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CHAPTER I
INTRODUCTION

Water is essential for life; and as the earth's population
increases by exponential numbers, the value of clean water also
increases. Clean water is not only required for human consumption, but
it is also required for indusfrial processes. In order to maintain a
clean water supply, the treatment of municipal and industrial wastes is
required prior to their being discharged into the streams.

One of the most common ways of treating a waste is by biological
means. This presents a problem in that the microorganisms used to
reduce the soluble organic matter of the waste are themselves organic
matter. As such, they exert a Biochemical Oxygen Demand upon the
stream. Therefore, the separation of these microorganisms from the
treatment plant effluent is necessary before the effluent is discharged
into the stream.

One of the most common methods used to separate this bio-mass is
quiescent gravity settling. The importance of this process makes it
imperative to understand the effects of different variables upon this
physical operation. It is the purpose of this study, then, to examine
the effect of initial substrate concentration upon the settling

characteristics of activated sludge.



CHAPTER 1II
LITERATURE REVIEW
A. Sedimentation

Sedimentation is the physical operation by which solids are
separated from a suspension by gravity. Sedimentation serves a dual
purpose in a wastewater treatment ﬁlant. First it provides for the
clarification of the treatment plant effluent prior to its discharge.
The settling eliminates suspended matter from the waste treatment plant
effluent, thereby clarifying it. This suspended matter inciudes micro-
organisms from the bio-reactor which have been carried away with the
effluent from the bio-reactor. Eckenfelder and Melbinger (1) illustrate
that the clarificétion capacity of a sedimentation tank is related to
the settling velocity of the particles it contains. Secondly, it pro-
vides for the thickening of the treatment plant organic solids. The
settling and compaction of the organic solids allow for the recycle of a
certain portion of the solids to the bio-reactor, an operation needed to
maintain the proper microorganism concentration in the bio-reactor.

This thickening also permits the drawing off of some of the organic
solids, or sludge, to be disposed of in some manner. Eckenfelder and
Melbinger again demonstrate that the thickening capacity of a sedimenta-
tion tank is related to the depth of the sludge in the tank and the time

the sludge is in the compression zone.



Much of the basic theory utilized today in the design and in the
research of the sedimentation process for the treating of municipal
wastes had its roots in the metallurgical field. Researchers seeking to
determine the capacity of slime-settling tanks carried on research to
determine the settling behavior of slime pulps consisting of water,
finely divided sand, and colloidal material.

This was the case of H. S. Coe and G. H. Cleavenger (2). Their
early research revealed the existence of four settling zones encountered
in the sedimentation process. These zones can be called zone A, B, C,
and D. When a thoroughly mixed suspension is pléced in a cylinder br
tank, it is first comprised of a homogeneous mass. Next, floc particles
begin forming; and as the particles settle, they form four distinct
zones.

The dense, coarser particles settle first to the bottom. Next,
flocculated particles nearest the bottom settle, filling any empty
spaces. By settling upon each other, they comprise a zone of increasing
depth. This zone, where the floc particles rest upon each other, is
called zomne b. Within zone D, further separation of floc particles from
liquid must occur due to the liquid pressed out of the spaces between
the flocs. The zone above zome D is zone C. It is termed the transi-
tion zone. The suspension in zone C decreases in solids goncentration
from the bottom of the zone to the top. Also, the settling velocity
decreases in this zone because of the increasing density and viscosity
of the suspension surrounding the particles. At the bottom of the zone,
the particles enter zone D; at the top of the zone, the concentration
of solids 1is equal to the concentration of the original suspension prior

to any occurrence of settling. Zone B lies just above zone C. Zone B



consists of a constant concentration of particles throughout the'zone
-and contains the same concentration of solids as the original suspension
prior to seﬁtling. Eckenfelder and Melbinger (1) point out that the
particles settle at a uniform rate through zone B. They also conclude
that the magnitude of this wvelocity is a function of the initial solids
concentration. The constant concentration of particles in zone B will
remain constant until the particles approach zone C. Above zone B is
zone A. It is the clear water or supernatent zone. Zone A is sometimes
turbid, due to finely divided matter remaining in suspension.

When fhe particles in zones B and C descend without pressing on
the layers beneath them, they are termed free settling flocs. There are
places, however, in this free settling in which the floc particles
contact each other due to their interlocking structure.

There is a point in the settling in which the particles at the top
of zone D just rest upon each other without any compression occurring
at the top of this zonme. At this point zone C is just disappearing.
This point is called the Critical Settling Point. At this time, any
removal of liquid from zone D must now occur by compression.

Fitch (3), studying the settling behavior of a "swarm of
particles", observed that the particles are apt to settle in any of
four different ways. He placed each way of settling in a class of its
own, namely, Classes I, II, zoﬁe settling, and compression. He further
put Classes I and II in the area of clarification. Which way the
particles settle is determined by the dilution of the suspension, by
particle interaction, and by the relative tendency of the particles to

\

cohere.



Fitch found that at higher dilutioms particles settle either
separately or flocculantly. At these high dilutions, there 1is no clear
line of demarcation between settling suspension and supernatant. Class
‘T includes thosevparticies iﬁ the clgrification regime which settle
individually. As individual particles, they exhibit a somewhat constant
rate of settling. They cannot maintain an exactly constant raté due
to the fact that the solids concentration changes in the settling
operation. As Fitch has pointed out, however, this deviatioﬁ from
constancy is neglected in practical classification theory.

Hazen (4), in studying the settling behavior of Class I particles,
determined that the efficiency of a sedimentation tank in removing
solids was a function of the overflow rate and not of the detention
time.

Camp (5), conceived the idea of an "ideal" settling basin in which
the direction of flow was horizontal and the velocity was tﬁe same for
all parts of the settling zone. Fitch (6) realized that the idea of an
ideal settling tank, in which each particle settles separately, with its
own constant velocity, would be very useful in analyzing the settling
behavior of an ideal basin. Camp aléo Believed that the removal of
Class I particles is governed by the overflow rate and that detention
time of flow is not a factor in determining the removal of particles.

In other words, Class I clarification is determined by area and not
depth. Camp (7, 8) went further, however, and proposed the idea that
the same would hold true for particles belonging in Class II., Fitch (9)
and Eliassen (10) show that it is quite 1likely that solids removal from
Class II would rely more heavily on detention time than on overflow

rate.,



Less research has been undertaken for Class II suspensions. This
is primarily due to the fact that Class II suspensions are encountered
less often in the metallurgical field than are Class I suspeﬁsions.
Class II suspensions also involve high dilutions. The difference in
Class II from Class I is that Class II suspensions settle in a flocculant
manner rather than as individual particles. This flocculation is
brought about by the collision of particles in such a way as to cause
them to cohere. Another difference is that the particles in Class I
settle at a constant rate, whereas, the particles in Class II do not.
This is .due to the fact that the floc particle increases in size as it
settles, causing its settling rate to increase.

Zone settling occurs at lower dilutions than those encountered in
Class I or Class II. In this class, the floc particles form one
descending mass. It is believed that this is due to the closeness of
the particles to each other. Thus, they cohere immediately into one
mass. All particles in this mass settle at the same rate. There
exists, in this class, a sharp line of demarcation between the settling
solids and the supernatant. So the settling rate can be said to be a
function of the solids concentration; the flux of water past the solids,
or solids through water, is also a function of the solids concentration.
Zone settling, as has been demonstrated by Comings (1l), creates a limit
as to the amount of solids which can pass through any concentration.

For example, if the feed rate in a thickener produces less flux than
that which could be carried through the most limiting concentration, no
solids are backed up. On the other ﬁand, if the feed rate is greater
than that which can be delivered by the limiting concentration, the

excess created backs up as a zone of this concentration. A back up



zone of this kind will also occur if the area required to handle the
solids flux delivered by the feed rate is not great enough.' It can be
seen, therefore, that area is the critical design factor for zome
settling. Also if enough area is supplied so that there is no back up
'zone, then no zone settling layer'will form. So, detention time is not
a factor in zone sgettling.

Coe and Clevenger (2) developed a model and equation for the
determination of the required thickener unit area. Their procedure
involves making several batch tests at various initial concentrations
and determining the free-~settling behavior from the constant rate sec-
tions of the batch settling curves. . Their model assumes that the most
flux-limiting concentration will not occur in the compression range.
The flux-handling capacity for zones of every concentration between that
of the feed and that of compression is tested, using free settling data
and Coe and Clevenger's equation. The overall solids-handling capacity
of the thickener must equal the most limiting concentration found.
Fitch (12) in his research has concluded that the Coe and Clevenger
procedure, in certain cases, can yield results 507 lower than actual
thickener performance.

Kynch (13) derived é graphical method for determining thickener
unit area. Kynch started from the assumption that settling rate is a
function only of solids concentration. Only when this condition is met
is his procedure then valid. His method allows the rquired unit area
to be read directly from a settling curve. However, when attempting
to predict the performance of a continuous basin with the data from the

batch settling test, there is often a wide margin of error found. The



thickener often has a vastly larger capacity than was predicted. Fitch
(3) concludes that this is probably due to some other variable or
variables affecting the settling rate. Dick and Ewing (14) have noted
that Kynch's method cannot be used to predict the settling behavior of
activated sludge, because the settling rate of éctivated sludge is a
function of sludge depth and the mixing of underlying layers as well as
the solids concentration. They also point out that the required
ﬁhickener unit area is not fixed by the observed settling velocity of
the rate-limiting concentration of sludge. The required thickener unit
area can be reduced by controlling the sludge depth and by varying the
sludge td minimize the effect of interparticle forces.

Talmage and Fitch (15) took from Kynch's method the first falling-
rate section of a single batch test and selected the limiting flux |
directly using a graphical method. As Fitch (12) later pdinted out,
however, this method produces conservative predictions.

The last class in Fitch's sedimentation classification is the
‘compression regime. Compression occurs at lower dilutions. Coe and
Clevenger (12) attributed the compression regime to the mechanical
support of the layers of floc. Fitch (3) hypothesized that the compres-
sion regime was not entirely due to this mechanical support. He
measured the pressure of the fluid at various depths in a compression
zone. He found no differénée which would result from mechanical sup-
port. He next deduced that the actual mechanical pressure on the
structure of the solids would be rather insignificant. Eckenfelder and
Melbinger (1) illustrate that the solids concentration in the compres-
sion zone is related to the depth of the sludge and the detention of

the solids in the zone. Comings (11) demonstrated that for a



given detention period a shallow compression zone depth will yield a
Higher underflow concentration than a deep depth. So as the depth of
the sludge blanket is increased the sludge detention in the compression
zone must also be increased for a specified underflow concentration.
Conventional design proéedures for thickeners today rely a greaﬁ
deal upon determining the compression point. The average solids con-
centration at this point is used as the dividing line between free-
settling and compression. As previously stated, Coe and Clevenger (2),
in their procedure for determining thickener unit area, assume that
the most flux-limiting concentration will not occdr in the compression
range. Since the Coe and Clevenger metﬁod is probably the most commonly
one used today, the determination of the point 1is very important. Often
the defermination of the compression point is not difficult. Fitch (12)
points out that in cases of doubt, a log-log plot of‘time versus pulp
height may be helpful. Also, a Robert's (16) plot of the log of pulp
height minus the height of the settled solids at infinite time

versus time on a linear scale may be used.

B. Variables Affecting the Settling
Characteristics of

Activated Sludge

Activated sludge differs from many other sludges or slurries (i.e.,
metallurgical slurries) in that activated sludge is generally floc-
culant in nature. Two parameteré used in characterizing the settle-
ability of an activated sludge are zone settling velocity and sludge
volume index. Zone settling velocity has previously been discussed.

Sludge volume index is the volume of sludge settled in a specified time
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interval, divided by the sludge concentration. It is often used in
evaluating the performance of a treatment plant. A low SVI (i.e., 50)
denotes a good sludge; a high SVI (i.e., 250) denotes a poor sludge.
SVI normally varies with the mixed liquor suspended solids content for
the same sludge.

One of the most critical variables in affecting the settling char-
acteristics of activated siudge is the initial solids concentration.

As the solids concentration is increased, for the same sludge, the zone
settling velocity decreases and the SVI increases. As Talmage and Fitch
(15) point out, if the settling characteristics were independent of the
initial solids concentration, then the same final solids concentration
should be reached in all settling tests for a given sludge.

Eckenfelder and Melbinger (1) have determined that elongated aera-
tion periods can significantly increase the settleability of activated
sludge. Heukelekian and Weisberg (17) related SVI to the bound water
content of the sludge. A sludge with a low SVI contained 100% bound
water, whereas a sludge with a high SVI contained 380% bound water.
Elongated aeration reduced the bound water content and the SVI.

Another variable affecting the settling characteristics of
activated sludge is sludge depth. Dick and Ewing (14) conducted a study
on three separate activated sludges at various concentrations. They
observed the initial settling velocity at various initial sludge depths.
They found in each test that an increase in the initial depth of the
suspension was accompanied by an increase in the initial settling
velocity. |

Research by Mancini (18) and Dick and Ewing (14) were able to show

that the mixing of underlying sludge layers could increase the zone
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settling rate. The increase, as Dick and Ewing concluded, was due to
the increase in interparticle forces. They were not, however, able to
establish any type of quantitative relationship between the intensity of
the mixing and the settling velocity. Dick and Ewing felt that to
attempt to quantitatively relate their findings to design practice was
premature, More research of the settling characteristics of activated
sludge is needed.

Vesilind (19) has pointed out that the diameter of the cylinder
used in the settliﬁg test could cause error in observing and recording
the settling rates éf éctivated sludge. 1In his experiments he showed
that cylinders with small diameters (i.e., two inches) exhibited an -
erratic settling behavior. He found that regions of large sludge
clumps and void channels may form within the sludge bed. These may
rise to the surface céusing an increase in the settling velocity. Data
obtained by Dick and Ewing (20) confirm that the diameter of a cylinder
effects the settling behavior.

Farnsworth and Dick (21) demonstrated that the degree of floccula-
tion also affects the settling characteristics of activated sludge.

As the parameter for quantitatively measuring the results, they
measured the turbidity of the supernatant liquid during settling. Black
and Chen (22) noted that the use of this parameter is sensitive to
changes in flocculent dose. To simulate varying degrees of floccula-
tion, Farnsworth and Dick used varying doses of a cationic polyelectro-~
lyte. Their results yielded that the influence of polymers on the
settling characteristics of the activated sludge was highly dependent

upon the suspended solids concentration. With the sludge they used,
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taken from the Urbana-Champaign, Illinois Sanitary District main
treatment plant, polymers improved settling velocity for concentrations
less than about 5,250 mg/l but reduced settling velocity at higher con-
centrations. Thus, they concluded that flocculation significantly
affected zomne settliﬁg vélocity at large initial sludge depths and had
less effect on zone settling velocity at low depths.

The Mean Cell Residence Time (ec) also affects the settling char-
acteristics of activated sludge. Bartle (23), in conducting research on
the effect of ec and microorganism concentration on the thickening
properties of activated sludge, came to several conclusions. He found
that at a given initial sludge concentration, the SVI first increases to
a maximum value with decreasing ec and then decreases with decreasing
OC. Also the zone settling velocity decreases with decreasing ec. He
found that the maximum concentration to which an activated sludge will
settle decreases with decreasing ec. Research by Roper (24) confirms
Bartle's findings. Roper found that reducing ec (i.e., from eight
days to five days) would create a problem of liquid-solids sepgration
due to the decrease in sludge settling velocity.

Bisogni and Lawrence.(ZS) in their research expressed similar
results to those of Bartle and Roper. From their findings, Bisogni and
Lawrence concluded that the settling prdperties of éctivated sludge can
be expressed as’functions of ec of the sludge. They also determined
that, based on the total bio-mass in the effluent, the best overall
solids removal occurred at the values of ec in the range of four to
nine days.

The organic loading also effects the settling characteristics of

activated sludge. Ford and Eckenfelder (26) conducted research on
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three different types of waste, including domestic waste, by varying

the amount of organic matter fed into the system. Their work yielded
essentially the same results in each case. They found that as the
organic loading was increased, the percent COD removal decreased. They
also learned that as the organic loading increased, the SVI decreased to
a point and then increased. Conversely, as the organic loading
increased, the zone settling velocity first increased and then

decreased rapidly. They contributed the poor settleability at the lower
and higher organic loadings in each test to the presence of filamentous

organisms.



CHAPTER III
MATERIALS AND METHODS

To study the effect of initial substrate concentration on the
settling properties of activated sludge, a bench scale activated sludge
unit was operated continuously under controlled conditions for

approximately ten months.
A, Laboratory Apparatus

A schematic diagram of the laboratory apparatus used is shown in
Figure 1. The biﬁlogiéal reactor was a rectangular tank constructed of
one-fourth inch plexiglass. The tank was separated by an adjustable
baffle into an aeration compartment and a clarifier. The volume of the
aeration basin was 7.9 liters. The volume of the clarifier was 3.3
liters.

A feed rate of 7.9 liters/day was supplied to the reactor by the
means of a Cole-Parmer variable speed tubing pump (model 7545-17). The
feed rate was checked every other day by the use of a graduated cylinder
and timer.

Alr was supplied to the aeration basin through two porous dif-
fusers. The diffusers served two purposes. They not only supplied air
for the microorganisms, but they also controlled the internal recycle
rate. Solids which entered the clarifier were drawn back into the aera-

tion tank, providing a constant recycle system. The air flow was

14



Figure 1. Experimental Activated Sludge Unit
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maintained betweenv6.5 ahd 7.5 cubic feet/hour. The air flow was
monitored by the use of a Gelman air flow meter. A cotton filter was
placed between the air outlet and the air flow meter to prevent oil from
entering the airvlines and the aeration tank.

The pH of the system was monitored ﬁeekly using a Beckman
Expandomatic ss-2 pH meter. The pH of the aeration tank was maintained
at approximately 7.0 by the use of a phosphate buffer.

The mixed liquor suspended solids were wasted daily from the aera-
tion tank to maintaln a Mean Cell Residence Time of 10 days. Since
there was no measurable suspended solids in the effluent for each of the
substrate concentrations tested, the amount of mixed liquor suspended

solids wasted daily was 0.79 liters.
B. Feed Solution

The chemical composition of the feed solutions used is listed in
Tables I, II, III, IV, and V. Concentrated stock solutions were made
for carbon source, nitrogen source, salts, and buffer. The feed was

obtained from these stock solutions,
C. Experimental and Analytical Procedures

The microorganism seed for this study was obtained from the
effluent of the primary clarifier of the Stillwater, Oklahoma municipal
treatment plant. ' The unit was operated on a batch basis until the
microorganism concentration had built up tovapproximately 2000 mg/l. At
that time the reactor was then operated as a continuous flow system.

The biological unit was operated with the initial substrate con-

centration chosen as the operational parameter. The concentrations of



TABLE I

COMPOSITION OF STOCK SOLUTION

18

Stock Concentration

Constituent (Per 2 L)
Dextrose 400 grams
Ammonium sulfate 200 grams
Potassium Phosphate buffer

KHZPO4 77.5 grams

KZHPO4 249.0 grams
Salts

CaCl2 1.5 grams

FeCl3 0.1 grams

MgSO4 20.0 grams

MnSO 2,0 grams

4




COMPOSITION OF 200 mg/l SUBSTRATE LEVEL FEED

TABLE II

19

Volume of Stock Solution Feed
Per Liter of Feed Concentration
Constituent (ml/1) (mg/1)
Dextrose 1.0 200
(NH4)ZSO4 1.0 100
Salts 2.0
CaCl2 1.5
FeCl3 0.1
MgSO4 20.0
MnSO4 2.0
Potassium Phosphate Buffer 2.0
KH2P04 77.5
K,HPO 249.0

2774




COMPOSITION OF 400 mg/l SUBSTRATE LEVEL FEED

TABLE IIIX

20

Volume of Stock Solution Feed
Per Liter of Feed Concentration
Constituent (ml/1) (mg/1)
Dextrose 2.0 400
(NH4)2804 2.0 200
Salts 4.0
CaCl2 3.0
FeCl3 0.2
MgSO4 40.0
M‘nSO4 4.0
Potassium Phosphate Buffer 4.0
KH2P04 155.0
K,HPO 498.0

2774
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TABLE IV

COMPOSITION OF 600 mg/l SUBSTRATE LEVEL FEED

Volume of Stock Solution Feed
Per Liter of Feed Concentration
Constituent (ml/1) (mg/1)
Dextrose 3.0 600
(NH4)2804 3.0 300
Salts 4.0
CaCl2 4.5
FeCl3 0.3
MgSo, _ - 60.0
MnSO4 6.0
Potassium Phosphate Buffer 4.0
KH2P04 . 232.5
K,HPO 747.0

2774




COMPOSITION OF 800 mg/l SUBSTRATE LEVEL FEED

TABLE V

22

Volume of Stock Solution Feed
Per Liter of Feed -Concentration
Constituent (ml1/1) (mg/1)
Dextrose 4.0 800
(NH4)ZSO4 4.0 400
Salts 8.0
CaCl2 6.0
FeCl3 0.4
MgSO4 80.0
MnSO4 8.0
Potassium Phosphate Buffer 8.0
KH2P04 310.0
K,HPO 996.0

2774




23

influent used were, in‘order of their use, 200 mg/1l, 400 mg/l, 600 mg/l,
800 mg/1, and 400 mg/l. The 400 mg/l concentration was repeated to
insure that the results previously obtained were valid.

The feed was prepared every other day. The substrate concentration
of the feed and the filtered clarifier effluent were checked two to
three times weekly. The Chemical Oxygen Demand tests used to check
these were carried out as set forth in Standard Methods (27).

The mixed liquor suspended solids and the suspended solids in the
effluent were checked three to four times weekly as stated in Staﬁdard
Methods (27). Membrane filters (Millipore Filter Corporation, Bedford,
Mass.) with a pore size of 0.45 micrometers were used, however, rather
than the glass filters stated. An analytical balance (Mettler Instru-—
ment Corporation Balance No. 1-910) was used to weigh the filters.

A determination, at each influent substrate concentration, was made
for cell yield, specific utilization, zone settling velocity, and sludge
volume index.

Once the system had reached steady state, as determined by the
levels of the mixed liquor suspended solids, the effluent suspended
solids, and the effluent substrate concentration, settling tests were
run to examine the effects of the influent substrate concentration on
the settling properties of the activated sludge. These were carried
out by putting one liter of mixed liquor suspended solids into a omne
liter graduated cylinder. After thorough mixing, the solids were set-
tled quiescently. Measurement of fhe descending solids, at the inter-
face, was observed and recorded for one hour (0, 1, 2, 3, 4, 5, 6, 7, 8,

9, 10, 15, 20, 30, 40, 50, and 60 minutes). For each influent
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substrate concentration, settling tests were made at various mixed
liquor suspended solids concentrations. These different concentrations
were achieved by either concentrating the solids, in which case the
sollids were allowed to setﬁle and the supernatent was drawn off, or by
diluting the solids, in which case supernatent is added to a desired
lesser amount of solids to bring it to the one liter level.

The settling tests were made in two identical one liter, graduated
cylinders with a diamter of 2 1/2 inches and a depth of 1.2 feet (to the
1000 milliliter level). These testé were carried out to observe the
zone settling velocity and the sludge volume index. The sludge volume

index wés determined by the method set forth in Standard Methods (27).
D. Methods of Data Analysis

The sludge age of the system was calculated by the use of the

equation

VX

6, = (1)

c QX+ Q Qw)xe
The COD removed efficiency was determined by the use of the
. )

equation
(So - S) x 100
E = S (2)

(o]

The specific utilization was determined by the use of the

equation

Q(s, - 8)
Vs g 3



equat

where

The observed yield coefficient was determined by the use of the

ion

obs

) QWX + (Q - Qw)Xe

obs Qs - S)

Y

sludge age, days

volume of aeration tank, liters

aeration tank solids concentration, mg/l
waste flow rate, liters/day

influent flow rate, liters/day

effluent solids concentration, mg/1

COD removal efficiency, percent

influent COD concentration, mg/1l
effluent COD concentration, mg/l

1

specific utilization, days

observed yield coefficient, mg/mg
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CHAPTER 1V
RESULTS

A laboratory activated sludge unit was operated continuously under
controlled steady state conditions. The initial substrate concentration
was psed as the operating parameter. The hydrauliq detention time was
maintained at 24 hours. The Mean Cell Residence Time was maintained at

10 days. The results of the study are presented below.
A. Operational Results

Figure 2 shows the Mixed Liquor Staﬁdard Solids concentration for
the four substrate concentrations studied. The solids increased
linearly with the increase in substrate concentration. This increase
was to be expected.

Figure 3 shows the effluent suspended solids encountered at each
substrate concentration. The data presented was collected during steady
state conditions. During certain times between steady state periods,
the effluent suspended solids fluctuated somewhat. When the micro-
organisms had become acclimated to the higher concentration, however,
the effluent suspended solids returned to zero. Thus, excellent
clarification occurred in all studies.

Figure 4 presents the effluent COD values obtained at each

substrate concentration during steady state conditioms.
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Figure 2. Mixed Liquor Suspended Solids Versus
Infldent Substrate Concentration



MIXED LIQUOR SUSPENDED SOLIDS, mg/|

3000

2500

2000

-1500

1000

500

1 1

200

400 600 800

INFLUENT SUBSTRATE CONCENTRATION, mg /|

28



Figure 3. Effluent Suspended Solids Versus
Influent Substrate Concentration
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"Figure 4. Effluent COD Versus Influent
Substrate Concentration
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Figure 5 presents the percent COD removed versus the substrate
concentration. The percent removed increased linearly with an increase
in the substrate concentration. The mean value for percent COD removed
was about 92% for all influent concentrations.

Figure 6 shows the observed yield for the substrate concentrations
studied. As can be seen, the observed yield increased with an increase
in substrate concentration to the 600 mg/l substrate concentration.

The value found for the 800 mg/l concentration was cbserved to be
approximately the same as that found for the 600 mg/l concentration.

Figure 7 relates substrate concentration to specific utilization.
Specific utilization is shown to decrease with an increase in substrate

concentration.

B. Settling Data

Figures 8 through 11 present zone settling velocities as a function
of sludge concentration for each of the substrate concentrations. The
results demonstrate that the zone settling velocity of a sludge
decreases with an increase in sludge concentration. Figure 12 provides
a capsuled view of Figures 8 through 11. It illustrates more clearly
the decrease in zone settling velocity for a given sludge concentration
with -increasing substrate concentration. But more significantly, it
shows very clearly that zone settling velocity definitely varies with
influent concentration. As can be seen, for a given sludge concentra-
tion, the influent substrate concentration of 600 mg/l had higher zone
settling velocities at all sludge concentrations above 800 mg/l. The
influent substrate concentration of 400 mg/l had the lowest zone

settling velocities at all sludge concentrations. Figure 13 shows the



Figure 5. Percent COD Removed Versus Influent
Substrate Concentration
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Figure 6. Observed Yield Coefficient Versus Influent
Substrate Concentration



OBSERVED YIELD, mg/mg

uzr__

200 400

INFLUENT SUBSTRATE

600 800

A

CONCENTRATION , mg/1

37



Figure 7. Specific Utilization Versus Influent
Substrate Concentration
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Figure 8. Zone Settling Velocity Versus Sludge
Concentration at Influent Substrate
Concentration of 200 mg/1l
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Figure 9. Zone Settling Velocity Versus Sludge
Concentration at Influent Substrate
Concentration of 400 mg/1
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Figure 10. Zone Settling Velocity Versus Sludge
Concentration at Influent Substrate
Concentration of 600 mg/1l
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Figure 11. Zone Settling Velocity Versus Sludge
Concentration at Influent Substrate
Concentration of 800 mg/1
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Figure 12. Zone Settling Velocity Versus Sludge
Concentration at All Influent
Substrate Concentrations
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Figure 13. Zone Settling Velocity Versus Influent
Substrate Concentration at Various
Sludge Concentrations
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zone settling velocity as a function of substrate concentration and
sludge concentration. It clearly shows again that zone settling
velocity varies with influent substrate concentration. This figure also
shows that zone settling velocity does not steadily increase or decrease
with increases in influent substrate concentration. Alsc, it shows
that, at a given influent substrate concentration, zone settling
velocity decreases with increases in sludge concentration.

Figures 14 through 17 express the SVI as a function of sludge con-
centration. At a substrate concentration of 200 mg/l, the SVI varied
slightly between 200 and 300 for sludge concentrations between 500 and
2500 mg/l. TFor a substrate concentration of 400 mg/l, the SVI decreased
from 650 to 350 with increasing sludge concentration froml700 to 2800
mg/l. For an influent substrate concentration of 600 mg/l, the SVI
remained approximately constant at about 100 with increasing sludge
concentration. For an influent substrate concentration of 800 mg/l, the
SVI varied between 200 and 350 for sludge concentrations between 700 and
3000 mg/l. Figure 18 presents the SVI data in a more clear manmer. It
shows that fhe SVI definitely varies with the influent substrate con-
centration. It also‘shows that, at all sludge concentrations, the
influent substrate concentration of 400 mg/l had the highest SVI. The
influent substrate concentration of 600 mg/l had the lowest SVI at all
sludge concentrations. The influent substrate concentrations of 200
mg/1l and 800 mg/l had approximately the same SVI at all sludge concen-—
trations. Figure 19 shows the SVI as a function of sludge concentra-
tion and influent substrate concentration. It also shows that the SVI

varies with the influent substrate concentration. It also shows that



Figure 14, Sludge Volume Index Versus Sludge
Concentration at Influent Substrate
Concentration of 200 mg/1
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Figure 15. Sludge Volume Index Versus Sludge
Concentration at Influent Substrate
Concentration of 400 mg/1l
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Figure 16. Sludge Volume Index Versus Sludge
Concentration at Influent Substrate
Concentration of 600 mg/1l
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Figure 17. Sludge Volume Index Versus Sludge
Concentration at Influent Substrate
Concentration of 800 mg/l
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Figure 18. Sludge Volume Index Versus Sludge
Concentration at all Influent
Substrate Concentrations
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Figuré 19.  Sludge Volume Index Versus Influent
Substrate Concentration at Various
Sludge Concentrations
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the SVI does not steadily increase or decrease with increasing influent

substrate concentration.



CHAPTER V
DISCUSSION

The scope of this study was to examine the effect of initial
substrate concentration on the settling characteristics of activated
sludge. It has been said that all too often treatment plant operators
do not understand anything but the mechanics of operating the plant.
They don't know how to improve the efficiency of the plant by con-
trolling the different variables affecting the performance of the
process.

As regulations and guidelines become more stringent, as treatment
plant processes become more sophisticated, and as the waste entering
the treatment plant becomes more variable in source and greater in
volume, the more qualified the treatment plant operator is going to
have to become to be able to produce the effluent that will be required.
This is especially going to hold true for operators in metropolitan
areas. They are going to have to know in-depth how to control the
variables affecting the plant. One of these variables could possibly
be the influent substrate concentration. At this time, nothing is done
to control it. It would not be feasible at this time to do so. Since
the performance of a treatment plant is related to the settleability of
the activated sludge through its clarifying and thickening functions
and the settleability of the activated sludge has been shown to be

related to the initial substrate concentration, then the performance
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of the treatment plant is also related to the initial substrate con-
centration.

Although the purpose of this study was to observe the effect of
initial substrate concentration on the compaction or thickening proper-
ties of activated sludge, an interesting result has been observed at
each of the influent substrate concentrations used. For each influent
substrate concentration used, very good clarification occurred (Figure
3). When tests were taken at steady state conditions, there were no
measurable suspended solids in the effluent. Although some filamentous
organisms were observed during the experimentation, they apparently did
not effect the settling behavior so much as to cause the suspended
solids to overflow into the effluent.

Also, a high efficiency was observed, in terms of substrate removed.
The efficiency increased linearly from about 877% at an influent substrate
concentration of 200 mg/l to 987% at an influent substrate concentration
of 800 mg/l (Figure 4). These high efficiencies, however, correlate
with the COD in the effluent (Figure 5).

As was pointed out earlier, zone settling velocity decreased with
increasing sludge concentration. This correlates with the results
achieved by others (1, 2, 15, 19, 21, 24, 25).

The purpose of this study was to observe whether the influent
substrate concentration had any effect upon the settling characteristics
of activated sludge. Figures 12 and 13 show very clearly that the
influent substrate concentration definitely has an effect upon the set-
tling characteristics of activated sludge. There appears to be no

discernible pattern as the influent substrate concentration is varied.



68

When the influent substrate concentration is varied (i.e., continually
increased), the zone settling velocity does not vary in any steady or
constant manner. To insure the validity of the results observed, the
influent substrate concentration of 400 mg/l was repeated several
months after the first influent substrate concentration was used. The
results varied little. Again, at the influent substrate concentration
of 400 mg/1l, the zone settling velocities observed were very low, vary-
ing little from the previous results at that concentration. And, the
SVI was the highest, varying little, again, from the previous results
at that concentration.

Another check of the results was made using the results observed by
Bartle (23). By taking the zone settling velocities observed by Bartle
at various sludge concentrations and at an influent substrate concentra-
tion of 500 mg/l and a ec of about 10 days, the zone settling velocities
were interpolated into Figure 13. The results correlated closely for
all sludge concentrations. This further shows that zone settling
velocity varies with influent substrate concentration.

This brings out an interesting point. There are researchers in
the field (i.e., Vesiland, Bisogni and Lawrence) who have derived
equations for relating zone settling velocity to initial solids con-
centration. Bisogni and Lawrence have incorporated OC into their equa-
tion. Thei: equations do not take into account, however, that zone
settling velocities vary with initial substrate concentration. To be
able to relate zone settling velocity to initial solids concentration,
the zone settling velocity is going to have to be shown as a function
of the initial substrate concentration, and showing its variance with

the initial substrate concentration.
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In observing the results from the SVI tests (Figures 14 through
19), no discernible patterns were again noted. They, however, showed
ﬁhat the influent substrate concentration of 400 mg/l had the highest
SVI, and that the influent substrate concentration of 600 mg/1l had the
lowest SVI. The SVI values for the influent substrate concentrations of
200 mg/1 and 800 mg/l were approximately the same. Another significant
point observed was that the SVI for the influent substrate concentra-
tions of 200 mg/l, 600 mg/l, and 800 mg/l varied little between sludge
concentrations of about 750 mg/l to about 2600 mg/l. The SVI for the
influent substrate concentration of 400 mg/l, however, decreased between
sludge concentrations of about 650 mg/l to 2800 mg/1.

There are no obvious answers to why the variances in the zone set-
tling velocities and the sludge volume indices occurred. One possible
solution lies in the content of the activated sludge. At some influent
substrate concentrations, certain species of microorganisms might have
dominated; whereas, they were unable to dominate, for some reason, at
other concentrations. Perhaps some of the species dominating in the
activated sludge which had lower zone settling Qelocities were
filamentous organisms. They might not have been able to compete for
the food at other concentrations. Thus, the activated sludge had a

higher zone settling velocity.



CHAPTER VI
CONCLUSIONS

Based upon the results of this study examining the effect of
initial substrate concentration on the settling characteristics of
activated sludge, the following conclusions can be made:

1. Zone settling velocity variles with initial substrate concentra-
tion.

2. SVI varies with initial substrate concentration.

3. At a given influent substrate concentration, the zone settling

velocity decreases with increasing sludge concentration.
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CHAPTER VIII
SUGGESTIONS FOR FUTURE STUDY

1. Study the effect of initial substrate concentration on the per-
cent of filamentous organisms contained in continuous flow activated
sludge unit.

2. Study the effect of initial substrate concentration on the
performance of a biological tower.

3. Study the effect of subjecting the activated sludge to various
periods of anaerobiosis on the settling characteristics of activated
sludge.

4. Study the effect of initial substrate concentration on the
settling characteristics of activated sludge when ec is maintained at a

low value.

71



10.

11.

12.

13.

SELECTED‘BIBLIOGRAPHY

Eckenfelder, W. W., and Melbinger, N., "Settling and Compaction
Characteristics of Biological Sludges." Sewage and Industrial

Wastes, 29, 10, 1114 (1957).

Coe, H. S., and Cleavenger, G. H., '"Methods for Determining the
Capacities of Slime Settling Tanks.'" Transactions of the
American Institute of Mining Engineers, 55, 356 (1916).

Fitch, E. B., "Sedimentation Process Fundamentals." Transactions
.of the American Institute of Mining Engineers, 223, 129
(1962).

Hazen, A., "On Sedimentation." Transactions of the American
Society of Civil Engineers, 53, 45 (1904).

Camp, T. R., "Sedimentation and the Design of Settling Tanks."
Proceedings of the American Society of Civil Engineers, 71, 4,
445 (1945).

Fitch, E. B., "Flow Path Effect on Sedimentation." Sewage and
Industrial Wastes, 28, 1, 1 (1956).

Camp, T. R., '"Sedimentation and the Design of Settling Tanks."
Transactions of the American Society of Civil Engineers, 111,
895 (1946).

Camp, T. R., "Sedimentation Basin Design." Sewage and Industrial
Wastes, 25, 1, 1 (1953).

Fitch, E. B., "The Significance of Detention in Sedimentation."
Sewage and Industrial Wastes, 29, 10, 1123 (1957).

Eliassen, R., "Sedimentation and the Design of Settling Tanks--
Discussion." Transactions and the American Society of Civil
Engineers, 111, 947 (1946).

Comings, E. W., "Continuous Settling and Thickening." Industrial
and Engineering Chemistry, 46, 1146 (1954).

Fitch, E. B., "Batch Tests Predict Thickener Performance."
Chemical Engineering, 8, 83 (1971).

Kynch, G. J., "A Theory of Sedimentation.'" Transactions of the
Faraday Society, 48, 166 (1952).

72



14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

73

Dick, R. I., and Ewing, B. B., "Evaluation of Activated Sludge
Thickening Theories.' Journal of the Sanitary Engineering
Division, ASCE, 93, SA4, 9 (1967).

Talmage, W. P., and Fitch, E. B., "Determining Thickener Unit
Areas." Industrial and Engineering Chemistry, 47, 38 (1955).

Roberts, E. J., "Thickening--Art of Science?" Transactions of the
American Institute of Mining Engineers, 1, 61 (1949).

Heuklekian, H., and Weisberg, E., "Bound Water and Activated
Sludge Bulking.'" Sewage and Industrial Wastes, 28, 4, 558
(1956).

Mancini, J. L., "Gravity Clarifier and Thickener Design."
Proceedings, 17th Industrial Wastes Conference at Purdue
University, Lafayette, Indiana, 267 (1962).

Vesilind, P. A., "Discussion of Evaluation of Activated Sludge
Thickening Theories by R. I. Dick and B. B. Ewing." Journal
of the Sanitary Engineering Division, ASCE, 94, SAl, 185
(1968).

Dick, R. I., and Ewing, B. B., "Closure of Evaluation of Activated
Sludge Thickening Theories.'" Journal of the Sanitary
Engineering Division, ASCE, 94, SA6, 1280 (1968).

Farnsworth, G. A., and Dick, R. I., "Effect of Flocculation on
Activated Sludge Settling Behavior." Proceedings of the
American Society of Civil Engineers, 98, SA5, 812 (1972).

Black, A. P., and Chen, C., "Electrophoretic Studies of Coagulation
and Flocculation of River Sediment Suspensions with Aluminum
Sulfate." Journal of the American Water Works Association,
57, 354 (1965).

Bartle, K. N., "The Effect of Sludge Age and Microorganism
Concentration on the Thickening Properties of Activated
Sludge." (Unpub. M.S. thesis, Oklahoma State University,
Stillwater, Oklahoma, 1975).

Roper, R. E., Jr., '"Discussion of Design and Operation Model of
Activated Sludge by J. H. Sherrard and A. W. Lawrence."
Journal of the Environmental Engineering Division, ASCE, 100,
1048 (1974).

Bisogni, J. J., Jr., and Lawrence, A. W., "Relationships Between
Biological Solids Retention Time and Settling Characteristics
of Activated Sludge.'" Water Research, 5, 753 (1971).

Ford, D. L., and Eckenfelder, W. W., Jr., "Effect of Process
Variables on Sludge Floc Formation and Settling Character-
istics." Journal of the Water Pollution Control Federationm,
39, 11, 1850 (1967). .




27.

American Public Health Association, Standard Methods for the
Examination of Water and Wastewater, (13th ed.), New York
(1971).

74



VITA
Randy Dail Bradley
Candidate for the Degree of

Master of Science

Thesis: THE EFFECT OF INITIAL SUBSTRATE CONCENTRATION ON SETTLING
CHARACTERISTICS OF ACTIVATED SLUDGE

Major Field: Bioenvironmental Engineering

Biographical:

Personal Data: Born in Tulsa, Oklahoma, on July 14, 1949, the son
of Dail and Chris Bradley.

Education: Graduated from College High School, Bartlesville,
Oklahoma, in May, 1967; received a Bachelor of Science in
Radio/Television/Film from Oklahoma State University,
Stillwater, Oklahoma, in May, 1973, completed requirements for
Master of Science degree at Oklahoma State University, Still-

water, Oklahoma, in May, 1976.

Membership in Professional Societies: Water Pollution Control
Federation, Oklahoma Water Pollution Control Association.



