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CHAPTER I

INTRODUCTION

Since the advent of the activated sludge process, filamentous

organisms have been an underlying part of the biological community

associated with this treatment process. Activated sludge treatment

plants have operational problems when these filamentous organisms

become the predominant species in the active floc causing the process

to "bulk."

According to Ruchhoft and Kachmar (45) bulking is a response

of sludge organisms to a sudden disturbance in biological equilibrium.

Jones (26) states that bulking is a biophysical response to some upset

in the ecological balance of a mixed population of microorganisms.

Although these statements reflect the general consensus, each investi-

gator suggests a variety of factors that tends to induce sludge bulking.

The sanitary engineer's definition of bulking encompasses those

conditions under which the mixed liquor fails to separate into super-
l

natant and flocculated sludge during final clarification. This results

in increased solids concentrations in the effluent.

Two general classifications of filamentous growth entitled

"Sphaerotilus" and "sewage fungus" prevail throughout the literature as

the causative organisms of sludge bulking. However, grouping all

organisms which have the capability of initiating bulking under these

two common classifications has resulted in identifications of

questionable validity. Such grouping attempts have produced descriptions

including dirty white cottony masses (4l) grayish filmy slimes (28)
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and dozens of other misnomers which do not reflect actual species

identification and may be partially responsible for the undesirable

connotations associated with filamentous growth. Nevertheless,

filamentous organisms and their biological role in biodegrading waste

have been the topic of numerous research investigations.

The attitude of the profession regarding filamentous

organisms is undergoing a transition stimulated by the results of

recent research demonstrating feasible and practical utilization of

filamentous growth in a new treatment process termed "Fixed Activated

Sludge" (FAS) (29). This process involves the attachment of filamentous

growth to screens and introduces a wastewater such that it flows

through and under the screens in the presence of ample aeration. The

wastewater being exposed to the filamentous growth undergoes biological

stabilization, and substrate utilization results in reinoculation of

the active biota and sludge production.

As previously defined, bulking results when there is an

upset in environmental conditions, such as high or low pH, extreme

Variations in organic loadings, inadequate dissolved oxygen, and

deficient concentrations of nitrogen and phosphorus. These parameters

are typically associated with industrial discharges from canneries,

breweries, sugar factories, dairy waste, amunition plants, and soft

drink companies (1, 23, 29, 31). All of these wastewaters may cause

activated sludge bulking but can be treated successfully by filamentous

organisms in the FAS process.

The concept of using filamentous organisms in a waste treat-

ment process is made possible by their tremendous ability to utilize
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substrate and proliferate under a wide variety of environmental

conditions (5, 24, 26). The ultimate disadvantage related to the use of

filamentous organisms as an active biota is the difficulty in separating

the biological solids from the wastewater effluent after waste stabili-

zation has been accomplished. Research investigations to develop

procedures for improving the settling characteristics of filamentous

organisms have been undertaken. Currently, some of the methods avail-

able for improving settleability include: rapid agitation of the fila-

ments, addition of ferrous ions to the cultures inducing deposition of

ferric oxide in the sheaths, and addition of polyelectrolytes to aid

coagulation of floc (42, 36).

The objectives of this research were to analyze the settling

characteristics of filamentous sludge from the FAS process, to establish

an estimated yield value for the filamentous growth maintained within the

FAS unit, and to subject these organisms to variations in carbon to

phosphorus ratios until limiting the removal efficiency.



CHAPTER II

LITERATURE REVIEW

The literature contains many confusing and contradicting

results pertaining to filamentous growth and related causes of bulking

in activated sludge. Conflicting data reported on the morphology,

physiology, environmental conditions and biological requirements of

filamentous organisms have created an aura of uncertainty among the

investigators.

Every investigation into the sludge bulking phenomenon has

manifested evidence suggesting that the author's circumstances or

situations are the primary cause of this undesirable condition. Never-

theless, it is the general consensus that carbohydrate substrates, in

combination with nutrient deficient wastewaters, quickly produce

operational difficulties and constitute the most common cause of

bulking in activated sludge. ‘

The subsequent literature review will provide a detailed

synopsis on the primary causes of sludge bulking and the occurrence of

filamentous growth in predominant numbers. Also included within this

literature review will be a discussion of successful treatment of waste-

waters by bulking sludge and by non-conventional treatment processes

designed specifically for filamentous organisms.

Physiology and Morphology of Filamentous Microorganisms

The terms "Sphaerotilus" and "sewage fungus" are synonomous

names given to complex communities of filamentous growth. The true

taxonomic identification of these organisms reveals that sewage fungus

4



5

is the general classification and Sphaerotilus itself is a sewage

fungus or filamentous bacteria.

Chlamydobacteriaceae is the taxonomic name given to the

family of filamentous bacteria (4). It consists of three genera:

Sphaerotilus kutzing, Leptothrix kutzing, and Toxothrix molisch.

Kutzing (1833), accredited with the discovery of Sphaerotilus natans,

took the word Sphaerotilus from the Greek nouns sphara and tilus meaning

Spherical shredded floc (44). Sphaerotilus natans exhibits colorless,

slimy trichomes which attain a length of several millimeters. The

trichomes are ensheathed, show false branching and are either free

floaters or attached. The reproduction of this organism occurs through

the formation of asekual spores within the sheath from which they

migrate, swim about for a time, then attach themselves to objects to

develop into delicate trichomes.

Pringsheim (1949) published his findings on Sphaerotilus,

Leptothrix, and Cladothrix, and stated that the Sphaerotilus genus

should be expanded to include the very closely related genera Leptothrix

and Cladothrix (44). However, Berger and Brengmann argued that there

were differences in the structure of the sheaths of Sphaerotilus and

Leptothrix and that the original classifications should be retained

(4).

The size of the individual cells of Sphaerotilus could be

classified as 'undetermined' because of the inconsistencies which have

been reported by investigators. In Bergey's Manual (4) Sphaerotilus

is described as being 1 to 2 microns wide by 6 microns long. Lackey

and Wattie (32) reported Sphaerotilus to vary from 1 to 3 microns
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wide and 3 to 8 microns long. Stokes (50), on the other hand, states

that individual Sphaerotilus cells could be 1.2 to 1.8 microns wide

and 2.5 to 16 microns long with an average length of 3 to 8 microns.

Harrison and Heukelekian (41) agree with Stokes on length but quote

lateral dimensions of 2 to 3 microns. Realizing the differences in

results among these investigators, one can safely conclude that the

individual cell size of Sphaerotilus is a debatable issue.

Because identification of Sphaerotilus is difficult, several

different species of filamentous organisms have been mistakenly

classified under this genus. Farquhar and Boyle (14) have published

extensive techniques for the isolation and identification of filamen-

tous organisms. Other researchers, (8, 36, 39, 41, 44, 50) have been

meticulous in the taxonomy of their particular organisms, but proper

identification has proven to be a challenge. This was the case with

Pipes and Jones (41) who throughout their investigation termed the

organisms Sphaerotilus when they were actually Geotrichum candidum,

a sewage fungus, believed to be mistaken for Sphaerotilus by many

researchers.

Jones (28), in later research on the identification of

Sphaerotilus and Geotrichum candidum,exp1ains the identical charac-

teristics between these two filamentous organisms. He presents

references to the medical and biological literature which reveal the

very significant fact that Geotrichum candidum at certain stages of

growth has a morphology almost identical to that of Sphaerotilus.

He also gives evidence that a variety of filamentous organisms are

perhaps more intimately associated with the bulking phenomenon than



7

Sphaerotilus; but, due to the similarities in morphology and physiologi-

cal responses of other organisms to Sphaerotilus, incorrect identifica-

tion has resulted.

Ruchhoft and Kachmar (45) isolated fourteen morphologically

similar strains of Sphaerotilus.‘ Pasveer (37), in his studies of an

oxidation channel in the Netherlands,discovered the formation of

filamentous Escherichia ggli_which he explains could easily be mistaken

for Sphaerotilus. Cooke (7) states that several water molds,

especially Leptomitus lacteus which form white tufts, could be improperly

identified as Sphaerotilus.
n

With continued research in the identification of filamentous

growth, Smit (47) not only isolated Sphaerotilus natans and Cladothrix

dichotoma, but he also discovered a new species of filamentous organism

which he named Geotrichoides paludosus.

There are many filamentous organisms such as Vitreoscilla,

Beggiatoa, Nocardia and other sewage fungi which are presently mistakenly

classified under the term Sphaerotilus. Consequently, one can better

understand the reasons for confusion and inconsistency among the

investigators in the identification of filamentous organisms and

perhaps establish some justification for conflicting data.

Environmental Reguirements of Filamentous Microorganisms

PE.
The activated sludge process must maintain a balanced

environmental state to operate efficiently. Normal domestic sewage

usually offers a steady continuous flow of organic matter which is

readily degradable by the active biota having a pH between 6.5 - 7.5
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(34). It is the combination of various industrial wastewaters with

domestic sewage that causes operational difficulties of this treatment

process to be encountered. Filamentous organisms have a unique ability

to function efficiently over a vast range of pH and, because of this

capability, they become the predominant organisms when conditions are

unfavorable to the normal biota.

Brower and Gaddis (5), while maintaining a mixed culture of

filamentous growth, most of which were fungi, fluctuated the pH

between 2.4 and 7.0. They state the pH values as low as 2.4 to 3.0

had little effect on the growth of these organisms and their ability

to actively remove substrate. Ruchhoft and Kachmar (45) explain that

Sphaerotilus growth and metabolism were stopped at pH below 5.0. When

using glucose as a substrate, they found that pH 6.0 retarded growth

and the ideal pH range was 6.6 to 9.0. Stokes (50) reports

Sphaerotilus cultures exposed to pH 5.5 show no growth, and at pH 5.8

good growth prevails; full and rapid growth are observed at a pH

between 6.4 and 8.1.

The investigation undertaken by Dondero was cited by Pipes

and Jones (41) in their research involving pH relationship to the

growth of Sphaerotilus. Dondero produced results that generally agreed

with Stokes (10) and Ruchhoft, but expanded the upper pH limit to give

an overall range of 5.5 to 10.0. However, Pipes and Jones (41) feel

that from their investigations the lower limit should be pH 3.0. They

reported filamentous growth of Geotrichum Eaggidgm without restraint

at all pH values in the range of 3.0 to 9.0, conforming with the lower

pH values found by Brower and Gaddis (5) for fungi.
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Most investigators agree that Sphaerotilus has an optimum pH

for maximum growth at 7.0 to 7.5 and proliferate well in slightly

alkaline waters, but they are in disagreement on the ability of

Sphaerotilus to tolerate very acidic environments.

Upon completion of a review of all these investigations, one

could conclude that a pH value in the broad range of 2.4 to 10.0 would

be reasonable for maintaining filamentous growth. Obviously this is

an extremely wide range of tolerable pH values for filamentous

organisms, and because of this they have gained a reputation as being

a pollution indicator and an enduring organism.

Temperature

The Variations and inconsistencies of conclusions that have

been reported thus far in this review continue in the research pertaining

to tolerant temperatures for Sphaerotilus growth. In their research

both Stokes (50) and Dondero (10) used incubation temperatures of

28°C and 20°C, respectively. They reported that optimum growth of

Sphaerotilus in a pure form occurs between temperatures of 28 to 30°C.

Pipes and Jones (41), in their experiments with Sphaerotilus,

tested temperatures from 14 to 35°C and reported good growth in all

cases. Stokes (50) states that his strains of Sphaerotilus showed

slow growth at l5°C and very slow growth at 40°C. He also reported

that no growth occurred at temperatures of 5°C and 46°C. With this

temperature range Sphaerotilus could utilize substrate in polluted

waters where other organisms could not survive; it could tolerate

wider Variations of environmental conditions than usual for most

aerobic bacteria.
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Temperature data in combination with wide variations in pH

influences the writer to think that if in some way these organisms

could be used as an active biota, they would be the most adequate

microorganism available for biodegradation of wastewaters.

Conditions and Substrates that Stimulate Filamentous
Growth and Bulking

The filamentous microorganisms have gained their notoriety

from the bulking phenomenon which occurs in activated sludge. The

impact of these organisms upon this system and their influence on the

settleability of the sludge is well recognized. An explanation for the

occurrence of sludge bulking has been the subject of several investiga-

tions and has resulted in the publication of many possible causes.

Some acknowledged causes of sludge bulking mentioned within

the literature are: (1) high carbohydrate wastewaters which contain

dextrose, fructose and related sugars, (2) the predominance of filamen-

tous growth in low concentrations of dissolved oxygen, (3) high carbon-

to—nutrient ratio caused by organic loading and (4) causes associated

with improper design and operation of the final sedimentation tank.

The following section is an expansion of these and other topics

related to sludge bulking.

Carbohydrate and Non—carbohydrate Wastewaters

As early as 1927, carbohydrate wastewaters were found to

cause an activated sludge process to bulk. The Des Plains River Treat-

ment Works in Chicago, Illinois, after operating efficiently for five

years, suddenly began having operational difficulties. The final

clarifier was no longer separating the mixed liquor into flocculant
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biomass and supernatant effluent. Uncertain as to the reason for the

bulking phenomenon, an analysis of influent intercepts was undertaken.

The results of this analysis revealed that a wastewater containing

10,400 mg/l of dextrose was entering the plant primarily from one inter-

cept. When the effluent from this intercept was diverted around the

treatment plant, the bulking condition subsided and the activated sludge

process returned to normal. As expected, when this wastewater was

— again introduced to the treatment plant bulking reoccurred. This

investigation, conducted by Morgan and Beck (35), was one of the first

to indicate that carbohydrates stimulate filamentous growth and cause

activated sludge bulking.
h

Based upon this conclusion and other assumptions several

investigators began experiments with filamentous microorganisms and

carbohydrates as a carbon source for growth. Lackey and Wattie (32)

used only dextrose as a carbon source for their strains of Sphaerotilus

and provided evidence that this was an excellent medium for Substantial

Sphaerotilus growth. They concluded that simple sugars in heavy

dosages can cause bulking easily but stated that Sphaerotilus was

incapable of utilizing polysaccharides.

With researchers in positive agreement that carbohydrates

caused bulking, Ingols and Heukelekian (23) conducted experiments to

clarify why these particular substrates produce this phenomenon. They

compared the growth rate of Sphaerotilus using carbohydrate and non-

carbohydrate carbon sources. In their apparatus the carbon-to-nitrogen

ratio was increased by the addition of glucose until bulking occurred.

However, when using a non-carbohydrate peptone as a substitute carbon
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source, bulking did not occur. The reason for this was that the

nitrogen content of the peptone prevented bulking.

It was recognized from this research that Sphaerotilus can

utilize glucose at a rate 3 to 4 times faster than any other organism,

and because of this, an upset in the balanced organism population

results. Sphaerotilus becomes the predominant organism and causes the

sludge to bulk. ‘

Many investigators (23, 32, 4l) have concluded that

Sphaerotilus is better equipped enzymatically to biodegrade mono-

saccharides and can utilize the substrate much more rapidly than

Zooglea organisms. The increase of Sphaerotilus growth causing sludge

bulking is due to a direct response of Sphaerotilus to the carbohy-

drate substrate.

Littman (33) developed Sphaerotilus in carbohydrate—rich

media and transferred this growth to sterile sewage devoid of this

substrate. This experiment confirmed the theory that Sphaerotilus

will thrive on carbohydrates and will exhibit a retarded growth in the

absence of this substrate.

Other carbon sources utilized by Sphaerotilus are alcohols

and organic acids. Ethanol, butanol, glycerol, mannitol and sorbitol

were reported by Stokes (50) as adequate for supporting growth. He

also stated that succinic, fumaric, butyric, lactic, pyruvic and

acetic acids gave good growth.

Oxygen Tension

Activated sludge processes treating pure domestic sewage

also have a tendency to bulk. Bulking in the absence of carbohydrates
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· indicates that some other form of biological imbalance has occurred.

The lack of complete substrate oxidation may explain why bulking is

encountered by plants of this nature. Sphaerotilus has a unique

property, one of many, of growing more rapidly than Zooglea in limited

supplies of oxygen. Although Sphaerotilus is strictly aerobic,

Ruchhoft and Kachmar (45) developed appreciable growth in very low

dissolved oxygen concentrations (0.l to 2.0 mg/l). Even at the lower

ranges of dissolved oxygen Sphaerotilus reproduced and utilized

substrate in significant amounts.

Since Sphaerotilus can proliferate in low dissolved oxygen

concentrations, it holds a competitive supremacy over other aerobic

organisms associated with activated sludge biological systems. There-

fore an oxygen deficiency in activated sludge is the most important

factor related to bulking in plants treating pure domestic sewage.

This was the final conclusion of Ingols and Heukelekian (24) after

conducting experiments on oxygen—deficient treatment of carbohydrate

and non—carbohydrate wastewaters. They reported that a sharp rise in

sludge volume index occurs with any substrate as long as an oxygen

deficiency exists. So, the tendency of an activated sludge process

to bulk is directly related to the dissolved oxygen content of the

reactor.

Both Jones (26) and Mulder (36) denote other filamentous

types of organisms that can develop in low oxygen concentrations.

Geotrichum candidum, often mistaken for Sphaerotilus, was proven by

Jones to grow satisfactorily in the presence of only 0.l mg/l oxygen.

Filamentous organisms of the Sphaerotilus—Leptothrix group, as
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suggested by Mulder, will also grow at this dissolved oxygen value.

Dias et al-(10), in experiments with a continuous flow apparatus,

observed that at low oxygen concentrations trickling filter slimes

began having large proportions of filamentous°Sphaerotilus growth,

indicating a change in predominant organism.
A

The question as to whether excessive aeration will retard

filamentous growth remains a controversial issue. Over—aeration has

proven to prevent sludge bulking by filamentous growth, but, because

of entrapped,tiny air bubbles in the floc, the sludge begins to float.

Bhatla (2) exposed filamentous masses to a continuous

environment of low dissolved oxygen. The 2.5 mg/l or less concentra-

tions of dissolved oxygen distinctively retarded Sphaerotilus growth

thus conflicting with other data reported. However, he generally

agrees that higher dissolved oxygen levels should be maintained within

the reactor for the prevention of filamentous growth, but advises the

use of a mechanical stirring device in the final clarifier to overcome

the hindrance of sludge settleability caused by overaeration.

In addition to Sphaerotilus and Geotrichum candidum, other

filamentous microorganisms can flourish in an environment of low

dissolved oxygen. Two such organisms are Beggiatga_glbä and Thiothrix

which oxidize hydrogen sulfide and store elemental sulfur. These

bacteria can flourish in conditions of low dissolved oxygen and when

exposed to a wastewater that contains high concentrations of hydrogen

sulfide. On several occasions they have been named as the causative

organism in sludge bulking (15).
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Nutrient‘Requirements'for'Filamentous
and_Hon#filamentous'Microorganisms

Mineral Requirements for Grqwth

It is generally recognized that every living organism requires

micro- and macroquantities of certain essential elements to sustain

life. Although Sphaerotilus exhibits many unique growth characteristics,

it has the same general mineral requirements as other non-filamentous

organisms. Research into mineral requirements has shown that

Sphaerotilus needs varying degrees of calcium, magnesium, potassium,
’

sodium, sulfate and chlorides for reproduction (28). The exact

quantities of these mineral nutrients are unknown for conventional

activated sludge and filamentous organisms, but all investigators agree

that these elements must be present for growth to occur.

Like other mineral elements, most biological life also require

trace metals in minute quantities. Through the efforts of Pfeffer et

al.(38) it was discovered that filamentous organisms and related

fungi have different trace metal requirements from the Zoogleal

organisms of activated sludge. Therefore, when the metals required for

bacterial growth are missing,fungi can predominate. His data illustrated

that good fungal growth was obtained on glucose in the presence of iron

and zinc and that these were the only metals of significance to fungi

with the exception of copper which retarded growth.

Nutrient Requirements for Non-filamentous Organisms

Numerous studies have been conducted to determine the

phosphorus and nitrogen nutrient concentrations in conventional

activated sludge. These well publicized nutrients are regarded as
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limiting factors in the synthesis of new cells. To avoid undesirable

environments, ratios of B.O.D. to N and B.O.D. to P have been

established as criteria in the operation of treatment processes.

Domestic sewage normally contains these nutrient elements in excess.

Since the addition of industrial wastewater to municipal sewer systems

has become a common practice, the maintenance of these ratios has

become vital. Herein lies the reason for concern about the concentra-

tion of nutrients in some wastewaters.

Helmers et al.(46) presented data showing that nitrogen

content of the sludges produced in conventional activated sludge _

decreases as the B.O.D. to N ratio increases. He indicated that when

the nitrogen deficiencies become too great the sludges have a tendency

to bulk. The phosphorus requirements Vary widely according to Helmers.

Values ranging between 70 to l and 270 to l for B.O.D. to P were

recorded. This Variation of ratios could not be explained.

Sawyer (46) has presented work closely relating the factors

of nutrition and synthesis. The yield calculated by his investigation

showed that about 0.5 pounds of new growth will result with every

pound of B.O.D. stabilized regardless of temperature or aeration solids.

This yield value has been a reliable parameter and has been utilized

in many design equations.

Where it is desirable to produce biological growth or

activated sludge with maximum nitrogen and phosphorus content, Sawyer

recommends the following B.O.D. to nutrient ratio be maintained:

B.O.D. to N = l7 to l

B.O.D. to P = 90 to 1
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Where it is required to accomplish waste stabilization with minimum

amounts of nutrient available, the following ratios are indicated:

B.O.D. to N = 32 to 1

B.O.D. to P = 150 to 1

Ratios beyond these values will induce bulking and retard or destroy

activated sludge floc.

Nutrient Requirements for Filamentous Organisms·

At this time it is not surprising that filamentous micro-

organisms are believed to require less nutrients than organisms asso-

ciated with conventional activated sludge. The majority of the

nutrient studies have concerned Sphaerotilus, the best known of the

filamentous bacteria. Several studies have produced ratios for B.O.D.

to N and B.O.D. to P that cause severe bulking indicating that

Sphaerotilus growth is dominating. Hattingh (19) quotes ratios of

37 to 1 and 420 to 1 for B.O.D. to_nitrogen and phosphorus, respectively.

In view of the fact that sludge bulking is frequently

associated with high carbohydrate waste, Jones (27) investigated the

hypothesis that filamentous microorganisms become the predominant

growth due to increased B.O.D. to N and B.O.D. to P ratios, and not

because of a direct response to this particular substrate. Although he

arrived at no quantitative value of B.O.D. to N, it was generally con-

cluded that filamentous organisms are capable of surviving higher B.O.D.

to N ratios than typical for bacteria. In the case of his experimental

organism, Geotrichum candidum, he found that phosphorus was not even

limiting until a B.O.D./P ratio of 170 was reached. At a B.O.D./P

ratio of 1330, one-half normal growth still occurred.



18

Investigations have proven that Sphaerotilus utilizes both

inorganic and organic nitrogen, but it has a partial preference for the

organic source (9, 10, 28, 41). One investigator (41) suggested that

under extreme stress Sphaerotilus was capable of fixing atmospheric

nitrogen if needed.

In summary, filamentous organisms have a tremendous ability

to flourish where phosphorus and nitrogen concentrations are low; and,

because of their unique capability for utilizing nutrients from any

given substrate, they are potentially an invaluable agent for bio-

degrading industrial wastewaters.

Measurement and Solutions of the Sludge Bulking Problem

Sludge Volume Index - A Controversial Parameter

Achieving a consensus as to the explanation for the sludge

bulking phenomenon still remains a problem. Scrutinizing the validity

in measuring the degree of bulking has complicated the issue even more.

The sludge volume index (SVI), introduced by Mohlman (ll) in 1934, has

become the standard measure of the physical characteristics of

activated sludge solids. It is defined as "the volume in milliliters

occupied by one gram of activated sludge after settling the aerated

liquor for 30 minutes" (48). For the past 38 years the SVI has been

the common parameter for monitoring waste treatment plant facilities

and for comparing the settling characteristics of various sludges.

Although this parameter has been criticized by several investigators,

it seems to be widely accepted by the profession as a reputable

indicator of sludge settleability.

Dick and Vesilind (12) have done extensive research into the
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validity of the SVI test. They emphasize that the application of this

parameter to some research work may not be meaningful. Since the SVI

defines only one point on the settling curve, it is not a precise

measure of sludge settling characteristics.

Subbarao et a1.(5l) confirm this viewpoint overwhelmingly by

stating that sludge settleability cannot be assessed by this parameter.

In their investigations, SVI varied between 120 and 150 when the sludge

displayed excellent and poor settling characteristics. However, one

cannot conclude that every sludge having an SVI of 150 will bulk. For

this reason the SVI test may be misleading.

Standard Methods cites SVI's greater than 100 as an index of

sludges having poor settling characteristics. Nevertheless many

activated sludge plants operate successfully and achieve adequate treat-

ment when SVI's are greater than 100. This implies that equal SVI may

reflect different settleabilities. Subbarao et al-(51) imply that the

concentration of sludge in the mixed liquor has a greater impact on

the SVI test than realized and that cylinder diameter has an effect on
l

sludge settleability.

Dick and Vesilind (12) list suspended solids concentration,

rheological characteristics of sludge, cylinder diameter, temperature,

and stirring as factors having an influence on SVI. They conclude that

because of these factors the comparison of SVI's for different sludges

is a gross misuse of this arbitrary parameter and that the only valid

application of the SVI test would be as an operational tool to monitor

changes in sludge settleability at a given plant (3).
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A possible alternative to the SVI test, suggested by Dick and

Vesilind (12), would be to calculate the interface settling velocities

for various concentrations of sludge solids. This is determined by

finding the slope of the beginning portion of the sludge settling curve.

This slope, utilizing many points on the interface settling curve,

presents a better indication of Variations in sludge settling rate and

is easily duplicated. The use of this parameter makes the comparison

of different sludges feasible, and the data produced are more compre-

hensible.

Dick and Ewing (ll) found another alternative to the SVI

test is that of rheological measures, such as yield strength and

plastic viscosity, which describe the fundamental physical properties

of biological sludges. However, due to the lack of professional

personnel and experience in interpreting these measurements, the

adoption of this parameter has met with resistance.

In addition to the SVI test there exists a sludge density

index (SDI), (30) which is merely 100 divided by the SVI. Some investi-

gators argue that this is a more meaningful parameter. However, the

fact that the SDI can be just as deceiving as the SVI because of their

direct relationship makes these arguments questionable.

Through the efforts of Isenberg and Heukelekian (25), the

SVI test was found to demonstrate some degree of precision if the

concentrations of suspended solids were between 1000 to 1500 mg/1.

They concluded that suspended solids significantly affected the SVI

and even if the solids were held within this desirable range, Variations

could still occur, but not to any great amount. It was concluded that
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500 and 1000 milliliter graduatéd cylinders could be used inter-

changeably with no significant difference in SVI reflected. However,

one must be skeptical of this statement because many subsequent

investigators have provided evidence to the contrary (12, ll, 40, 45).

The only real advantage the SVI maintains over other possible

alternatives for measuring sludge settleability is that the profession

has recognized the value of this parameter for interpreting quantita-

tive data. Because inexperience is associated with an accepted new

parameter, the profession is often unwilling to change. Therefore,

the SVI will reign as the standard measure of settleability until a

suitable alternative is accepted.

Causes and Suggested Solutions to Sludge Bulking

As illustrated thus far the complexity of the bulking

phenomenon is bewildering. Recognized causes of sludge bulking are the

growth of filamentous microorganisms, undesirable environmental

conditions within the reactor, carbohydrate substrates, and the

influence of nutrient concentrations. However, this is by no means a

complete critique on the causes of sludge bulking. Each activated

sludge operation contains individual factors which may cause floating

sludge and thereby present a unique case of bulking. Unfortunately,

because of this, the belief that there is no one solution for the

bulking phenomenon gains justification.

All of the past investigations into causes of sludge bulking

could be classified under three general categories. Greely (18)

succeeded in listing 26 found causes of sludge bulking under these

categories: causes associated with character of raw sewage, causes
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related to the operation of the aeration tank, and bulking caused by

ümproper design and operation of the final sedimentation tank.

Pipes (40) studied specifically the improper design of the

secondary sedimentation tank as the primary cause of sludge bulking.

However, he also listed 21 hypotheses related to the production of

sludges which will settle poorly and gave reasons why they could occur

and cause the system to bulk during plant operation. Therefore, almost

any disturbance in the activated sludge process could manifest a loss

of sludge in the final effluent.

One solution to the bulking problem is the Kraus Process

which was named after its developer L. S. Kraus.- lt has gained popu-

larity in the treatment of some industrial wastewaters. Kraus was

confronted with treating a nitrogen-deficient,high—carbohydrate waste-

water which was causing his activated sludge plant to bulk. His

solution to this problem was to aerate the digested sludge, digestor

supernatant,and portions of the return sludge for a period of 24 hours

in a separate tank. This converted ammonia nitrogen into nitrate

before mixing it with the return activated sludge. This accomplished

two things: the nitrate in the aerated supernatant corrected the

nitrogen deficiency in the carbohydrate waste and the heavy solids in
4

the digested sludge improved settleability of the mixed liquor (34, 31).

This type of process has been adapted to other activated sludge plants

undergoing operational difficulties because of industrial wastewaters.

Other investigators,such as Farquhar and Boyle (14) have

recomended a variety of measures which could be undertaken at the

treatment facility to prevent bulking. These include: (1) chlorination
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of both raw wastewater and the return sludge, (2) reaeration of the

return sludge, (3) reduction in sludge loading rates, (4) adjustments .

to mixed liquor dissolved oxygen, and (5) preaeration of the raw waste-

water. These and many other techniques attempt to resolve the problem,

and each is designed for the individual situation. Therefore, it must

be concluded that it is possible to have as many solutions to the

bulking phenomenon as there are bulking episodes.

Utilization of Filamentous Organisms
in Waste Treatment Processes

The filamentous microorganisms have gained notoriety because

of their nuisance potential in activated sludge as a result of their

poor settling characteristics. Most investigations have attempted to

resolve the problems caused by the constant appearance of these

organisms. However, research has revealed that filamentous micro-

organisms are better competitors than non-filamentous organisms and can

flourish in unusual environments. They are capable of degrading

various substrates under any condition,and their durability enables

them to become a valuable active biota,

The efficiency of filamentous organisms in treating paper

mill waste was observed by Bhatla (2). He stated that these organisms

demonstrated superior utilization of this substrate and produced an

excellent quality effluent. Brower and Gaddis (5) investigated the

ability of filamentous organisms to degrade glucose at various low pH

values. They concluded that acidic environments had little effect on

these organisms and that they function as if at a neutral pH.
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Throughout this literature review bulking was classified as

an undesirable condition, but Keefer (30) illustrated that maintaining

a bulking SVI could result in greater removal of suspended solids and

B.0.D. A 20—year summary of operating data indicated that when the SVI

increased from low values of 80 to 100 to between 220 and 260, higher

efficiencies of removal were recorded. This gave evidence that when

filamentous organisms were present better substrate utilization and

removal resulted.

Gradually the profession began to realize that filamentous

organisms would function as an ideal biota if the difficulty in

separating the sludge from the supernatant could be overcome. Two

Japanese solved this dilemma. When confronted with the problem of

treating a nitrogen deficient, alkaline, soft drink waste which caused

conventional activated sludge to bulk, Kato and Sekikawa (29) developed

the "Fixed Activated Sludge (FAS)" process. This process consisted of

a series of vertical mesh screens placed in the aeration tank. The

filamentous organisms attached themselves and colonized on these

screens. They became, therefore, the active agent in biodegrading the

waste. This unique process achieved excellent treatment and overcame

the problem of bulking sludge. In addition to soft drink discharges,

successful treatment of domestic sewage and petro—chemical plant waste

was accomplished using this process.

Studies conducted at Virginia Polytechnic Institute and State

University by Edwards (13), and by Albert (1), defined other capabilities

of the FAS process. Both used a unit of plexiglass similar in design

and operation to that of Kato and Sekikawa (29).
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Edwards (13) used a synthetic glucose medium to obtain

efficiencies of the unit as a function of organic loading with

variations in influent pH. He observed that with increased flow rates

(1.3 — 3.4 liters per hour), and high concentrations of C.O.D. (1000

mg/1), the unit was able to maintain at least 90 percent removal

efficiency. Investigations to determine the effects of pH resulted in

sharp decreases in removal efficiencies at pH values below 2.65. As

the pH was decreased the organisms were capable of buffering the

influent to a pH value as low as 5; this resulted in a nearly neutral

effluent. However, with pH values below 4 no buffering occurred (13).

Nitrogen requirement studies indicated that high efficiencies

of removal (90 percent or greater), were attainable until the B.O.D.

to nitrogen ratio exceeded 100:1 at neutral pH. At lower pH values

(2.65 to 2.85), the breakpoint for removal was at a B.0.D. to nitrogen

ratio of 45:1.
The biological organisms observed by Edwards were 50 to 60

percent fungi when the wastewater was at neutral pH, but mixed popula-

tions of Sphaerotilus, Zooglea ramigera, and motile bacteria were also

present. The organisms varied in color from white to brown to orange

during the course of his experiments and at low pH the population was

predominantly fungi with a brick red color.

Albert (1), in his investigation, determined the effectiveness

of the FAS process in treating an industrial wastewater containing

principally ethyl alcohol, diethyl ether, and dinitrotoluene (DNT), and

derived necessary data for describing the kinetics of this process.
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This waste was obtained from the Radford Army Amunition Plant,

Radford, Virginia.

The substrate removal breakpoint was found to occur between

100 and 150 milligrams per liter Total Organic Carbon (TOC). As the

organic loading increased above these values of TOC, the screen area

became a limiting factor. Residual B.O.D. in the effluent was

attributed to the presence of DNT in the wastewater. The DNT was

altered to some extent as it passed through the FAS system, but

analytical techniques for determining these alterations were unavailable.

The observed rate of substrate removal was 0.9 x 10-1 which is compar-

able to substrate removals utilizing a low pH glucose medium as

reported by Edwards (13).

Process kinetic coefficients for solids production and

oxygen consumption were derived using graphical methods. The sludge

production was a function of organic loading and was considered low for

this type of substrate. The "a" and "b" values for solids production

were found to be 0.11 and 0.26, respectively. In addition, oxygen

consumption values of a' = 0.727 and b' = 0.014 were derived.

Both Edwards (13) and Albert (1) encountered difficulties

in arriving at any conclusions about sludge settling properties.

However, each agreed that because of different physical conditions

existing in the treatment unit and SVI testing vessel, the true settling

characteristics could not be ascertained without further investigations.

In summary, the literature reveals the filamentous micro-

organisms as fungi with unique capabilities that give them a potential

advantage over flocculant bacteria when unfavorable conditions exist.
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Although these properties have been known for a long tüme, utilization

of filamentous microorganisms has been hampered by poor settling and by

lack of a practical treatment process. However, with the discovery of

the FAS process by Kato and Sekikawa (29), a practical system now

exists and should be further evaluated. A



CHAPTER III

MATERIALS AND METHODS

A. Description of Treatment Unit

The bench-scale Fixed Activated Sludge treatment unit used

throughout this investigation is illustrated by Figures 1 and 2. The

experimental apparatus was divided into two equal sections, the growth

or aeration chamber and the settling chamber. These two chambers were

constructed of 3/8" plexiglass and divided by an adjustable sharp-

crested weir. This weir was positioned so that a volue of 19 liters

of fluid was retained in the aeration chamber. With the weir in this

position, a constant influent flow rate of 2.4 liters per hour (40 ml/

min), produced a detention time of eight hours in the aeration chamber.

Likewise, an adjustable crested weir at the end of the settling chamber

controlled the volume in that section.

The aeration chamber measured 15 inches long, 9 inches wide,

and 10 inches high. This compartment was sub-divided into five growth

cells of equal volume by four plastic net screens stretched between a

plexiglass frame. These panels were positioned perpendicular to the

flow and were held in place by means of plexiglass fasteners attached

to the top of the aeration chamber walls.

Air was supplied to each growth cell through a rubber hose

that contained a cotton filter. The purpose of this filter was to

eliminate any particulate matter from clogging the aeration stones.

After the air had passed through the cotton filter, it was evenly

distributed in the aeration chamber by five diffuser stones. The

28
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diffuser stones of the first and fifth cells were positioned in the

center, while the second, third, and fourth were placed to one side

(see Figure 2). The purpose of this arrangement was to transport solids

through the aeration chamber and to produce a rolling effect similar to
·

that of a normal activated sludge aeration tank. The volue of air

delivered to each cell was adjusted by metal screw clamps attached to

the hoses.

The settling basin, equal in size to the aeration chamber,

imediately followed the growth chamber. The overflow weir for the

settling basin was positioned to adequately retain any unattached or

sloughed solids produced in the aeration chamber and prevent effluent

solids discharge. The effluent was disposed of by means of a sanitary

drain.

Throughout the experiments waste was delivered by a Harvard

Apparatus peristaltic pump with an adjustable flow-rate setting. This _

pump employed two hoses with an inside diameter of .25 inches. Each

hose consisted of mostly plastic tubing except for a rubber section

approximately six inches long which was positioned in the fingers of

the peristaltic pump. The volume of waste delivered from the pump was

initially set and periodically checked by collecting the fluid in a

250 milliliter (ml) graduated cylinder for five minutes. The flow rate

was then calculated and adjusted accordingly to give 40 ml/min (2.4 l/hr),

which remained constant throughout the investigation.

The medium reservoir used in this research was a 50—liter

polyethylene container which was filled with synthetic waste to a volume



32

of 48 liters. This provided a 20-hour supply of waste and required the

daily preparation of fresh media.

Bacterial growth had a tendency to accuulate in the hoses

and medium reservoir. To eliminate build-up of this undesirable

growth, the hoses and medium reservoir were cleaned daily. This was

accomplished by washing the equipment in a strong solution of King

liquid laundry bleach (5.29% HOCl). The items were then dechlorinated

with sodium thiosulfate, rinsed clean with adequate amounts of tap

water, and returned to operation. Because aeration was hampered by

the accumulation of filamentous growth on the diffuser stones, they

were also cleaned daily.

B. Methods of Sampling and Analysis

To define the operational characteristics of the described

treatment unit, the following tests were used throughout the investi-

gation: (1) chemical oxygen demand (C.O.D.), (2) suspended solids

concentration (S.S), (3) sludge volume index (SVI), (4) flow rate,

(5) total sludge solids production, (6) yield, and (7) interface

settling velocity. Throughout the entire investigation the unit was

maintained in a constant temperature environment (20°C f l°C), thus

eliminating any influence from this parameter.

Initially the SVI test was performed according to Standard

Methods (49), i.e., by using a one-liter graduated cylinder 5.7 cm in

diameter. To evaluate and eliminate the "wall effect" of the standard

SVI test, which is accentuated when filamentous organisms are settled,

three additional graduated cylinders were employed. Each cylinder was
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approximately 63 cm (2 feet) tall and had individual diameters of 8 cm,

1O cm, and 19 cm. The 8-cm cylinder was a standard 2—liter glass

graduated cylinder. The 10-cm and l9—cm cylinders were fabricated from

plexiglass and graduated in 50—mi11iliter (ml) increments. No stirring

was used to aid settling during any of the SVI tests. The sludge from

the settling basin was collected by siphoning the solids into a 15-

liter stainless steel container, stirred till homogeneous, then funneled

into the desired cylinder.

The average total suspended solids concentration was determined

by placing four representative 20-ml samples of sludge in Gooch

crucibles and by filtering through 934 AH grade Reeves-Angel glass fiber

filters. They were dried for one hour in a l03°C oven, then cooled in

a dessicator jar to room temperature and weighed. The suspended solids

value was then calculated.

C.O.D. test samples for the influent were collected in a

clean 100-ml beaker directly from the feed hoses. Effluent samples for

C.O.D. testing were acquired by slowly submerging a clean 50-ml beaker

in the settling basin just ahead of the final sharp-crested weir.

Twenty ml of both influent and effluent samples were then pipetted

from beakers into separate C.O.D. flasks. Two C.O.D. tests were run

for each sample to insure accurate results. All C.O.D. determinations

were performed according to Standard Methods, 13th Edition (49).

The total solids production was determined in much the same

manner as described by Edwards (13) and Albert (1). The sludge solids

production test was run according to the following procedure:

1) The settling basin was drained and cleaned with tap water.
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2) The settling basin was then brought to the same volume as the growth

chamber with tap water.

3) The starting time of the experiment was then noted.

4) The overflow weir of the growth chamber was lowered to eliminate

any hindrance to solids flow. (The aeration diffuser stone in the

fifth cell was positioned in the left corner to give a more

efficient solids carry—over.)

S) The sludge was then collected in the settling basin.

6) After the desired experimental time had elapsed, the sludge was

carefully siphoned into a l5—liter stainless steel container, and

the total volume of sludge was measured.
l

7) The time was again noted.

8) While stirring the accumulated sludge to give a homogeneous mixture,

eight 20-ml samples were collected by means of a SO-ml graduated

cylinder and placed in Gooch crucibles for solids determination.

The average suspended solids value was then calculated.

The total substrate removed was determined by periodically

taking influent and effluent samples from the unit and calculating the

C.O.D. of each. From this data the C.O.D. removal was computed.

By utilizing the total solids production and the substrate

removal data, yield for the organisms in the growth chamber was

calculated with the following formula:

(X )(V¤l)Y: Tääjüwg x 1000
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Y = yield expressed as grams of sludge produced per gram of

C.0.D. removed

Xavg = the average solid concentration in milligrams per liter of

the sludge collected in the settling basin

Vol = the volue of sludge in liters siphoned from the settling

basin

AC.O.D. = the C.0.D. removed computed by subtracting the effluent

C.0.D. from the influent C.0.D.

Q = the flow through the system in milliliters per minute

t = total time of experimental run in minutes

In addition to the SVI test, the interface settling Velocity

(Vi) was computed to better describe and define the settling charac-

teristics of the sludge produced during this treatment process. The

following procedure was used to obtain the interface settling Velocity:

1) Data collected from the SVI test was plotted to give individual

settling curves.

2) From these curves the best—fit straight line was drawn through the

first 15 to 20 minutes of the curve.

3) The slope of this line is the interface settling Velocity expressed

in milliliters per minute.

The interface settling velocities for every settling curve were

calculated in this manner. Each interface settling Velocity value was

categorically placed with the appropriate cylinder diameter and

plotted against suspended solids to illustrate the relationship of

these parameters.
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Additional analyses such as pH, alkalinity and D.O., of

the medium in the chambers were performed randomly throughout this

study in an effort to detect any unexpected or unfavorable conditions

which may have occurred in the treatment system.

C. Experimental Plan

This research involved the study of the FAS process which is

specifically designed to use filamentous microorganisms for the

stabilization of soluble organics. The objectives were to define some

of the operational parameters such as sludge settleability, sludge

yield, and phosphorus requirements for high removal efficiencies.

(l) Experimental Procedure to Determine the Settleability

of Sludge Solids

Throughout this research the previously described apparatus

was used, and all sampling and analyses were performed according to

the procedures outlined in the preceding section.

Initially, the unit was filled with tap water and the
(

synthetic medium fortified with nutrients was introduced at a constant

flow rate (2.4 liters/hr.). The medium used is shown in Table I. The

four screens in the aeration chamber were positioned flush with the

bottom of the treatment unit and were inoculated with approximately

200 milliliters (ml), of sewage fungus taken from Stroubles Creek

downstream from a Radford Army Ammunitions Plant discharge (outfall

#27). The diffuser stones were placed in the positions described in

Section A, and aeration was begun.

The system was allowed to stabilize for one week. During

this time the seed had proliferated into large, puffy, cottony masses
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TABLE I
l

COMPOSITION OF MDIUM

Component Quantitz

Yeast Extract 0_6
g

Bacto Peptone 4_0
g

Dextrose (C6Hl2O6'H2O) 19.0 g
*Phosphate Buffer _ - 20 ml

Tap Water 48 Liters
**Phosphorus Nutrient Variable

***Nitrogen Nutrient 25 mg/1

* Composition of Phosphate Buffer

Sodium Phosphate, Monobasic (NaH2PO4'H2O) 5,6 g

Sodium Phosphate, Dibasic (Na2HPO4'7H2O) 36.9 g

Sodium Phosphate, Dibasic (Na2HO4) 33.4 g

Ammonium Chloride (NH4C1)
4

1.7 g

Distilled Water 1 Liter

** Phosphorus Nutrient
n

Sodium Phosphate, Monobasic (NaH2PO4°H2O) 21.95 g

Distilled Water 1 Liter

Concentration 1 ml = 5 mg/1 P

*** Nitrogen Nutrient

Ammonium Nitrate (NHANO3) 71.5 g

Distilled Water l Liter ·

Concentration 1 ml = 25 mg/1 NH3-N
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and unattached floating solids which exhibited healthy growth. The

filamentous growth varied in color from white to orange to brown as

the biota neared the settling chamber. The majority of the white

free—floating flocs displayed large growth tentacles and existed in

the first and second cells of the aeration chamber. At this time the

Screens were raised approximately one inch off the bottom of the

aeration chamber as recommended by Edwards (13). This allowed free
A l

flow of the unattached solids to the settling basin where collection

occurred and experimental testing was performed.

The following factors were held constant throughout this

experiment and the entire study: the volume of liquid in the aeration

chamber at 19 liters, flow rate at 2.4 liters/hour producing a detention

time of eight hours in the growth chamber, and aeration.

The settleability tests were performed until an adequate

amount of data was collected to describe the settling characteristics

of the sludge produced in this system.

(2) Experiments to Determine Yield

The purpose of these experiments was to ascertain a yield

value for the microorganisms associated with this treatment system.

Yield for the active biota is an important parameter utilized in the

design and operation of any treatment process and is directly related

to solids production. The treatment unit was in operation approximately

two months before experiments to determine a yield value began.

The medium used in these experiments was similar to that

described in Table I, except different quantities of dextrose were
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added in preparing the synthetic waste to give variations in organic

loading. All other variables remained the same as those described in

the preceding experiment (i.e. flow, detention time, etc.), To insure

accurate data four separate trials to acquire a yield value were

performed. In two of the four trials the organic loading was constant

and each trial was approximately 60 hours long. The other trials

had variations in organic loading and were about 48 hours long.

During the course of these trials unattached solids flowed

freely to the settling basin where they were collected and suspended

solids values were calculated according to the methods described in

Section B. Individual yield values were calculated by the formula

also given in Section B. Computing the average of the four individual

trials determined the final yield value for the microorganisms in this

treatment process.

(3) Experiments to Determine the C.0.D. to Phosphorus

Ratio That Limited Treatment Efficiency

In the two previously mentioned experiments, excess amounts of

nitrogen and phosphorus nutrients were added to the synthetic medium

to insure uninhibited biological activity. The concentration of these

nutrients was 25 mg/l nitrogen and l0 mg/l phosphorus which included a

phosphate buffer (See Table I,).

To begin this experiment the phosphate buffer was eliminated,

and controlled amounts of phosphorus were added to the waste. The

nitrogen concentration remained at 25 mg/l NH3-N. The medium used

throughout this phase of the study was prepared exactly as it is
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described in Table I; this produced a constant organic concentration

of 460 mg/l C.O.D. At this time, the phosphorus concentration was

reduced to 5 mg/l, and, using the sampling and methods technique in

Section B, the efficiency of removal was calculated. Since the

removal efficiency exceeded 92 percent and phosphorus was not yet

limiting, the unit was allowed to acclimate for two days before any

additional reduction in phosphorus was undertaken.

In an effort to define the limiting value, phosphorus

concentrations were reduced in 0.5 mg/l increments until a breakpoint

was achieved. Breakpoint was defined as the condition when removal

efficiency decreased sharply below the average 92 percent observed in

the non—limiting nutrient experiments. These controlled concentrations

of phosphorus were accomplished by measuring the desired amount of

stock solution (5 mg/l P = l mg/1), into a graduated cylinder prior to

addition to the medium. A total of 96 liters (40 hours running time),

of synthetic medium was prepared with each reduction in phosphorus.

This allowed the waste to displace the aeration tank volume five times

and insured that this C.O.D. to P ratio was not limiting. Simultaneously,

C.0.D. influent and effluent samples were taken to monitor removal

efficiency. These procedures were continued until a breakpoint occurred.

A second trial that was run for the purpose of duplicating

results utilized the same procedure as experiment one except that

closer monitoring of removal efficiency was conducted. Since an

approximate breakpoint value had been established, removal efficiencies
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were computed every eight hours once the phosphorus concentration was

less than 2 mg/l. This further refined an understanding of how the

treatment unit was reacting to the stressed condition and better

illustrated the decreasing removal efficiency.

D. Composition and Preparation of Medium

The synthetic waste used throughout this research was of the

composition illustrated in Table I. It was similar to that used by

Edwards (13). All gravimetric determinations of constituents used in

the medium were made on the Mettler H10 Balance manufactured by

Mettler Instrument Corporation, Princeton, New Jersey.

Concentrated stock solutions of phosphorus (5 mg/1 P = l mg/1),

and nitrogen (25 mg/1 N = 1 mg/1), were prepared by dissolving the

desired chemical in one liter of distilled water (See Table I.). After

acquiring the designated quantities of medium constituents, they were

put into solution with tap water by using a 4.5—1iter beaker with a

magnetic stirrer. The nutrients were usually added at this time too.

The concentrated media was allowed to mix five minutes before diluted

with tap water to 48 liters in the waste container.

E. The Active Biota

The unit was initially inoculated with seed acquired from

Stroubles Creek below the major outfalls of the Radford Army

Ammunitions Plant on that stream. Because of the nature of the source,

the seed contained a variety of microorganisms which could proliferate

in the stream. The filamentous growth, along with bacteria, fungi,

molds, protozoa, nematodes, was an active part of the biota throughout

the settleability studies.
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On October 3, 1972, a series of unfortunate events occurred

to completely upset the active biota. The unit was functioning nor-

mally until this day when a bloom of Psychoda fly larvae occurred,

possibly from contamination of the apparatus by trickling filter humus.

At the same time, the nematodes had a bloom and the unit was infested.

Therefore it became necessary to completely break down the unit and

clean every exposed part. To reseed the unit, portions of the old

biota were used to reinoculate the screens and a close watch over the

apparatus enabled the removal of any remaining undesirable roundworms

that were in this seed. This seemed to alleviate the problem because

no future infestations occurred.

Samples of this active biota were taken for examination to

Dr. Robert E. Benoit, associate professor of the Microbiology and

Biology Department, Virginia Polytechnic Institute and State University.

The microflora in the medium were examined with a Nikon fluorescence

microscope. Wet mounts of live cells were observed with an acridine

orange stain at 1OOX and 1000X with a fluorescence light source under

darkfield lighting. Gram stains of air—dried slides were examined at

1000X with a white light source. A variety of motile rod shaped

bacteria (primarily Gram negative) filamentous fungi,and filamentous

bacteria were observed. The bulk of the filamentous biomass consisted

predominantly of fungal mycelium and the filamentous bacteria which

appeared were of the Sphaerotilus-type and were a minor component of

the active biota.



CHAPTER IV

EXPERIMENTAL RESULTS

The results of this investigation as related to the operational

parameters of the filamentous microbial process are presented as individ-

ual sections in this chapter in the following manner: description of the

sludge settleability and settling characteristics, the effect of organic

loading and solids production, and the effects of various C.0.D. to P

ratios on the removal efficiency.

Sludge Settleability And Settling Characteristics

The sludge settleability and sludge volume index tests (SVI)

were conducted in the manner described in Chapter 3, Section B. Approx-

imately 60 SVI tests were performed on the sludges produced by the FAS

treatment unit, and all settleability data is given in Appendix A.

A characteristic of the sludge was the establishment of a

clear and distinct settling interface within two or three minutes from

the start of the settleability test. This was typical in all the

cylinders used during the settleability study. The sludge-supernatant

interface remained even and distinguishable throughout the tests. In

none of the settleability tests performed was there more than one

settling interface. The supernatant was clear and contained no large

suspended filamentous growth nor did sludge float on the supernatant

surface; the sludge displayed even compression throughout the compac-

tion zone. Also, the sludge settled uniformly and so well that it

was not necessary to introduce any settling aids, i.e. (slow stirring

or dilution).

V
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The purpose for utiliaing the varied diameter cylinders was

to better simulate the condition that existed in the settling basin and

to eliminate any "wall effect" or similar imperfections of the standard

1 liter graduated cylinders. Illustrated in Figures 3 through 6 are

typical settling curves and SVI's derived during this investigation.

They show that an increase in suspended solids (S.S.) concentration

had little effect on the profile of the settling curve. Even where

S.S. values ranged between 1000 to 4000 mg/l, only slight variations

in settling curves were noted. Cylinders A and B produced settling

curves (Figures 3 and 4), which clearly demonstrate the "wall effect"

caused by the diameter of the settling tube. However, because of

their larger diameters, Cylinders C and D eliminated this hindrance

to settling and better illustrated the true settling properties of

the filamentous sludge.

It should be noted that this settleability study has produced

results that are in complete contradiction to the findings of Albert

(1). His attempts to describe the settling characteristics of the

sludge produced from his treatment unit while feeding a mixed organic

waste met with little success. He specifically stated that during his

settleability studies the sludge showed no uniform settling or clear

interfaces, even with the help of some settling aid techniques. How-

ever, at one point during this investigation, a problem in settle-

ability did develop. That was after the infestations which were

mentioned in Chapter III, Section D. For a period of about two weeks,

sludge produced by the writer's treatment unit would not settle; but,
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within another week, good settleability resumed and continued throughout

the remainder of the investigation.

An explanation for these conflicting results could be in the

organic substrates fed to the system which could stimulate different

types of predominant filamentous microorganisms in each treatment system.

To better evaluate the settling characteristics of fila-
·

mentous sludges, Figures 7 through 10 were developed by plotting the

interface settling velocities (Chapter III, Section B), versus the

suspended solids concentrations. The data employed in the construc-

tion of these figures can be found in Appendix B. As illustrated by

these figures, the settling in each of the cylinders exhibited the

same general relationship between suspended solids and interface

settling Velocity. The higher concentrations of suspended solids

produced the lower interface settling velocities in all cylinders. As

the cylinder diameters were increased the interface settling velocities

naturally increased, but what is more important is that this parameter

became relatively independent of suspended solids concentration in

Cylinders C and D (Figures 9 and 10), when the concentration values

were between 1000 and 2000 mg/1. Because of this, a vertical curve

was developed indicating that factors other than suspended solids

determined the interface settling Velocity. The average settling

velocities of 4.55, 6.98, 28.5, and 61.5 ml/min were found for

cylinders A, B, C, and D, respectively.

Sludge Volume Index (SVI) is a widely accepted parameter used

to describe the settling characteristics of biological sludges. This
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parameter was employed to construct Figures ll through l4 and further

define the settling properties of the filamentous sludge. These

figures illustrate that as the suspended solids concentration increased

the SVI decreased in a linear proportion; this was typical for all the

settling cylinders. The lowest SVI's were recorded for Cylinder B

(304 ml/g) and the highest for Cylinder C (433 ml/g). The average SVI

for the entire study was 368 ml/g. Although this is not an ekception—

ally high SVI, this value usually indicates a bulking sludge. However,

this sludge did not bulk and settled well.

Solids Production and OrganicLoadingThe

solids data produced from this investigation are

presented in Tables II through V. Each table is the summation of

individual trials to determine "Y", the yield coefficient. The yield

coefficient is defined as the amount of solid produced in grams per

gram of substrate removed. Tables II and III show that the organic

loading was varied between 205 and 932 mg/l C.O.D. for a total time

of llO.5 hours. During this time removal efficiency was monitored

and sludge collected. A "Y" value of 0.24 was calculated for both

experiments.

To refine the value of Y, two additional solids production

experiments were run and are presented in Tables IV and V. Throughout

these trials the organic loading was kept approximately constant.

These trials produced a "Y" value of 0.225 which is comparable to

those calculated in the first two experiments.
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The final average "Y" value calculated from these experiments

was 0.233. The removal efficiency during these experiments averaged

greater than 90 percent.

Utilizing the removal efficiency data ascertained in the

solids production trials, Figure 15 was developed to compare the "K" ·

rate of this system to that used by Edwards (13). In Figure 15 the .

removal rate, which is defined as the influent C.O.D. concentration

minus the effluent C.O.D. concentration divided by the detention time,

was plotted against various influent C.O.D. concentrations for a

constant flow rate of 2.4 1/hr. This figure shows that removal is

directly related to the organic loading and provides a "KV rate of

1.17 x
10-1

hrs-1. This "K" value is remarkably similar to the value

of 1.18 x 10-1 hrs_l observed by Edwards (13) under the flow rate

condition of 0.223 1/hr.

The Effects of C.O.D. to P Ratios on Removal Efficiency

Changes in removal efficiencies as a function of the

phosphorus concentrations are represented in Figure 16 and 17. The

percent of applied C.O.D. removed versus time is plotted for different

concentrations of phosphorus. During the course of these experiments

a constant organic loading of 460 mg/l C.O.D. was applied and the

phosphorus concentration reduced until a breakpoint occurred. The

first trial (Figure 16), illustrated that removal efficiency remained

greater than 92 percent until a C.O.D. to P ratio of 307:1 was reached.

At this ratio the removal efficiency sharply decreased to 74 percent,

indicating that the phosphorus was then limiting. To refine the data
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and to achieve a better understanding of the reaction of the FAS system

to this limiting condition, in a separate experiment monitoring of

the removal efficiency was performed every eight hours when the phos-

phorus concentration equalled 1.5 mg/1. Results of this procedure are

shown in Figure 17. As indicated by this figure, removal efficiency

remained greater than 92 percent for the first 24 hours. However,

after that time the removal efficiency decreased uniformly for the

next 24 hours and then leveled off at 76 percent. An average of 230

mg/l C.O.D. was removed per unit phosphorus before and after breakpoint.

Since the results of both trials provided evidence that a C.O.D. to P
ratio of 307:1 had produced breakpoint; this ratio was accepted as that

value limiting the removal efficiency.



CHAPTER V

DISCUSSION OF RESULTS

The objective of this research was to study and define some of

the operational capabilities of the "Fixed Activated Sludge“ process.

This process utilizes filamentous microorganisms as the active biota

for stabilizing organic waste. The experimental treatment unit consisted

of two compartments: the growth or aeration chamber and the settling

chamber. The aeration chamber was subdivided into five growth cells by

means of four plastic screens stretched between plexiglass frames.

These screens were employed by the microorganisms as a support medium.

The wastewater flowed through as well as under these screens while bio-

degradation occurred. The attached filamentous organisms projected

from the screens into the wastewater in all directions. Unattached

solids had a rolling motion in the aeration chamber which was produced

by the diffuser stone aerator arrangement, and they eventually washed

into the settling basin which immediately followed. This treatment

process required no solids recirculation because the primary active

biota was attached and it was sufficient to maintain a good removal

efficiency (greater than 92 percent).

Previous research results reported within the literature

provide evidence that filamentous microorganisms should be ideal agents

for biological stabilization of wastewaters because of the following

factors: they can remove organic matter to very low concentrations,

they are able to endure wide variations of environmental conditions,

and they have low nutrient requirements. However, because of certain
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operational difficulties normally encountered with filamentous organisms,

particularly solids separation, the exploitation of this biota has been

hampered.

The data provided by this research confirms that the FAS

process is both feasible and practical, shows that it resolves opera-

tional difficulties associated with filamentous sludges, and proves

that phosphorus deficient wastewaters which would cause operational

problems with conventional activated sludge can be successfully treated

by it. The following sections are a more detailed discussion of the

data presented in the preceding chapter.
g

Settleability of Filamentous Sludges

Little research has investigated the settleability of fila-

mentous sludges since they have been considered to be nuisance organisms

that caused activated sludges to bulk. It was generally concluded that

filamentous sludges exhibited virtually no settling characteristics or

settleability. However, the success of the FAS process depends on the

settleability of filamentous sludge; and, thus, it was an important

operational parameter examined in this investigation.

The filamentous sludge tested during this study produced

settling curves and settling characteristics remarkably similar to

those of typical activated sludge. These filamentous sludges exhibited

a single, well·defined, sludge—supernatant interface, good compaction,

cohesion between particles, clear supernatant and good settleability.

This was observed to be typical for sludge in all of the test cylinders.

However, wall effects were greater: the influence of the diameter on

the settleability of the sludge is demonstrated in Figures 3 through 6.
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Since the settling tests were performed with approximately the same

colun height of sludge a more meaningful correlation could be made

between the cylinders. The distances traveled by the interfaces in

cylinders A & B were less than those of cylinders C & D. Therefore,

cylinders A & B with the smaller diameters produced settling velocities

that were consistently lower than the others. This phenomenon can be

attributed to what is comonly termed the "wall effect" which is

defined as a hindrance to settleability caused by the physical proper-

ties of the settling tube. The settling profiles of cylinders A & B

clearly display the influence of the "wall effect" because of their

tendency to plateau between the test periods of 10 to 15 minutes. The

settling curves of cylinders C & D, on the other hand, illustrate a

smooth transitory decline for the entire testing period of 60 minutes.

Somewhere between the diameters of 8 and 10 cm the influence of the

"wall effect" on the settleability of the sludge was eliminated. The

settling curves of cylinder D (19 cm) are exceptionally similar to

those of cylinder C (10 cm) (See Figures 5 & 6). The marked

resemblance in the settling curves of these cylinders indicates that

the true settleability of the filamentous sludge is reflected in

cylinder C (10 cm). Although the cylinder D (19 cm) results would not

significantly aid future investigations in defining the settleability

of filamentous sludge, the data reinforced the conclusion that the

"wall effect" was eliminated between cylinders B & C.

The SVI's calculated during the settleability studies portray

a direct relationship to the suspended solids concentration. Based
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on Figure ll through 14, it could be predicted that higher concentra-

tions of suspended solids would give lower SVI's. Some excessively

high values of SVI's (greater than 500) were recorded during this inves-

tigation. These values appeared when the following condition coexisted:

low suspended solid concentration (less than 2000) and the use of a

smaller diameter testing cylinder.

Subbarao et a1•(5l), as a result of his investigation of the

SVI test, emphasized that the suspended solids concentration sub-

stantially influences the value of this parameter, and therefore this
‘ parameter could be misleading. This is particularly true for the

filamentous sludges observed in this study. Although high SVI's were

reported, the sludges displayed good settleability and would not have

presented operational problems in a full scale treatment process. The

linear correlation between suspended solids and SVI evident in Figures

11 through 14, was unexpected for filamentous sludge.

The sv1'S calculated during this study ranged between 205-

680 ml/g. The average SVI's for the individual cylinders A, B, C, & D

were 341, 304, 433, 392 ml/g, respectively. The report of these

average SVI's appear to contradict an earlier statement that the best

settleability was experienced in cylinder C (10 cm). Judging purely

on the average SVI values, one is swayed to think that cylinder B

displayed optimum settleability for this sludge because it produced

the lowest SVI. This is not true. The average suspended solids con-

centration for cylinders B & C were 3000 and 1800 mg/1, respectively.

Because of the lower suspended solids concentrations in cylinder C,
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the average SVI was substantially influenced and is misleading. When

the suspended solids concentrations of the sludge in the cylinders were

approximately equal, cylinder C consistently produced the lower SVI.

This is clearly authenticated by Figures 3 and 4. The total average

SVI for the study was 368 ml/g. Although these SVI values are 3 to 4

times greater than those of conventional activated sludge, these

sludges displayed desirable settling rates.

To further evaluate the settling characteristics of filamen-

tous sludge, the interface settling velocity was determined. Dick and

Vesiland (12) in their research tried to derive some relationship

between SVI and interface settling velocity but concluded that there

was no consistent meaningful correlation of these two parameters.

Therefore, Figures 7 through 10 were constructed with interface settling

velocity plotted against suspended solids concentration. As reflected

by these figures, there is a relationship between these two parameters

which is constant for all of the settling cylinders. The higher solids

concentrations (greater than 3000 mg/1) produced lower interface

settling velocities; this was typical until the solids values were

between 1000-2000 mg/1. At this point, the interface settling velocity

became independent of the solids concentration and generated a nearly

vertical curve; this was especially evident in cylinders C & D. The

combination of low solids and larger settling areas produced sporadic

interface settling velocities because the sludges tested were unable

to compact well, or to form a cohesive layer. This hampered settling

and produced inconsistent interface settling velocities.
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The average settling velocities were 4.55, 6.98, 28.5 and

61.5 ml/min for cylinders A, B, C, & D, respectively. No meaningful

correlation could be made between these values other than as the

diameter increased the interface settling velocities increased.

A previous investigation conducted by Albert (l) into the

settleability of filamentous sludge met with little success. He

described the sludge as having no settling characteristics or settle-

ability. However, he did report that although the sludge would not

settle under test conditions, no problems of floating sludge were

experienced in the settling basin. At one point, the writer experienced

the same situation. Approximately one week after the infestation

occurred, the sludge collected would not settle, even after setting in

a test cylinder for 6 hours. However, after an additional week this

condition subsided and good settleability resumed.

Alberfs (1) unsuccessfulnsettleability study could have been

caused by the predominance of a different filamentous organism than

that of the writer. This may have been caused by the different sub-

strates fed each unit (alcohol and ether vs glucose and peptone).

The writer's reoccurrence of good settleability could be attributed to

the different growth phases of the active biota. The immature organisms

did not settle but because these organisms were allowed to mature in the

FAS unit, they regained their good settling properties. This hypothesis

is based upon the following factors: 1) that this phenomenon occurred

after the infestation which disrupted the system and required the growth

of new organisms from a seed acquired from the old biota; 2) all other
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influencing environmental conditions which may have caused the pre-

dominance of another organism remained constant (i.e., temperature,

pH); and 3) that the same substrate was used to culture these

organisms as those which displayed good settleability.

Except for this one occurrence of poor settleability, all

filamentous sludges tested demonstrated good settling properties and

characteristics.

Solids’Production’and°0rganic Loading

The solids production or yield coefficient "Y" experiments

were performed after the FAS unit had been in operation for approxi-

mately two months and before the infestation. It was assumed, at this

time, that the active biota fixed to the screens in the aeration

chamber had reached a steady state and that any additional growth

would result in additional sloughing off. This assumption was

strengthened by the fact that even when the organic loading was

increased for this experiment, no significant build—up of solids in

the growth chamber was observed. In addition, since all these experi-

ments resulted in a comparable "Y" value, this assumption was again

substantiated.

As illustrated in Tables II through V the variation in "Y"

values was only 0.02 for all experiments. The repetitive results

convinced the writer that the average "Y" value of 0.23 was accurate

and valid. The sludge collected was voluminous and influenced observers

to believe that a higher "Y" value should have been computed. Never-

theless, this value corresponds with another low yield coefficient
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reported by Edwards (13). He derived a value of 0.18 on a C.O.D. basis

for a glucose waste with a pH of 2.60 and an eight hour detention time.

However, for a neutral pH he reported a value somewhat higher (0.48).

The yield coefficient of 0.23 is approximately half the "Y" value of 0.5

associated with conventional activated sludge. Since sludge handling is

about 50 percent of the cost for a sewage treatment plant, this could

indicate that the FAS process would be cheaper to operate.

To verify that the kinetics of the FAS process can be

duplicated, the substrate removed divided by the detention time versus

applied C.O.D. was plotted to define a "K" rate. Illustrated in

Figure 15 is the typical first order kinetics plot associated with the

majority of wastewater treatment processes. The "K" rate of 1.17 x
10-1

hrs—l computed in this investigation is remarkably comparable to

Edwards (13) value of 1.18 x 10-1
hrs—l for similar conditions.

This correlation of data eliminates doubt as to whether

consistent results can be obtained from the FAS process.

The Effect of Various Phosphorus
Concentrations on Removal Efficiency

The proper operation of any wastewater facility requires the

knowledge of the amount of substrate utilized per unit of nutrient in

order to obtain high removal efficiencies. The minimum carbon to

phosphorus ratio required to accomplish desirable waste stabilization

for convention activated sludge, based on B.O.D.5, is 150 to l. This
ratio, discovered by Sawyer (46), has proven to be the accepted

limiting ratio. Previous reports on the nutrient requirements of



76

filamentous organisms influences one to expect a much higher limiting

ratio for the FAS process.

The organic loading during these experiments averaged 460

mg/l. As illustrated in Figure 16, the removal efficiency remained

relatively constant at greater than 92 percent until a carbon to

phosphorus ratio of 307 to l was achieved. At this point, the substrate

utilized by the filamentous organisms was limited by the phosphorus

availability. This resulted in a higher concentration of C.O.D. in

the effluent and lower removal efficiencies (breakpoint).

To further analyze the reaction of the organisms to this

limiting condition, Figure 17 was developed by monitoring the removal

efficiency every eight hours. As the phosphorus concentration was

decreased to the critical ratio, no significant change was observed

for the first 24 hours. This phenomenon could be explained by the

"luxury" storage of phosphorus comon to algae and other microorganisms.

The data presented provides evidence that filamentous microorganisms are

capable of storing phosphorus and utilizing it when under a limiting

condition. However, when the stored phosphorus was exhausted, the

removal efficiency began to decline until it equalled 76 percent. The

average removal efficiency of 75 percent computed for both experiments

appeared to be the maximum treatability feasible when the C:P ratio

was 307 to 1.

Noted during this study were the different amounts of carbon

utilized at the various removal efficiencies. When the treatment unit

was maintaining a 92 percent or greater removal, 213-216 mg/1 C.O.D.
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was stabilized per mg/l of phosphorus used. After breakpoint, the

organisms used a comparable 227-230 mg/l C.O.D. per mg/l of phosphorus.

The C:P ratio of 307 to l is approaimately twice the limiting

ratio established by the profession for desirable treatment with

conventional activated sludge. Therefore, filamentous organisms and

the FAS process can stabilize more substrate for a given quantity of

phosphorus enabling it to successfully treat nutrient deficient waste-

waters.



CHAPTER VI

CONCLUSIONS

The experimental results demonstrated that the operational

parameters of the process studied are practical and feasible. Based on

analysis and evaluation of the data, the following conclusions were

made:

1. The filamentous sludges tested exhibited good settleability.

2. The settling characteristics of the sludge were a single

we11—defined interface, good compaction, cohesion between particles,

and production of a clear supernatant. ~

3. The true settleability of the sludges studied was reflected

in cylinder C (10 cm). Cylinders having a diameter less than 10 cm would

accentuate the "wall effect" and hinder settling. The wall effect for

filamentous sludge is greater than that for activated sludge but the true

settling rates are similar.

4. The SVI of filamentous sludge is directly related to the

suspended solids concentration. As the suspended solids increased the

SVI decreased.5.

Filamentous sludge with an SVI greater than 200 can have

good settleability.

6. The interface settling velocity for filamentous sludge is

relatively independent of the suspended solids concentration when the

concentration value is between 1000-2500 mg/1. Suspended solids concen-

trations greater than 2500 mg/1 will produce low interface settling

velocities.

’78
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7. A yield coefficient of 0.23 was obtained in this study.

This value is lower than typical activated sludge values but is comparable

to some previously reported FAS values.

8. The observed coefficient of substrate removal was 1.17 x
10-1 hrs_l, a value remarkably comparable to that reported by Edwards

(13).

9. A breakpoint in the organic efficiency occurred at a carbon

to phosphorus ratio of 307 to 1 based on C.O.D., a value over twice

the limiting ratio for activated sludge.

10. The filamentous process can successfully treat a waste

that would normally be classified as phosphorus deficient.

11. The amount of carbon used per mg/1 of phosphorus uptake

was approximately 230 mg/1 as C.O.D., both before and after breakpoint.

12. The dominant organisms present in the system were fungi.



CHAPTER VII

SUMMARY

The objectives of this research were to study some of the

operational parameters of the Fixed Activated Sludge (FAS) process.

Such parameters were, the settleability of filamentous sludge, the

yield coefficient, and the minimum carbon to phosphorus ratio that

would not limit organic removal efficiency.

The filamentous sludges studied displayed settleability and

settling characteristics comparable to those of conventional activated

sludge. Test cylinders of varied diameters (5.7, 8.0, 10.0, 19.0 cm)

were employed to determine the settleability of the filamentous sludge

and it was found that cylinder diameters of 8.0 cm or less had a

considerable "wall effect" on the sludge settling and caused a plateau

in the settling profile. Cylinders with diameters of 10 cm and 19 cm,

on the other hand, permitted a smooth decline in the sludge interface.

Therefore it was concluded the "wall effect" was eliminated somewhere

between a cylinder diameter.of 8 and 10 cm.

The sludges tested displayed a single clear interface, good

compaction, cohesion between particles and good settleability. The

average SVI for the sludges tested was 368 mg/l but the high value was

not significant with respect to actual settleability. The SVI decreased

as the suspended solids increased showing a direct relationship. The

interface settling velocities increased as the diameter of the test

cylinder increased but showed little relationship to the suspended solids

concentrations.

V80 '
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The average yield coefficient derived from four experiments

was 0.23. The
"Y“

value is low compared to typical activated sludge

values but is comparable to other values reported for the FAS process.

The substrate removal coefficient was 1.17 x 10-1 hrs_l and was almost

identical to a previously reported value (13).

The breakpoint for organic removal efficiency occurred when

the carbon to phosphorus ratio equalled 307 to 1. At this ratio the

removal efficiency decreased from an average of 92 percent to 75 percent.

An average of 230 mg/1 of C.0.D. was used per mg/1 of phosphorus uptake

both before and after breakpoint. The breakpoint ratio of 307:1 is

approximately twice the limiting ratio of conventional activated sludge.

This indicates that filamentous microorganisms and subsequently the FAS

‘
process, can successfully treat wastewaters normally classified as

phosphorus deficient.

The dominant filamentous organisms in the experimental system

were fungi.
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APPENDIX A

SETTLEABILITY DATA OF 5.7 CM. CYLINDER

Settled Settled
Time Sludge Solids Time Sludge SolidsDate QMinutes) Qml) gmg[lQ Date QMinutesQ Qml) (mg/1)

0 1000 0 1000
5 920 5 965

10 860 10 950
July 14 20 800 1847 July 15 15 930 230330 750 _ 20 910

45 700 30 860
60 660 45 800

60 765

0 1000 0 1000
5 970 5 980

10 960 10 960
15 940 15 940

July 16 20 930 2885 July 17 20 930 2663
30 845 30 910
45 835 45 850
60 785 60 800

0 1000 0 1000
5 965 5 970

10 935 10 930
15 915 15 890

July 18 20 890 1953 July 19 20 860 2713
30 840 30 810
45 785 45 720
60 730 60 660

0 1000 0 1000
5 980 5 950

10 965 10 940
15 950 15 920

July 21 20 940 3926 July 22 20 900 2600
30 900 30 850
45 860 45 795
60 820 60 750
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SETTLEABILITY DATA OF 5.7 CM. CYLINDER (con't)

Settled Settled
Time Sludge Solids Time Sludge Solids

Date (Minutes) (ml) (mg/1) Date (Minutes) (ml) (mg/1)

0 1000 0 1000
5 960 5 970

10 930 10 955
15 890 15 940

July 23 20 820 1333 July 24 20 920 2660
30 725 30 870
45 640 _ · 45 810
60 565 ‘ 60 755

0 1000 0 1000
5 970 5 975

10 955 10 960
15 935 -15 940

July 25 20 920 3870 July 29 20 925 1270
30 900 V 30 905
45 845 45 870
60 790 60 830

0 1000 0 1000
5 985 5 985

10 975 V 10 970
15 960 15 960

July 31 20 945 2327 Aug. 1 20 955 2000
30 920 30 930
45 890 60 860
60 860

0 1000 0 1000
5 970 5 960

10 960 10 940
15 950 15 925

Aug. 2 20 940 2583 Aug. 3 20 910 1050
30 905 30 875
45 845 45 830
60 800 60 795
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SETTLEABILITY DATA OF 5.7 CM. CYLINDER (con't)

Settled Settled
Time Sludge Solids Time Sludge Solids

Date {Minutes} @m1Q gmg/1} Date QMinutesQ Qml) Qmg/1)

0 1000 0 1000
5 980 S 970

10 975 10 955
15 970 15 935

Aug. 6 20 960 3580 Aug. 7 20 920 3360
30 940 30 870
45 915 - ‘ 45 840
60 890 60 785
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SETTLEABILITY DATA OF 8.0 CM. CYLINDER

Settled Settled
Time Sludge Solids Time Sludge Solids

Date (Minutes) (ml) (mg/1) Date (Minutes) (ml) (mg/1)

0 1000 0 1000
5 970 5 960

10 930 10 940
15 890 15 900

July 19 20 860 2713 July 21 20 870 3926
30 810 30 820
45 720 . ‘ 45 750
60 660 60 690

0 1000 0 1000
5 950 5 960

10 920 · 10 890
15 860 '15 830

July 22 20 820 2580 July 23 20 770 1300
30 730 „ 30 650
45 620 45 540
60 540 60 480

0 1000 0 1000
5 930 5 950

10 890 „ 10 910
15 850 15 890

July 24 20 820 2900 July 25 20 860 3903
30 740 30 810
45 650 45 720
60 590 60 650

0 1000 0 1000
I

5 980 5 980
10 970 10 960
15 940 15 940

July 29 20 920 1268 July 31 20 920 2320
30 900 30 900
45 860 45 850
60 820 60 810
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SETTLEABILITY DATA 0F 8.0 CM. CYLINDER (con't)

Settled Settled
Time Sludge Solids Time Sludge Solids

Date (Minutes) (ml) (mg/1) Date (Minutes) (ml) (mg/1)

0 1000 0 1000
5 960 5 950

10 950 10 940
15 920 15 915

Aug. 1 20 880 1830 Aug. 2 20 880 2730
30 850 30 830
45 820 . ‘ 45 760
60 770 60 700

0 1000 0 1000
5 940 5 960

10 895 - 10 870
15 860 -15 820

Aug. 3 20 840 1385 Aug. 6 20 790 2460
30 760 30 680
45 680 45 600
60 600 60 575

0 1000
5 960

10 940 .
15 900

Aug. 7 20 880 3255
30 800 3
45 700
60 650
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SETTLEABILITY DATA OF 10 CM. CYLINDER

Settled Settled
Time Sludge Solids Time Sludge Solids

Date (Minutes) (ml) (mg/1) Date (Minutes) (ml) (mg/1)

0 1000 0 1000
5 965 5 920

10 940 10 880
15 910 15 830

Aug. 1 20 890 2000 Aug. 2 20 780 2730
30 840 30 690
45 785 _ · 45 600
60 750 ‘ 60 550

0 1000 0 1000
5 900 5 940

10 800 10 900
15 720 -15 840

Aug. 3 20 680 1070 Aug. 5 20 780 1255
30 540 _ 30 700
45 430 45 650
60 370 60 590

0 1000 0 4500
5 920 5 4450

10 890 _ 10 4390
15 800 ‘ 15 4300

Aug. 7 20 740 3040 Aug. 10 20 4250 1356
30 640 30 4150
45 530 45 3850
60 490 60 3650

0 4000 0 3250
5 3890 5 3150

10 3850 10 3000
15 3800 15 2875

Aug. 13 20 3700 1908 Aug. 14 20 2800 2562
30 3600 30 2635
45 3450 45 2380
60 3350 60 2250
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SETTLEABILITY DATA OF 10 CM. CYLINDER (con't)

Settled Settled
Time Sludge Solids Time Sludge Solids

Date (Minutes) (ml) (mg/1) Date (Minutes) (ml) (mg/1)

0 3750 0 3000
5 3400 5 2750

10 2900 10 2625
15 2600 15 2375

Aug. 16 20 2400 1730 Nov. 18 20 2250 1528
30 2200 30 2000
45 1900 - 45 1900
60 1800 60 1800

0 3300 0 2000
5 3100 5 1700

10 2925 · 10 1550
15 2700 *15 1500

Nov. 20 20 2600 1200 Nov. 21 20 1400 1535
30 2250 30 1300
45 2000 45 1150
60 1800 60 1100

0 2900
5 2800

10 2625
15 2500

Dec. 15 20 2125 1486
30 1900
45 1500
60 1400
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SETTLEABILITY DATA OF 19.0 CM. CYLINDER

Settled Settled
Time Sludge Solids Time Sludge SolidsDate (Minutes) (ml) (mg/1) Date (Minutes) (ml) (mg/1)

0 4500 0 40005 4250 5 350010 4000 10 325015 3850 15 3000Aug. 10 20 3750 1356 Aug. 13 20 2800 190830 3500 30 260045 3150 . ‘ 45 2500
60 3000 60 2400

0 3250 0 37505 3000 5 3000
10 2800 « 10 2500
15 2600 ·15 2200

Aug. 14 20 2500 2406 Aug. 16 20 2000 173030 2400 _ 30 1900
45 2200 45 170060 2100 60 1600

0 3000 0 36005 2700 5 3500
10 2400 _ 10 3200
15 2100 15 2900Nov. 18 20 1900 1641 Nov. 20 20 2500 131730 1700 30 2200
45 1450 45 2000
60 1300 60 1800

0 3300
5 3000

10 2300
15 2000

Dec. 15 20 1800 1475
n

30 1600
45 1400
60 1300



APPENDIX B

5.7 cm Cglinder 8.0 cm Cxliuder
Vi S.S. S.V.I. Vi S.S. S.V.I.

ml/min mg/1· ml/g ml/min mg/1 ml/E

2.5 3360 265 3.0 2025 440
2.5 3870 234 4.0 2330 385
3.0 2320 398 5.0 3900 208
3.3 3925 208 5.3 2730 304
3.5 2660 327 5.5 4000 205
4.0 2300 373 7.0 2900 255
4.5 2580 350

‘
8.0 2710 298

5.0 2600 327 8.0 2900 255
5.0 2660 327 8.0 3250 254
6.5 1850 407 9.0 2580 283

10.0 1330 545 9.0 2640 265
12.0 1300 500

10.0 cm Cxlinder 19.0 cm Cxlinder
Vi S.S. S.V.I. Vi S.S. S.V.I.

ml/min mg/1 ml/g ml/min mg/1 ml/g

6.0 2000 420 32.5 1356 574
9.0 2600 266 40.0 2406 307

12.5 3040 210 _ 56.0 1227 430
12.75 1356 680 60.0 1317 465
15.0 1910 472 70.0 1730 293
18.3 2560 317 75.0 1910 340
24.2 1486 445 100.0 1475 .330
29.0 1363 490
40.0 1200 570
45.0 1535 554
80.5 1730 340
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OPERATIONAL PARAMETERS

OF THE

FILAMENTOUS MICROBTAL PROCESS

by

Andrew J. Kicinski

(ABSTRACT)

The purpose of this investigation was to define and analyze

some operational parameters of the FAS process. Specifically: the

settleability of filamentous sludge produced by the treatment system,

the yield coefficient of the biological population, and the carbon to

phosphorus ratio which limits organic removal efficiency.

Findings of this study indicate that the sludges produced by

the FAS process have settling characteristics and settleability remark—

ably similar to the solids of conventional activated sludge. While

being tested, the sludges displayed a single clearly defined sludge-

supernatant interface, good compaction, and cohesion between particles.

The effect of varied diameter cylinders revealed that the true settle-

ability of the sludge could not be determined in cylinders with a

diameter less than 10 cm because smaller diameter settling tubes

accentuated the "wall effect." The SVI and suspended solids appeared

to be directly related because as the solids concentration decreased

the SVI increased. No significant relationship could be established

between the suspended solids concentration and the interface settling

velocity because factors other than solids concentration influenced

the value of this parameter.



The yield coefficient of 0.23 derived from this investigation

is approximately one—ha1f the value associated with activated sludge

but comparable to some coefficients reported for the FAS process.

Filamentous organisms are capable of utilizing twice as much

carbon per unit of phosphorus as the organisms of conventional activated

sludge. A carbon to phosphorus ratio of 307:1, based on C.0.D., was

found to be the limiting ratio for efficient organic removal. The amount

of carbon used by the system per mg/1 of phosphorus uptake averaged 230

mg/l as C.O.D. both before and after breakpoint.
7

The dominant organisms in the biological unit throughout this

investigation were fungi.


