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Figure I-1: Past and Projected Trends'in Municipal
Sludge Production (1) in the United States



Also, the secondary sludges are most difficult and, thereforse,
expensive to treat. The present trends of increase in sludge
production are expected to continue due to anticipated
increase in population, the higher urbanization and the greater
degree of treatment given to the wastewaters.

Results of a recent study on activated sludge plants
indicate that sludge handling costs account for, from 21 to
43 per cent of total plant operating and maintenance costs,
depending on the method of disposal used (3). Experience
has shown that dewatering and disposal of waste activated
sludge is most difficult and expensive, especially if <he
sludge is anaerobically digested and/or mechanically dewat-
ered (4).

The process of aerobic digestion of sludge 1s more
adaptable to domestic sludges than the process of anaerobic
digestion, especially for sludges from smaller plants (5).

As a result the use of aerobic sludge digestion has increased
greatly in recent years. For small installations, aerobic
digestion is combined generally with a treatment process, such
as contact stabilization, which eliminates primary sedimenta-
tion. As a result, waste activated sludge is the only source
of waste solids in such processes.

The basic function of digestion is to recduce the volume
of biodegradable solids that must ultimately be disposed off.

Therefore, it is very desirable to produce digested sludge
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with good dewatering characteristics so that further volume
reduction can be accomplished. The dewatering properties of
the anaerobically digested sludges may vary considerably and
the concentration of solids in the supernatant can become
very difficult to control within acceptable limits, In
addition, the anaerobic digestion process is subject to many
variables and changes in the system which would influence the
final properties of the digested sludges (5).

Aerobic stabilization of sludge consists of endogenous
metabolism of the microorganisms present in the sludge, when
no fresh exogenous substrate is available to them. Under
such conditions, bacteria utilize food stored withih their
cells and synthesis of additional bacterial protoplasm be-
comes minimal. After the stored food is metabolized, the
active microorganisms in the sludge obtain energy through the
degradation of their own intracellular components or by uti-
lizing the protoplasmic products of the dead microorganisms,
In the latter case, the solubilization of the protoplasmic
organics and their subsequent diffusion into cells of active
bacteria constitute important steps in the aerobic sludge
digestion.

Wuhrmamn (6) considered wastewater to be very dilute
fermentation media and estimated that the glucose concentra-
tion at which glucose uptake can become a diffusion controlled
process was approximately six times the limiting oxygen con-
centration of the floc. This suggests, that because of small

concentration of organics available as a result of autolysis



of bacterial cells, their diffusion into active cells is likely
to be a rate controlling process in aerobic digestion. Baillod
and Boyle (7) have found that, for the bacterial flocs of
Zooglea ramigera, intra-particle resistance to mass transfer

of substrate can be significant. They observed a marked incre-
ase in oxygen uptake when activated sludge was subjected to
high agitation.

The information above leads to the idea that it may be
possible to improve the aerobic digestion by blending the
sludge. Very little is known about the effects of mechanical
blending, with intensity high enough to break or shear the
sludge flocs, upon the entire process of aerobic sludge diges-
tion. The purpose of this research project was to study the
effects of mechanical blending on the aerobic digestion of
waste activated sludge in the absence of any exogenous subs-
trate. The objectives of this project were to evaluate:

(a) +the effect of different intensities of mechanical
blending on the autooxidation rates of the domestic waste
activated sludge; and

(b) +the influence of blending on the sludge properties,
such as pH, oxygen uptake rate, settleability, plate counts
and oxidation-reduction potentials.

Experiments for this study were conducted both by batch
blending and by continuous circulation of sludge and with its

continual blending at a given frequency.



CHAPTER II
LITERATURE REVIEW

2.1 Introduction

Most of the methods for stabilizing domestic and indus-
trial wastes result in the accumulation of sludge. The
problem of sludge treaiment and disposal is as great or even
greater than the treatment process itself (8) and is consid-
ered to be the most controversial phase of waste treatment
today (9).

Sludge digestion is one of the common methods of sludge
treatment. The major justification for digestion is that it
stabilizes raw siudge and makes it more accepiable for final
disposal. Other considerations for digestion, such as volume
reduction and the production of usabie gas {in the case of
anaerobic digestion) are insignificant in comparison with
the conversion of noxious raw materials, including fats, pro-
teins, cellulose and pathogenic organisms, into a more accep-
table, harmless product (10). The sludge can be digested
and stabilized by two methods, both biological: the tradi-
tional anaerobic digestion or the comparatively recent aero-
bic digestion. The aerobic stabilization of sludge has
several advantages as described below (10):

(a) After aerobic digestion a humus-like, biologically
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stable end product having no offensive odour is produced.

(b) When the construction, operation and maintenance
costs are compared, aerobic digestion has a cost advantage
over anaerobic digestion, at least upto S-mgd activated sludge
plants as found by Smith (11),

(¢) Aerobically digested sludge usually has good dewa-
tering characteristics. When applied to sand drying beds,
it drains well and redries gquickly if rained upon.

(d) Volatile solids reduction equal to that with ana-
erobic digestion is possible in aerobic digestion. The aero-
bic digester does not need any external heating.

(e) Supernatani from aerobic digester has a lower BOD

compared to that from an anaerobic digester. This is impor-

S
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tant because the efficiency of many treatment plants
reduced when the high 30D supernatant is recycled with the
incoming sewage.

(f) Aerobic Qigesters are a built-in source of seed if
the activated sludge system gets upset. The sludge solids
soon pick up activity after being returned to the process.

(g) When compared with anaerobic digestion, more of the
soil fertilizing properties are recovered in aerobically
digested sludge.

2.2 Aerobic Digestion

When organic matiter is being degraded by bacteria, they
act upon it accordinz to Equation 2.1:
Organic Matier + NH3 + 02 + Bacteria —»

¥ore Bacteria + CO2 + H20 2.1



However, in food-limiting conditions such as in aerobic diges-
tion, the endogenous respiration of bacteria becomes signi-
ficant. Under such conditions, bacteria are forced to utilize
food stored within their cells and the synthesis of additional
bacteria becomes minimal. Next, there is autooxidation of

the components of the cell protoplasm and the utilization of
the products of autolysis of dead bacteria. Assuming CgH702N
to be the empirical formula for the endogenous bacterium,

the endogenous respiration can be represented by the following

equation (23):

C5H702N + 50, = 5C0p + NH3 + 2 Hp0 2.2

Aerobic digestion of sludge essentially consists of endogenous
respiration of bacteria present in the sludge when no exogenous
substrate is being added.

2.3 Endogenous Respiration

Endogenous respiration is common to all aerobic bioiogi-
cal stabilization processes. The empirical formula CsH702N
in Equation 2.2 shows the organic constituents in the bacte-
rial cell and is generally accepted to represent an endogenous
bacterial mass (12). However, a microbial cell is an organi-
zed, highly complex system, and the empirical formula CsH702N
expresses only the statistical average proportions of the
major atoms of the organic constituents.

Removal of dissolved organic matter from aqueous environ-
ment occurs immediately on contact of the substrate with

bacterial cells. The cells then start the active respiration



and storage of this substrate., Porges et al. (13) have

stated that glycogen, a glucose polymer, is the principal
storage product during the oxidation of dairy wastes. Daws
and Ribbons (14) have studied the storage phenomenon using
pure cultures., They found that some microorganisms were able
to store more than one type of reserve polymer the formation
of which is determined by the chemical nature of the carbon

substrate. Walters et al. (15) have studied microbial subs-

trate storage in activated sludge and have concluded that
substrate storage did not occur universally in all activated
sludge systems. However, in systems in which the substrate
storage did occur, the storage function was related to the
type of waste being treated. The storage of polybetahydroxy-
butyrate (PHB), 2 fatty acid polymer of nydroxybutyric acid,
was conditioned on the presence of reptides or protein in
the substrate, while carbohydrate function was dependent on
the presence of carbohydrates in the substrate. As aeration
continued and the soluble organic matter in the wastewater
degraded by the bacterial mass, the microorganisms consumed
the stored material for metabolism and growth. Washington
et al. (16) and Burkehead et al. (17) have found that protein
is the primary source of energy during the endogenous respi-
ration phase, while carbohydrate content increases and the
fat content remains essentially constant.

Originally it was thought that no sludge would accumulate
if the rate of endogenous respiration was such that the rate

of cell oxidation equalled the rate of cell synthesis. However,
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the work of Symons and McKinney (18) indicated that a rela-
tively inert polysaccharide accumulated in the system at the
rate of about eleven per cent of the organic matter degraded,
resulting in eventual build-up of sludge.

2.4 Endogenous Catabolism

The consumption of oxygen and liberaztion of carbon - -dioxide
in a bacterial cell indicates that reserve materials within
the cell are being oxidized to provide energy. This energy
is considered necessary for the maintenance of the bacterium
and the resynthesis, from endogenous carbon sources, of any
cellular constituents which have undergone degradation. Also,
the endogenous catabolism is presumed to perform certain spe-
cial functions, such as furnishing a source of reducing power
in some chemo-autotrophic and phototrophic bacteria, or 2
source of phosphorous or sulfur in organisms that store
volutin or sulfur granules (19).

The concept that endogenous catabolism furnishes energy
by means of which microorganisms maintain their status quo
has been discussed by Lamanna and Mallette (19). Energy is
required for osmotic regulation including transfer of mater-
ials in and out of cells against osmotic pressure, for main-
tenance of intracellular pH and for motility. The turnover
of proteins and nucleic acids in the cell also requires energy.
In the absence of exogenous nutrients, this energy must be
derived from endogenous sources.

Some of the substrates utilized for endogenous metabolism
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are the energy-storage compounds. These usually are polysa-
ccharides, lipids including PHB and polyphosphates. All

these substrates occur in widely varying amounts depending
upon the particular species of microorganisms and the environ-
mental conditions. Other possible substrates for erdogenous
metabolism include ribonucleic acids, proteins, free amino
acids and peptide pools. Substrates not yet implicated in
endogenous metabolism include deoxyribonucleic acid, DNA,
cell-wall polymers and cell-membrane materials (14). Mandel-
stam (20) reported that starved suspensions of Escherichia
coli breakdown and resynthesize their macromolecular components,
RNA and protein, at a rate of about 5% per hour. On the other
hand, growing cells of the same microorganism appear not to
exhibit any appreciable turnover of protein. The continued
resynthesis of macromolecular components during starvafion
requires energy which is supplied by endogenous catabolism.

It is found that endogenous catabolism continues, at
least in some microorganisms like bacteria, yeast etc., while
normal foods are being metabolized. In yeast, this may even
increase in the presence of an external source of oxidizable
substrate (19).

During the early phases of endogenous respiration, the
rate equation for substrate utilization may approximate mono-
molecular kinetics, and the rate of cell oxidation can be
expressed as per cent per day of the sludge volatile solids
under aeration (21), With continuing aeration, the auto-

oxidation rates decrease because the remaining organic
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constituents become more difficult to degrade biologically.
According to Eckenfelder (22), this rate of decrease is log~
arithmic in nature. As oxidation proceeds,cellular nitrogen
is broken down and released to the surrounding medium as amm-
onia. With further oxidation, the ammonia is oxidized to
nitrites principally by the genera of Nitrosomonas and then
to nitrates by the genera of Nitrobacter. The rate of endo-
genous respiration may, at any time, be related to the mean
length of time the cells have been undergoing aeration. Also,
this rate is generally about 10% of the rate for assimilation
reaction during synthesis in the presence of adequate food (23).

2.5 The Microbial Population

The microbial population in an aerobic environment will
vary widely, depending on the nature of the wastes being
treated. Pipes (24), summarizing the literature on the eco-
logy of activated sludge, stated that none of the investiga-
tors examined a sufficiently large number of samples from a
wide enough variety of sources to be sure that the population
obtained was representative of anything. Besides, the inves-
tigators who have reported on the bacteria isoclated from
activated sludge used a fairly limited range of media for
their isolations. It is quite likely that if a variety of
media were used for the isolations, a very different picture
of the bacterial population of activated sludge would be
obtained. In a study by Jasewicz and Porges (235), sludge
developed on milk was aerated under endogenous conditions.

After three days, a complete qualitative change in the bacterial
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Tflora was observed, and the members of the genera Alcaligenes,
Plavobacterium, Pseudomonas and Micrococcus were present.

Allen (26) observed that the intestinal bacteria were present
in activated sludge only as adventitious forms, and were of
1ittle significance in the process. McKinney and Weichlein (27)
found, in activated sludge, a number of intestinal bacteria
such as Escherichia, Klebsiella and Paracolobacterium, in
addition to the genera of Alcaligenes, Flavobacterium, Pseu-
domonas, Micrococcus, Bacillus and Zooglea. However, the
dominant genus was Pseudomonas and not the intestinal bacteria.

In addition to the bacteria, fungi of genera Cladosporium,

‘arzarinomyces, Aureobasidium, Geotrichum and Trichoderma
are also reported in sufficiently large numbers to play :
seme significant role in the activated sludge process (24).
Some protozoa, such as rizopods, flagellates, free-swimming
ciliates, crawling ciliates and stalked ciliates also occur
in succession in the order mentioned (24),

The results of a comparison of ecological classification
with oxidation-reduction potentials indicate that a well-
acclimated aerobic microbial population in which endogenous
respiration is proceeding at a maximum rate is in the oligo-
saprobic zone characterized by (a) decreasing numbers of
tacteria, (b) high mineralization, (c¢) low organic nitro-
gen, and (d) a high steady-state positive oxidation-reduc-
tion potential of 700 to 800 millivolts (28).

2.6 Review of Aerobic Digestion

Aerobic stabilization of organic wastes is not 2z new



14

process. In 1933 Heukelekian (29) reported that wastewater
solids can be stabilized aerobically at a greater rate than
during anaerobic digestion. In 1950, Coackley (30) carried
out a series of experiments to determine the extent to which
anaerobically digested sludge could be stabilized further
under aerobic conditions. The dewatering characteristics
were of primary importance; however, the concentrations of
VSS and organic nitrogen were recorded also. At 37°C the
VSS were reduced from 2.98% to 1.08% after 47 days of aera-
tion. Also, the utilization of organic nitrogen was noted
in aerobic units, a phenomenon that did not occur in anaero-
bic units. These laboratory scale aerobic units produced a
stable sludge which showed no signs of decomposition when
left without aeration.

Important parameters affecting the aerobic digestion
process are : (a) +temperature, (b) sludge solids charac-
teristics, (c) sludge loading rate, (d) sludge age, and
(e) rate of sludge oxidation. Akers (31) investigated the
following factors on the rate of autooxidation'of biological
sludge: (a) +the effect of autooxidation rate on the mean
sludge age defined as pounds of VSS in the system divided by
the pounds of VSS added into the system daily, and (b) the
effect of aerobic digestion of the mixed liquor without the
addition of new substrate during the aeration period. At
23°C, more than 20% reduction in volatile solids was noted
in eight days. The corresponding reduction in VSS was 30%

and the concentrations of BOD and COD were reduced by 60%
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and 35% respectively.

The successful aerobic stabilization of night soil was
reported by Suh (32). The aerobic units produced considera-
bly less odour compared to the odours from anaerobic diges-
tion, Reyes (33) found that the stabilization of night soil
as measured by carbon dioxide production and volatile soilds
reduction may be accomplished within 20 days. The results
of his work indicated that aerobic stabilization progressed
more rapidly and required a smaller unit volume than an ana-
erobic system. Woodley (34) investigated aerobic oxidation
of primary wastewater sludge at mesophilic (35°C) and ther-
mophilic (55°C) temperatures. Greater volatile solids reduc-
tion and better settleability of the sludge were observed in
the unit which was cperated at the lower

Activated sludge has been used by several investigators
to study aercbic stabilization. The resulis of the studies
on energy balances in total oxidation activated sludge unit
using dry skim milk as a source of organic matter led Kountz
and Forney (35) to conclude that: (a) +total endogenous
oxidation is not possible within reasonable time and sizes
of treatment systems, as there is a residual material remain-
ing equivalent to 20 to 25% by weight of the new activated
sludge produced, (b) the actual endogenous loss is 2% per
day of the total weight of activated sludge in the system,
and (c) the accumulation of non-oxidizable sludge is 0.6%
per day of the total weight of activated~siudge in the system.

Eckenfelder (21) aerated, at 25°C, the waste activated
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sludge collected from a conventional activated sludge plant.
At the end of seven days' aeration, the data showed a reduc-
tion of 38% in VSS, a decrease in volatile solids content
from 76.5% to 63.5% and a 48, 5% reduction in the concentra-
tion of COD, The soluble nitrogen nad increased from 46 mg/1
to 9 mg/l., His studies showed autooxidation rates of

about 10% per day.

Jaworski (35) studied the aerobic stabilization of a
mixture of primary and waste activated sludges over a wide
range of organic loadings, detention times and temperatures.
Tn his study, the loading rate and detention period were
different for each run. Neither of these variables was held
constant while the other was changed. The results indicated
that the maximum practical loading rate was approximately
0.1 1bs VSS/day/cft, when only volatile solids reduction
was considered. The rate of reduction in 1bs VSS/day/cft of
digester space indicated that short detention times were more
practical. The temperature had little effect on per cent
reduction of volatile solids at various loading rates, since
stabilization was essentially complete at all temperatures
after 60 days of aeration. For short detention times of 5
days, the effect of temperature was of minor importance, per-
haps because of the heavy sludge loadings to the units. A%
intermediate loading rates and detention periods, the results
indicated that reduction in volatile solids was greater at
higher temperatures. A pH of 5.0, a value usually considered

to be unsuitable for aerobic metabolism, was noted at
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equilibrium in long detention time studies.

Loehr (36) has reported that sludge autooxidation rates
depend on the sludge microbial population, the characteristics
of the raw waste, the sludge age and its temperature. Burton
and Malina (37) observed a greater volatile solids reduction
at an organic loading of 0.14 1b of VSS/day/cft than at 0.10 1b
of VSS/day/cft. Their data indicated a 43% reduction of volatile
solids at the higher loading and 34% reduction at the lower
loading. These studies were conducted with waste aciivated
sludge, with a hydraulic detention time of 15 days and a
temperature of 3500. They also noted a COD reduction in the
supernatant of 70-82% and a COD reduction of the sludge of
45-48%,

Drier (38) reviewed some investigations on the drainaze
characteristics of aerobically digested sludges. Generally,
at least 10 days of sludge aeration was reguired for good
drainability of the sludge. Interestingly, after 5 days of
digestion the drainability of digested sludge was of poorer
quality than of undigested sludge, but after 10 days the trend
reversed,

Murphy (39) evaluated the effects of aeration on certain
characteristics of activated and primary sludges. His data
revealed a decrease in alkalinity of 80% after 3 hours or
aeration at 15°C. Norman (40) used waste activated sludge in
aerobic stabilization conducted at 20°C. His data suggested
that aeration rates in the range of 0,20 to 0.35 cfm in

L litre aeration jars did not affect significantly the volatile
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solids reduction. A decrease in the rate of volatile solids
reduction was observed when the pH was controlled artificia-
1ly with sodium hydroxide. McCarty (41) found decreased
metabolic activity of the anaerobically digesting sludge to
be associated with toxicity of sodium salts to bacteria and
suggested that sodium hydroxide should not be used for pH
control. Norman (40) also found that during the digestion
of sludge for 10 days, the pH first increased upto 8.0 and
then decreased slowly to 5.0. This low pH did not appear

to affect significantly the digestion efficiency. He con-
cluded that acidity in prolonged aeration of sludges results
from increased concentration of nitrate ions and loss of
buffering capacity of the system due to the escape of carbon
dioxide. Norman also observed that the settleability of
digested sludge generally was poor. However, better settle-
ability was obtained in samples digested for 60 days at 15°C
to 20°C and for 10 days at 35°C.

Recently Randall (5) has reported that (a) waste acti-
vated sludge solids reduction may continue to be significant
even after 15 days of aerobic digestion, (b) +the per cent
VSS content of waste activated sludge was not a good indica-
tor of the extent of stabilization, except in gross terms.
The volatile portion of the activated sludge solids remains
relatively constant with respect to total suspended solids
during aerobic digestion, even when large solids reduction
is accomplished, (c) aerobic digestion may result in a

drastic drop in pH, although it did not happen in some
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instances. A pH value below 5.6 caused inhibition and reduc-
tion in active biomass at a very low rate, (d). the carbo-
hydrate fraction of sludge solids remained relatively cons-
tant during aerobic digestion, but the protein fraction
increased steadily, and (e) aerobic digestion did not nece-
ssarily improve the drainage characteristics of the sludge
although it may do so,

2.7 Temperature Effects

It has been shown that a 10°C increase in temperature
will increase the rate of metabolism of microorganisms two-
fold (21,42)., ILoehr (36) stated that temperature had an
appreciable effect on autooxidation rates at short detention
times of less than 15 days. But this effect was decreased
considerably as the detention time was increased or the load-

ing rate was decreased. Benedek et al. (43) studied the

effect of temperature on the kinetics of aerobic sludge sta-
bilization. They found that the thermal relationship of
Van't Hoff-Arrhenius was generally applicable, and that the
increase in the rate of reaction caused by a 10°¢ increase
in temperature was about two-fold in the temperature range
of 10°C to 30°C. They also found that the effect of sludge
elutriation on its specific resistance was considerable when
compared to that of the unwashed sludge.

2,8 Effect of Agitation upon Biological Process

The mixing energy imparted to a bacterial suspension
is believed +o affect the metabolic rates of the bacterial

cells in a number of ways. In the production of gluconic

{
b
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acid by the suspended cells of Pseudomonas ovalis, Tsao and
Kempe (44) observed that the rate limiting steps for oxygen
uptake in stagnant systems containing a high DO occurs in the
transfer of oxygen across the cell-liquid interface. They
proposed that the rate of oxygen transfer into the cell,

and hence the rate of oxygen uptake, should be a function of
the rate of agitation and the physical configuration of.the

agitation device and not the oxygen deficit. Swilley et al. (45)

agree about the importance of cell-liquid interfacial trans-
fer rate, but from consideration of mass transfer prefer a
first order model with respect to concentration of DO.

Rinke (46) has attributed the improved performance of activa-
ted sludge at high turbulence simply to improved frequency
of contacts between the cells and substrate. Pasveer (47)
and Zahradka (48) have concluded that the smaller flocs pro-
duced at high mechanical energy inputs were the important
factor in improving the purifying capacity of activated
sludge.

Wuhrmann (6) applied theoretical analysis to estimate
the extent of oxygen diffusion through biological floc. He
considered waste-water to be very dilute fermentation media
with extremely low concentrations of the more important
substrates, freguently not higher than the cxygen concentra-
tion carried by them. He then estimated the glucose concen-
tration at which glucose uptake might become a diffusion
controlled process to be approximately six times the limiting

oxygen concentration of the floc. Rickard and Gaudy (49)



