganic matter by -algae has been reported in
;the'literature,,both in light and dark environments, - Chlor-
ellg,has been grown.in the dark in' a medium containing 1%
glucose- (46) . Harris, et al., (47) found that Chlorella used
‘exogenous carbohydrate preferentially for synthesis of lip-
ids;even in :the presence of light . and 002. -Other algal
species ‘have -been' shown. to be capable of metabolizing organic
cgrboqisoufces;(48,.49).

~'In the experiment shown in Figures 30-35, two differ-
ent;loadingjlevels were»ehployed; The' load was applied“at
thfee—déy:intervals,,and the»reéponse of the systems were
-followéd.forrg;total.of twelve‘days.E These results ragain
”shOW'the.increased.efficienCy;duevtOwalgal oxygen: produc-
‘tion, but inkthesefexperimenms it is not possible.to assess
-the: role of the algae in direct removal of COD, In the
tanks. which were:loaded at the'rate of 100 mg/l glucose -per
-three days, the-additionzof bicarbonate to the- -lighted
tanks had:little effect on dissolved oxygen concentration,
-but-both .solids :concentration . and pxidation reduction

vpotential.were\greater-when bicarbonate was added. The
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G.R.P. meaSurément;waSralso considerably different in the
tiiree systems at the higher loading. While both the lighted
~tank without bicarbonate and the dark tank were completely
¢evoid of DO after the third day, the oxidation reduction
potential was considerably lower in the dark tank. From
these regults and those previously obtained in batch stud-
ies, it would appear that O.R.P. is a much more sensitive
peasure @f the degreé of aﬁaerobiosis than is dissolved
oxygen, The provision of bicarbonate at the 200 mg/1 load-
ing level had a marked effect upon both solids production
andvdissolved oxygen, The increased algal growth in the
tank to which bicarbonate was added was just sufficient to
prevent anaerobiosis.

COD removal efficiency for the three systems is shown
in Table VII. At the lower 1oéding level, both lighted
tanks showed approximately equal efficiency. Considering
the per cent COD removed at the end of each ‘three-day
period, all systems were approximately equivalent for the
first two loading periods, but the lighted systems increas-
ed slightly in efficienéy throughout the study, whereas
the efficiency of the dark system was seriously impaired
duringﬂthe latter part of the expériment as total COD
increased. At the higher loading level the effect of algal
production of oxygen and its enhancement by the addition of
bicarbonate is more pronounced. At all loading periods,

the lighted tank containing bicarbonate exhibited the
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greatest efficiency, while the poorest COD removal occurred
.in:the dark tank. . From these results it can be concluded
that the ponds used herein could maintain reasonable COD
-removal efficiency at the loading rate of 200 mg/l per
“three days only if algal growth was optimal. - The pond
;shown in Figure 34 would seem to be operating very near the
-allowable loading limit,

-A. change -in: the loading schedule to 50 mg/1l applied
_daily (Figures 36-38). resulted in overloading and anaero-
biosis in:all three systems. Dissolved oxygen was com-
‘pletely. exhausted in all systems after the second day;
 however,:the beneficial effect of algae and its enhance-
ment by addition of bicarbonate was again evident in the
differences in O.R.P, and in substraie removal efficiency.
-Dissolved oxygen’also"shpwed a slight recovery in the
‘finai.period of-operationlinuthe~1ighted tank to which
bicarbonéfe'was-édded. Although all ponds-were overloaded,
the condition of the dark pond was more serious than that»
“of the lighted ponds,. and the pond containing bicarbonate
might possibly have functioned fairly efficiently if the
"experiment -had been extended to allow. further recovery,
.When the-loading.level'was doubled, even though‘bicarbonate
‘was added and light was provided for twenty;four hours,
,complete_anaérbbiOSis and breakdownzoffSubétrate‘removal
efficiency occurred, and there was no evidence .of poten-

tial recovery after seven . days,
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In the continuous:flow studies, conditions found to be
soptima1~in3the‘batch-studieé~were'employed, i.e., bicarbon—
-ate-waé:addedqatua concentration of 100 mg/1.and. the tanks
~were exposed to light for twelveéhour periods each day. -At

-all three ‘loading levels, 100,'300, and 600 mg/l1, steady
~operation:with regard to all parameters measured was reached
 afterfapproximate1y_four days of operation. At both 100 and
300 mg/l‘loédihgs, the ponds operated quitedefficiently,
‘removing approximately 85% of the applied.COD and maintain-
.ing high dissolved oxygen:and O.R.P, levels., At»GOO.mg/l,
.aerobic conditions .could not be maintained, and sblids~pro~
duction dropped,- but COD removal efficiency was only slightly
~affected, remaining at approximately 80%.  Continuous light-
ing at the same: loading level increased COD removal effi-
‘ciency only slightly.

| -'”The~completelyvanaerobic_condition experienced by‘the
~overloaded ponds in these experiments probably resulted in
.the death of a.large portion of the: dlgal population. As
noted- previously, the dark green color characteristic:of

- aerobic ponds .was replaced by a yellow color. .Franck and
Gaffron (50);have~reportedsthat while ﬁany,algae, such' as

”;Scenedesmus,eAnkistrbdesmus,,and Rhathidium may survive

under‘anaerobic'conditionsxforidays3-Chlorella.is much
more ' sensitive to anaerobioSis,_and is permanently - injured
by long anaerobic periods. -Another possible explanation

.of the:color change-and the inability of the algae to
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overcome .the oxygen deficit may be found in: the work of

‘Ludwig and Oswald with Euglena gracilis (51). They reported

.that the color of Euglena changes“With:age, as does its
v»oxygén:productivity. .The youpg~cells-were'reportedAto be
-dark green, and to produce more oxygen than they respired,
.while»old:cells;Were=yellOWfand used more qugen than they
. produced. ' The latter explanation is probably not applicable
»totme:presenthOrk,vsinceréiimination;bf'fhe-dark.(oxygen
~utilization period) did’iittle'to improve the condition. of
the pond. Also, the éharacteristics,reported_for Euglena
.mayfnot bévapplicable to Chlorella, and indeed, are undoubt-
‘edlyinot general for algae,:sinceEdetentibnfperidds;of con-
-Siderablyflonger'than-ten déys'are commonly used inbponds
'Without-resulting.inyloss»of green~color; - Therefore, it
appears -most probable-that'if completé«anaérobiosis is
’established-inﬂa pondjand‘persists for,a:period of several
_déys,»Chlorella,.atvleast,.willvbe e1iminated from -the

- algal population., It is possible that a mixed population
{containing;algae more resistant to anaerobiosis might»have
-eventuélly;overcome»the'anaerobiosis exhibited in.the over-
lloaded pond, vinfcomparing;these continuous flow experi—
mentS'withﬂthe'previouéxbatch"ekperiments; itjcan-be»Seen
.that, although dissolved oxygen depletiQn occurred.in‘the
-bat¢h~studieSJalso,:recovery}wés-pdssible, waever,_the
»O.R.P.\levels(in the batch experiments weyre never as low

‘as those reached in. the continuous flow experiments; thus
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O.R.P., may be the:determining factor in the*survival.of
Chlorella.

. When the detention time in the-continuous;flow studies
‘was ‘increased to twenty days-(i.é,, when the daily loading
‘rate-was :decreased by half for{any given substrate concen-
-tration), the COD removal efficiency was increased slightly
-at the 100 mg/l level but was  approximately the same-at 300
and 600 mg/l levels. . The pond which received a substrate
‘concentfation of 600 mg/1 did not become anaerobic -at this
detention time, but substrate removal efficiency'waé
'slightly lower than that for the'equivalent daily loading
~with a ten-day detention time (300 mg/1l), .Since the algae
in these ponds should have had an: average age twice that of
the ‘algal population at a ten«day'detention time, these
‘resulfs~support thé foregoing conclusion that for Chlorella,
_at least, anaerobic conditions haveva‘much-more deleterious
‘effect upon cell survival than‘does,culture5age. At the
longer detention time the pond remained aerobic, and the
-colqr'change to yellow was not observed. . The detention
‘time (and therefore, possibly, cell age) does, however,
-appear toaffect net oxygen'production‘rather'severeiy,
.For‘equivalént loading factdrs, 300 mg/1 at ten-day deten-
tion:'and 600 mg/1l at twentymday detention times, the dis-
‘solved. oxygen levels were 4 mg/1 and 1 mg/1l, respectively,
- The-level of 4 mg/l DO was reached in the tank with longer

‘detention time only at the-end of the light period, as
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shown in Figure 49. When the substrate concentration was
increased to 1000 mg/l1 at the twenty-day detention time,
the results were similar to those obtained at 600 mg/l1 with
-a tenQday detention time. The pond became anaerobic, but
‘substrate removal efficiency remained fairly high (approx-
imately 70%). -Some improvement in both COD removal (77%)
~and-O.,R.P, were obtained by lighting the pond continuously,
but again there was no evidence  of recovery from anaero+v
biogis.: In Table VIII are shown the loading factorsvfor all
experime5£5‘calcu1at9d on ﬁhe baéiéfbf pounds COD.or glu-
cose/acre/day. .Bésed upon the~maintenancé of a measurable
level of-dissolvedsoxygen.andvabsence:of objectioﬁablg
indications-of@anaerobiosis, the maximum 1oadings-tqleréted
under each 1oading schedule‘were as folléws; |

1, .Batch”studies,.siﬁgle loading, seven-day

-detention,.117.6,1b/cbn/acre/day
2. Batchtstudies,‘10ading,applied at three-day
intervals, 137.4 1b/COD/acre/day

3. .Batch studies, loading applied daily,. less

‘than 103 1b/COD/acre/day |

4. Continuous flow studies, 61.7 1lb/COD/acre/day.

In thepe comparisons only the batch systems-which re-
ceived both light and bicérbonate~are considered. Based
on:a COD removal efficiency of éréater‘than 70%, the
'optimum loading for either batch or continuous fiow systems

would appear to lie in the vicinity of 60-70 1b/COD/acre/
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TABLE VIII

SUMMARY LOADING FACTORS FOR PONDS IN ALL LOADING
STATIONS

Batch Studies, Single Loading, 7-Day Detention

Glucose, mg/l Glucose, Ib/acre/day COD, lb/acre/day

100 27.6 29.4
200 55.2 58.8
300 82.8 88,2
400 110.4 117.6
500 138.0 147.0
600 - 165.6 176.4

Batch Studies, Loading at 3-Day Intervals

100 : 64.4 68.7
200 128,8 137.4

Batch Studies, Loading Applied Daily

50 96.6 103.1
100 193.2 ' 206.2

 Continuous Flow Studies, 10-Day Detention

100 19.3 _ : 20.6
300 57.9 61.7
600 : 115.8 123.3

Continuous Flow Studies, 20-Day Detention

100 9.7 10.3
300 - 29.0 : 31.0
600 57.9 61.7

1000 . 96.6 103.0
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day. .it:may be -surmised from the results of these loading
-studies which were condﬁcfed under closely controlled con-
'ditionSsandfsoﬁewhat ideal opefational conditions that there
-is-conéiderable.justifi;ation-for the low loading factors
-whichjarewrecommended.fdr~oxidation_pond‘design by many
Jstatevfégulatory-agencies. It must be~rémembered that the
”ponds*employéd iﬁ theseastudies~weré conSiderab1y more
»shélloWVthén'would be used in the field, and that even under
the‘ideal’conditibns employed‘in»the laboratory, loading
-factors\of 60~70'1b/COD/acr¢/day could not be-exceeded if
the pondsrwere=t6‘be»operated.With the absence .of anaerobic

‘odors,. and reasonably good removal efficiencies.



CHAPTER VI

CONCLUSIONS

Based.upoh‘the experimental results, the following con-
‘clusions may be drawn:

1., If oxidation ponds ‘are.to be operated with reason-
‘ably good (approximately 70% or better) COD removal effi-
ciency under strictly aerobic conditions, relatively low
‘loadings must be employed. In the present study these load-
ings;were»in the rangékbf 60-70 1lbs/COD/acre/day for ponds
-operated under relatively ideal conditions in the labora-
toryt »While*theﬂresults-should not be directly translated
to the field,iit-iS‘eXpegted that actual design loadings.
~w6u1d mo$t probabiy be~25—30%vof_those‘herein'observed.

2. xTHEre‘is-Eﬁééd upon the experimental results of
’thisestudy,‘somezindication-that‘algae cannot be‘subjegted
vfo=severe:anaerobicicondifions+without'impairing their
‘oxygenating capability. .This~wou1d indicate that the
1organic loading to oxidatioﬂvponds=shou1d be such that an
oxygen :surplus is built up during the light period which
;is~sﬁfficient to prevent the dissolved oxygen fggp drop-

- ping to zero during the dark or night period.
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‘3. -As it affects the survival of algae or the reoxy-
-genating:ability of the-algae, oxidation reduction potential
appeafs_to;be~a better barometer for measuring the degree of
anaerobiosis than.is dissolved oxygen, since the ability of
the-algae to recover from DO deplgtion*appeared to depend
upon the minimum O.R.P. reached during the anaerobic period.

-4, . The optimum concentration of sodium bicarbonate
~for promotion of algal growth was, under the conditions of
thé~presentwstudy,,approximately 100 mg/1l, Concentrations
‘higher than this appeared to have a somewhat ‘inhibiting
effect,

5. =Thereras”some~indiéatién in these studies that
the algae may metabolize organic matter even in the light;
.thus,_they may play -an:active but probably minor role in

‘assimilation of the organic carbon:'sources in:a waste,



CHAPTER VII
SUGGESTIONS FOR FUTURE WORK

There is a great need, from an engineering standpoint,
to devise ways and means of making accurate materials bal-
ances for oxygen supply and depletion in oxidation ponds,
and there is an equally great need for devising kinetic
models of predictive value concerning the oxygen balance.
However, the results of the present study indicate that
there is an equal and perhaps greater need for more basic
study concerning the basic metabolic behavior of the
algae, since they comprise the primary mechanism of reo#y—
genation in the oxidation pond method of waste water -
treatment, In this réspect it is felt that the present
line of investigation should be extended to include the
following studies:

1, Loading studies similar to those‘herein presented
should be performed using algal strains which are more
resistant to anaerobiosis.

2. The effect of dissolved oxygen concentration and
oxidation reduction potential on the survival of Chlorella

should prove to be an interesting and useful study.

108



109

3. Studies should be made on a variety of algae and in
mixed populations of algae to determine the extent of their
ability to remove .or metabolize organic carbon sources under
daylight conditions,

4, An interesting and useful study could be -designed
to determine the type and extent to which organic materials
may be -released by algae, especially under conditions of low

-oxidation reduction potential.
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