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Abstract:
The nutrient enrichment or eutrophication of water supplies has been a subject of considerable concern
for many years. One means that uuuu has been proposed to control eutrophication is to limit the critical
nutrient from entering the water supplies. Phosphorus and nitrogen are the two major nutrients required
by all aquatic life. Phosphorus in many cases has been chosen as the nutrient to control. Phosphorus is
introduced to the aquatic environment through erosion and run-off and through domestic and industrial
wastes. While nitrogen may be introduced by the same means as phosphorus, some algae and bacteria
can also make use of free nitrogen in the atmosphere.

Domestic sewage is a major contributor of phosphorus to the water supplies and therefore phosphorus
removal in sewage treatment plants is important. Most sewage treatment plants built today utilize
biological treatment but do not consider phosphorus removal in the process.

The purpose of this research was to study phosphorus removal as a function of cell residence time in a
continuous flow stirred tank reactor. Several data in the literature excessive uptake of phosphorus in
activated sludge at either high growth rates or low food to microorganism ratios.

A pilot plant which modeled a continuous flow stirred tank reactor was used for the research. An
artificial sewage was used which was designed to be substrate-limiting. Sucrose was used as the
substrate. Phosphorus at 7.9 mg/l-P was introduced as orthophosphate and was traced through the
treatment process. The experimental variable was the cell residence time and was controlled by the
waste rate.

Cell residence times calculated ranged from 2.0 to 13 days. Phosphorus in activated sludge was found
to average 1.5 percent for the range of the cell residence times. Phosphorus removal due to iron
phosphate and calcium phosphate precipitates were negligible in these experiments. Growth rates and
food to microorganism ratios were found to have no significant effect on phosphorus uptake.

The decrease in cell residence time produced by and increase in sludge wastage, was found to be the
only significant factor affecting phosphorus removal. The maximum phosphorus removed by the
biomass was 35.5 percent. 
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ABSTRACT

The nutrient enrichment or eutrophication of water.supplies has 
been a subject of considerable concern for many years,. One means that uuuu 
has been proposed to control eutrophication is to limit the critical 
nutrient from entering the water supplies. Phosphorus and nitrogen are 
the two major nutrients required by all aquatic life. Phosphorus in 
many cases has been chosen as the nutrient to control. Phosphorus is 
introduced to the aquatic environment through erosion and run-off and 
through domestic and industrial wastes. While nitrogen may be intro
duced by the same means as phosphorus, some algae and bacteria can 
also make use of free nitrogen in the atmosphere.

Domestic sewage is a major contributor of phosphorus to the water 
supplies and therefore phosphorus removal in sewage treatment plants 
is important. Most sewage treatment plants built today utilize bio
logical treatment but do not consider phosphorus removal in the 
process.

The purpose of this research was to study phosphorus removal as a 
function of cell residence time in a continuous flow stirred tank, 
reactor. Several data in the literature - ■ ,
excessive uptake of phosphorus in activated sludge at either high growth 
rates or low food to microorganism ratios.

A pilot plant which modeled a continuous flow stirred tank reactor 
was used for the research. An artificial sewage -was used which was 
designed to be substrate-Iimiting. Sucrose was used as the substrate. 
Phosphorus at 7.9 mg/1-P was introduced as orthophosphate and was 
traced through the treatment process. The experimental variable was 
the cell residence time and was controlled by the waste rate.

Cell residence times calculated ranged from 2.0 to 13 days. Phos
phorus in activated sludge was found to average 1.9 percent for the 
range of the cell residence times. Phosphorus removal due to iron phos- ■ 
phate and calcium phosphate precipitates were .negligible in.these, ex
periments. Growth rates and food to microorganism ratios were found 
to have no significant effect on phosphorus uptake.

The decrease in cell residence time produced by and increase in 
sludge wastage, was found to be the only signxficant factor affecting 
phosphorus removal. The maximum phosphorus removed by the biomass was 
39.9 percent. .

.1



CHAPTER I 

INTRODUCTION

The process of eutrophication and the role of phosphorus in eutro

phication has been studied for many years. The concern, however, of 

both the general public and scientific community (5,27,38) has in

creased in recent years.

McGauhey (22) describes the process of eutrophication as the
'

maturation of a lake from a nutrient - poor to a nutrient - rich body 

of water. Since nutrient enrichment is one factor in the process of eu

trophication, a conclusion drawn by many scientists is control the 

nutrients entering the aquatic environment.

The two nutrients of greatest concern are nitrogen and phosphorus. 

These two nutrients have been shown to be the major mineral nutrients 

required by all algae (32). In addition to major nutrients, various 

minor ones are required by algae. The importance of minor nutrients 

as limiting growth factors is overshadowed, however, due to the larger 

requirements for the major nutrients.

Sawyer' (32) reviewed the need for nutrient control and discussed 

several aspects relating to the control of nitrogen and phosphorus. He ■ 

found that phosphorus can be introduced to the aquatic environment 

only through erosion and runoff and through domestic and industrial 

wastes. While nitrogen, may be introduced by the same means as phos

phorus, some algae and bacteria can also make use of free nitrogen 

in the atmosphere, provided other nutrients are present in adequate
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supply.

The removal of the major nutritional elements from sewage should 

be one goal of sewage treatment, but this goal may not be economical

with today's technology. As a consequence,.present strategy is to re

move the critical nutrient to the extent that growth of algae becomes 

rate limiting in the aquatic environment. Nesbitt (26) and Asano (2) 

concluded the critical nutrient in many cases was phosphorus. Asano- 

summarized the rational supporting phosphorus removal as:

1. Phosphorus is present in small quantities in oligotro- . 

phic lakes.

2. Tributary streams running into these lakes contain'Tittle 

phosphorus but may contain relatively larger quantities 

of inorganic nitrogen.

3. Phosphorus removal decreases the phosphorus - to - nit

rogen ratio and allows phosphorus to become a limiting 

factor in the growth of algae. Also, phosphorus re

moval will reduce the stimulating effect causing the • 

growth of nitrogen - fixing blue-green algae.

Li. In the presence of all nutrients but nitrogen, bacteria 

and blue-green algae are able to utilize atmospheric 

nitrogen for organic synthesis.

5. Phosphorus can be more readily removed from sewage ef

fluents than, nitrogen .compounds..



If the removal of a critical nutrient limits the growth of algae 

then for the above reasons phosphorus should be removed from sewage 

effluents. There has been much literature published on chemical re

moval of phosphorus and some studies have been published on biological 

removal. On the basis of a literature review, Randall (29) concludes, 

a properly controlled activated sludge process can remove large quant

ities of phosphorus.

Most studies of activated sludge plants have been concerned with 

plug flow type aerators. Nowadays, most sewage treatment plants are de

signed for completely mixed aeration. There is a need to have a better 

' understanding of the parameters in a completely mixed system as to. 

their effects on nutrient removals. Such parameters as loading rates, 

residence times, and mixed liquor suspended -solids, affect growth rates 

and yield coefficients; therefore, these same parameters would be ex

pected to affect nutrient removals.

OBJECTIVES

General Purpose

The purpose of this research project was to study phosphorus Uptake 

in activated sludge. An activated sludge pilot plant was designed and 

built that would operate on a continuous flow stirred tank reactor (CFSTR) 

basis. Cell residence time (CRT) was chosen as the experimental variable 

for use in this study of the uptake of phosphorus in the activated sludge

process.
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The cell residence time in the activated sludge process is a 

measure of the mean time that sludge or the mixed liquor suspended 

solids remains in the system . There are essentually two controls on 

the cell residence time. The first control is through clarification. 

An increase in the amount of suspended solids in the effluent will 

reduce the cell residence time. The second and primary method of 

control is the amount of cell material wasted each day. An increase 

in the mass of cell material wasted will result in a decrease in cell 

residence time.

A completely mixed culture of microorganisms is considered to be 

at steady state when the cell mass in the reaptor does not change 

with respect to time. At steady state operation, therefore, the rate 

of cell mass leaving the system equals the cell mass grown.

Specific Objectives ■ x

There are four premises for the removal of phosphorus in an act

ivated sludge process.

1. A decrease in CRT increases sludge grown, (increasing 

sludge wastage), thereby removing more phosphorus 

which is incorporated in the cell biomass.

2. Phosphorus uptake is enhanced by increased growth rates 

which results from decreased'CRT's.

3. Phosphorus uptake is promoted by low food to micro- 

• organism ratios, which result from an increase in
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CRT.

I1. .Chemicals in the raw sewage, notably calcium and iron 

,aid in phosphorus removal by precipitation with phos

phorus .

SCOPE
This research was limited to the study of the four premises above„ 

The analysis was made by studying a CFSTR at steady state conditions. 

Both ortho and total phosphates were traced throughout the system. 

These measurements, in conjunction with growth rates, substrate re

moval rates, and yield coefficients were used to determine the mech

anics or nature of phosphorus,uptake in the completely mixed activated

sludge process.



CHAPTER XI

LITERATURE REVIEW

PHOSPHATES IN SEWAGE

In nature, phosphorus is predominately found in the form of in

organic phosphates. Phosphates can be divided into the following 

groups according to Van Wazer (Ijl):

a) orthophosphates

b) polyphosphates (chain phosphates)

c) metaphosphates (ring phosphates)

d) ultraphosphates (branched ring structures)

The last three groups are commonly referred to as condensed 

phosphates. The ultraphosphates are relatively unimportant in water 

analysis because of their, extreme unstability.

Cellular material contains phosphorus in the form of inorganic 

phosphates and organic phosphates. Organic phosphates are commonly

found as:
a) phospholipids' (cell membranes)

b) nucleic acids (genetic material such as IEA and RNA)

c) nucleotides (organic phosphate carriers composed of

an organic base, a sugar molecule and one 

to three phosphate groups, ie ATP)

' The three chemical states of phosphorus of particular interest in 

wastewater treatment are then; orthophosphates, condensed phosphates.
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and organic phosphates. According to Hurwitz (l6), the major form and 

scources of the three groups of phosphates are:

a) Orthophosphates. These occur mainly as trisodium phos

phate. The sources are dishwashing compounds, .hy-• 

drolytic products of polyphosphates, urine, and fer

tilizers.

b) Condensed phosphates. These occur mainly as polyphos

phates and tetrasodium pyrophosphate. They are mainly 

derived from builders in synthetic detergents, phosphate . 

glasses used in corrosion control, and complex phosphates 

from biological growths.

c) Organic phosphates;. The sources are animal feces, urine 

and biological growth.

The amounts of phosphorus in sewage vary diurnally and from day 

to day. The amount of phosphorus excreted from body wastes, feces, 

and urine depends on the intake of phosphorus. Rudolfs (3b) in re

viewing literature on phosphates in sewage in 19b7> found the range of , 

excretion for phosphorus to be 0.7 to l.£ g P /person - day. He es

timated that humans excreted !?0 to 6$ percent of the total phosphorus, 

in the urine and 35 to 3>0 percent was excreted in the feces.

Heinke (]$) in 1966, reported values for phosphorus in wastewater. 

His figures were based on production figures for condensed phosphates. 

Per capita values were determined by using population figures from



1966 census and assuming a wastewater generation of 80 gpcd. The 

contribution of phosphorus from detergents and human waste is shown in

Table I.

TABLE I

PHOSPHORUS IN WASTEWATER 

Heinke (IJ?)

Amount, g P / person - day

U.S. Canqda . W. Germany

Human Waste 1.6 1.6 1.6

Detergents 3-It 1.7 1.6

.Total 2.0 3.3 3.2

Cone. mg/l-P 
based on 80 gpcd 16.2 10.2 10.6

Heinke‘s derived value of 1.6 g P/ person - day shows only a slight 

increase from the range of 0.7 - I-S g P/ person - day given by Rudolfs 

(31) in 19b7. One would not expect much difference in the amount of 

phosphorus excreted by the body. Heinke's figures, however, show the 

effects of the increase use of phosphate - based detergents in 

recent years. On a per capita basis Heinke determined a value of 3.U
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g P/ person - day added to the wastewater in the United States. This 

gives a total of $.0 g P/ person - day in the wastewater of the United 

States or an equivalent of l6.£ mg/l-P concentration in sewage 

based on 80 gpcd. These values indicate that the incoming phosphate 

in sewage was 67 percent condensed phosphates from detergents,

Finstein (U) has estimated detergents contribute h2 percent of the 

phosphates in sewage.

Table 2 gives values of phosphate removals in various sewage 

treatment plants. Heinke's derived value of l6.$ mg/l-P is within the 

range of the various values of phosphorus reported in raw sewage,--but 

higher than most values. This could be explained because 80 gpcd is 

probably low for the United States.due to increased water use and com

bined storm and sewer lines. Phosphorus removal according to Table 

2 ranged from a low value of lit percent in a trickling filter plant to a

maximum of 95» percent for an activated sludge plant.

Phosphorus contents in sludge has been often reported. Reid et 

al (30) reported 1-3 percent P in dried protoplasm. The APHA Commit

tee on Sewage Disposal (l) gave comparable values of I to It percent P 

in dried activated sludge. Vacker et al (U0), however, have reported 

values of 6.£ to 7.2 percent P in activated sludge.



TABLE 2

PHOSPHORUS CONTENT IN SEWAGE

Plant

Ave of 12 Plants 
Unknown Location 

Hyperion
L.A., Calif.

Ave of 2'Plants 
Unknown Location 

• Rilling
San Antonio, Texas 

•East Plant'
San Antonio, Texas 

West Plant
San Antonio, Texas 

Austin Plant 
Austin, Texas 

Village Creek 
■ Fort Worth, Texas 
River Side No.
Fort Worth, Texas 

■ Dallas Plant
Dallas, Texas 

White Rock
Dallas,' Texas

Date Raw
Sewage
mg/l-P

Secondary 
Effluent 
■ mg/l-P

Treatment Percent
Reduction

%

Sourc

19h7 2.3 0.2 T F 91 31

1968 • 7.5 3.8 A S 50 k
1969 10.0 0.5 A S 95 k
1966 15-5 12.8 A S 17 - 11

196k 10:5 1-3 A F 87 kO
196k 12.k 1.5 A ti 88 kO
196k 10.5 5.k A S k9 kO
196k 12.k 5.k A S 33 kO
196k 10.5 5.9 A S k8 kO
196k 12.k 5.9 A S 53 kO
1965 13.k 6.9 A S k9 • kO

1965 12.k 8.2 A S 33 kO

196k 13.0 ' 10.8 T F 17 kO

196k 11.8 10.1 T F . ' Ik kO'

196k ■ lk.0 ' 11.8 T F 16 kO

A S -  Activated Sludge 

T F -  Trickling Filter



11

PHOSPHATE METABOLISM

Lehninger (20) has described metabolism as a highly integrated 

activity in which many sets of multienzyme systems participate for the 

purpose of exchanging matter and energy between the cell and its 

environment. One of the most important exchanges of matter and energy 

occures in the TCA cycle, also called Krebs cycle. Thimann (39) in 

discussing the importance of Krebs cycle as the main pathway of 

oxidation in bacteria, concludes it is now clear that, virtually all 

aerobes oxidize pyruvate and acetate in the Krebs cycle. The im

portance of the Krebs cycle in aerobic organisms is the large amounts 

of energy conserved in high energy phosphate bonds from the oxida

tion pathway. Thimann shows that complete oxidation of pyruvate yields 

seventeen high energy phosphate bonds from the reactions in the Krebs

cycle.
ATP (adenosine triphosphate) is the universal functional group 

which carries the high energy phosphate bond in living matter (21).

The two terminal phosphate bonds in ATP exhibit high energy char- 

achteristics,but only the last phosphate bond is generally used in 

energy transformations. ' The chemical structure of ATP as given by 

Conn and Stumpf (6) is shown in Figure I.

(
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Adenosine

Ribose

0 0 0
H  I i  I '

-O-P-O-P-O-P-OH
1 I 1 
OH OH OH

Triphosphate

Fig. I ADENOSINE TRIPHOSPHATE

According to Lehninger (20) metabolism is divided into cata

bolism and anabolism. Anabolism is the synthesis of relatively large 

molecular components of cells (polysaccarrides, nucleic acids, proteins 

and lipids). Anabolism requires the input of free energy, which is 

furnished by the phosphate-bond of ATP.

Catabolism is the enzymatic degradation, largely oxidative reac

tions, of relatively large nutrient molecules ( carbohydrates, lipids, 

and proteins) . Catabolism is accompanied by release of free energy 

which is generally conserved in the form of phosphate bond energy
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of ATP. In some cases energy is stored as polyphosphates. Poly

phosphates accumulate in volatin granules. This accumulation is 

herein defined as luxury uptake (q.v. LUXURY UPTAKE). The high energy 

bond of polyphosphates is probably transferred to ATP before the energy 

is utilized by the cell. ADP ( adenosine diphosphate) reacts with 

free phosphate within the cell, absorbing the energy from catabolism 

and forming ATP. The absorbed energy in ATP is available to the organ

ism in the form of high energy reactions for energy requiring functions 

such as: locomotion, protoplasm synthesis, cell division and respira

tion. The ATP - ADP cycle is shown in Figure 2.

Fuels
HnOCATABOLISM

MECHANICAL
WORK

TRANSPORT
WORK

BIOSYNTHETIC
WORK

Fig. 2. ATP - ADP CYCLE from Lehninger, (20)
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MECHANISMS OF PHOSPHORUS REMOVAL

There is considerable disagreement to the mechanism of phosphorus 

removal in activated sludge. One common assumption is phosphorus 

removal is strictly dependent on BOD removal. Helmers et al (Ih) have 

reported values of 0.006, 0.007, 0.002 lb. P per lb. BOD^ removed at .

10, 20, and 30°C respectively. A .temperature dependency of phosphorus 

removal would indicate, however, that phosphorus removal is a function 

of biological activity. Other investigators have also indicated a re

lation between food and microorganisms as being the important factor 

in phosphorus removal; Connell and Vacker (?) have reported a high, 

concentration of operation solids ( and therefore a resultant low BOD 

to solids loading ratio ) promote phosphorus uptake.

Hall (13) reported that soluble phosphate uptake, in the activated 

sludge units increased with increasing initial soluble substrate con

centration. He also found the length of aeration time influenced the 

uptake of soluble phosphorus. Several investigators (2), (21), (UO), 

have reported results indicating activated sludge microorganisms are 

capable of removing and storing far more phosphorus than is required 

for growth.

Phosphorus uptake has been related to different physical parameters 

such as BOD and MLSS, but there have been few attempts to discern what 

is responsible for the phosphorus uptake. Tally et al (h6) reported 

that much of the phosphate taken up by the sludge is associated



with a mechanism involving the synthesis qf ATP. Borchardt ($) reported
\

phosphorus uptake reactions, are energy dependent and would be expected

-to increase with increasing temperatures. _
Varma and Reed (1*2), using labeled phosphorus have shown phosphorus

is asSimulated at a rate exceeding the rate of absorption as growth in

creases. Absorption is a physical uptake of phosphorus and assimulation

is a metabolic intake of phosphorus.

In studying substrate utilization Krishman (19) demonstrated 

substrate is initially channeled into carbohydrate synthesis and after 

this, protein is synthesized from the carbohydrate store. Protein 

synthesis is a high energy demanding process. In discussing protein 

synthesis Lehninger (20) concluded at least three high - energy bonds 

is ultimately required for the synthesis of each peptide bond of the 

complete protein. Each high-energy"bond represents one molecule of ATP. 

A peptide bond joins together two amino acids, and there may be hundreds

of amino acids in one protein molecule.

Some discussion in the literature suggests the removal of phos

phorus in activated sludge is predominately a physical property. Menar 

and Jenkins (23) have postulated high removal of phosphorus occurs be

cause of chemical precipitates and entrapment of precipitants in bio

logical floe. Increased aeration and low growth rates promote con

ditions' for reduced concentrations of CO2 and, therefore, increased pH 

values. Increased pH values promote precipitates of phosphorus as
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complexes with calcium and iron.

Bargman (h) reported the Hyperion treatment plant was removing $0 

percent of the phosphorus; but the amount removed could be accounted for 

by precipitation of calcium, aluminum, zinc and iron phosphate.

LUXURY UPTAKE

Luxury uptake has been a term used to describe any phosphorus 

uptake in excess of "normal" cell requirements. Borchardt (£) stated 

that with carbohydrate-rich wastes the phosphorus requirement is about 

one percent of the BOD value. Phosphate requirements in terms of cell 

growth were given by Levin and Shapiro (21) and Vacker et al (IiO) at 

I to 2 mg-P for 100 mg of cell solids formed. The "normal" uptake of 

phosphorus can then be defined as either I mg/l-P for 100 mg/1 BOD or 

as I to 2 mg/l-P for 100 mg/1 cell material produced.

Many researchers have found phosphorus stored in microorganisms in 

excess of the "normal" cell requirement. Vacker et al (hO) have re^ 

ported activated sludge is capable of storing phosphorus up to seven

percent of the dry sludge weight.

Several other researchers (37),(k3), OS)' have reported bacteria, 

algae, and fungi store phosphorus in volutin granules. This can be 

demonstrated by the metachromatic effect, (appearing red when stained 

with blue dye) which is caused by the presence of large amounts of in

organic polyphosphates. The polyphosphates composed of orthophosphates 

are polymers of varying chain lengths.
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Borchardt (£) summarized conditions for the excessive accumulation 

of phosphorus as: I) when cells are aged or exposed to. certain chemical

inhibitors, 2) when cells are exposed to phosphate after prolonged 

phosphate starvation, 3) or to any condition unfavorable to growth and 

synthesizing activities which normally would consume ATP. Sulfate 

starvation has been found to be particularly effective in leading,to 

rapid and massive accumulation of polyphosphate (37)» Tracer studies 

of these accumulations with P32> shows that when phosphorus reserves are 

used the phosphate is incorporated into nucleic acids.

The results of the various investigations indicate that volutin 

granules appear to function primarily as an intracellular phosphate 

reserve, formed under a variety of conditions when nucleic acid syn̂ - 

thesis is impeded.



THEORETICAL DEVELOPMENT

The activated sludge process utilizes a continuous culture of 

microorganisms. In most plants the process goes beyond the simple . 

chemostat principle and incorporates some form of cell recycle. The 

operation of cell recycle, or the recirculation of cells, enables the 

cell residence time to be greater than the hydraulic residence time.

The activated sludge process is a microbial system which incor

porates the complexities of a diverse food chain. The life cycles of 

bacteria, protozoa, and even mites play a role in the activated sludge 

process. Also, within each organism there is a complex network of en

zymatically controlled metabolic pathways. In a symbiotic relationship 

the various pathways and various organisms degrade the wastewater by 

removing the organic and inorganic nutrients.. The efficiency and . 

operation characteristics must be described in rational terms meaning

ful both from a process or operational standpoint, and from a micro

biological standpoint (I?)-.
The complexity of the ecology.of activated sludge leads to some 

limitations of evaluation from a microbial standpoint. Growth kinetics, 

which have been developed from enzymatic reactions and from studies of 

pure cultures of microorganisms may.not be directly applicable to the 

mixed cultures of activated sludge. However, similar terminology and 

theoretical development will produce relationships which can be utilized 

in the analysis and design of waste treatment systems.

Chapter III

I
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Symbols used in the following are shown in Table 3.

TABLE 3

SUMMARY OF SYMBOLS

Symbol Units ■ Dinemsion Terminology

X mg/1 ML-3 Concentration of Microorganisms

s mg/1 ML Concentration of Substrate

A day-1 T-1 Specific Growth Rate

q day-1 T-1 Substrate Removal Rate

t day T Time

V I Volume of the System

F I/day L^T-1 Flow Rate

9 day T Hydraulic Residence Time

0 C day T Cell Residence Time

Y -- — “ Yield Coefficient

=C -- -- Recycle Ratio

SUBSCRIPT DESIGNATION

O Inflow to the System

I Within the Reactor

W Waste from the System

r

e

Recycle

Effluent from the System



20
GROWTH; RATE RELATIONSHIP — - -/

An analysis of the growth of microorganisms in a batch system 

with no limiting factors, yields the relationship:

dx/dt' ( H I  - I )

Equation-(III-I ) defines the specific growth rate as a proportionally 

constant to the amount of cellular material, X. Integration 

of equation (III-I) yields equation (III-2), assumingytto be indepen

dent of time.

x = Xoe-^t- ( III - 2 )

As long as there is no hindrance to growth, /c remains constant and the 

amount of cellular material increases logarathmically. Eventually 

carbon or some nutrient may become limiting or a toxic material ex

creted by the organisms may become inhibiting. When any one of or any 

combination.of these events occur, the net growth of cells diminishes 

until a zero net growth is established. Finally conditions become too 

severe and the culture goes into a negative growth rate called the 

v death phase. These relationships are shown in a generalized growth 

curve for bacteria in Figure 3»

Several attempts have been made to describe a kinetic -relationship 

between the specific growth rate and a limiting substrate for activated 

sludge (17), (28). One major kinetic evaluation is based on work by 

Monod (25) which incorporates a substrate enzyme reaction mechanism 

first proposed by Michaelis and Menten (2h) , for growth of bacteria.
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Time ----->

Fig. 3 GENERALIZED GROVfTH CURVE OF A BACTERIAL CULTURE
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These kinetic equation were developed for pure cultures of microorganism. 

Activated sludge, however, incorporates a diverse culture of micro- 

organisms, which leads to ambiguity. This study, therefore, will 

leave the definition of specific growth rate in terms of process 

parameters, such as MLSS.

Plants treating domestic sewage have generally been considered to 

operate on a substrate - limiting basis. The transition phase ( between 

late exponential and early stationary phases of Figure 3) represents 

the range of operation of a sewage treatment plant where substrate is 

begining to limit and or limiting. Mien substrate becomes limiting, or . 

if a toxic material becomes inhibiting,the specific growth rate no 

longer remains a constant. The net growth rate decreases until it 

reaches zero. At this point the growth of new cells is just balanced 

by the death of old cells.

The yield coefficient or cell yield is a term used to describe 

some correlation between the cell growth and substrate uptake. It is com

mon to assume the yield coefficient is constant. This assumption implies 

a direct and linear correlation between cell growth and substrate re

moval, or:

dx/dt = -Yds/dt . ( ^ ^  “ 3 )

Miere Y is the correlation constant known as the yield coefficient.

From equation ( III - 3 ) and equation ( III - I ) we find:

( in - h )

\

/ix = -Yds/dt
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and s

P- = (, -Yds /dt )/x

Now if we define a substrate removal 'rate as;

_ g substrate removed per day 
q ~ g cellular material

q = (ds/dt)/x •.

( III - 5 )

( III - 6 )

then:

Jl = -Yq ( III - 7 )

PROCESS MATERIAL BALANCE
The following equations for material balances are derived mainly 

from the work of Schroeder, Jenkins and Friedman (3k), (17), (H)'> 

and applied to the system used in'this research. If the system is 

substrate limiting, two material balances are necessary: one for sub

strata and one for microorganisms. The schematic of the system is

shown in Figure b.

Microorganism Balance
A material balance for microorganisms around the entire system in

Figure It leads to the equsTiion:

Input + Growth = Output + Accumulation

FoXo + VXVA = (Fo-Fw) Xe + F’wXl + Vdx/dt ( III - 8 )

Figure it shows a schematic diagram of the system.
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Microorganism Balance

Input + Growth = Output + Accumulation

FoXo + = (Fo-Fw)Xe + FwXl + Vdx/dt
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Input + Growth 

FoSo + -qXlV

= Output + Accumulation

= (Fo-Fw) Se + FwSl + Vds/dt

Fig. Iu SCHEMATIC DIAGRAM OF CFSTR SYSTEM
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The concentration of microorganisms in the- feed, Xo, is taken to be 

zero. The concentration of microorganisms in the reactor, XI, is 

measured as'MLSS. If the feed is entirely soluble’, the MLSS measure

ment is indicative of microbial material. The value, XI* is also taken 

to represent active microbial material. Not all the microbial material 

can be considered active and the percentage of active to inactive 

material does not remain constant. A change in ratio of. active to 

inactive microbial material leads to certain limitations for establish

ing growth rates, yield coefficients, and other parmaters.

Assuming steady state with respect to microbial material and 

Xo = 0. Equation ( III - 8 ) reduces to s

^VX.!. = (Fo-Fw) Xe. + FwXL' ( III - 9 )

and;
(Fo-Fw)Xe + FwXl 

A  = VXL ( III - 10 )

The specific growth rate represents the net growth per unit cell 

material present per unit time. At steady state the continunity of the 

system requires the net microbial material produced be equal to the 

cell material lost through the waste and effluent.

The cell residence time in'the system is defined as;

Q . g 'cell material in system 
® = g cell material lost per day
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and is, therefore, equal to the. inverse of the specific growth rate> 

and:

Qc = 1 / A  ( H I  : 11 )

The mean cell residence time has units of days and Qc is calculated 

from: •

rv VXL ( III - 12 )
' ̂  (Fo-Pw)Xe + FwXL

The rate of wasting sludge and the quality of effluent effects the 

cell residence time.

Substrate Balance

A material balance for substrate around the system in Figure 3, . 

leads to the equation:

Input + Growth = Output + Accumulation

FoSo + -qXlV = (Fo-Fw)Se+FwS + Vds/dt ( III - 13 )

The recycle ratio was kept at 0.5 for the duration of the ex

periments. The residence time in the recycle line was neglected be

cause only three feet of 1/8 inch I.D. tubing was used for returning 

the settled sludge to the reactor.

The substrate concentration was measured as soluble total organic 

carbon. Measurements of total organic carbon revealed insignificant 

differences of carbon concentrations in the reactor with carbon con

centrations in the effluent.
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Assuming steady state with respect to 

equation ( III - 13 ) reduces to: 

qXLV = Fo(So-Sl)

and solving for the carbon removal rates 

q = Fo(So-Sl)
r a

substrate concentration,

( III - lb )

( III - 1$ )

If the hydraulic detention is' defined ass 

Q = V/Fo

The equation for carbon removal becomes:

q = So-Sl'
ZLQ

( III - 16 )

( III - 17 )

The carbon-removal rate represents.the amount of carbon;removed

p er MLSS-p er day . .



EXPERIMENTAL FACILITIES

Chapter 17

PILOT PLANT
All experiments were run with a completely mixed stirred tank 

reactor pilot plant. The pilot plant was specially built for the ex

periments discussed, but,was made general enough to allow for variation

in physical parameters such as different recycle rates, different

reactor volums and different flow rates.

There were three complete pilot plants. All components were 

mounted on a frame made of Uniatrut steel beams. The TJnistrut frame

was mounted on wheels to make it mobile.
Figure 5 is a photograph-of the three pilot plants mounted on the

frame. Figure 6 is a photograph of one reactor and clarifier in 

operation. Figure 7 is a schematic of one pilot plant. • Equipment 

and equipment model numbers are indicated on the- figure where app

ropriate. Approximately one foot of 1/8 inch I.D. tygon tubing were 

used for each pump. Rubber latex tubing of 1/8 inch I.D. and 1/1» 

inch I.D. was used' for connections to and from the pumps and for the

air line
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Fig. 5 PHOTOGRAPH OF THREE PILOT PLANTS MOUNTED ON 
UNISTRUT FRAME
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Fig. 7 SCHEMATIC OF ONE PILOT PLANT WITH EQUIPMENT
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Reactor

The reactor volume was six liters. A feed rate of 1.0 1/hr pro

vided a six hour aeration time. The details of the major components of 

the reactor are shown in Figure 8. The basic construction material was 

lucite. A fritted disk, U5> mm in diameter and of medium porosity, was ■ 

used for introducing air bubbles. The fritted disk was centered un

derneath the turbine. A glass tube was extended from the fritted disk 

and formed to fit the shape of the reactor.

All plastic parts were glued together with slow drying epoxy.

The six blades of the turbine were glued to a plastic sleeve which in 

turn was held to an 18 inch aluminum 'shaft by two stainless steel 

screws.

Clarifier

A heavy walled h liter Erlenmeyer pyrex flask. Van'Waters and 

Rogers No 5320, was used for the construction of the clarifier. The 

lip and the bottom of the flask were cut off to give a shape of a 

funnel. A 2 rpm clock moter was used to rotate two stainless steel 

chains for continually scraping collected sludge from the sides of the 

clarifier. Originally a rubber stopper was used on the bottom of the 

clarifier and glass tubes were inserted through the rubber stopper
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for sludge removal, introduction of mixed liquor, and effluent removal. 

Figure 9 shows the construction of this design. This design was 

abandon, however, ( q.v. DISCUSSION, Pilot- Plant ), and a different 

method for mixed liquor introduction and effluent withdrawal was 

used.

The new method shown in Figure 10 utilizes a bearing assembly to 

retain the rotating stainless steel chains and to allow for introduction 

of mixed liquor and effluent removal from the top of the clarifier.

The rubber stopper was replaced with a large diameter glass tabe that-was 

welded to the neck of the flask and tapered to a 1/2. inch opening,. A 

rubber stopper with a glass tube inserted into the stopper was placed 

into the opening for sludge withdrawal.

ENVIRONMENTAL CONTROL CABINET

An environmental control cabinet, 6'3" high, 6'8" long and 2'10" 

deep was used to house the pilot plant. Automatic controls provided 

precise temperature control inside the cabinet. Liquid temperature 

in the aerators was maintained-at 709. F. .The majority of the'data - 

was taken with a variation of' + I0. F but occasionally the controls, 

would falter and a variation of 2 dr 3° F was-recorded. .No effects 

on the process were noticed with short time variations in temperatures.
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PROCEDURES OF INVESTIGATION

Chapter 7

FEED

The synthetic sewage used for feed was designed to be carbon lim

iting. The constituents of "the feed are given in Table It.

The choice of micronutrients listed in Table £ was based on in

formation from Microbial World (37) and Difco Manual (9)° •

Feed Preparation

The preparation of the artificial fee.d and procedure for changing 

feed solutions was a major part of the daily procedure. Complete . 

aseptic procedures were impractical but every reasonable attempt was 

made to reduce contamination of the feed. All glassware used in the 

feed preparation was acid washed. Plastic garbage cans with plastic 

garbage liners were used to hold the daily feed solution of 36 liters. 

A new plastic liner was used each day to prevent contamination. The 

final concentrations of feed were measured with a 97 percent accuracy. 

A draw-off tube and an air intake tube with a spun glass filter in one 

end were inserted through a rubber stopper and used for pumping feed 

out of the feed container and maintaining atmospheric pressure in the 

feed container. The volume of the feed solution was determined by 

calibrated scales. When the desired weight was obtained, the plastic 

liner was securily tied around the rubber stopper ( which held the 

draw-off tube and air intake tube ) with a piece of rubber tubing.
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TABLE h

SYNTHETIC SEWAGE

Reagent Stock
Solution

Cone

g/1

Quantity-
Used

ml

Final 
Cone of 
Feed (l)

mg/1

Ci2h22°ii(2) as.0 100

Bacto- (3) 
Peptone

ao.o 100.0 111

FeCl3 0.252 25.0 0.2

MgSO^-TH2O a5.o 50.0 1 62

-3$ 32.0 50.0 hh

NHi4Cl U o  .0 50.0 19k

Micro-
Nutrients

(5) 2.0 (5)

(I) Add Distilled Water to Make 36 Liters Final Volume.

(2) Sucrose - pure cane sugar - U2.1 % carbon.

(3) Amino acids and growth factors, Difco Laboratories #0118-01 
I4O.U % carbon.

(h) 7.9 mg/1-P in feed.
(£) See Table $ for composition of stock solution and final 

concentrations of micronutrients.
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TABLE S ■ 

MICRONUTRIENTS

Components 
of Stock 
Solution

Cone in. , 
Stock 

Solution

mg/1

Final 
Cone in 
Feed

mcg/l

H3BO3 180 10.0

CuSOl4 lit 0.8

KI 3$ 1.9

IfcSOl4 IhO 7.8

Na2MoOl4' 71 k.o

ZnSOl4 IhO 7.8

CaCl2 35 1.9

Note: All components were added to make one stock solution.

Two mililiters of the combined stock solution were 

added to 36 liters of feed solution. ,
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A clean section of rubber tubing was attached to the draw-off tube and 

reconnected to the feed pump.

Procedure Summary
1. Prepare concentrated mixture of feed nutrients. Keep covered 

at all times.

2. Take samples for MLSS measurements and any other measurements 

needed.
3. Stop feed pump, recycle pump, mixer and close air valve.

b. Stop'mixing for 1$ minutes to read sludge volume index (SVI). 

Acid wash feed tubing, including draw-off tube and air line, 

and replace section of the tygon tubing in the feed pump.

6. Tare garbage can with plastic liner in place.

7. Add 78.75 lb. distilled water, including concentrated feed

mixture.

8. Mix feed solution thoroughly with draw-off tube and then tie 

plastic liner securely around the rubber stopper containing 

the draw-off tube and the air intake tube.

9. Reconnect the feed tubing and start the feed pump.

10. Check all pump rates.

11. Acid-wash all the glassware used.

Feed Rate
The feed pumps were set at 2Li liters per day. The flow rate
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fluctuated from. 22.9 liters to 23.5 liters per day. The feed rates 

were calculated by weight difference in the feed container.

WASTE RATE, ,
The waste rate of the sludge was the controlled variable in the 

experiments. Waste rates ranged from 0.55 to 1.10 liters per day. The 

waste rate was determined by pumping into graduated cylinders and 

recording the volume each day. One hour and I 1/2 hour cycles were 

used for the waste rates. Evaporation losses in the graduated cylinders 

were determined to be . negligible. The tygon tubing used with these 

pumps were changed approximately once a week.

RECYCLE RATE,

The recycle rate was set at 0.5 liters- per.-hour or. one half of the 

feed rate. The recycle pumps were controlled by a 60 second cycle on 

the timers. The flow rates were checked each day by pumping into a 

graduated cylinder. The tygon tubing used with these pumps were changed 

approximately once a week.

r EFFLUENT

The effluent was drawn off the top of the clarifier by a line 

under vacuum. The vacuum line was connected to a series of 20 liter 

carboys from which the effluent was drained and discarded every day. 

Samples of the effluent were taken each day by inserting a filter flask
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in the tubing between the clarifier and the carboys. Quick-disconn- 

ects were used for breaking the vacuum line and attaching the filter 

flask. Samples of 300 to # 0  mililiters was taken for the measurements 

on the effluent. An average overflow rate of 21 gpd/ft2 was used 

throughout the experiments.

ACTIVATED SLUDGE
Activated sludge is an acclimated and mixed population of micro

bial organisms. A study of microbial ecology of activated sludge by 

Dias and Bhat (8) verified over 300 bacterial strains that were isolated

from seven samples of activated sludge.
The seed or stock culture of microorganisms was prepared prior to - 

the beginning of the experiments. This seed culture was maintained 

throughout the duration of the experiments. At different times during 

the experiments a portion of the seed culture was added to one of the

reactors.
The original culture was obtained from the Bozeman sewage treat- 

ment plant. Approximately 10 liters of return sludge from the 

secondary clarifiers-was used. The sample was divided into two, 20. 

liter carboys and air was introduced continuously through diffuser 

stones. A liquid volume of about 8 liters was maintained in each

carboy.
The cultures were acclimated to the artificial feed. Each day,



during the acclimation period, the sludge was allowed to settle and 

the supernatant was siphoned off. The equivalent quantity of one day's 

supply of substrate and nutrients were added and the volume was re

turned to the original level by addition of water. A minimum time of 

two weeks was allowed for acclimation.

After the period of acclimation the seed culture was maintained 

by feeding periodically, not exceeding every two or three days by .the 

same procedure as just outlined. In this manner the seed cultures were 

maintained throughout the duration of the experiments.

After the seed cultures were acclimated, a portion was trans

ferred to the reactors and start-up procedures were begun. For a 

period of about one week no waste was withdrawn from the system. This 

period allowed for natural selection of the organisms to the continuous 

feed and to gravity sedimentation in the clarifier. After this period, 

the waste pump was started and the system was allowed to adapt to the 

wasting rate. Generally a minimum of three weeks was required from 

the beginning of start-up to steady state operation.

ANALYTICAL PROCEEURES 

Total Organic Carbon

Total organic carbon was used for determinations of substrate 

concentration in the feed and in the reactor. All results expressed as 

TOC are based on soluble substrate. Soluble is defined as the.filtrate



passed through Schleicher and Schuell No. 2$ glass fiber filters. '

Total organic carbon measurements were made on a Beckman Model 915
I

Total Organic Carbon Analyzer. Samples were immediately frozen in test 

tubes and were warmed to room temperature before analyzing.

Total organic carbon is derived from two measurements. First, 

total carbon is determined by injecting an aliquot (20 micro-liters) 

into a furnace operating at 950°C. Second, inorganic carbon is deter

mined by injecting an aliquot into a furnace operating at l50°C. Total 

organic carbon is derived by taking the difference between total carbon 

and inorganic carbon measurements.

Results from the carbon analyzer are plotted on an automatic strip 

chart recorder. Determinations were made by substracting,the base line. • 

from the peak height■ and;.were reproducible to t I mg/l-C.

Before each batch of samples were analyzed, a calibration curve 

was made. Calibration curves for carbon analysis are linear to 100 

mg/1, as shown in Appendix A. For each calibration, therefore, only 

two points are necessary to draw a calibration curve. A standard of- 

100 m g A  is used for one point and distilled water at 0 m g A  is used 

for the second point.

A standard for the organic carbon was prepared by dissolving 2.125 

g of reagent grade anhydrous potassium biphthalate in CO2 free water 

and upon dilution to one liter the concentration was 1.0 ml = 1.0 mg-C.

A standard for the inorganic carbon was prepared by dissolving



U.hOli g anhydrous sodium carbonate and 3»U97 g anhydrous sodium bi

carbonate ♦ Upon dilution to one liter, the concentration was :

1.0 ml = 1.0 mg-C.
Standards were stored in a refrigerator at all times. Degradation 

was checked by determining total carbon of the organic standard and 

the inorganic standard. The assumption was made that the organic sample 

would decompose in time and lose COg) and the inorganic sample would 

absorb COg by adjusting the equilibrium of the carbonates. Therefore, 

the divergence of total carbon measurements on the standards would 

indicate their reliability.

Biological Oxygen Demand

Five day biological oxygen demand was determined for a compar

ison with TOC. An acclimated seed was used in the determinations.

Four dilutions of feed were measured in duplicate. Procedures followed 

those of Standard Methods (36).

Phosphorus
The analysis for phosphorus is composed of two steps J l) the 

conversion to soluble orthophosphate and 2} colorimetric determination 

of orthophosphate.
The conversion of phosphorus to orthophosphate is necessary when 

analyzing for total phosphorus. The Sulfuric Acid - Nitric Acid 

digestion procedure as outlined in Standard Methods (36) was used for



this conversiono

The second step in phosphorus analysis is a colorimetric determin

ation. The Vanadomolybdophosphoric Acid method given in Standard 

Methods (36); was used with a Hitachi Perkin-KLmer M 139' Spectro

photometer. Calibration curves were made before each set of samples 

were analyzed. A typical calibration curve is shown in Appendix A.

Suspended Solids
Suspended solids measurements were used for all determinations of 

microbial material in the reactor and in the effluent. A daily 

schedule was established to make determinations as consistant as 

possible. The general procedure was started by using filters which 

had been dried at 103 degrees centigrade for at least 2h hours. These 

filters were cooled for one-half hour in a desicator and then weighed 

on a Mettler H20 balance. Using a MLllipore filter apparatus, a known 

volume of liquor ( 10 ml for mixed liquor and 100 ml for effluent ) was 

filtered through "the glass filters. All samples were taken in duplicate 

The filtered samples were placed in the oven at 103 degrees centigrade 

for drying along with a new set of filters. In 21, hours, the time, for 

the next sample, the new filters and the suspended solid samples were 

taken out of the oven, cooled and.weighed. The procedure was then re

peated again with new samples.



Filtration

Unless otherwise specified all filtrations were made with Schleicher 

and Schuell glass fiber filters, No. 2^, with no binder. DLameter-of- 

particle removal efficiency is 99.99 percent for particles larger than 

0.3 microns. The filters were tested for fiber loss by filtering varing 

amounts of distilled water. Volumes of water between 10 and 100 ml 

showed no significant difference in amounts of filter loss. An average 

of filter loss for all volumes was 0.1i!> mg and ranged from 0.26 to 

0.76. This value was used for a correction factor in all determin

ations .

Sludge Volume Index

Sludge Volume Index (SVI) measurements were used as the indicator 

of sludge settling. The procedure utilized in these experiments was 

adapted to fit with the continuous flow process and yet serve as an 

indicator of sludge settling. Each day, during the change of feed, the 

mixer and the air valve to the reactor were shut off for 1$ minutes.

At the end of this period interface between liquor and settled sludge 

was measured. Calibration marks to the nearest £0 ml on the side of 

the reactor were used for volume, determination of the settled sludge. 

Fifteen minutes was chosen as the least amount of down time for the 

reactor that would still give reproducible results for the SVI.



Chapter VI 

RESULTS

PHYSICAL PARAMETERS
A summary of the physical parameters measured in the experiments 

is given in Table 6. They includes the reactor volume, mixed liquor 

suspended solids, feed and waste rates, sludge volume index and' eff

luent quality. The CRT calculated from the physical parameters is given 

for each run. The data for each run are given in Appendix B.

Cell Residence Time
Five cell residence times were evaluated in the experiments, using 

equation (HI-12) , Oc= (VXl) /. (Fo-Fw) (Xe+FwXl). The values for CRT 

varied from I.98 to 13.2 days. These values were maximum and minimum 

obtainable as limited by the experimental facilities.

Effluent Quality 1
The effluent quality was given a value judgment for each run. An 

"excellent" rating was given when the effluent could be called sparkling 

clear. A "poor" rating was given for an effluent which visually app

roached the same turbidity as the mixed liquor. "Fair" and "good" 

ratings were given for an effluent quality which fit into the range 

between "excellent" and "poor". Operating the reactor at a cell 

residence time of 9-h3 days resulted in an "excellent" effluent. 

Operation at a cell residence time of 1.98 days produced a "poor"



effluent.
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Suspended Solids
The MLSS varied from a minimum of 1)87 mg/1 (when the reactor was 

operating at a miznimum of 1.98 days CRT) to a maximum of 2013 mg/1 (for 

operation at a maximum of 13.2 days CRT). The effluent suspended solids 

showed a maximum of 77 mg/1 when operating at a CRT of 1.98 days -and ' 

a minimum of 5 mg/1 when operating at a CRT of 9-U3 days. Figure 11 

shows the relationship between suspended solids in the reactor and the 

effluent to the CRT. The figure indicates that the mixed liquor sus

pended solids increases as cell residence time increases but appears to 

approach a maximum when CRT approaches 13 days. The effluent suspended 

solids decreased as CRT increased but appears to approach a minimum

at a CRT of 13 days.

Waste Rate
Waste rate is the controllable parameter for establishing a given 

CRT, but as shown in Figure.12, 7 to 10 days CRT indicate other factors 

influence CRT. The settling characteristics of the sludge and there

fore effluent suspended solids will also affect CRT.

Sludge Volume Index
The SVI is a measure of the sludge settling characteristics. As 

is shown in Figure 13, the volume of settled sludge is related to CST.



TABLE 6

SUMMARY OF PHYSICAL PARAMETERS

Run CRT System
Volume

Reactor
SS

Effluent 
' • SS

Feed
Rate

Waste
Rate

Sludge
Volume
Index

Effluent 
. Quality

Q V : H . Xe Fo Fw SVI ' •
days I ' mg/1 mg/1 1/d 1/d ml

2 1.98 9.0 187 77 23. bO 1.12 (I) . Poor

Ii 7.6k 9.0 1899 92 23.9b 0.927 1029 Fair .

I 9.k3 9.0 - 1633 9 22.88 0.893 733 Excellent

3 IO .U 9.0 1923 19 23.10 0.6b6 867 Good

3 13.2 9.0 2013 12 23.18 0.991 690 Good

(I) Undeterminable
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Waste Rate, l/day

Fig. 12 RELATIONSHIP BETWEEN CELL RESIDENCE TIME AND THE
WASTE RATE FROM THE REACTOR
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Fig. 13. RELATIONSHIP BETWEEN SLUDGE VOLUME INDEX AND THE
CELL RESIDENCE TIME



As for CRT's between 9 and 13 days, the effluent quality was rated as 

good to excellent. This range is defined as a zone of good settling.

For CRT less than 9 days the effluent increased in suspended solids.

For a CRT of 1.98 days, the SVI was undeterminable.

CARBON AND PHOSPHORUS

A summary of the carbon and phosphorus data for the various runs 

is given in Table 7. Percent removal values for phosphorus and carbon 

are obtained by the general equation % = ((So-Si)/So)xlOO. Percent 

phosphorus in sludge is calculated by % - ((.Ptotal-Portho)/MLSS) xlOO. 

The ratio of phosphorus removed to carbon removed is calculated by 

Ap/Ac = (Po-Pe)Z(Co-Ce). Data from Table 7 were used to construct 
Figures IL through 17, which describe carbon and phosphorus removal.

Organic Carbon Removal

Figure Ill'. shows the concentration of soluble organic carbon in the 

feed and the reactor for the five runs. Also shown is the percent 

carbon removed. An average of 89.1 percent carbon removal was obtained 

for the five runs. Percent of carbon removal was a constant for the 

operation at the five cell residence times. , ■

Orthophosphate

Orthophosphate in the feed was 7.9 mg/l-P as determined by theo

retical computation (q.v.DISCUSSION.Phosphorus). Figure l5 compares



TABLE 7

SUMMARY OF CARBON AND PHOSPHORUS RESULTS

Run CRT Organic Carbon Phosphorus

Feed Reactor

(I)

Percent
Removal

(2)

Feed
ortho
P

Effluent
ortho
P

Reactor 
total 
P -

Percent 
P in 
Sludge 

(3)

P-removed
per

C-removed
(Li)

Percent
Ortho
Removed
(2)

day m g A m g A  . % mg/1 mg/1 mg/1 . % P/ C %

2 1.98 92.Li 10.0 89.2 7.9 5.1 12.9 .1.60 .03110 32.2

Il - 7.6h 90.1 10.Li 88.5 7.9 2.2 30.7 1.38 . .031l0 3b.2

I 9.h3 89.3 10.5 88.L4 7.9 2.8 ■ 29.3 I. Li Li .0266 26.6

3 10. L 86.9 7.9 .91.0 . 7.9 2.9 37.1 1.62 ,022b 22.b

5 13.2 92.9 11.0 88.3 7.9 2.8 33.2 1.38 .0260 26.6

(1) In completely mixed systems the concentration of carbon in the reactor is the 
same as the carbon in the effluent.

(2) Percent Carbon Removal = ((Co-Cl)/Co)xlOO.
(3) Percent Phosphorus in Sludge = (( Ptotal-Portho)/)xlOO.
(Li) P-removed per C-removed = (Po-Pe)Z(Co-Ce) .
(3) Percent ortho-P Removed = (Po-Pe)/Po .

$
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orthophosphate in the feed and in the effluent and'shows the percent. 

removal of orthophosphate as a function of CRT. Operation at a high 

CRT (9 to 13 days) resulted in more soluble orthophosphate than for 

operation at CRT (2 to £ days). Percent removal of orthophosphate 

declined from 35.5 percent at 2 to 7 days CRT to about 25 percent at 

9 to Ih days CRT.

Total Phosphorus

Total phosphorus in the.mixed liquor'( including activated sludge ) 

ranged from 12.9 to 37.1 rng/l-P, Figure 16 shows the variation of 

total phosphorus with CRT. Total phosphorus in the reactor approached 

a maximum for.CRT of 10 days.

Phosphorus in Sludge

Phosphorus in sludge was estimated by subtracting the soluble 

orthophosphate from the total phosphate of the mixed liquor. The amount 

of phosphorus in the sludge was then divided by the dry weight of the 

sludge to determine the fraction of phosphorus per unit dry weight 

of sludge. The values of percent phosphorus as a function of cell 

residence time are given in Figure 16. Percent phosphorus in sludge 

ranges from l.h to 1.6 percent with an average of 1.5 percent. Percent 

phosphorus is expressed as (mg/l-P per mg/1 MLSS) xLOO.

f
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Phosphorus to Carbon Ratios

The ratio of orthophosphate removed'to'organic carbon (AP/Ac) is - 

shown in Figure 17 to decrease as CRT increases. A p/Ac was found to 

be 0.03U for CRT of I .98 days and 0.02$ for CRT of 13.2 days. Ex

amining Table 7 also reveals that ApzAc is almost one ,tenth of the 

percent orthophosphate removed.

DESIGN PARAMETERS

The various design parameters which can be used for comparing the 

characteristics of one experiment to another are given in Table 8.

These parameters include: growth rate, carbon removal rate, reactor

MLSS, food to microorganism ratio, and yield coefficient, as defined by 

equations in chapter III.

Growth Rate

The growth rate, as defined in Chapter III, is the inverse of the 

CRT. Therefore, a high growth rate (low CRT) resulted in a low mixed 

liquor suspended solids for the limitations of this system._ Likewise 

a low growth' rate (high CRT) resulted in a high mixed liquor suspended 

solids.

Carbon Removal Rate ' ,

The carbon removal rate as defined in Chapter III, is inversely 

porportional to the MLSS. Figure 18 shows the carbon removal rate
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TABLE 8

DESIGN PARAMETERS FOR OPERATION AT A STEADY STATE

Run CRT Growth
Rate

Carbon
Removal
Rate

Reactor
MLSS

Food to 
Micro- 

. organism 
(carbon)

Yield

0C A q n . F/M Y
(I) X2) (3) (b) (S)

day day"1 day"1 m g A day"1

2 1.98 .Sob • bbl b87 .082 1.1b

It 7.6b .131 .113 18SS .022 I.IS

I 9-b3 .106 , .123 1633 .026 .865

3 10.b .096 .!OS 1923 .016 .918

. S 13.2 .076 .!OS 2013 .022 .723

(1> G = 1//L

(2) /c = ((Fo -Fw)' Xe +FwXl) /V3Q.

(3) q = (co-ox)/on
(I1) F/M = FoCl/Vrn

(S) Y =ZiV q  <
I



decreases from O.hU at the MLSS of I487 m g A  to a minimum of 0.10 at 

the MLSS of 1900 mg/1.

Food to Microorganism Ratio

Food to microorganism ratios were calculated as grams carbon in 

the reactor per grams mixed liquor suspended solids per day. Since the 

carbon concentration were nearly constant in the reactor, the food to 

microorganism ratio is inversely,porportional to the MLSS concentration. 

Values of the food to microorganism ratio varied from 0.08 to 0.016.

Yield Coefficient .
The yield coefficient as defined in Chapter III is the ratio of the 

net growth to the carbon removal rate. Figure 19 shows the relationship 

of the yield coefficient to the CRT. The yield coefficient was a 

maximum of 1.1$ for CRT of 1.98 and 7.6k days and decreased to o.?2

at.. 13«2 days.
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Chapter VII 

DISCUSSION '

FACILITIES AND PROCEDURES

The facilities used were designed and built especially for these 

experiments. Appropriate procedures were adapted to facilitate the 

objectives of the study.

Pilot Plant
The pilot plant consisted of three complete units capable of model

ing a continuous flow stirred tank activated sludge process. The key 

to pilot plant operating efficiency was in the construction and opera

tion of the clarifier. Velocity gradients, hindrance in settling, 

turbulence, and wall effects cannot be directly correlated with full 

scale clarifiers. Hence a clarifier is not easily modeled.

The first design of the clarifier,as:shown in Figure 9, was a- 

bandoned..because the sludge bridged across the clarifier just above 

the rubber stopper. The bridge of sludge acted like a filter and after 

several hours all the sludge from the reactor was trapped in the 

clarifier. Different arrangements and sizes of glass tubes were tried, 

such as a l80° bend in the mixed liquor tube, but they did not im

prove the operation of the clarifier.

The glass tube entering from the bottom of the clarifier and the 

friction from the rubber stopper were felt to be the cause of the 

sludge bridging. A new design, shown in Figure 10, incorporated a



glass funnel welded to the bottom of the clarifier and a bearing as

sembly (to allow glass tubes introduced to the surface of the clarifier) 

to overcome sludge bridging. The new design succeeded in preventing 

sludge building and provided effective sludge separation.

Another purpose of the clarifiers was to control the volume of 

mixed liquor in the reactor. Mixed liquor flowed from the reactor to 

the clarifier by gravity. Therefore, controlling the height of the 

clarifier with respect to the reactor resulted in a desired depth of the 

liquor in the reactor. The tube used to transfer the flow from the 

reactor to the clarifier was found to plug occasionally. A minimum, 

diameter of 1/8 inch tubing was used to maintain a fairly high velocity

in the tube and therefore reduce plugging.

The overflow rate is essentially the controlling parameter for 

the operation of clarifiers. ■ The overflow (removed under vacuum) was 

controlled by the depth of the liquor in the clarifier. Raising or 

lowering the effluent withdrawl tube with respect to the clarifier re

sulted in a change in the depth of liquid in the clarifier and hence 

the surface area. A reduction in surface area with a constant flow 

reduced the overflow rate. Appendix C gives overflow rates for

various volumes of the clarifier.

The reactor was equipped with a turbine for mixing and air diff

users for oxygen source. Mixing is difficult to correlate with a full 

size aerator. Wall effects in the reactor seemed to be very pronounced
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when the rotation was" reduced below four rpm. At the rotation, 

speeds below four rpm pockets of unmixed sludge or dead.areas 

would develop at various positions on the walls of the reactor. ,

Feed
The synthetic- sewage was designed to provide a wide base of re

quirements for the mixed microbial culture. Some organisms, however, 

are capable of synthesizing all necessary compounds for cellular re

quirements from only simple precursors. E. coli for example, can ; 

produce all their necessary amino acids from ammonia (20). Simple 

organisms therefore, can be expected to provide a further pool of 

growth factors through lysis. Thus nutrient turnover will be ac

complished invthe 'system-between liquid and solid phases.

There are several important differences between raw sewage and the 

artificial feed. First, the major energy source in the artificial sew

age is sucrose, which is readily utilized by many organisms. But, raw 

sewage is composed of diverse and complex organic molecules, some of 

which are more readily utilized than others. This difference in sub

strate molecules would indicate different substrate removal rates.

Rate equations for substrate removal derived -from artificial sewage, 

therefore, might not be directly related to raw sewage. However, re

lationships between carbon removal rates and phosphorus removal should 

be more consistent.
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The second major difference between the artificial sewage used 

and raw sewage is the hardness constituents. Many sewage treatment 

plants have high concentrations of calcium, iron and magnesium. Calcium 

and iron are sometimes credited for removing phosphorus in wastewater 

treatment plants. The concentration of iron and calcium used in art

ificial sewage was extremely small. Therefore, precipitation with 

phosphorus was neglected..

The third important difference between the artificial sewage and • 

raw sewage is the percent volatile material in the feed. The use of 

a completely soluble substrate eliminates the problem of suspended 

solids that do not contribute to microbial material in the reactor.

In summary, the composition of artificial sewage is precisely 

known and may be controlled. Also, adverse factors to the experiments ' 

can be eliminated in the feed.

Loading Rates

Phosphorus loading rates can be measured in two ways. First, phos

phorus may be compared to the mass of activated sludge. The range 

of phosphorus loading rate was 1:1 to 6.3 g-P per day per 100 g sus

pended solids, based on 7.9 m g A -P in the feed.

As carbon was the limiting factor in the system, a more real

istic loading rate would be a ratio of influent phosphorus to influent 

carbon. Table 9 gives the ratio of a phosphorus loadings to BOD^ and

to TOG.
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TABLE 9

PHOSPHORUS LOADING RATE 

( based on 7.9 mgA-P in effluent )

Influent Cone. Loading
of Substrata Rates

119 IngA-BOD^ 

90 m g A -TOC

Phosphorus uptake has been reported to be 0.6 g for every 100 

g BOD5 removed (lb), and I g for 100 g BOD5 removed (5) • Using I g 

phosphorus removed for 100 g BOD5 removed as an optimum condition; 

the phosphorus loading used in the experiments is almost seven times 

the anticipated requirement for 100 percent removal of the substrate.

Activated Sludge
At steady state operation the sludge had turned from a gray brown 

color to a golden brown. The golden brown color was found to be char

acteristic of operation at CRT less than 13 days. The color varied to 

some degree, however, for the different growth rates or cell residence 

times. At the highest growth rate, where CRT was approximately two

6.7 ff-P ' 
100 g BOD^

8.8 g-P 
100 g TOC
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days, the sludge was normally a pale yellow color. At times the color 

•would take on shades of pink. At higher cell residence times or lower 

growth rates, the color became a dark golden brown.

.Microscopic ,examinations were made periodicaly throughout the ex- 

periments. No identification of bacteria was attempted, but general 

characteristics of the sludge and protozoa were noted. The initial 

sample from the Bozeman sewage treatment plant contained considerable 

filamentous organisms, single-celled organisms (which appeared to be

yeast), and several types of protozoa.

In the reactor, relatively few yeast or yeast like organisms were

observed. Protozoa were readily abundant as were Rotifers. Keysto 

the identification of microorganisms in Standard Methods (36) were 

used to identify the Rotifers as Philodina. Protozoa reconlzed from the 

Keys were several nonpigmented flagellates, amoebas, and dilates.

Figure 20 is a.microphotograph of water mites which were found in 

the reactors. The initial discovery of the infestation of the water 

mites occured in Reactor #2, which was operating at a cell residence 

time of approximately 2 days. In a period of less than 2k hours the 

MLSS was drastically reduced. Examination of Reactor #1, operating at a 

cell residence time of six days, also revealed a substantial population 

of water mites. ,The microphotograph shown in Figure 20, was taken 

from Reactor #1. The loss of MLSS in Reactor #2 was attributed to the

■ mites grazing in Lhe sludge.
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Fig. 20 WATER MITES FOUND IN ACTIVATED SLUDGE
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Samples of the mites were sent to E. W. Baker of the Entomology' 

Research Division of the Department of Agriculture^ Washington D.C^ 

who identified the mites as Acaridae, Histiogaster, and Andetidaej 

Histiostoma. Apparently little is known about these organisms ex

cept that they live in moist habitats (3). In an article by. Woodring 

(I4I4) different genera of the same species feed on decomposing organic 

material. Their typical size could range from 200 to $00 microns in 

length. Woodring (h$) also noted that sewage wastes would be a natural 

habitat for both species.

Analysis

The major analytical determinations used were total organic carbon 

MLSSj and phosphate determinations.

Total Organic Carbon. Total organic carbon was used for the, Hiear 

surement of substrate. All results expressed as TOC were based on 

soluble substrate. TOC measurements in the feed varied from 86.9 to 

92.9 mg/1 with an average of 90.3 mg/1. The effluent measurements 

varied from 7.9 to 11.0 mg/l with an average of 10.0 mg A.

Mixed Liquor Suspended Solids. As the feed was entirely soluble 

all suspended solids were considered to be microbial material. One 

limitation of this method is that no differentiation can be made be

tween living organisms and dead organisms. The waste of microbial
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solids was made from the reactor and since the reactor is completely 

mixed, no appreciable build up of inert material should-take place. 

Duplicate samples were taken and the determinations of MLSS were with

in five percent of their mean value.

Phosphorus. ' When phosphorus is analyzed in acid solutions

where PO. '3 is less than 10 mg/l, ammonium molybdate reacts with
a

orthophosphate to form molybdophosphoric acid. This complex is a 

yellow colloidal sol (33)• In the presence of vanadium, a 

yellow color is produced from the complex vanadomolybdophosphoric 

acid (36). In the analysis for phosphorus in the feed solution, how

ever, a cloudy suspension resulted as soon as the molybdium com

plex! ng reagent was added. If colorimetric determinations were made 

with the cloudy suspension present, resultant values of phosphorus 

were consistently high. If the colloidal suspension was filtered out 

the resultant values of phosphorus were too low. Since these results 

were consistent and all determinations of feed samples gave similar 

results, the theoretical value of 7-9 mg/l-P was used for all calcula

tions involving phosphorus concentration in the feed.

The reason for the cloudy suspension is not known, but the suspen

sion appears to be an interaction between the acid-complexing reagent 

and protein. A feed solution prepared without bacto peptone produced no 

cloudy suspension when the complexing-agent was added. Cloudy suspen

sions were absent from all samples taken from the reactor or effluent.



75

Several forms of phosphorus occur in activated sludge. ■ -

These forms may occur in the liquor as soluble phosphates or they may 

be tied up in particles of detritus and microbial material. The basic 

forms of these phosphates are: orthophosphates, condensed phosphates,

and organic phosphates. For examination of wastewater, procedures are 

necessary to either identify all the various forms of phosphates, or 

at least to identify the major forms.,

The forms of phosphates analyzed in these experiments can be 

broken down into two groups. The first division is between soluble and 

insoluble phosphates. Soluble is again defined as the filtrate which 

passes a glass fiber filter. Secondly, phosphates are divided into 

orthophosphates, total phosphates, and non-orthophosphates. Non

orthophosphates are defined as the difference between total phosphates 

and soluble orthophosphates. Non-orthophosphates include condensed 

phosphates and organic phosphates. Precipitates of phosphates are 

considered negligible because of the low quantities of calcium and 

iron in the feed. All orthophosphate measurements are soluble ortho

phosphates. Determinations were found to be reproducable in the range

of 't 0.1 mg/1-P.
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RESULTS

Mxed Liquor Suspended Solids

The MLSS increased as the CRT increased and appeared to approach 

a maximum of 2000 mg/1 at a CRT of 13 days. The increase of MLSS was 

limited by the amount of substrate and the physical characteristics'of 

the system. At a maximum level of MLSS the growth of new cells is equal

to the decay of old cells.
Figure 18 shows the carbon removed per MLSS approaches a minimum for 

the MLSS of 2000 mg/l. A constant carbon removal rate of 0.10 per day 

indicates that 0.10 g carbon is required for I.Og MLSS per day for 

maintenance of the biomass.

Sludge Characteristics
Sludge settling characteristics directly effect the removal ef

ficiency of an activated sludge process. Microbial material lost xn the 

effluent is a direct loading of organic carbon and nutrients into the

receiving water.
The effluent suspended solids in Figure 11, is a direct measure, of 

the material leaving the system. Figure 13 describes the sludge set-, 

tability in terms of a sludge volume index. From Figures 11 and 13 a 

zone of good settling can be defined where the effluent suspended 

solids are less than 20 mg/l. The zone of good settling was found in
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the range of 9 to 13 days CRT.
Eckenfelder (10) noted the range of best settling occures for 

loading rates of 0.2 to 0.7. Assuming 90 percent BOD removal and an 

average yield coefficient of 0.5, the cell residence time for best

.settling is from 3 to 11 days.

Yield Coefficient
The yield coefficient is defined as the ratio of the specific 

growth rate and carbon removal rate and is shown in Figure 19 to decrease 

as the CRT increases. Since carbon removal rate is constant for a MLSS 

of 2000 mg/1 (CRT of 13 days) increasing values of CRT should produce a 

decrease in the yield coefficient in direct porportion to the decrease 

in the specific growth rate.

Carbon Removal
Figure 111 shows carbon removal to remain constant at 89 percent for 

the valuesrof-CRT evaluated. At different specific growth rates sub

strate oxidation for energy requirements is expected to change- As the 

MLSS increases, therefore, more substrate is utilized for cell main--^

tenance.

Phosphorus Removal

Figures 15, 16, and 17 indicate that phosphorus removal is 

effected by different cell residence times. Figure 15 shows the 

percent orthophosphate removed decreases as the cell residence



time increases. Orthophosphate removal is important for two reasons:

(l) orthophosphate is a major form of phosphorus in raw sewage, and (2) 

condensed phosphates in raw sewage are hydrolyzed to orthophosphates (llj).

Figure 16 indicates the amounts of phosphorus in the mixed liquor 

suspended solids was nearly constant at 1.5 %-P for the range of ex

periments . This result combined with decreasing orthophosphate re

moval as a function of cell residence time supports this premise: in

creasing sludge wastage promotes phosphorus removal.

Figure 17 lends some support to the premise that an increase in 

growth rate may promote phosphorus uptake. The assumption behind this 

premise is that as growth rate increases more carbon will be required 

for the net synthesis of biomass. Since phosphorus is closely connected 

to growth of cellular material an increase in phosphorus was anticipated. 

Carbon uptake was shown to be constant in Figure lit, therefore, an 

increase in phosphorus removed per carbon removed at higher growth rates 

was expected as is shown in Figure 17. Figure 16, however, indicates 

no substantial increase in the stored phosphorus in the microbial mater- . 

ial. The conclusion, therefore, is an increase in net growth rate does 

not substantially promote phosphorus uptake.

The third premise concerning phosphorus removal was a decrease in 

the food (carbon) to microorganism ratio will promote phosphorus uptake.

A decrease in food to microorganism ratio is a resultant of the increased
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MLSS as the cell residence time increases. Growth limiting, conditions 

have been shown to promote excess or luxury uptake of phosphorus. The 

lowest food to microorganism ratio obtained in these experiments was

0.02 day at a cell residence time of 13.2 days, and Figure 16 shows 

only I.U %-? or near average for the experiments and does not indicate 

any excess or luxury uptake.

Literature values have reported the percentage of phosphorus in 

activated sludge to range from 3 to Ii percent. The highest value ob

tained in these experiments was 1.6 percent. A possible explanation for 

this difference may be due to the -calcium-phosphate and iron-phosphate 

precipitation in the typical activated sludge treatment plants.

The fourth premise proposed'that chemical precipitation contri

buted significantly to phosphorus removal. Several data in Table 2 

indicated approximately #  percent removal of phosphorus was obtained 

in activated sludge treatment. Due to the presence,of high concentra

tion of calcium and iron, however, the importance of the phosphorus re

moval by the biomass alone was not certain. But, iron and calcium were 

present in only trace amounts in these experiments and any removal of 

phosphorus must be attributed to biological uptake. Figure l£ shows 

the maximum removal of orthophosphate was 35-5 percent which is sub

stantially lower than reported values of $0 percent.



Chapter VIII 

CONCLUSIONS

The use of a continuous-flow stirred-tank reactor pilot plant 

provides a controlled study of.the many operational parameters of 

the activated sludge process. The cell residence time is a measure of 

the mean time that sludge or mixed liquor suspended solids remains in 

the system. At steady state operation the cell residence time is the

inverse of the specific growth rate.

The following conclusions are drawn within the constraints of this 

research about the continuous-flow stirred-tank reactor in relation to

the various cell residence times;

I. The mixed liquor suspended solids increased to a maxi

mum of 2000 mg/1 at a cell residence time of .Ih days.

2. The carbon removal rate approached a minimum value at 

2000 mg/l BLSS.

3. The yield coefficient decreased from l.l£ to 0.72 as 

the cell residence time increased.

h. A zone of good settling was defined when the effluent sus

pended solids was less than 20 mg/l, 'The zone of good 

settling occured when the cell residence time was between

9 and 13 days.
At low cell residence times or at high growth rates the 

- sludge settling was very poor.

6. Carbon removal remained constant for different cell
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residence times. Greater percentages of the carbon removed 

is utilized for maintaining the mixed liquor suspended solids 

level at high concentrations of MLSS.

T. The percent, phosphorus in the activated sludge was nearly 

constant at l.£ %-? regardless of the cell residence time.

8. The decrease in cell residence time, or increase in .sludge 

wastage, was responsible for the phosphorus removal.

9. The increase in specific growth rate did not appreciably 

promote phosphorus uptake in the activated sludge.

10. The lowest food to microorganism ratio of 0.02, .at., a cell 

residence time of 13'.'days, did not promote luxury uptake 

of phosphorus.

11. The maximum obtainable phosphorus removal was 35.5 percent.

This is considerably lower than many reported values in the
,

■literature. A possible explanation may be attributed.to 

low concentrations of calcium and iron in the feed, and ■ 

therefore, no calcium-phosphate and iron-phosphate 

precipitated. "
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Scale Reading

TYPICAL CALIBRATION CURVE FOR TOC
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Percent Transmission

CALIBRATION CURVE FOR COLORIMETRIC DETERMINATION 
OF PHOSPHORUS
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PHYSICAL CHARACTERISTICS RUN # I

Date System Reactor Feed Waste Effluent CRT
Volume MLSS (I) MLSS (I)

1971 I m g A 1/d 1/d mg A days

10/6 9 .0 1631 23.28 .892 7 9 .70
10/7 9 .0 1607 21,76 .910 3 9.1(6
10/8 9.0 1622 22.16 .920 2 9.17
10/9 9 .0 16U8 2 3 .1 2 .862 8 9.2k
10/10 9 .0 1620 23 .22 .890 3 9.68
10/11 9 .0 1639 23.73 . .880 3 9 .76

(I) Average of measurements taken at begining and end of
2h hour period.

OPERATION PARAMETERS RUN #1

Date Organic Carbon Phosphorus-? SVI
Feed Reactor Feed Effluent . 1Total

1971 ' mg/1 . mg/1 ' mg A mg/1 mg/1 ml •

10/6 '8.3 7 .9 2 .2 700
2.1»

10/7 2.1» 7.9 , 2 .8 700
10/8 88.7 6 .8 7 .9 2.1» 700
10/9 9 0 .2 .2.6 7 .9 2.2 720

90.0 7.2 2.8
89 .6 11.2 2 .9 29.0
90.8 8 .2

10 A O 108 8 .0 7.9 2.1 720
89.0 It.7 ’ 6.3

7.8 2 7 .6
2.h 2 8 .It

10 A l 92 .0 1 6 .0 7.9 6 .1 32 .0 800
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PHYSICAL CHARACTERISTICS RUN #2

Date System
Volume

Reactor- 
MLSS (I)

Feed Waste Effluent 
MLSS (I)

CRT

1971 I mg/1 1/d 1/d mg/1 days

10/23 9.0 . # 3 22.1*0 . 1.12 63 . 2.56

10/21* 9.0 51*7 23.00 I.lit 69 2.30

10/25 9.0 530 ' 23.00 1.13 69 2.26

10/26 9.0 1*72 21*.80 1.09 73 1.89

10/27 9.0 1*28 23.1*0 1.11 91* 1.50

10/28 9.0

CM% 23.60 1.12 93 1.38

(I) Average of measurements taken at begining and end 
21* hour period.

of

I . OPERATION PARAMETERS RUN #2

Date Organic
Feed

Carbon
Reactor Feed

Phosphorus-
Effluent

-P
Total

SVI

mg/1 mg/1 mg/1 mg/1 mg/1 ml

10/21* 8.8 800

10/25 10.0 7.9 5.3 12.5

10/26 lit.5 7.9 I*.9 lit.I*

10/27 93.h 7.3 7.9 5.3 11*. 0

10/28 91.3 11.5 7.9 I*.9 ' 12.It-

10/29 8.1 7.9 I*.9 ' 11.1*

I
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PHYSICAL CHARACTERISTICS RUN #3 ■

Date System
Volume

Reactor 
MLSS (I)

Feed Waste Effluent 
. MLSS (I)

CRT

1971 ' I mg/1 1/d 1 /d mg A- days

10/25 . 9.0 19lt0 22.80 .630 ' 21 10.3

10/26 9.0 1912 2ii.l0 .6U5 20 10.1

10/27 9.0 1937 22.30 .660 16 10.7 •

10/28 9.0 1918 22.70 .665 18 ■ 10.3

10/29 9.0 1902 23.20 .630 20 10.Ii

(I) Average of measurements taken at begining and end 
2Ii hour period.

of

OPERATION PARAMETERS RUN #3

Date Organic
Feed

Carbon
Reactor Feed

Phosphorus-
Effluent

-P
Total

SVI •

1971 mg/1 mg/1 mg/1 mg/1 mg/1 ml"

10/25 91.8 8.6 7.9 5.6 33.0 .. 85o

10/26 68.6 .5.2 7.9 5.6 37.7 85o

10/27 93.6 8.Ii 7.9 5.8 39.0 850

10/28 88.7 8.9 7.9 5.8 39.k 900

10/29 8.5 7.9 36.0 900

10/30 91.6 7.9 6.8
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PHYSICAL CHARACTERISTICS RUN #h

Date System Reactor Feed Waste Effluent CRT
Volume MLSS (I) MLSS (I)

1971- I mg/1 1/d 1 /d m g A days

11/18 9 .0 2012 2 2 .9 9 .k85 38 9.7k
11/19 9 .0 2018 23.77 .k85 k6 " 8.75
11/20 9 .0 2026 23 .57 .5oo k3 9 .0 2
11/21 9 .0 1918 23.6k .580 k9 7 .7 5
11 /22 9 .0 1873 22.15 .530 70 6.65
11/23 9 .0 1770 2lt.o5 ♦ k60 , 79 5.90'
ll/2h 9 .0 1680. 2k .05 .520 65 6.2k
11/25 9 .0 1661 ' 2k.o5 ,590 k6 7.18 ,
11/26 9 .0 1675 23 .60  . .595 3k 8 .3 3

(I) Average of measurements taken at begining and end of
2h hour period. I

OPERATION PARAMETERS RUN #U

Itete

1971

Organic
Feed
mgA

Carbon
Reactor
mg/1

Feed
mgA

Phosphorus-
Effluent
mg/1

-P
Total
mg/1

SVI

ml

11/18■ 8.0 7 .9
11/19 8.5 7 .9 1150
11/20 7 .8 7.9 1150
11/21 91.6 . 8.5 7 .9 1150
11/22 9 0 .5 9.k 7 .9 33 .0 1105
11 /2 3 89.k 1 5 .8  ■ 7 .9 5.k 31.6 1000
11/23 5 .3 30.k
ll/2k 89 .8 . 12.6 7.9 5-k 31.0 350 .
1 1 /2 5 87.2 12.0 . 7 .9 5 .0  • 29 .0 750 ■
11/25 5 .0 29 .0
11/26 9 1 .8 10.8 7 .9 5.0 3 P .k 700
11/26 5 .3 31 .0
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PHYSICAL CHARACTERISTICS RUN # 5

Date System
Volume

Reactor 
' MLSS (I)

Feed Waste Effluent 
MLSS'(I)

CRT

1971 I mg/1 1/d 1 /d mg/1 days

12/5 9.0 ■ 2101 2)4.15 .IikO 12 15.6

12/6 9.0 1999 22.1,5 .570 15 12.1

12/7 9 .0 1973 2 2 .1 5 VX co O 13 ' 12.2 .

12/8 9 .0 1981t ■ 2 k .15 Ca . C
O Vl 10 1 2 .7

1 2 /9 9 .0 2010 2 3 .0 0 .580 9 13.1

(I) Average of measurements taken at beginlng.and' end of 
2h hour period. . 1

OPERATION PARAMETERS RUN # 5

Date Organic
Feed

Carbon
Reactor Feed

Phosphorus-?
Effluent Total

SVI

1971 mg/1 mg/1 mg/1 mg/1 mg/1 ml

12/5 9 3 .5 12.7 7 .9 . 700

12/6 9 3 .6 Ik.5 7.9 5.6
5.8

32. k 
3k.k .

600

12/7 9 .7 7.9 6 .0
6.0

3k.k 
3k.k

650

12/8 9 .8 7.9 5.2 650

1 2 /9 91.6 8 .0 7 .9 6.0 O On-\ 
rn o~\

12/10 11. k 7.9 5.7 31.0 •
35.0

650
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CLARIFIER OVERFLOW RATES
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Volume Diameter Surface^
Area

Flow 
Rate ■

Overflow
Rate

Hydraulic • 
Detention 
Time

ml in sq in 1/hr gpm/ft2 hr

5oo It 12.55 I 72 o.5 .

1000 53/16- 21.1 I Lt3 1.0

1500 6 28.25 I 32 1.5

2000 6 \ 33.2 I 27 2.0

2500 Ltl .3 I 22 2.5

3000 ' 7-7/16 Lt3.lt I 21 3,0
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