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ABBTRACT

AEROBIC STABILIZATION OF PRIMARY AND
MIXED PRIMARY/CHEMICAL (ALUM) SLUDGE

This study was conducted to investigate the feasibility of using aerobic
digestion as a method for the stabilization of mixed primary-chemical (alum)
sludge from s physical-chemical treatment plant. The results obtained provide
valuable information in the design of aerobic digesters treating primary or
mixed primary-chemical sludge,

Aerobic digestion was carried out in twenty cylindrical reactors, each con-
taining 15 liters of sludge. Two large galvanized steel tanks served as water
baths and each contained 10 reactors.

The experiments were conducted on a continuous flow system. According to the
predetermined detention time (5-35 days) for each reactor, the proper volume
of sludge was withdrawn once each day and the same volume of raw sludge was
added.

The influence of temperature and detention time on the removal of the total
suspended solids (TSS), volatile suspended solids (VSS) and chemical oxygen
demand (COD) was studied, Temperature was found to have a slightly greater
influence on the reduction of volatile suspended solids in primary sludge than
in mixed primary-chemical sludge. Based on the Q,, concept, the values were
determined to be 2.72 for primary sludge and 2 l§ for mixed primary«chemical
sludge. The Rate of Decay Constant (K ) at 25 C was 0.109 for primary sludge
and 0.096 for mixed primary-chemical sludge,

Nitrification took place in the resctors treating both primary and mixed
primary-chemical sludge. The high content of sluminum in the mixed primary-
chemical sludge did not inhibit the nitrifiers. The nitrogen content as per-
centage of dry volatile suspended solids increased with increasing detention
time for both types of sludge investigated.

The oxygen-uptake rate varied between approximately 5.0 mg 0,/gVSS ¢ hr and

1.0 mg Og/gVSS > hr depending on the detention time and the Yeactor temperature.
Higher oPganisme in the heterogenous population were found to influence the
oxygen-uptake rate and thus make it less valuable as a parameter for measuring
sludge stability.

Adenosine Triphosphate (ATP) content per unit volatile suspended solids
indicated a low content of active biomass during aerobic digestion.

Filtration properties, measured as specific resistance to filtration or
capillary suction time generally improved woth increasing detention time except
for mixed primary-chemical sludge stebilized at temperatures below 12°C.

Sludge compressibility increased with increasing detention time for both tyvpes
of sludge investigated.

During anoxic storage of primary sludge at different degrees of stability,
phosphorus was always released from the solids phase to the liquid phase. No
release of orthophosphate during anoxic storage of mixed primary-chemical
sludge took place.

Higher organisms were found in all reactors regardless of temperature and type
of sludge. High concentrations of aluminum did not inhibit the growth of

these organisms.
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INTRODUCTION



Problem Definition

The sludge handling process in a wastewater treatment plant is generally
more costly and contains more problems than other plant processes, In spite
of this sludge handling receives the lowest research priority of all unit pro-
cesses,

A world-wide research effort to remove phosphorus from domestic waste-
water has been initiated to solve the eutrophication problems of lakes, streams
and salt water estuaries. Iron, lime and alum have proven to be effective
chemical agents, Numerous plants that include a chemical step in the treatment
process are in operation in the western world and more are in the planning stage,

Because of the chemicals added in the process, the nature and quantity of
sludge produced has changed. Conventional sludge handling facilities, such as
aerobic and anaerobic digesters, now have to process a tvpe of sludge signifi-
cantly different in nature from what they were intended to handle, Treatment
plant designers and operators suddenly are faced with more unknowns.

This research will investigate the feasibility of using aerobic digesters
for the treatment of mixed primary-chemical (alum) sludge. Attention will be
given to the possibility of phosphorus release to the supernatant during the
digestion process and during anoxic storage of ﬁhe sludge prior to dewatering.

The Norwegian Institute for Water Research (NIVA) in Oslo, Norway made
fundsjand laboratory facilities available to enable the author to carry through

this project.

Object of Research

The primary objective of this research was to investigate the feasibility
of using aerobic digestion as a possible method for stabilization of mixed
primary-chemical (alum) sludge., Tests on primary sludge were carried out

simultaneously to make sure that factors other than the alum sludge were not



inhibiting the digestion process.

In order to meet the primary objective of this research project, the
author felt that several factors had to be investigated,

First of all, the influence of temperature on the removal of total sus-
pended solids (TSS), volatile suspended solids (vss) and chemical oxygen
demand (COD) for both primary and mixed primary-chemical sludge was studied.
By using theoretical equations the rate of decay constant (Kp) and the temper-
ature coefficient, theta, were derived.

Second, the oxygen-uptake rate and Adenosine Triphosphate (ATP) were used
to measure the biological activity at different detention times and tempera-
tures in the reactors, The object of this, of course, was to find any inhibi-
tory effects of the high concentrations of aluminum in the mixed primary-chem-
ical sludge.

Also the degree of nitrification and the nitrogen loss during the stablli-
zation process were investigated,

In a physical-chemical treatment process, phosphorus is removed with the
sludge stream. This phosphorus-rich sludge usually is stored at the plant
prior to dewatering or it is transferred to a centrally located dewatering
station. A major concern of environmental engineers is the possible release
of this phosphorus during anoxic storage of the sludge and its possible reentry
into the receiving water. The purpose of this investigation was to develop
information during the sludge storage to insure a minimum recycling of phos-
phorus along with the supernatant.

Since dewatering is the normal procedure after the digestion process,
sludge characteristics such as sedimentation, drainage and filtration proper-
ties must be known to enable design engineers to select the proper unit opera-
tions.

Therefore, complete sedimentation tests were performed at different



4
temperatures and detention times to determine the effect of these parameters
on the sedimentation properties. Changes in sludge volume index (SVI) and
interface velocity also were compared.

Because drying beds are quite often the only practical dewatering alter-
native at small treatment plants, the drainage characteristics of stabilized
primary- and mixed primary-chemical sludges were investigated. The quality of
the filtrate was étudied to determine whether the filtrate should be recycled
to the treatment plant inlet or whether it could be released directly to the
receiving water, Solids concentration in the sludge cake after drainage was
determined so that final sludge quantities reguiring disposal could be estimated.

The filtration proverties were investigated by using the specific resist-
ance to filtration method and the capillary suction time (CST) method, develop-
ed in England approx. 1966. The influence of detention time and temperature on
the filtration properties was considered as a very important part of this re-
search project, |

Compressibility of sludges is important since many types of dewatering
equirment will apply high pressures to the sludge during the dewatering proc-
ess, For this reason, this parameter was measured for both types of sludges
investigated. A general classification of microorganisms was attempted to
learn if there were any major differences in the abundance of higher organisms
in the two sludges stabilized.

The second objective of this research is twofold., First, the practical
problems that can be expected during normal operation of aerobic digesters
were studied and a comparison between the process efficiency in full-scale
operation and pilot studies was made.

Finally, a limited effort was made to investigate existing methods for
measuring the degree of stability of sludges in order to give plant operators

a tool in determining the performance of aerobic digesters,



LITERATURE REVIEW



General

Aerobic digestion of sludge is not commonly used in larger waste treatment
plants. In recent years, however, there seems to be increasing interest in
this type of sludge stabilization (Burd, 1968). Package treatment plant manu-
facturers have used this method for several years because it has a low carital
cost, is easy to operate and makes the sludge acceptable for disposal (Ecodyne
Corp. 1971).

The literature review revealed that most of the research on aerobic sludge
digestion was done in the United States although several German researchers
have alsoc worked on aerobic digestion. No work on aerobic stabilization of

mixed primary-chemical sludges was found in the literature.

Reduction of Organic Material

The main purpose of aercbic sludge digestion is to reduce the organic con-
tent of the sludge in addition to improving the handling characteristics of
the sludge.

The growth phase in which cells use their own cell material and release
nutrients from dead cells for food, is termed the endogencus resviration phase,
Tt occurs when the supply of nutrient is too low to support the bacterial cul-

ture. The following equation represents this relationship (Kambhu 1969):

Vol. solids + O m;???gazism CO, + Hg0
urriencs

Reynolds (1967), Kambhu (1959), Benedek et al, (1972), and others (Bokil
et al., 1970, Simpson, 1965) represented endogenous decay by a first order

biochemical eguation:

ds/dt = KpS | (1)
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dS/dt = change of biodegradable cell material per unit of time
S = concentration of bilodegradable cell material (g/mB)

Kp = rate of decay constant (days“l)
St/so @ e.KTt (2)

concentration of biodegradable cell material at time ¢

[92]
oF
1]

initial concentration of biodegradable cell material.

[¢]
o)
L]

The equation given above will be valid for batch fed tanks or continuously
fed, plugflow systems only. For continuously fed, completely mixed tanks,

Benedek et al., (1972) gave the following expression:
500 _1 (3)
5o

Because S, never becomes zero, Eckenfelder et al. (1961) and Okasaki et al,
(1966) introduced a term S; for the inert organic residue. FEquation 2 will
then become:

54755 _ gt (1)
Sg=81

For a mixture of primary and secondary sludge, Kambhu (1969) found the

-1 at 20°C. This is much lower than values re-

rate of decay to be 0,094 days
ported by Reynolds (1967) for waste activated sludge, These values ranged be-
tween 0,53 to 0.85 days~1. Reynolds did not report the temperature. The temp-
erature would change the reaction rate KT by several orders of magnitude

between 20°C and 40°C (Long et al., 1971). The rate of decay constant at dif-

ferent temperatures was determined by Benedek et al, (1972) as shown in



Table I below:

¢ 10 12 15 20 28 30

Measured range 0°02 002 005 006 01} 0+18

of KT 0°05 0°07 0-10 020 020

Table 1, VALUES OF KT AT DIFFERENT TEMPERATURES
(Benedek et al,, 1972)

This value for 20°C agrees guite well with Kambhu's result,

Jaworski et al, (1963) made both batch and continuous flow studies on
aerobic digestion. They found that aeration for six days at 2000 of mixed pri-
mary and activated sludge, which had initial total solids concentrations of
7,500 g/m> and 30,600 g/ﬁs, gave reductions of chemical oxygen demand (COD) of
50 and 12 per cent respectively.

In their continuous flow studies, digestion was carried out until equilib-
rium conditions were attained before analyses were made, A mixture of primary
and secondary sludge was used in this study. Reductions of volatile solids
ranged between 30 and 40 per cent after 10 days of aeration at temperatures of

115°C and 20°¢ respectively.

Ruffer (1966) carried out research on aerobic sludge stabilization in
Germany. He found that the organic fraction (VSS) in activated sludge could be
reduced 74 per cent after 15 days of aeration, For mixed primary and biologi-
cal sludge (volume ratio 3:2), he found that 36 days of aeration would reduce
the total solids concentration approximately‘BB per cent and the organic sol-
ids concentration 61,8 per cent, Riffer also found that the composition of
the sludge would change during the digestion process. Of course this is ex-

pected, since only the degradable fraction in the raw sludge is reduced and the
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inorganic fraction and the inert fraction is constant or even increased.

Coakley et al. (1966) performed batch studies on anaerobically dipested
sludge. This research team found that 35 days of aeration would reduce vola-
tile suspended solids 55 to 60 per cent provided the batch reactor was seeded
with activated sludge.

Krauth (1949) investigated the reduction of volatile suspended solids for
different typeé of sludges as a function of detention time in the aerobic di-

gester, His data is given in Table 2 below:

Detention Reduction
Type of Sludge Comments
time (days) of VsS (%)
3=5 Act. sludge 15 Pilot plant
(est. aeration)
10 Act. sludge 35-40 " "
15«20 H] o 50_60 i #
15-20 " " LO-50 Full-scale
plant
2 Primary sludge ) Pilot plant
i;, " 1 g B i
& 1 # 13 i #
16 ] n 13 ] 7
32 W L] 13 # ]

Table 2. REDUCTION OF VOLATILE SUSPENDED SOLIDS vs. DETENTION
TIME (Krauth, 1969)
Irgens et al, (1965) investigated aerobic digestion of anaerobically di-
gested sludge using a continuous flow digester. They found that volatile

suspended solids serated for 20 days at 3000 would be reduced from 25,490 mg/1
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to 17,500 mg/l (31 per cent reduction). Their data, however, indicates higher
removal of volatile suspended solids at 23°C than at 30°C., Since experiments
made by Irgens et al; (1965) and Coackley et al,(1966) were run on anaerobically
digested sludge, the result has only academic value, These processes would not
normally be used in series,

Singh et al, (1972) tried to improve the digestion rate by solubilizing
the waste sludge prior to subjecting it to aerobic treatment. & higher reduc-
tion of VSS was found for solubilized sludge, but a comparison with non-solu~
bilized sludge was not found appropriate since part of the VSS reduction was
due to the solubilizing process itself,

A wide variation in results on volatile suspended solids reductions during
aerobic sludge stabilization is found in the literature. There are several
reasons for this, but the characteristics of the sludge used and experimental

procedures seem to be the major ones,

Oxygen Requirements during Aerobic Stabilization

During aercbic stabilization of bicdegradable organic material, the oxi-
dation rate and thus the oxygen consumption will change with time (Eckenfelder
et al,, 1961 and 1966; Bisogni, 1971). As the oxidation of organic solids pro-
ceeds, cellular nitrogen is released to the solution in the form of ammonia,
Under continuous oxidation, the ammonia is oxidized to nitrate (See Figure 1).

Reynolds (1967) determined the oxygen-uptake rate in a completely mixed

system to be:

0./at = 12 Bo = S¢) (5)
T
d0,/dt = change in oxygen concentration per unit time

3
L]

theoretical detention time (days)
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S biodegradable organics at time G(gﬁnB)

O

biodegradable organics at time t(g/m>)

it

St
The factor 1.42 kg Oy required per kg organic material oxidized originates from
the empirical egquation for bacterial cells, C5 E? Gz M. This factor would
change with changes in the cell composition,
Mudrack (1966) investigated the oxygen uptake using primarv sludge from
VSK Dusseldorf-Lorrik, Germany. His data is recorded as oxygen used per gram
organic solids. The shape of the oxygen uptake rate curve vs. days of aeration
is a rapid decrease during the first 6 hours and then a fairly constant oxy-
gen uptake rate at 6,67 g Oz/kg VS/hr., After L days of aeration, the oxygen
uptake rate drops to 5,00 g Gz/kg VS/hr, and Mudrack proposes this as the limit
for a well-stabilized sludge., Sludges with higher oxygen uptake rates would
then be only partly stabilized. Howsver, the temperature and tvpe of sludge
would influence the value of the oxygen uptake rate that should be used as a
1imit between stabilized and non-stabilized sludges.
Mudrack also drew the following conclusions from his investigation with
primary sludge:
A, The easily degradable organics are removed during the first
6 hours
B. Oxidation of the hard degradable organics will occur between
6 hours and 2,5 days.
C. After 2.5 days,auto-oxidation will take place until the digestion
process is complete,
Barnhart (1961) aerat=d mixed primary and activated sludge for 15 days
and his data confirms the findings of Mudrack (1966).
Kehr (1966) discusses the use of aerobic sludge stabilization in Germany.
While it is used, often the aerobic stabilization process is integrated in the

activated sludge plant itself, the "Totalklaranlage.” A total aeration time of
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only 6 hours is used with a sludge concentration of 10,000-14,000 mg/l MLSS,
Kehr also studied aerobic sludge stabilization as a separate process. The city
of Nordhorn in Germany (waste load estimate = 50,000 people) utilizes this pro-
cess for sludge stabilization. Oxygen uptake rates were given by Kehr for four
different types of sludge. The oxygen uptake rate for mixed primary and bio-
logical sludge began at a higher rate than for biological sludge, but decreased
at a2 faster rate until it stabilized for both types of sludge at 6.3 - 3.3 g
0,/kg VS/hr after 5 days of aeration.

Malina (196L) summarized data observed during a laboratory evaluation and
comparison of aerobic and anaerobic stabilization of rrimary wastewater sludge.
Test units were operated for 15 days'at 35°c, He stresses the importance of
the initial wvolatile solids of the sludge to be trgated. It was assumed all
oxygen supplied to the aerobic system containing primary sludge was used by the
microbial system. This assumption is not valid., Based on the volatile solids
added, Malina then found approximately 40 kg QQ/kg 75 was regulred., This value
seems extremely high considering the ranges of 0.8 to 1.2 kg Oszg VS given by
Kehr (1966).

An oxygen uptake rate for activated sludpe during sercobie stabllization,
reported by Okazaki et al., (1966) agrees with data by Kehr (1966)., Okazaki
et al., found the oxygen uprtake rate would be 1,67 g ngkg 7s/nr after 7 days
of aeration.

Irgens et al. (1965) determined the quantity of oxygen consumed per liter
of treated sludge per day by calculating the 24~hour decrease in chemical oxy-
gen demand (COD) per liter. They found that when the daily loading of raw
- sludge was increased (or detention time reduced), less oxygen was consumed per
liter of raw siudge added. During a 40-day detention time, 750 mg 0, per liter
sludge was consumed. This is in agreement with work previocusly discussed,

Bokil et al. (1970) investigated the influence of mechanical blending on
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aerobic digestion of waste-activated sludge. They found the oxygen uptake rate
would increase with mixing intensity the first 4 days of aeration. The oxygen
uptake rate in excess of L days would not be influenced by mixing and would
stay at 4.0 g Oy/kg V5S/hr after 10 days of aerstion. It was also concluded
that the day to day variations in the oxygen uptake rate were attributable to
the predominance of different species of bacteria at different times,

Bhatla et al, (1965) investigated oxygen uptake in heterorenous popula=-
tions. Valuable information on the role of higher organisms on urtake can be
gained from their study. They concluded the higher oxygen uptake rate result-
ing from the presence of protozoa must be directly ascribed to the respiration
of the protozoa feeding on the bacterial population.

Sekulov et al., (1970) investigated the influence of household detergents
on the oxygen uptake rate of activated sludge. This research team found deter-
gents do have a nepative effect on the oxygen uptake rate, but that this nega-
tive effect is counteracted by an increasing solids concentration.

Eckenfelder (1956) studied the oxidation kinetics of biclogical sludges
and found that 14 days of aeration of pulp and paper waste activated sludge
would reduce the oxygen uptake rate from 6.5 to 3.4 mg szg Vss/hr. These val-

nes agree very well with those given by Kehr (1966),

Change in pH during Aerobic Stabilization

The changes in pH during stabilization of primary and/or biological
sludges are well documented in the literature. However, no work on the Gegree
pH will vary during stabilization of mixed primary /chemical sludge, has been
found. The author of this dissertation believes a discussion of the pH changes
during the treatment of primary and/or waste activated sludge will be benefi-
cial in evaluating the changes that will occur during aerobic stabilization of
a mixture of primary and chemical sludges,

Lawton (1964) found that with a pH as low as 5.0 no significant effect was
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shown on the digestion efficiency.

Randall et al, (1969) experienced retardation of biological activity in
some of their aerobic digesters due to pH values of less than 5,7. Digesters
with low pH showed low removal of wolatile organic solids, The researchers?
results also indicated a gradual decrease of pH during the digestion process
except in one case where sludge from a plant with low organic loading was used,
In this case, pH increased over the first 6 days and then gradually decreased
to apprroximately 6.0, This might have been due to the rapid utilization of or-
ganic acids present in the untreated waste and deamination, Other researchers
have had the same experience (Jenkins et al., 1971).

Moore (1971) performed batch studies to determine the effects of pH on
aerobic digestion of waste activated sludge. Detention time of at least 20
days was used, He found that total and volatile solids reduction was not af-
fected over a pH range of from 3.5 to 9.5. This result does not agree with
work by Randall et al, (1969), which was previously discussed., Moore also
found somewhat higher solids reductions were realized when the tH was kept cone
stant., Different microbial composition might account for the different results
cbtained.

Other research groups (Jaworski et al,, 1963, Ruffer, 1966) also found a
gradual increase in pH followed by a gradual decrease during aerobic stabiliza-
tion. Jaworski et al., (1963) mention the pH dropped 2s low as 5.0, but only in
one case did this low pH affect the aerobic metabolism. In this study the
change in alkalinity was also investigated,

Ruffer (1963) found pH would increase from an initial value of 8.0 to as
high as 9.15 after 12 days of aeration. This relatively large increase was
primarily due to an increase in ammonia content. As the seration time exceed-
ed 12 days, the pH would gradually decrease again,

Coackley et a1.(1966) kept the pH constant at different levels during
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their study, and it was concluded that the amount of solids destroyed at each
level of pH (from 8.4 to 4.0) was the same although it appears from their work
that pH 4,0 does inhibit the activity.

Kempa (1969) found pH would inecrease from its initial 7.3 to 8.0 after
7 days of aeration. It would then gradually decrease to 7.2 after 31 days of
aeration,

The change of pH during the stabilization process is due to CO, production
caused by respiratory activity and deamination. The alkalinity, however, is
unaffected by CO, production (Stumm et al., 1970). The change in alkalinity
would most likely be caused by nitrification. The reasons for this will be

discussed below.

Change of Nitrogen Forms and Alkalinity During Aerobic Stabilization

During primary-chemical treatment of wastewater, removal rates of only
10-30 per cent of the total nitrogen entering the treatment plant can be expect-
ed, This data indicztes most of the nitrogen entering a wastewater treatment
plant will not be captured in the sludge stream, but will go out with the
effluent.,

The fraction that enters the sludge stream will undergc changes in the
aerobic digestion process and influence the whole environment under which the
aerobic stabilization takes place,

The primary solids will add nitrogen to the system and this organic nitro-
gen will also undergo changes in the process,

A large portion of the nitrogen entering an aerobic digester, which is
treating mixed primary-chemical sludge, will be in the form of organic nitrogen
and ammonium <NHA>' Through the aerobic treatment process, the organic nitro-
gen will first be converted to NH# and then oxidized to NH3‘ The pathways for
oxidation of ammonium to nitrite and then from nitrite to nitrate were given by

Eckenfelder et al. (1961).
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In sewage treatment Nitrosomonas and Nitrobacter are the most important
nitrifiers (Eikum, 1967). There are two species of Nitrosomonas, namely

Nitrosomonas europaea and Nitrosomonas moncella., The two species of Nitrobac-

ter are known: Nitrobacter winogradskyi and Nitrobacter agilis (Alexander,

1961).
Several authors have discussed the influence of nitrification on alkalin-
ity. A detailed study of this can be found in work by Lijklema (1969, 1971).
Only a short discussion of the interaction between nitrification and alkalinity
will be given in this literature review. Ammonia will be oxidized to NO3 as

shown in Figure 1. and thus produce 20" and NOB Hydrogen will then combine

with HCOB- alkalinity to form CO, and Hy0. During the vigorous seration in
the aerobic digester, some of the 002 will be stripped off. The end result is

a reduction in alkalinity.

Organic Nitrogen

BOD + NH., + 02 e BEBCGLETIE Cells + 002 + Ho0

3

Organic Nitrogen

+0
A 4 2

ﬁHB % 062 + H

20

+62

/
N02

+ 0

HO

Figure 1. Forms of Nitrogen during OUxidation.

The author of this dissertation is not aware of any information on tests

where mixed primary-chemical sludge has been used. Using primary, bilological
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or a mixture of these two sludges, alkalinity changes have been recorded.

Moore (1971) found a gradual decrease of alkalinity from 200 mg/l as
CaCO3 to 20 mg/l as CaCOB. This has been experienced by other researchers also
(Eckenfelder, 1961), except that ' . the alkalinity decreased from 700 mg/1
as Cac:03 down to 20 mg/l as CaC0s.,

Malina et al, (1964) found that the alkalinity in the digester effluent
was less than in the influent. He also found that the alkalinity reductions
were greater for higher organic loadings to the direster, quite contrary to
what would be expected. No other research work seems to confirm this.

Jaworski et al, (1963) investigated the different nitrogen forms during
the digestion process. He found a rapid decrease of ammonium in the first 10
days and an increase of nitrite (NOZ) prior to a decrease., This was because
nitrite is finally oxidized to nitrate (NOﬁ). The same result was obtained by
Ruffer (1966) and Hamm et al. (1965).

Kempa (1969) found during his studies on aerobic digestion that the NH,,
content would increase the first 5 days of aeration., Nitrite (NOQ) would then
start to increase up to a2 maximum concentration after approximately 13 days of
aeration., Nitrite (NOz) would then gradually be oxidized to nitrate (NO3>'

According to his work, the alkalinity first increased to a meximm of L50 mg /1

a3

CaCO3 after 6-8 days of aeration and then gradually decreased to 150 mg/1 CaCO
after 31 days of aeration.

Randall et al. (1969) support the findings by Kempa (1969) regarding
both the forms of nitrogen and alkalinity although their final alkalinity was
approximately 20 mg/1 CaCOB, Randall and his coworkers noticed that if thé pH
in the digesters dropped below pH 5.6, there was a rapid increase in ammonium
concentration and a sudden decrease in nitrite concentration, indicating the
nitrite forming organisms had been inhibited,

It appears from this brief literature review on nitrogen and alkalinity
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changes during the aerobic digestion process that the work which has been done
agrees guite well on the changes that take place and why, even though the final

concentrations reported vary several orders of magnitude.

Change in Phosphorus Forms During Aerobic Stabilization

Because the sludge stream is the only stream in which phosphorus is remov-
ed from a treatment plant, the conditions under which phosphorus 1s released
must be considered in the design and operation of these treatment systems.

Wells (1970) suggested that an equilibrium, somewhat similar to a chemical
equilibrium, exists between the soluble orthophosphates in the liquid phase and
the organically bound phosphorus, When treating a mixture of primary and chem-
ical sludges, an equilibrium would be expected to exist between organically
bound phosphorus, chemically bound phosphorus and the phosphorus content in the
liguid phase. The mechanism of how these forms of phosphorus will inberact is
somewhat obscure because the work done on aerobic digestion has dealt with pri-
mary and/or biologiecal sludges only. Researchers have not been concerned with
supernatant phosphorus content. Wells (1970) aerated activated sludge for 5
days to investigate the possibility of "bleed back" of phosphorus to the super-
natant. Supernatant (filtered) phosphorus values increased from less than
1mg/l Pto50mg/l P after 5 days of aeration, The raw sludge contained ap-
proximately 7.5 per cent of P by weight prior to aeration. This is guite high
compared to phosphorus contents of sludges given by Riffer (1966), who reports
2 per cent P (by weight) for biological sludge and 1 per cent for mixed ovrimary
and activated sludge.

Luxury uptake of phosphorus might have occured in the sludge used by Wells
in his study and thus higher release of phosphorus would be expected. However,
phosphorus release from activated sludge has been foumd by numerous investiga-

tors (Levin, 1965; Minton, 1970; Randall et al., 1970). Selected literature
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reviewed by Minton (1970) is recommended for further study of phosphorus re-
lease during aeration.

Leaching of phosphate from the sludge into the liguid phase when aeration
was turned off has been experienced. Wells (1970) found that 15 per cent of
the phosphorus in the sludge leached into the liquid during the first 8 hours
ard 35 per cent after 24 hours, This information would be valuable in the day
to day operation of aerobic digesters since normal practice is to turn the air
off and let the solids settle to the bottom for several hours. Supernatant is
then replaced with excess sludge from the plant.

Irgens et al., (1965) found that during aerobic digestion of sludge from a
conventional wastewater treatment plant, the phosphorus content in the sludge
mass (solids and water) remained constant. No drastic changes of POA~P in the
supernatant were found, He also found the phosphorus content in the sludge
éolids was fairly constant during the digestion process. After 20 days of
aeration, the sludge solids had decreased in phosphorus content approximately
3 per cent while at 40 days of aeration the phosphorus content had increased
3 per cent.

Riffer (1966) determined the phosphorus content of different types of
sludges during aerobic stabilization. He found for activated sludge from a
treatment plant with high organic loading, the phosphorus content increased
from 2 per cent to 4.5 per cent after 12 days of aeration. Then is decreased
gradually to 3.0 per cent. No change was experienced when he used sludge from
an extended aeration plant. Eventually, he tried 3 parts of primary sludge to
2 parts of activated sludge. The result indicated a gradual increase in phos-
phorus content of the sludge from 1 per cent to 1.8 per cent after 35 days of
aeration. His work indicated there was no release of phosphorus from the
sludge to the supernatant over the total digestion period,

Sekikawa (1966) and his co-workers examined the biochemical behavior of
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soluble orthophosphate under unfavorable conditions such as deficiency of nubtri-
ent , lack of dissolved oxygen, admixing of poisonous substances, sete. The
ultimate goal of their study was to learn whether the phosphate change could
be applied for practical plant control. They state in their work that phos-
phorus exists in the form of nucleic acids, micleotides and inorganic pvhos-
phates in the cells, but that mono- or poly-phosphate is presumed in the acti-
vated sludge floc., The following conclusions can be drawn from their study:

A. Phosphate concentration decreased with consumption of available
nutrients (measured as BOD)., Release of phosphate would occur when
the nutrients in the mixed liguor were consumed.

B. Phosphate uptake was hardly affected by initial sludge concentration
within 4L to 5 hours of the aeration period. The release of phosphate
from the sludge during aeration increased remarkablv in accordance
‘with the initial concentration of sludge.

€. Orthophosphate concentration will increase with increasing detention
time during aerobic digestion., Approximately 20 per cent of the
phosphorus content would be released. Orthophosphate can be used as
a reliable index in determining the degree of aerobic stabilization.

D. Dissolved phosphate concentration increased at the initial stage of
anaerobic storage. The maximum phosphate release after 10 days of’
storage was 50 per cent of the total phosphorus in the sludge,
Phosphate release could probably be attributed to autolysis or micro-
bial destruction of sludge organisms,

E. Marked release of phosphate was cbserved if the pH was adjusted to
4.0 in the mixed liguor,

Shapiro et al, (1967) studied anoxically induced release of phosphate in

wastewater treatment. They made extensive field observations and found while

uptake by the sludge reduced the dissolved phosphate concentration, subsequent
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release allowed the dissclved phosphate to increase. In other words, phosphate
taken up during seration can be released during settling. Thie is obviously
disadvantageous to the production of low phosphate effluents, The majior infor-
mation from their study is listed below:

A, Periocdic mixing during anoxic storage will increase the release

of orthophosphate,

B. An increase in storage temperature will increzse the anoxic release

of orthophosphate.

C. Higher concentrations of solids will give a higher release of ortho-

phosphate,

Shapiro et al. (1967) also mention that the release is not due to decomp-
osition of the sludge or to lysis of microorganisms. The phenomencon is comple-
tly reversible if aeration is restored. The author of this dissertation be-
lieves, although this will give information on the reasons for phosphorus re-
lease, it is of minor importance since aeration is seldom restored prior to de-
watering of a stored 31udge.

Hopson et al, (1973) investigated cellular phosphorus changes under low
carbon stress using vure culture system. Thsy state that cellular composition
and therefore phosphorus content undergo changes due to culture age, phase of
growth and composition of the media. 1In their study, thev found in cultures
operating under carbon-limited conditions, which allowed no cell divisions,
the organisms were capable of taking up phosphorus. This could increase the
phosphorus content by 31 per cent in 7 hours. Most of the increase was attri-
buted to an increase in/nucleic acids, On & percentare basis the maximum phos—
phorus levels attained were 7.0 per cent under log-growth and 3.25 per cent
under carbon=-limiting conditions.

Randall et al. (1970) made a study of the factors that affect activated

sludge phosphate release. Their study indicates storage of phosphate will take
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place during substrate utilization, but the release is directly related to the
amount of stress the organisms are subjected to. They also conclude that the
anoxic release is due to cell lysis and the amount of phosphorus released per
unit of sludge solids is relatively constant.

No work on phosphorus uptake and release during stabilization of mixed
of mixed primary-chemical sludge was found. However, Hsu (1970) discusses the
interaction between aluminum and phosphate in aqueous solutions., His work
might provide additional insight into the complex interaction between pH and
concentrations of phosphorus and aluminum. He found hydroxy-alumninum polymers
and Al yielded different reaction products with phosphate, With increasing
ratios of HQPOA/Al in the solution, he found an increasing P/Al molar ratio in
the precipitate., This agrees with work by Stumm et al. (1962). Hsu (1970)
states that the net positive charge per aluminum atom gradually decreases with
the addition of phosphate and at the isocelectric point the polymers are com-
pletely neutralized by the phosphate ions., Both Al and polymers will react
with phosphate, however, they will react differently. The reaction product
will, therefore, depend greatly on the nature of the aluminum present in the
solution,

From the discussion it is not obvious what will happen to the phosphorus
in the supernatant during aerobic stabilization of mixed primary-chemical
sludge, The author of this dissertation believes since so many processes are
interdependent, only an educated guess can be made. It seems probable that a
biological release of phosphorus will occur., Assuming phosphorus is released
to the supernatant, it is likely phosphoru; will exchange sites with ions and

thus be tied up chemically in the solid phase.

Change of Sludge Characteristics during Aerobic Stabilization

It would seem reasonable to expect the sludge characteristics, like sedi-

mentation, filtration and drainage properties, to change to a greater or
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lesser degree during the digestion process. No research team has investigated
the change of these properties for mixed primary-chemical sludge, but the au-
thor of this dissertation believes knowledge will be gained by reviewing work
done on primary- and mixed primary-bioclogical sludge.

Bisogni et al, (1971) measured the Sludge Volume Index (SVI) at different
sludge ages. A ranid inerease in SVI was exverienced the first three days and
then a rapid decrease between the third and the fifth day, The SVI values for
higher sludge ages stayed at 100 ml/g or lower. Since one ordinarily has high-
er values of sludge age than those investigated by Bisogni et al. (1971), svI
values below 100 ml/g would be expected.

Randall et al, (1969) used waste-activated sludge in their study on aero-
bic digestion. They found that aerobic digestion does not necessarily improve
the drainage characteristics, although it may do so. Also the drainage is re-
tarded by the presence of large amounts of fibrous material and may be physi-
cally hampered by some type of microorganisms, expecially an Arcella specie
which has a rigid, circular sectioned, chitinous shell about 50 microns in
diameter,

Ruffer (1966) found practically no change in SVI values during digestion
of waste-activated sludge. From an initial value of 80 ml/g, the SVI fluctu-
ated between 80 ml/g and 120 ml/g during an aeration period of 32 days.
Riiffer's result does not agree with that given by Bisogni et al. (1971).

Hartmann (1963) relates the organic nitrogen content of the biomass with
the settling characteristics of the sludge. The higher the nitrogen content,
the poorer the settling properties will be. No other research work investi-
gated seems to substantiate this finding.

Tenney (1965) worked on the addition of chemicals to biological sludges
to improve their filterability. This might give us some insight as to what

effect the aluminum sludge might have on the mixed sludge filterability in the
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aerobic digester. This research team found that the addition of aluminum sul-
phate greatly increased the filterability of biological sludges. Increased
dosage of chemical resulted in the formation of a stronger flocculation lattice
which, in the presence of a vacuum, maintains porosity for the effectual with-
drawal of water. The pH was also found to influence the dewaterability. When
using aluminum sulphate additions, a pH 4.0 was found to be optimum. The sludge
dewatered better at low pH values.

Lawton et al. (1964) experienced the same as Bisogni et al, (1971):
aerobic digestion longer than 5 days would increase gludge drainability,

Jaworski et al, (1963) measured the drainability on gravity sand filters
suprorted by filter paper in Buchner funnels, This research team found that
sludges digested for 5 days usually exhibit poorer drainability than undigested
sludge. This finding is quite in agreement with others (Bisogni, 1971; Lawton,
1964)., Sludges digested for 10 days or longer showed improved drainability,
The improvement in drainability with detention times longer than 10 days seem-
ed to be of minor imﬁertance, Few of the sludges investigated by this research
team seemed to have good settling characteristics, Sludges digested at low
temperature for a short period of time showed poor settleability. When deten-~
tion times exceeded 30 days, gas bubbles caused the sludge to float.

Irgens et al, (1965) did filtration and centrifugation tests on digested
sludge. The supernatant fluids obtained from these two methods were free from
visible solids. The sludges also showed good settleability.

Laubenberger et al. (1971) worked on the physical structure of activated
sludge in aerobic stabilization. They found that as time of stabilization is
increased, the particle sizes are reduced. Flocs are formed by agglomeration
of these particles. The amount of water present in the sludge flocs will,
therefore, vary with the particle sizes. Laubenberger et al, stress the im-

portance of the three "types" of water in 2 floe: the organically=-bound water,



25
the capillary water in each particle and the stagnant water between each par-
ticle,

Mudrack (1966) did not find improved dewaterability for increased detention
times up to 5 days. No data was available on aeration times in excess of 5
days.

Kempa (1967) looked at the sedimentation properties of aercbically stabi-
lized sludge. He found an increase in detention time in the digester would de-
crease the sludge volume after 30 minutes settling. This was due to better
flocculation properties with increasing detention time. However, sludge aer-
ated for 60 days would settle very poorly due to a complete loss of its ability
to flocculate,

Miller-Neuhaus (1971) pointed out in his study that higher digestion tem-
peratures produced improved settleability. The influence of detention time on
the sludge-volume-index (SVI) was alsc investigated and there seemed to be an
initial increase ard then & gradual decrease,

Miller-Neuhaus (1971) alsc tested the drainage properties of digested
sludge. The drainage periocd was 2 hours, No obviocus relationshin between
seration period and drainage properties could be found., At low temperature
(500, ISOC) there was an increase in drained water volume with longer detention
time, but this was not the case at higher temperatures,

Kempa (1969) found in his later work that the Sludge Volume Index (SVI)
would inerease from an initial value at 95 ml/g to 155 ml/g after 9 days of
aeration, Then, a sudden decrease in SVI to 40-50 ml’/g would occur between 10
and 14 days of aeration. An aeration pericd in excess of 14 days would not
‘ change the SVI.

Bokil et al, (1970) found that settleability of aerobically digested
sludge is improved as a result of blending during the digestion period. This

was attributed to more rapid mineralization of the blended sludge as well as
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some decrease in the quantity of bound water due to reduction in particle size,

Lindstedt et al, (1970) made pilot plant studies to find the amount of
solids reduction that could be achieved through aercbic digestion. They ap-
plied flotation as the unit process for solid-liquid separation and they found
that fresh waste-activated sludge compacted about 30 per cent better than the
aerobically digested sludge.

Tenney et al, (1965) carried out a study to investigate to what extent
chemical floceulation methods can complement or substitute the biological treat-
ment process, Valuable information on biological flocculation that can partly
explain changes in sedimentation and dewatering properties during aerobic di-
gestion can be gained from this work. Non-floceulant growth is generally ob-
served at short detention times. After long aeration times with very low con-
centrations of organic substrate, conditions for excellent floceulation OCoUTS,
Most microorganisms evidently have, under certain circumstances, the ability to
flocculate, According to Tenney and Stumm (1965), natural polymers such as
complex polysaccharides and polyamino acids excreted or exposed at the surface
predominantly during the declining growth and the endogenous respiration phases,
It is possible, however, that polymeric substances are excreted during the log-
growth phase, but that new cell surfaces are created at a faster rate and thus
will not be covered by such polymers. Temney et al, (1965) also state that
substantial amounts of polysaccharides will be accumulated during the endogen-
ous phase and that these represent a large fraction of the residual organic
material,

Gale (1971) studied the déwatering properties of different types of
sludges and, it is interesting to note, he found sewage sludges generally have
higher specific resistance to filtration than sludges encountered in any indus-
try. Gale used both the ordinary specific resistance to filtration test and

the capillary suction time (CST) apparatus. Since the CST apparatus is widely
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used in this research project, the author of this dissertation thinks some of
the features mentioned by Gale should be recognized. These are

1, Bateh to batch variations in the paper may give variations

up to 2 s at low CST (say 108) and up to 40 s at higher
CST (say 200 s), Within-batch variations are considerably
less and thus for important comparisons the same batch of
paper should be used (batch numbers are marked on packets).

2, The sensitivity of the apparatus is of course poor when
readings are close to the blank reading (i.e. the reading
obtained with clear filtrate alone). This occurs with
sludges of very low specific resistance or solids content,

With very high doses of high viscosity polyelectrolytes which
have been inadegquately stirred, the blank may he much higher
than with water, because of the presence of unadsorbed polymer
in the ligquid phase,.

3. It is very important to remember the effect of solids content
on CST. If a low CST is obtained with a high solids content
sludge then excellent filtration properties are indicated.

On the other hand, if the same CST is obtained with a low solids
content sludge the specific resistance will be higher, This
combination of higher specific resistance and lower solids con-
tent will of course indicate a much lower output from, say a
rotary vacwm filter.

Zeper et al, (1972) studied the dewatering characteristics of aerobically
stabilized sludge using centrifuge and belt-press filter. The sludre used was
taken from an oxidation ditch. This research team found that a decanting cent-
rifuge could be used successfully for the dewatering of aerobically stabilized
sludge. The dosage of polymers was L kg/metric ton of dry solids with 90 per
cent recovery and 20 per cent solids in the cake, This dosage is guite high
and would of course increase the total cost of dewatering this type of sludge.
The sludge was also successfully dewatered in the bglt-press filter. A dosage
of 3 kg/metric ton of dry solids was required to obtain 90 per cent recovery
and 15 per cent solids in the cake., Since these types of sludges normally have
a high compressibility, high pressures had a negative effect on the performance
of the filter,

It appears from this literature review that a certain amount of informa-

tion on the characteristics of aerobically digested sludge is available,
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However, sedimentation properties have often been described by changes in the
sludge volume index (SVI). Since the SVI defines only one point on the sete
tling curve, it is not a precise measure of settling characteristics, This is
discussed in detail by Dick et al, (1969). Tt is, therefore, no surprise to

find discrepancies in the results published by different authors,

Change in Adenosine Triphosphate (ATP) Content During Aercbic Stabilizetion

No work on changes in ATP content during aercbic digestion was found in
the literature. However, valuable information can be gained from work on ATP
in activated sludge. Stanier et al, (1971) state in their book:

sesthat the fraction of the substrate converted to cell
material may range, depending on the organism, from 20
to 50 per cent. The differences between aerobes with
respect to the growth yield at the expense of a given
carbon source probably reflect differences in the ef-
ficiency with which the substrate can be used to gener-
ate ATP.

They alsao say the growth yields, as a function of ATP formed, are remark-
ably constant. They approximate 10 g of cell material per gram mole of ATP,

Weddle et al, (1971) investigated the viability and activiiv of activated
sludge using ATP as a parameter. They found that ATP content per unit volatile
suspended solids would vary with the growth rate. At low growth rates
(0.1 - 0,2 days”l) the ATP concenmtration was approximately 0.3 - 0.8 mg ATP/
gVSS. At high growth rates (2,0 days‘l) the ATP content seemed to reach a
limit- of 1.0 to 1.5 mg ATP/gVSS. They also found the ATP content per viable
cell did not vary significantly {10“9 - 1078 ng/cell) and they concluded that

"ATP content is a rapid and convenient indicator of viable organisms in acti-
vated sludge.

Patterson et al, (1970) apply ATP as a specific indicator of cell viabil-
ity. Among other things, the effects of some heavy metals on ATP levels in

activated sludge were investipgated. Another experiment was designed to deter-

mine the pattern of ATP pool resvonse to a change in metabolic activity of an
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activated sludge culture. They found the ATP pool is affected by the metabolic
activity of an activated sludge culture, It will respond rapidly to an increase
in substrate concentration, while only gradually being reduced as the orpanisms
enter the endogenous phase, ATP analyses taken on activated sludge from batch-
and continucusly-fed reactors would consistently yield ATP values of 1.4 to 2.0
mg/gVSS. These values are higher than would be found during the endogenous
phase. Experiments conducted at the University of Florida with sludge taken
from a contact stabilization plant gave ATP values of such low magnitude that
only 15-20 per cent of the mixed liguor volatile suspended solids (MLVSS) was

active biomass,

Cost of Aerobic Stabilization

Reliable information on the cost of aerobic digestion is hard to find in
the literature. The main reason for this is that aerobic digestion is usually
used in connection with smaller package plants and the cost of aerobic diges-
tion is seldom separated from the total cost. Aerobic digesters are fairly
simple in their design. The mechanical equipment involved is mainly diffusors
and blowers or mechanical aerators; no heaters or mixers are necessary as in
an anaerobic digester, There are no additional construction costs to prevent
odor problems or danger of explosions. On the other hand, an anaerobic digester
will produce methane gas that can be utilized as an energy source,

Smith (1971) discusses the costs of aerobic digestion vs. anaerobic diges-
- tion and concludes that for plants up to & mgd design flow, aerobic digestion
is less costly than anaerobic digestion. However, he does not show through
calculation how he reached this particular plant size as the breaking point,

Loehr (1965) discusses the advantaces and disadvantares of aerobic diges-
tion compared to anaerobic digestion. Among the advantages that should be con-
sidered in cost estimates are (1) there is no need for tank insulation, (2)

'thgre is no need for sludge thickening, and (3) the solid residue and the
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liquid effluent produced have a low oxygen demand. Among the disadvantages
are (1) the cost of supplying air, (2) no usable methane gas is produced,
and (3) there is a lack of optimum microbial metabolism due to fluctuations
in temperature,

Lindstedt et al. (1970) discuss the cost of aerobic digestion at the
Metropolitan Denver Sewage Treatment Plant. The goal of the aerobic digestion
in this’ case was to reduce the amount of sludge to be processed by the vacuum
filters and incinerators. During the digestion process, 26,5 per cent of the
sludge solids was destroved, The direct savings in chemicals for flotation and
filtration, according to Lindstedt, is $#20/ton of solids removed. The direct
power cost amounted to approximately $0.35/mil., gal. of waste treated in the
plant or each ton of solids destroyed by aerobic digestion required $1.33 for
air, These costs given by Lindstedt are for power only and do not include
blowers and aeration facilities.

Miller-Neuhaus (1971) estimated the relative digester volumes required at
different process temperatures for aerobic digestion and compared this with
the volume required for anaerobic digestion (heated to 30-35°C), This is

shown in Table 3.

Temperature - 5% 10% 15°%c 20% 25% 30%  35%
Aerobic digest. 36i 221 143 100 72 52 L2
vol. 1/p
Anaerobic dig, 220 220 220 220 220 220 220
1/p
Anaerobic/ 0.6 1.0 1.5 2.2 3.1 he2 5.2
Aerobie

Table 3, RELATIVE DIGESTER VOLUMES vs. PROCTESS TEMPERATURE
(Miiller-Neuhaus, 1971)
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This table emphasizes the importance of the process temperature when estimating
costs for these processes, With an average temperature of 1000, the specific
volume (1/p) of the two types of digesters would be the same. As the process
temperature increases, the aerobic digester would be more favorable in volume
and thus the capital cost would decrease, Miiller-Neuhaus compared the costs
for an anaercbic and aerobic unit, both treating 100 m3 sludge per dav. The
process temperature was 10°C and unit construction cost per m volume of aero-
bic and anaerobic digester was 300 DM/m> ($100/m>). Power and maintenance cost
for the anaerobic digester was set at L5 ™ /o year ($15/m> year). The total
costs for the two types of digestion were 81,000 DM/year ($27,000/year) for
anaerobic digestion and 100,000 DM/year ($33,300/year) for aerobic digestion.
It must be recognized that a unit treating 100 m sludge per day would be a
very large plant in Scandinavia and the cost comparison would change if the
plants were smaller,

Ritter (1970) concluded in his work that 85-150 1/person is adeguate as
aerobic digester volume and the air supply used in practice ig 25<30 1/min/ﬁ3
(25-307%> per 10004 per min), Ritter states that operating costs, which are
mainly power costs, are reasonably low considering the effectiveness of aerobic
digestion, Average power costs in the plants studied by Ritter was $2.18/yr/

1b BOD received or $0.37/yr/person.

Measurements of the Degree of Stability of Aerobically Digested Sludge

In "Korrespondenz Abwasser” (1971), a summary of a meeting held in Germany
regarding degree of stabilization was published, The pessible methods diséuss-
ed will only be listed in this literature review because very little data is
available to evaluate ememethod against another,

1. Per cent reduction of volatile suspended solids,
2, Change in percentage volatile suspended solids as a fraction of

total suspended solids,
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3. Fat content in the sludge measured by an extraction process,
Lo H,S evolution during storage,
5. Oxygen-uptake rate,
A1l of these methods have their advantages and disadvantages, but are un-
doubtedly parameters that can be used to measure the degree of stability,
Kempa (1967) introduced a new parameter for measuring the degree of sta-
bility. Since both the carbon (C) content and hydrogen (H) content in the
sludge change during the digestion process, he proposed to use the product of
C and H divided by the ash content (total solids minus volatile solids). This
CeH/ash content ratio would then decrease during the stabhilization process and
a certain "break" in the curve would, according to Kempa, indicate that the
sludge had been fully stabilized.
Kempa (1967) also used the expression developed by Rawn and Bant. This
expression is shown below:

3 T, (6)

¥ = 100(1-
Vo M1

=
L]

degree of stability (%)
VosVq = organic solids content as per cent of total solids in

raw and treated sludge respectively.

inorganic solids content as per cent of total solids

o
-
T

in raw and treated sludge respectively.

This expression was originally meant to be used for anaerobic digestion,
However, its use has been expanded to include aerobic digestion. The main fal-
lacy, in the author's opinion, is that this expression will never give a fully
stabilized sludge (M = 100%) and the result, therefore, can be misleading.

Ruffer (1966) used the lead acetate test as an indicator of sludge stabil-

ity. This simple test method is described under "Analytical Procedures® in
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this dissertation, A sludge was considered stable if no color could be detect—
ed earlier than 6 weeks, A standard procedure is needed before this method

can be used universally.



DESCRIPTION OF FQUIPMENT
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Pilot Plant

Aerobic digestion was carried out in 20 cvlindrical reactors, each contain-
ing 15 liters of sludge. Fach reactor had a diameter of 25 em and a heipht of
50 em. Two large, galvanized steel tanks served as waterbaths. Fach bath con-~
tained 10 reactors (see Figures 2 and 3).

Compressed air was supplied from a compressor, type Spellna, also serving
the biological treatment plant at Kjeller Research Station. One 20 mm Pyrex
diffuser stone with no. 1 porosity was placed in each reactor, approximately
40 mm from the reactor bottom., Due to clogging, each diffuser was replaced
with a clean diffnsér approximately once a week. Air flow was measured with a
Fischer and Porter type rotameter (No. 6612N) with maximum capacity 360 1/min.
The air supply to each unit was kept constant at 12,6 1/min ¥ 0,6 1/min (5%).
Once, during the six months testing period, the air supply was shut off because
of a 2-hour and 10-minute power outage,

Two heating units (one Haake-Thermostat E52 and oneHeto, type 501623 )
each with a capacity of 0-1000 watts were used for temperature control of water-
baths at 25°C, 18°C and 12°C, Fach unit was equipped with a pump (capacity
12 1/min) to cireulate water in the bath, Thermostats were rerlaced twice dur-
ing the test period due to malfunctioning. Temperature in the waterbath was
always slightly different from the temperature in the reactors, Evaporation
and the temperature of the compressed air were probably the major reasons for
this. A close control of the temperature in the reactors was kept at all times,

A refrigeration unit (type Alfa-Laval) served two purposes in this pro-
jeet: it kept the cold storage bath for raw sludge at 4°C % 0.5° and it con-
trolled the temperature in the 7OC waterbath, A thermosﬁat placed in the 7°c
waterbath activated a pump that supplied water from the AOC cold storage bath
whenever the temperature in the 7OC bath increased above this set temperature,

No problem was encountered with this set-up,



Figure 2. Pilot Plant

Figure 3., Water Bath with 10 Reactors
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The temrerature in the 4°C cold storape bath was thermostatically control.
led also, The submersible cooling unit was equinped with a proveller to keep
good circulation in this tank at all times,

The pilot plant required daily maintenance seven days a week because the
experiments were carried out on a continuous flow system. The daily rovtine,
when no tests were conducted, was to check the temperature in the reactors and
the 4,°C cold storage bath and adjust the thermostats, if necessary, The next
step was to check the aerators for signs of clogging and, if necessary, they
were replaced with clean ones, The walls of each reactor were scraped clean
of solids that always had a tendency to fasten to the walls, This was particu-
larly true with the units treating primarv sludge and having a short detention
time. The volume of each reactor was controlled and water lost due to evapOra -
tion was rerlaced with tap water. Very little water was lost during the 79¢
and 129G tests, At 2500 and 18°C tests approximately 100-400 ml were lost in
24 hours. The proper volume of sludge was then withdrawn from each unit, ac-
cording to the set detention times and new sludge was taken from the cold stor-
age and added to the units. At times foaming was a problem in some of the
units, This did not seem to follow any pattern and it disappeared after a few
days.

A set routine was also followed when an extensive testing vprogram was
carried out, Tests on 5 reactors only were conducted in one day because of
the amount of laboratory work involved., The general procedure was to measure
temperature, pH, oxyegen content and the oxygen uptake rate in each unit. This
was always done before the walls of the reactor were scraped down., The walls
were then scraped down, volume adjusted and the treated sludee (mixed liocuor)
was withdrawn from each unit into one-liter plastic bottles, Gentle stirring
with a wooden paddle was provided during sludge withdrawal. The new raw sludge

was then added,
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In the field laboratory, samples for total phesphorus, orthophosphate,
Kjeldahl-mitrogen, nitrite plus nitrate (NOszOB), adenosine triphosphate (ATP)
were prepared and brought to the main laboratory of the Norwegian Institute for
Water Research (NIVA) in Oslo. A1l tests on sludge characteristics, like cap-
illary suction time (CST), specific resistance to filtration, drainase, sedi-
mentation, etc., were carried out at the field laboratory. An effort was made

to do these tests as soon as possible after the samples were withdrawn from

the reactors,

Full=Scale Aerobic Digesters

The 3 aerobic digesters located outside were constructed out of timber
with a structural steel frame at the top and the bottom of the walls. Tach di-
gester measured approximately 3.80 m by 3.70m with a depth of 2,0m. The effec-
tive water depth was 1,50 m, which gave each reactor a capacitv of 21,1m>,

A walkway was placed across all 3 digesters. This walkwav supported the
3 surface aerators and provided access to skimmers for supernatant withdrawal,
valves and other appurtenances (See figures 4 and 5).

Two of the digesters were equirped with tvpe APAG, 3HP, surface-type aer-
ators operating on the airlift-pump principle. The third digester was not
used for experiments, but served as a "buffer tank" for excess siludege produced
at the test station,

The volume of sludge pumped from the treatment plant to the digester was
measured with a scale fastened to the wall of each digester. Since the aera-
tors were not floating, the volume in each unit had to be kept fairly constant

to prevent a change in oxygenation capacity of the aerators,
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Figure 4, Full-scale Aerobic Digesters

Figure 5. Equipment for Supernatant Withdrawal



ANALYTICAL PROCEDURES
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In the following discussion only those methods that differ from the pro-

cedures set forth in Standard Methods for the Examination of Water and Waste

Water will be discussed,

Hydrogen Ion Concentration

A Radiometer, Type PHM with a combined electrode tyre GK 2311C, GK 2303C,
was used to determine pH. The pH-meter was calibrated apainst Radiometer buf-

fer solutions pH 6.50 and pH 4.65,

Dissolved Oxygen

Dissolved oxygen (D,0,) was determined with YSI-Oxygen meter, model 54,

Oxygen Uptake Rate

The oxygen urtake rate was measured with YSI-Oxygen meter, model Sl
equipped with YSI 5420 A self-stirring BOD bottle probe, A recorder, Leeds and
Northrup, Speedomax H was used for plotting change of D.0. in the 200 ml test
bottle vs, times, The oxygen uptake rate would then be the slope of the line
(mg/1/min). The stirring capacity of the YSI BOD bottle probe is less than
desirable for sludges with high solids concentration. For sludges with T3S
higher than 10 g/1, the author recommends the use of a magnetic stirrer, The

¥Y8I-BOD bottle probe was used throughout this research oroject (see Figure 6).

Total Suspended Solids

Total suspended solids was determined gravimetrically: a 70 ml volume
was centrifuged in a Sorvall Superspeed Centrifuge, type S5-~1, KSB-1 for
approximately 10 minutes; the clear centrate was withdrawn from the centrifuge
tube and the solids put in 2 aluminum foil dish and dried at 103°%C overnight ;
in the morning, they were placed in a dessicator and weighed, All tests were

run in triplicate,
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Volatile Suspended Solids

Samples from the total suspended solids test were placed in the muffle fur-

nace at 56000 for one hour. Then they were placed in a dessicator and weighed,

Capillary Suction Time (CST)

A CST apparatus, Model 92 manufactured by Triton Flectronics Itd., was
used for this test., The principle of the method is that filtration is achieved
by the suction anplied to the sludge by the capillary action of an absorbent
filter paper of standard grade., A standard-sized circular area in the center
of the filter paper is exvosed to the sludpe, while the rest of the maper area
is used to absorb the filtrate drawn out by the capillarv suction of the paper.
The instrument records the time the filtrate takes to travel between two con-
centric circles, 3.2 cm and 4.5 cm in diameters. The 1 cm diameter funnel was
used for all tests., Since the proverties of the filter vaper are of fundamen-
tal importance in the test result, a large batch of filter papers was ordered
from the factory prior to the test period. Only papers from this batch were
used during the research period, All tests were run at room temperature
(20-2200), and no correlation of CST values was made with temperature, FEach
gample was run three times and the final CST value recorded was the numerical

average of the three tests,

Specific Resistance to Filtration

A method arplying Carmant!s theory was used to determine specific resist-

ance., The following anplies:

20P10A20b

pec
. ; -2
P = filtration pressure (g ecm )
A = effective filtering area (em?)
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b = inclination of the straight line if t/V is plotted
graphically in dependence on V (s cm-é)

V = volume of filtrate (cmB)

t = filtration time (s)

n = dynamic viscosity of filtrate (g cm—l s"l)

¢ = mass of sludge solids related to the applicable
amount of fluid (g cm"B)

o ° & 2 “l
r = specific resistanece to filtration (s° g )

An apparatus similar to that used for the Buchner funnel test was used (see
Figure 7). The filtration pressure was measured with a vressure gauge. Dynamic
viscosity of the filtrate was assumed to be the same as for water at the same
temperature, The filtrate was measured with a graduated cylinder vs, time,
Whatman filter paper no, 1 was used throughout the test period. A wire screen
inside the 9 cm Buchner funnel supported the filter paper., A 200 ml sludge
sample and a2 vacuum of 0.5 kg/bm? was used except for compressibility deter-

minations., The general procedure was as follows:

A, The filter paper was seated in the Buchner funnel by using distilled water
and then applying vacuum,

B. A 200 ml sample was poured into a 300 ml beaker and the temperature was
recorded,

C. The sample was poured into the Buchner funnel and vacuum pressure was ap-
plied. The hose clamp for the pressure was opened as soon as a thin lay-
er of sludge had been poured into the funnel, but before all 200 ml had
been filled into the funnel, This was to prevent the filter paper from
"floating" and then reseating itself.

D. The stopwatch was started and the filtered volume was recorded every 30

seconds for the first 5 minutes and then everybminute for the next
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5 minutes,
The ratio t/V (sec/ml) was then plotted against V and the slope of this line
determined the "b" factor. The effective filtering are=a used was equal to the

perforated area in the Buchner funnel.

Drainare Characteristics

Drainage characteristics were measured by using 12 sand-filter units as
shown in Figure 9. A Buchner fumnel (diam., 7 cm) was placed on top of a 500
ml graduated cylinder. A plastie tube (height 25 cm) fitted inside the fun-
nel, A wire screen was placed inside the funnel to support the 5 cm-thick
layer of filtering sand used. The sieve grading of this sand is shown in
Figure 8,

Prior to drainare tests the sand was wetted with tap water., The unit was
then filled with 10 em (385 ml) of sludge and the drained volume of water was
measured vs. time, The duration of each test was usually 2 weeks, After
each test, samples from the drained water volume were taken for further analy-

sis. The sand was replaced after each test,

Ruffer's Lead Acetate Test

Riffer's Lead Acetate test was used as a measure of degree of stahiliza~
tion. 100 ml bottles with glass stoppers were filled with 50 ml of sludge.
A strip of lead acetate paper was fastened between the bottle and the stopper,
The time required for the lead acetate paper to change from white to brown

due to evolution of HyS was recorded (See Figure 10).

ATP-Measurement

The quantitative determination of ATP by bioluminescence is dependent
on: (a) firefly luciferace enzyme being absolutely specific for ATP, (b)

the rate of the reaction being directly proportional to the concentration of
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ATP, assuming that other reactants are in excess, and {c) the emission of one
photen of light for each molecule of ATP which is hydrolyzed. The overall re-~

action is as follows:

p—
Mg
ciferace

Luciferin (reduced) + ATP + 0, o Luciferin (oxidized)

+ PP:.L + AMP + H2O + hv

When a sample containing ATP is injected into the enzvme preparation,
there is an immediate burst of light in the range of 560-580 mi. The intens-
ity of light declines in a semi-exponential fashion. The area under this
curve is proportional to the amount of ATP in the sample,

The ATP measurements in this study were made using a JRB-ATP Photometer
from JRB Incorporated, San Diego, California, U.S.A. A block diagram of this
instrument is shown in Figure 11, According to the JRB-ATP Photometer Instruc-
tion Manual (1971), the instrument works in the following manner:

When a sample is placed in the sample chamber after injection of ATP

and the dark slide is pulled out, light strikes the photocathode of

the phototube, liberating electrons which cascade through the photo-

multiclier to produce a current proportional to the light intensity

of the sample, This current is converted and amplified to vroduce a

proportional voltage, This voltare is fed into & voltage-frequency

converter where a pulse train is produced whose frequency is propor-
tional to the input voltage,

This pulse train is prescaled for increased accuracr and gated by a
digital timer. This precision timer allows the pulse train to pass
to a counter where it is accumulated for a pre-set interval., At the
end of the interval the count displayed represents the integral

2
c Iydt = displayed counts

t

where C is a constant determined by a combination of the high vol-
tage applied to the phototube (gain) and ATTENUATOR setting, photo-
tube sensitivity, and optical gecmetry. .
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Iy is the intensity of the light emitted from the sample, and t, and
t» represent the initial and final times respectively of the in%egra—
tion pericd,

Reagents:

1. Buffer: Tris-buffer (Tris-(hydroxymethyl)-aminomethane, 0,02 M, pH 7.75)
was used. After preparation, the tris-buffer was autoclaved and stored
in stoppered bottles in a refrigerator. Once a flask was opened, it was
used for one day,

2.  Enzyme Preparation: as outlined in the JRB-ATP Photometer Instruction

Manual (1971).

Sample preparation:

Approximately one litre of sludge sample was removed from the reactor.
This sample was homogenized in a blender and a one-milliliter sample was im-
mersed in 20 ml of boiling (100°C) Tris-buffer. The samrles were stored at

-20%,

Microscopic Examinations

Microscopic examinations of the sludges were made to determine the general
type of organisms which characterized the different environments during aercbic
digestion. A Leitz Wetzlar Dialux microscope and flat glass slides with cover

plates were used for making observations.,

Sedimentation

Six 1000 ml graduated cylinders were used throughout this project for sed-

imentation studies,
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UNTREATED SLUDGE CHARACTERISTICS AND EFFECTS OF STORAGE



52
The treatment plants at Kjeller Research Station treat domestic waste

only. Therefore, the changes in untreated sludge characteristics were what
would normally be expected in a treatment plant. To minimize any changes in
the raw sludee, the loadings to the primary plant and the chemical plant were
kept constant., The dosage to the chemical plant was kept nearly constant at
180 mg/1 AlZ(SOA)B except the period Nov. 29 to Dec. 7, when the dosage was in-
creased to ca. 240 mg/l AlZ(SOh)B' The properties of the untreated primary,
untreated chemical and mixed primary-chemical are shown in Appendix A. Average

values are shown in Table %  below,

Sludge pH T8S Vss CoD Tot-P PO, ~-P Alkalinity
mg/1 mg/1 mg/1 mg/1 mg/l mg CaCOB/l

Primary | 5,35 20607 17957 22970 140 29,6 265

Chemical - 1L366 9113 15060 LG6 0,48 -

Mixed 5,60 17508 13235 19255 286 1.18 21/,
Prim/Chem

Table 4. UNTREATED SLUDGE PROPERTIES

Fach day approximately 13 liters of raw orimary sludge and 13 liters of
mixed primary-chemical sludge were recuired to feed the 20 reactors in opera-
tion. Since it was impractical to withdraw raw sludge from the treatment
plants every day, this was done once a week, The sludge was first put into
two 200-liter plastic containers: one was filled with primary sludge and the
other with chemical sludge. The total suspended solids (TSS) was determined
and then adjusted to 15,000 mg/1 for chemical sludge and 20,000 mg/l for prim-
ary sludege, If the sludge had to be diluted to reach the proper solids concen-
tration, supernatant from the clarifier from which the sludge was withdrawn

was used., After the adjustment had taken place, the TSS concentration was
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determined again., Egual volumes of primary sludge and chemical sludge were
then mixed to make a minimum of 120 liters of sludge. Four 30-liter cans were
then filled with primary sludge and four with mixed primary-chemical sludge and
stored at 4,°C, The same procedure was followed each week,
In spite of the effort to keep the TSS constant, the per cent volatile
suspended solids (VSS) varied slightly during the test period. This can be
seen from Figure 12, The chemical oxygen demand (COD) also showed higher
values during the last part of the test period,
Changes that might take place during storage at 4°C and thus change the
character of the raw waste added to the reactors each day were of prime inter-
est. There are two major changes which can take place: decomposition of car-
bohydrates, cellulose and grease to acids; and deamination of nitrogen com=
pounds. One reaction lowers the pH, and the other raises it. pH measurement
~will therefore not be a good indicator to find out if one or both of these re-
actions will take place during storage, Figure 13 shows that essentially no

PH é;ange was found during storage. There was a élight increase in the ammonium
content of primary sludge during one week's storage (see Figure 14) and the

COD also varied slightly. The changes of the latter parameter were probably
caused by inaccuracy of the analytical method rather than material activity
during storage,

The Adenosine Triphosphate (ATP) was also determined for the two sludges
during storage at 4°C. Since ATP can be a measure of biochemical utilization
of substrate (raw waste), an increase in ATP would indicate an increase in the
biolegical activity during storarge. Figure 16 indicates that primary sludge
had the highest initial activitv and that a slight increase was indicated until
the sludge cooled off to AOC, and then followed by a sudden decrease in mg/l
ATP. The ATP content would then remain fairly constant throughout the week,

The mixed primary-chemical sludge showed almost no increase in ATP content
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during storage,

The change in specific resistance to filtration and capillary suction time
(CST) also were measured during storage. Storage at AOC did not seem to influ-
ence these two parameters verv much. The variations seen in Figures 17 and 18
for primary sludge are primarily caused by the difficulty in taking represent-
ative samples. This is especially true with the CST measurement since only a

few ml is needed for each test,
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Reduction of Volatile Suspended Solids, Total Suspended Solids and Chemical

Oxypen Demand

The untreated primary sludge had a high percentare of volatile suspended
solids; it varied from 75 per cent VSS to as high as 94 per cent, Probably
efficient grit removal was the reason for this. The percentare volatile sus-
pended solids in the untreated chemical sludge varied between L5 per cent and
T4 per cent. Changes in the primary waste water characteristics would affect
the efficiency of the precipitation process and hence the amount of organic
material removed from the waste water,

Removal of volatile suspended solids vs., detention time agreed fairly well

with a first order biochemiecal reaction.

VSS, - Vssy | Kb (9)
VSSO - VSSN °

VSSy; = volatile suspended solids at time zero (mg/1)

V35; = volatile suspended solids at time t (mg/1)

VSSN = nonbiodegradable volatile suspended solids (mg/1)

t = detention time in reactor (days)

Kn = rate of decay constant (days'l)

In this study nonbicdegradable volatile suspended solids were considered
to be the value of volatile suspended solids approached asymptotically by the
25°C curve., For primary sludge this value was set at 37 per cent of initial
volatile suspended solids concentration. For mixed primary-chemical sludge,
the nonbiodegradable fraction was L5 per cermt of the initial volatile suspend-
ed solids concentration.

The rate of decrease of volatile organic solids decreased as the detention
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time in the reactor increased, This was true for both types of sludges at the
four different temperatures investigated (see Figure 19).

This is expected since in the early stapes of dipestion the easily avail-
able food in solution will be used first. As the rocess proceeds, the orpan-~
isms must rely on their ability to liquify organic material, For this, thev
have to depend on extracellular enzymes., These enzvme reactions are slow and
will account for the reduced rate of volatile suspended solids reduction. Re-
ductions of total suspended solids and chemical osveen demand followed the same
trend (see Figures 20 and 21). For mixed primary-chemical sludge the reduc-
tions of TSS, VSS, and COD had a slight tendency to coalesce as the detention
time increased towards 35 days. This was not true with primary sludge., The -
difference in reductions of TSS, VSS, and COD for the four temperatures invest-
igated were higher at 35 days than at any shorter detention time, This might
not have been true if the detention time had exceeded 35 days.

The influence of temperature is evident from Figures 19, 20 and 21. The
reducticn of TSS, VSS and COD will increase with increasing temperature in the
reactor. Based on reduction of VSS, the rate of decay constant Kp was deter-

mined by using eguation 9. The result is given in Table3 below:

Sludge K7OC K1200 KlBOC KZSOC eaver Q10
Primary 0,0228 0,0324 0,0668 0,1086 1,114 2,72
Mixed 0.0293 0,0385 00,0731 0.0960 1,090 2,19

Prim/Chem

Table 5. KT AT DIFFERENT TEMPERATURES BASED ON REDUCTION OF

VOLATILE SUSPENDED SOLIDS

This is also shown in Figure 22. The influence of temperature is slightly

greater on primary sludge than on mixed primary-chemical sludge. Based on the
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Qqp concept the values were determined to 2,72 and 2,19 for primary and mixed
primary-chemical sludge respectivelv. The temperatures used were 10°C and

20°C. Using Streeter and Phelp's (Jaworski et al,, 1963) empirical equation:

K

N C ) (10)

.

0

The average values of 0O were calculated (given in Table 5). The O value
for orimary sludge was slightly higher than for mixed primary-chemical sludge,

The equations for temperature affects will be as follows:

Primary Sludge:

(o]
Kp = 0.0789 (1.114)(T - 20°C) (11)
Mixed Primary-Chemical Sludge:
(8]
K, = 0,0790 (1.090)(T = 20°C) (12)

T

The temperature will affect the biological system in two ways: first,
temperature will affect the enzymatic reactions that are responsible for the
reductions of volatile suspended solids; second, the temperature will influ-
ence the diffusion of substrate to the organisms. This effect can be determin-
ed by calculating the diffusion coefficient at different temperatures, These
two major types of temperature influence would possibly account for the differ-
ent 8 and KT values at different temperatures for the two types of sludges in-
vestigated,

Reduction of volatile suspended solids (VSS) vs. temperature for the two
types of sludges investigated are shown in Figure 23, It is of interest to
note that as the lower temperatures are arproached, the rate of reduction of

volatile suspended solids will decrease., This seems to be true for both tyves
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of sludges investigated,

Change of pH and Alkalinity During Aerobic Stabilization

The change of pH during aerobic stabilization is well documented in the
literature, The increase of pH during the early stares of the digestion vrro-
cess was experienced for both types of sludges and at all four temperatures
investigated. For mixed primary~-chemical sludge, this earlyv increase was al-
ways followed by a gradual decrease to a low pH value at 35 days' detention
time (See Figures 24 and 25), Similar results were obtained with primary sludge
except during the 12°%c series. During this series, no gradual reduction with
increasing detention time was obtained, Also during the 18°¢C and 25°C series
the gradual decrease with increasing detention time was very small, For these
three series, the pH increased from PH 5.3 to approximately pH 7.0, Digestion
of primary sludge at 700 showed a more typical pH curve: an increase from
PH 5.3 to pH 7.25 and then a gradual decrease to approximately pH 6,3,

Wide fluctuations of the pH values were experienced in most reactors, even
though they were at a steady state, This was especially true for primary sludge
at the 7°C series and mixed primary-chemical sludge at 7°C and 2500 series,

The possible explanation for this is that the always changing alkalinity of the
raw waste added to the reactor from one wesk to the next., Also a gradual
change in aeration intensity due to clogging of the diffusers might influence
the pH values in the reactors, Changing aeration intensitv will chanre the
rate at which CO5 is stripped from the reactor. The build-up of foam in the
reactors, which occurred with no obious pattern, would also possibly influence
the stripping of 002 from the reactors,

Alkalinity decreased with increasing detention time for bhoth primary
sludge and mixed primary-chemical sludge., The reduction of alkalinity was

rapid during the first 5 days; then it would gradually decrease or even
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increase slightly, and then it stayed fairly constant from 15 days' detention
time to 35 days' detention time, For primary sludpe, the reduction in alkalin-
ity was from approximately 260 mg Ca003/1 in the raw sludpe to values between
36 mg CaCOB/l and 107 mg CaCOB/l. These values are average values of four in-
dividual measurements. The lowest single measurement of alkalinity for primary
sludge was 15,0 mg CaCOB/l (stabilized at 7°¢ and 35 days). Alkalinity vs.
detention time is shown in Figure 26,

| The alkalinity of raw mixed primarv-chemical sludge was reduced from its
initial value at 230 mg CaC03/1 to less than 40 mg CaCOB/l. Values less than
10 mg CaCO3/1 were not uncommon. These low values of alkalinity indicate that
a complete loss of alkalinity might have happened at times in the reactors

treating mixed primary-chemical sludee with 25 to 35 dayst! detention time,

This 1s probably the reason for the wide fluctuations in the pH values,
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Change in Forms of Nitrogen During Aerobic Stabilization

The untreated sludge contains nitrogen in the form of ammonium and organic

nitrogen. Table 6 gives the average values of the nitrogen forms for the two

types of sludges investigated,

Kieldahl-v&)  NH,-N®C)  (NOp#lo3)-N)

mg/1 mg/1 mg/1
Primary sludge 623 6L.8 0,02
Mixed Primary- 533 L3.5 0,02

Chemical sludge

x) Average values of 22 samples

xx) Average values of 6 samples

Table 6 . FORMS OF NITROGEN IN RAW SLUDGE.

A large portion of the nitrogen (approximately 90%) entering each reactor
is in the form of organic nitrogen and the rest is in the form of ammonium.
No nitrite and nitrate were found.

Several biological processes that change the nitrogen forms will take
place simultaneously during the aerobic digestion process. First of all,
ammonification will liberate ammonia from organic material, Liberated ammonia,
which is the most reduced form of nitrogen, then serves as the starting point
for nitrification., The pathways for oxidation of ammonia to nitrite (NOZ) aﬁd
then nitrate (NOB) have been discussed in the literature review,

Figure 27 shows a reduction in Kjeldahl-nitrogen with increasing detention
times., In other words, nitrogen is lost from the system during the process,
Table 7 gives the percent reductions in Kjeldahl-N for primary sludge and

mixed primarv-chemical sludge stabilized at 18%¢.
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Sludge Detention Time (days)

5 10 15 25 35
Primary (%) 20 22 16 37 26
Mixed Prim.-chem.(%) 15 10 19 27 32

Table 7. Reductions of Kjeldahl-N During Aerobic Digestion at 18°¢

Similar reductions were found at other temperatures although the affect of
temperature on Kjeldahl-N removal is not evident. Experiments with primary
sludge indicate a high removal of Kjeldahl-N at 1800 and 25°C for detention
times in excess of 15 days. For shorter detention times, primary sludee stabil-
ized at 12°C and 18°C had the highest reduction.

Two possibilities for nitrogen reduction exist: loss of ammonia gas or
loss of nitrogen gas. Loss of ammonia gas is most probably negligible at the
pH range under which these reactors operate, This is also proven by Irgens
et al, (1965). WNitrification with subsequent denitrification is the most logi-
cal explanation for the loss of nitrogen. Figure 28 shows the concentration

of (NO, + N03)~N at different detention times and temperatures. For primary

2
sludpe no (N02 + N03)~N was found at detention times less than 15 days, This
was not the case with mixed primary-chemical sludge, although low concentra-
tions of (Nﬂg + NOB)-N were associated with low detention times, Nitrifica-
tion, therefore, was taking place in most of the reactors regardless of the
temperature, Nitrogen loss at short detention times, especially for primary
sludge, suggested that (NO2 - NOB)—N was produced even at detention times less
than 15 days, but it was reduced to nitrogen gas as soon as it was formed.

Anaercbic zones towards the center of the sludge flocs would stimulate denitri-

fication and thus account for the nitrogen loss at short detention times.
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These units would normally also have the lowest dissolved oxygen concentration
due to their higher organic loadings. As the detention time increases, the
production of N02 and NO3 would surpass the loss due to denitrification and
thus increase,

The ammonium concentration would normally decrease rapidly at low deten-
tion times and then stay fairly constant at 15 - 25 mg/1 NHA~N, This indi-
cates the rate of ammonification does not limit the nitrification step (See
Figure 29).

Figure 30 indicates the nitrogen content as a percentare of volatile sus-
pended solids (gN/gVSS) in the vrimary sludge will increase with increasing
detention time in spite of the fact that the Kjeldahl-N, measured as mg/l-N
is reduced. The reason for this is the volatile suspended solids concentra-
tion will decrease more than the nitrogen content, The temperatgre at which
the sludge is stabilized.will also influence the nitrogen content of the
sludege., At ZSOC the nitroren would increase from 5.1 to 7.2 per cent while
at 700 ard 1200 the nitrogen would increase from approximately 3 to L per cent.

Mixed vrimary-chemical sludee stabilized at 12°C ard 1800 had an increase
in nitroren content similar to that found for primarv sludge. Results obtain-
ed at 700 and ZSOC for mixed primary-chemical sludge would tend to fluctuate
much more than for the other series. At 2506 there was even a slight de-

crease in nitrogen content with increasing detention time.

Change in Oxygen-Uptake Rate and ATP During Aerobic Stabilization

The oxygen-uptake rate was measured for both types of sludge at all four
temperatures investigated. The result is shown in Figure 31. The oxygen-
uptake rate would normally decrease with increasing detention time and decreas-
ing reactor temperature. Primary sludge stabilized at 12°¢ and 18°C did not
indicate a decrease with increasing detention time, but remained fairly con-

stant. At 18°C there was even a slight increase in oxvgen-uptake rate with
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inereasing detention time. However, the oxygen-uptake rate for vrimary sludge
was more influenced by témnerature than the detention time in the reactor.
Primary sludge stabilized at 25°C had an oxygen-uptake rate of 3 mg Oz/g VSSeh
while the same sludge stabilized at 7OC had an oxygen-uptake rate of anTroxi-
mately 1,0 mg 02/g VSSeh., This was exvpected since the rate of reduction of
VSS at 7°C is much lower than at 25°¢.

The oxygen-uptake rate for mixed primary-chemical sludge stahilized at
2500 and 1800 seemed to vary inversely with detention time in the reactor,

The oxygen-uyptake rate for the same sludge stabilized at 7°C and 12°C remain-
ed fairly constant with increasing detention time, The lowest oxyrgen-uptake
rate was experieﬁced at 7°C. It is of interest to note that for mixed primarv-
chemical sludge the oxvgen-uptake rate at, 180C was higher than at 25°C in snite
of the fact that a hisher reduction of VSS was found at ZSOC. Several factors
influencing the oxvgen-uptake rate in a culture might account for this. First,
the degree of agitation in the testing vessel, in this case a 200 ml RBOD bottle,
will definitely influence oxyeen-uptake br the microorganisms. Since the same
testing vessel with the same stirrer was used throughout the test period, this
could not account for the difference, WNitrification recuires oxvgen and there-
fore it will increase the oxygen consumption in the heterogenesous culture.
However, evidence of nitrification was found at both 18°C and ZSOC. No higher
degree of nitrification at 18°¢C could be proven,

Another possible exrlanation for the higher oxygen-uptake rate at 18°¢
than at 25°C is the difference in the predominance of species in the hetero-
geneous porulations at these two temperatures. Through microscopic examina-
tions, highly mobile protozoa were found in large numbers at 1800, and although
they were observed at 2500, they were not néarly as abundant as at 18°¢, A pre~
dator-prev relationshir between the bacteris and the protozoa will exist in

the reactors and the bacteria will be metabolized bv the rrotozoa,



5,01

4,01

2,0+

Oxygen uptake (mg 0,/gVSS/hr.)

81

Primary sludge

S N &
© © ©
I L ]

-

~~
o
1

Oxygen uptake {mg 0,79 VSS/he.)

o

Lee)
£

.::: ‘S.C
25°C
_ ——0Onrec
- 7°C
] H ¥ H 1 ¥ R ]
¢ 5 G 15 20 25 30 35
Detention time {days)
6\
N Mixed primary/chemical sludge
,\'
O\ AN
-.\ G’\'\
b @\
\. - N
® .‘\'
Q\. O e
o\ s P— ®
.. O 18°C
o O e
U= -
o~ “\“._:8:__\ e == O 25°C
I ORF2%e
G\O, . o
T T 7 v l T —
5 10 15 20 25 30 35

Detention time {days)

Figure 31. Oxygen-uptake Rate vs. Detention Time,



82
The increase in the oxypen-uptake rate, then, can be ascribed to eilher the
increased bhacterial multinlication stimulated by predator activity or to the
respiration of the protozoa feeding on the bacterial population., Work by
Bhatla et al. (1965) indicates the latter rossibility to be the most likely
reason for the high oxygen-uptake rate at 18°C,

The potential of ATP measurements for providing valid aporoximations of
fluctuations in living microbial bhiomass has been discussed in the literature
review, ATP content for both types of sludge and at all four temperatures
were measured. However, the values obtained for mixed primary-chemical slndge
at 700 and 250C were approximately one-tenth of the values obtained at 12°C and
18°C and also for primary sludge at 70, 12°, 12° and 2508. No valid exviana-
tion for this can be given. The result from these two test series have been
discarded.

AT® content in the mixed ligquor and ATP per unit of volatile suspended
solids for nrimary sludge are shown in Figures 32 and 33, Since ATP is not
found in dead cells nor associated with any nonliving material, Figure 32
indicates that the viable portion of the volatile suspended solids increased
from anproximately 0.05 pg ATP/mg VSS in the raw primary sludge to a maximum
value of 0.27 to 0.57 pg ATP/mg VSS. This maximum value largelyv depended on
the reactor temperature. Higher temperatures yielded higher values of ATP
per unit VSS, In other words, a larger portion will be viable biomass. At
2500 and 12°C a reduction in ATP per unit VSS was found for extremely high de-
tention times (35 days), while it staved fairly constant with detention times
in excess of 10 days at 700 and 1208.

To relate ATP to microbial biomass, it is necessarv to know the avrroxi-
mate ATP concentration per cell of the species present. This determination was
outside the scope of this research project, but it is of interest to comrare

our data with that determined b Patterson et al, (1970). He found ATP values



ATP/VSS (1 g/mg)

ATP/VSS (ug/mg)

83

0,6
Primary sliudge ./Q\-.\
7 ~.
. ~
0,5~ /"/ .
O ~.
X i Q18 C
0,4 e
34 / g
L
A
R
— TT——n12°C
= - B 7°C
H H T ]
20 25 30 35
Detention time (days)
g @
0.5 Mixed primary/chemical sludge /’/6318 ¢
./‘
v
0,4 . /',&"\.\ /./
/ '\‘ /.
P/ o= -
0,37 /
/
/
2] /
/ e e DY, S 12°C
/ P ~ A= —°
. / N —_
/Iy ~ -
. N —
0117/ Lo
&?’/
L v H 1 H L ) L]
0 5 0 1. 20 25 30 35

Detention time (days)
Figure 32,

ATP/VSS vs. Detention Time,



ATP [(mg/l)

ATP (mg/l)

84

Primary sludge

T T T ¥ T T 1
0 5 10 5 20 25 30 35
Detention time (days)
5..
Mixed primary/chemical sludge
‘...
P N
/ ™, Aowec
3- \ P
/ a\-\ "
/ I
24/ B~
i/ TR
/
i/ AN O —oe¢
1" / \ ////
/7 o~

q

g
0 7 ¥ [ H 1 ) 1

0 5 0 B 20 25 30 35

Detention time (days)

Figure 33, ATP vs. Detention Time,



85

of 1.4 to 2.0 np’/mg VSS for activated sludpe which is 3-10 times that obbained
during aerobic stabilization of vprimary sludge. Arain this indicates a very
low content of active biomass in the volatile suspended solids during aerobic
digestion,

Data obtained for mixed nrimary-chemical sludge also are shown in Figures
32 and 33. An increase in ATP per unit volatile suspended solids up to a max-
imum value at 10 days was found at both 12°C and 1800. The total value of ATP
(mg/1) and the ATP/VSS decreased between 10 and 15-25 days. Revond 25 davs a
slight increase appeared, especially at 1800. Further investigations must be
conducted in order to learn if this second increase is reproducable or caused

by analytical errors,

Sedimentation, Drainage and Filtration Properties of Stahilized Sludge

Sedimentation Properties:

A distinct interface was formed for both types of sludge and at all temp-
eratures and detention times investigated. The position of the sludge-licuid
interface was recorded after 30 minutes and then after each hour for a total
test veriod of 6 or 7 hours.

Figures 34 and 35 show the sedimentation curves for vrrimarv sludge and
mixed primary-chemical sludge respectively at different detention times in the
reactor, The velocity of interface vs. detention time in each reactor is shown
in Figure 36. This velocity eguals the slove of the initial straicht line por-
tion of the settling curve. The following conclusicns can be made from these
tests:

1. An increase in the reactor temperature increased the interface velocity
for both types of sludge investigated. However, the difference between
the interface velocity at the high temperature (259C) and the low temper-

o . . .
ature (7°C) was more severe for primarv sludge than for mixed primary-
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chemical sludge.

2, If the detention time in the reactor was increased, the interface velocity
also increased if the temperature was 18°C or above, At the low tempera-
tures investigated (7OC and 12OC), the primarvy sludge showed an initial
decrease in sedimentation properties up to 5-10 days and then a gradual
increase for longer detention times up to 35 days. The same was not true
for mixed primarv-chemical sludge, although a slight decrease in inter-
face velocity was experienced during the 129C series between 10 and 25
days detention time,

The sludge volume index (SVI) was calculated (see Figure 37) for both pri-
mary sludge and mixed vrimary-chemical sludge. The author of this dissertation
is well aware of the fallacies in using SVI to predict sedimentation properties
for sludges. However, several researchers (Bokil et al., 1970, Riffer, 1966)
have arplied this varameter for this purvose and it is felt that a brief dis-
cussion of this parameter is well within the scope of this research.

The sludpe-volume index for orimary sludge stabilized at 700, 12°C and
18°C increased with increasing detention time. This was also the case with
mixed rrimary-chemical sludge at 700 and 12°C. This would indicate, then,

a reduction in sedimentation proverties with an increase in detention time,

cuite contrary to the conclusion drawn from Figures 34 through 36. The SVI

values calculated for orimary sludge at 2500 and mixed primarv-chemical sludgse

at 18°C and ZSOC seemed to increase to a maximum value and then decrease to a

minimum value, Coneclusions from these SVI values would also be in disarree-

ment with those conclusions based on the complete sedimentation curves. The
author strongly feels that the sludge volume index is not indicative of the

sedimentation properties of sludges,
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Change in Drainare Pronerties during Aerobic Stahilizgtion

The chanpes in the auantity and.quality of the water drained from sludres
were investipnted, The analvtical meblod used is ontline in Annlvytbieal Proce-
dures. Figure 38 shows that the per cent drained water volume increased with
the number of davs of aeration. This is the case for both types of Sludve
investigated. Untreated primary sludee had poorer drainase properties than
untreated mixed vrimary-chemical sludge. This was expected since chemical
sludre (Al) will condition the sludge mixture., The total water volume drained
from the sludge generallv showed an increase with stabilization temverature,
This effect was more noticeable for primary sludge than for mixed nrimary-chem-
ical sludpe,

In most cases, between 85 per cent and 90 per cent of the water in the
sludee was removed by drainare., Table 8 below lists the calenlated total sus-
pended solids concentrations (TSS) obtained in the sludge cake for different
reactor temperatures and detention times. Values given for the 7°C and 2500
series are the average values obtained for two individual series, The sélids

concentration was calculated by using the eoguation:

#TSS (in sludge cake) = 200 ° A (13)
(100 - B)

A = T85(%) in the sludge before drainage

B = Drained water volume in % of total volume

Data given in Table & indicate that the final solids concentrstion in the
cake is nearly independent of both the reactor temperature and the degree of
stabilization, This might seem a contradiction to the previous statement that
the per cent of drained-water volume of the total initial water volume will in-
crease with increasing detention time, However, it must be realized that as

the detention time increases in the reactor, the suspended solids concentration
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will decrease. In other words, a larger percentare of water must he removed
from a dilute sludge than from a less dilute sludre in order to end ur with the

same solids concentration in the sludge cake,

Detention Time Primary Sludge Mixed Prim/Chem Sludge ;
(days) 7°c 12°% 18% 25% | 7% 12% 1% 25%
0 12.6 8.9 9.4 10,6 11,0 11.8. 10,7  10.4 |

5 12,6 12,8 10.8 10,1 |11.6 10,7 9.2 10.6

10 9.7 9.4 11,5 12,1 | 12,0 11.1 8.2 1L 4

15 9.5 10.6 8.1 8.7 (11,7 11.1 10.4 11.1

25 9,7 10,C 8.6 10,3 | 11.2 8,5 9.8 9.3

35 11.7 8.9 8,0 12,4 | 13,1 2,0 9.3 12,7

Table 8,  PER CENT SOLIDS IN SLUDGE CAKE

The per cent drained-water volume that has been mentioned in this
discussion is based on the maximum amount of water that will be released from
the sample during the drainare test, The rate at which the water is released
will vary with both the vrocess temperature and sludge stahility (number of
days aerated). As an example, Figure 39 illustrates the drained volume (ml)
vs. drainage time (days) for both types of sludges stabilized at 7°c. Sludges
stabilized in 15 days and 25 days released their water quite slowly. Sludges
with shorter detention times in the reactor released the water at a much fast-
er rate., Sludge aerated for 25 davs gave off some water even after & days of
drainage., Similar curves for l2°C, 18°C and 25°C indicate that the drainage
rate will be affected by days of aeration (detention time in reactor), but the
inflvence is insignificant from a practical point of view,

Drained water from a drving bed normally will be returned to the
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treatment plant inlet., It is therefore of interest to know not only the guan-
tity of filtrate, but also the gquality, Tables 9 and 10 show the COD, BOD7,
orthophosphate, and turbidity values for the filtrate from sludges at different
detention times in the reactor, Figure 40 shows a rlot of BODy vs. detention
time from the first series, It is evident that the ocuality of filtrate in-
creases with an increase in detention time, Both COD, BOD?, orthophosrhate,
and turbidity showed a sharp drop between O and 5 days detention time and then
a more moderate reduction with detention times in excess of 5 days. Orthophos-
phate values for mixed rrimary-chemical sludge at 25°C were exempted from the

general conclusion given above,

ol o COD mg/l | BOD. mg/l PO, -P mg/l | Turbidity
Av— 8 1 2 1 2 1 2 1 2
Serles series serlies series series Serles series serles
0 |25 1362 | 1879 L70 830 |19.00 | 36.00 324 227
5 125 1251 293 10 L2 2.10{ 3.80 15 34
10 25 1kl | 257 13 1k 1.30{ 1.h4o 1L 17
15 25 196 | 182 9 9 0.18 | 3.00 16 T
25 |25 bk 170 0 13 0.07 | 2.90 7 6
35 25 175 165 12 L 0.30 | 2.90 9 L
0 T 1735 | 1800 | 1365 | 1350 | 35.00] 32.00 340 460
5 7 L30| 6L2 110 135 0.90 | 11.00 67 88
10 7 304k | 553 L6 220 0.13} 0.50 32 33
15 7 290 | 382 25 155 0.13] 0.05 33 37
25 7 309 | 308 65 54 0.05| 0.04 29 22
35 7 310 | 260 26 2l 0.18 ] 1.30 51 3k

Table 9. QUALITY OF FILTRATE - PRIMARY SLUDGE.
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\

3 é’ & COD mg/1 BOD, mg/1 PO, -P mg/1 Turg;gity
SR 1 2 1 2 1 2 1 2
pel series series| series| series| series| series| series|series
0] 25| Lé8 693 350 646 | 0.09 | 0.18 22 25
5/ 25| 161 | 132 23 17| 0.50 | 0.33 25 16
10| 25 69 9L 6 10| 0.27 | 0.09 15 T
15| 25| T4 | 106 5 81 0.3k | 0.1k 17 8
25] 25| 61 54 3 6| 0.43 ] 0.12 16 6
351 25 T0 L7 8 L' | 0.60 | 0.0k 23 L
0 7| 809 817 630 700 | 2.40 | 0.25 88 4o
5 T1i 306 37 Ly 67 | 2.80 | 0.70 81 32
10 T 120 | 189 16 16 | 0.41 | 0.33 17 18
15 Ty - T2 17 - | 0.17 | 0.0k 17 3
25 T 115 49 18 - 0.06 | 0.09 1k 3
35 7 85 39 17 - 0.13 | 0.0k 1k 2

Table 10,

QUALITY OF FILTRATE - MIXED PRIMARY-CHEMICAL SLUDGE.
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It appears from Tables 9 and 10 that the filtrate from sludpes stabilized
in excess of 5 days was so low in COD, BOD7 and orthophosphate that, it could
be piped directly to the receiving water without being recycled to the treat-

ment plant inlet,

Filtration Properties:

Two tyves of tests were used to measure the change in the filtration DProp=
erties during aerobic stabilization. The specific resistance to filtration
test as outlined under "Analytical Procedures" was used. In addition the capillary
suction time (CST) was measured. The major reason for using these methods was
to evaluate one method against the other under different conditions. This will
be discussed later in this chapter.

The specific resistance to filtration (r) decreased with increasing deten~-
tion time in the reactor treating primarv sludge at 12°C and 1800. For primary
sludge stabilized at 7°C, a slight increase in specific resistance to filtra-
tion took place the first 5 days followed by a gradual decrease, The overall
change of specific resistance to filtration at 7OC was insignificant. Primary
sludge stahilized at 2500 showed a decrease in specific resistance to filtra-
tion, and then after 15 days! detention time it increased again, The increase
in specific resistance to filtration after 15 days of aeration at 2500 is prob-
ably caused by an increase in the amount of "pin flocs" and fines. These have
been studied in detail by Laubenberger et al, (1971)., The fines have a tend-
ency to clog the filter and hence increase the specific resistance to filtra=-
tion. Figure 41 shows the specific resistance to filtration vs., detention
time, It is also likely that the sludge contained an éxce§s of biclogical
polymers ard that these acted as dispersants when present in an excess over the
optimum dose,

Specific resistance to filtration for mixed rrimary-chemical sludge
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increased during the first § days and then pgradually decreased to a minimum
value at 35 days' detention time. The initial increase was rrobably caused
by the initial break up of the sludge particles due to the agitation in the re-
actor,

Since bio-flocculation is a natural vart of the material life-cycle, and
maximum flocculation will not occur until the endogenous rhase, the particles
will reflocculate and improve the specific resistance to filtration with an in-
crease in detention time. Again no significant change in specific resistance
to filtration was found for mixed primary-chemical sludge stahilized at 700 ex-
cept for the slipht increase at 5 days' detention time,

If specific resistance to filtration for the two types of sludge is com-
pared, it avpears that mixed primary-chemical sludge has the best filtration
properties, although its floc seem to be less resistant to agitation at low
degrees of stabilization. The better filtration properties for mixed primary-
chemical sludge were partly expected since particles in sewage sludge are held

in suspension by rerulsion between individual particles due to negative charges.
.. . . +44 .
When mixing bPrimary and chemical sludge, added Al cations would probably

Overcome these repulsion forces by neutralizing the negative charges and thus

allowing the particles to group together and increase the floe size,

For both tvpes of sludge investigated the stabilization at 1800 gave the
best filtration properties. No explicit explanation for this can be given,
Some types of organisms capable of improving the filtration properties were
possibly vresent in larger numbers at 1800 than at any other temverature, More
likely, the bio-flocculation due to naturally produced rolvelectrolvtes was
more vrevalent at this temverature,

Figure 42 shows the change of capillary suction time (CST) at different
detention times and temperatures. The result obtained with this parameter was

so close to the specific resistance to filtration measurements that the
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discussion above will be valid also for GST measurements., In other words, the
CST apparatus was a valuable tool in measuring specific resistance to filtra-
tion. Since C3T is dependent on the total suspended solids concentration (1Ts5)
in the sample, the ST value divided by TSS (in percent) plotted arainst the
specific resistance to filtration on a logarithmic scale will give a straight
line relationshirc (See Figure 43). An increase in CST/%TSS will normally sive
an increase in specific resistance to filtration. Since the samrle volume used
in the CST measurement is very small, difficulties in reproducting the data for
untreated vorimary sludge were experienced. This was expected since the diffi-
culty in takine a representative samnle was great, After the sludge had been
partly stabilized or mixed with chemical sludge, this difficultv was nartly
overcome,

A UNIVAC 1108 computer, using the method of least souares, was used to
find the best fitting lines for primary sludge, mixed rrimaryv-chemical sludge
and finally for all the points measured (both primary and mixed orimaryv-chemi-~

cal sludge)., The general form of the eguation is:

log ;;:S = A-°logr-3B ()
CST = Capillary suction time (s)
TSS = Total suspended solids (%)
r = Specific resistance to filtration (sz/g)

A = Constant (slope of the line)

B = Constant

The results of the three runs made are shown in Table 11, It is evident
from this table that a much better correlation between CST/4TSS and specific
resistance to filtration was found for mixed vrimarv-chemical sludge than for

primary sludge alone. The reason for this has been mentioned earlier
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in this chapter.

No., of (Coeff.of

Sludge points  correl. A B Bauation

Primary 78 0.78 0.57 3.43 log CST/4TSS =
0,57 * log r = 3.43

Mi:iced 83 0.93 0.7L L.78 log CST/ZTSS =

prim, / 0.74 * log r - L.78

chem.,
Primary 161 0.82 0.60 3.6L  log CST/#TSS =
+ mixed 0.60 ¢ log r - 3.6L
Table 11, CST/4TSS vs. SPECIFIC RESISTANCE TO FILTRATION

Change in sludge compressibility with changing degree of stability was in-

vestigated for the two types of sludge. Compressibility is defined as:

F1o- (Gys (15)
L) Py

r = Specific resistance to filtration (52 g“l)
P = Pressure (g cm_g)

s = Compressibility

When the specific resistance to filtration is known at one pressure, it
can be calculated at other pressures if the compressibility is known. This is
important since the operating pressure of a filter press or vacuum filter quite
often is different from the vacuum vressure at which the test is run.

Compressibility (s) increased with increasing detention time in the reac-

tor., This was true for both tyrves of sludge at all temperatures.investigated.
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However, the greatest change occured during stahilization of primary sludpe,
This tyre of sludge has a low compressibility (0,15-0,40) prior to stahiliza-
tion. A ranid increase the first 15 days of aeration was experienced for
sludges stahilized at 1200 and 250C. A more graduval increase was found for
sludges stabilized at 700 and 1800. The final compressibility of stabilized
orimary sludge was approximately 0,9-1,1., Mixed vprimary-chemical sludge in the
untreated state had a higher compressibility (0.55-0,70) than raw primary
sludre alone, Aerobic stabilization of this tyme of sludge increased the com-
pressibility to approximately 0.85-1,00 after 5-15 days of aeration and then it
stayed relatively constant with increasing detention time. This is shown in
Figure 4L, Generally a high sludge compressibility is a major disadvantare
since it partly rules out those tvpes of sludee-dewatering equirment that apply
high pressure (filter press, belt press etc.), Care should be taken, therefore,
in selecting dewatering egquipment for aerobically digested sludge.

Storase of sludge vrior to dewatering is quite often a necessity at small
treatment plants. The storage period can vary from a few hours to several days.
An effort was made to find out how the storage veriod would affect the specific
resistance to filtration, The sludpes used for this test were stabilized from
5 to 35 days at 180C. The sludges were stored under anoxic conditions at room
temperature (10°C + 1°C).

An increase in specific resistance to filtration with increasing storage
time was found for both tyves of sludge. The specific resistance increased
from 4 to 9 times its original value during the 18 days of storage. Primary
’sludge aerated for 5 or 10 days had the lowest increase during the test period
(4 times its original value), while mixed orimary-chemical sludge aerated for
more than 5 days increased the specific resistance to filtration approximately
8 times. The highest increase alwavs occured during the first four to six days

ard then the specific resistance to filtration tended to stay fairly constant
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or showed a slight increase afterwards (See Figure 45).

Change in Phosphorus during Aerobic Stabilization and Release of

Phosphorus during Storage

Total phosphorus content in the sludge (both solids and liguid) will not
change during aerobic digestion. It will depend only on the initial rhosphorus
content in the raw sludge., This is illustrated in Figure 46, The total phos-
phorus content of primary and mixed orimary-chemical sludge is anproximately
120 mg/1~P and 280 mg/1-P respectively. The somewhat higher content of phos-
phorus in the mixed primary-chemical sludre is due to the addition of chemical
sludre from the phosphorus removal step. The average phosphorus content of the
chemical sludge alone was 406 mg/1-P,

Phosphorus has a significant role in the cell synthesis. Dissolved inor-
panic orthophosphate is used within the orpanism to formulate comrounds that
are necessary for new cell development, The most important compounds are nu-
cleotides, adenosine triphosphate (ATP) and the nucleic acids, deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA). Tt would be expected, therefore, that
dissolved orthophosphate in the raw waste added to each reactor would be used
in the hiological rrocess. Figure 47 indicates that this is the case for both
primary and mixed rrimary-chemical sludge. For mixed vrimarv-chemical sludge,
however, the available orthophosphate in solution is low (less than 2.0 mg/1~P)
and hence the change in orthophosphate in solution during the early stage of
stabilization is lower than for primary sludre,

Considering the solubility relationships between chemically formed A1PO),
and POA in solution, an explanation can be given for the low PO, content of the
mixed sludge supernatant corpared to primary sludge supernatant.

During endogenous resriration,cell lysis probably will release phosrhorus

to the liguid phase and thus make this available for cell synthesis,
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With increasing detention time the volatile suspended solids concentration will
be reduced, but the amount of bound phosvhorus will stay very nearly constant.
The per cent bound phosphorus in the sludge would, therefore, increase with in-
creasing detention time. This is shown in Fipure 48, Frimary sludre increased
the per cent phospherus from 0.6% to anproximately 1.6%. Mixed rrimary-chemical
sludge increased from 2.1% phosphorus to 3.2% - L.0%. For both types of sludge
investigated at 2500 the per cent phosphorus in the sludpge seemed to reach a
maximum value at 25 days detention time and then show a slight decrease with
increasing detention time. This indicated an increase in dissolved phosphorus
between 25 days and 35 days for the 25°C series.

Leaching of ﬁhosnhate from the solid phase to the liguid phase during
anoxic storage was investigated in detail to determine whether the degree of
stabilization and length of storage period would influence the total release,
The two t-mes of sludres investigated showed entirely different hehavior re-
garding bleed back of phosphorus to the licuid phase.

During storapge of primary sludge at different degrees of stahility, phos-
phorus was always released from the solid phase to the licuid phase., Cell
lysis taking place during storare is the most probable explanation. Work by
Randall et al, (1970) supports this, The amount of phosphorus in the ligquid
phase during storace is vrimarilv influenced by the length of storage period
and the initial degree of stability of the sludge (number of days aerated rrior
to anoxic storage)., This is clearly shown in Figure 49, The release to the
liould was high during the first 3 to L days and then a maximum value was
reached after 10 to 12 days of storage, This was taking vplace regardless of
the temperature in the reactor. The orthophosphate concentration increased
from 5-10 mg/1-P initially to 25-50 mg/1-P after 10 to 12 days of storage de=
pending on the desree of stability of the sludge. Since the phosphorus release

is bilological in nature, it should be a function of sludge stability. This is
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because an increase in sludpe stahility means a Jower fraction of viable colls,
Fipure 50 shows the ultimate orthophosphate release rer mpVSH vo, sindee stabil-
ity (number of days aserated). A linear relationshiv hefween ultimate orthophos-
phate release and detention time (days of aeration) in the reactor vrior to
storage was found,

Ultimate vhosphorus released during anoxic storage was determined as the
difference between initial orthophosvhate concentration and the maximum ortho-
phosrhate concentration reached after 11 to 12 davs of storage,

Randall et 21, (1970) found that the release of phosphoros was a linear
function of initial solids concentration., In other words, the release of phos-
phate per unit solids was constant. OConsidering that the fraction of non-
derradable organic solids will increase during aerobic stabilization, and the
munber of viahle cells will decrease, it can be exrected that ultimate ortho-
pﬁosnhate release rer unit solids will increase with increasing solids concen-~

.

tration. This is shown in Figure 51. In other words, the hirher the depree
of stebility, the less viable cells will be vpresent to release vhosphorus dur-
ing anoxic storare,

Release of orthophosphate during storare of aerobically sta™ilized mixed
orimarv-chemical sludes nroved to be completely different from rrimarv sludge
alone, No release of orthphosrhate took rlace during anoxic storare, regard-
less of the initial depree of stability and the reactor temperature during sta-
bilization. The initial concentration of orthophosvhate in mixed rrimary-chem-
ical sludge was also verv low compared with vrimary sludege. In most cases the
concentration was less than 1.0 mg/1-P, During storare of sludge aerated in
5 dars at 7OC, the concentration of ortho-phosvhate was as high as 3.6 mg/1-P
and did not change significantly during 11 days of storage., This relatively

high concentration was not found in any of the other samples. Release of phos-

vhate by cell lvsis might happen during storage of mixed rrimary-chemical
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Figure 50, Ultimate Orthophosphate Release vs. Detention Time
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sludge., However, the released phosphorus would be chemically bound as an alum-
inum phosphate - aluminum hydroxide complex and thus the ortho-phosrhate in
solution would remain low. Release of ortho-phosvhate vs. davs of storage is

shown in Figure 52,

Miecrobial Composition during Aerobic Stabilization

Microscopic examinations revealed that changes in the biota took rlace
during the dipestion nrocess. This avpears from the micrograrhs, Fipure 53
through 56, MNo effort was made to identify the different organisms vresent,
but a general classification was attemoted, The results are shown in Tables
12 and 13. An effort was made to distinguish between biota in reactors treat-
ing crimary slud§e only and those treating mixed primarv-chemical sludge,

Higher orranisms were vpresent in all the reactors regardless of tempera-
ture and type of sludge, Under no circumstances did the high concentration of
aluminum in the mixed vrrimarv-chemical sludee inhibit the growth of higher
organisms. Quite the contrary, the reactors treating mixed rrimarv-chemical
sludege at 1800 had verv high concentrations of free swimming ciliates, nonpig-
mented flapellates and rotifiers. The concentrations were higher than in anv
reactor treating vrimarv sludree. This does not agree with work by Anderson
et al, (1973), who found that 26.2 mg-Al/1 prevented larger vrotozoans from
functioning,

Stalked ciliates were more abundant at low temperatures (700) than at
higher temperatures, This is probably due to their lower energy recuirement.
As temperature increases, the free swimming ciliates seem to take over although
stalked ciliates were present in the reactors treating mixed vrimary-chemical
sludge at 2500. Stalked ciliates were sometimes present in clusters (See Figure

53 ).

N PR N . . o]
Viable rotifiers were observed in reachtors treating vrimary sludge at 12°C
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s

Detention time - 15 days Detention time - 25 days

Detention time - 35 days

Figure 53. Primary Sludge Stabilized at 7°C (magnification - 73X)
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Detention time - 15 days Detention time -~ 25 days

Detention time - 35 days

Figure 54. Primary Sludge Stabilized at 25°C (magnification 73X)
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Detention time - 15 days Detention time - 25 days

Detention time -~ 35 days

Figure 55, Mixed Primary/Chemical Sludge Stabilized at 7°C (magnification 73%)
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Detention time - 5 days Detention time - 10 days

4

Detention time - 15 days Detention time -~ 25 days

Detention time -~ 35 days

Figure 56. Mixed Primary/Chemical Sludge Stabilized at 25°¢ (magnification 73%{)
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and 18°C, but were completely absent at 7°C and 25°C, Since rotifiers Norazel
on the ciliates and bacteria, the lack of food at 7°C and 2500 cannot be the
reason for their absence,

In the reactors treating mixed primary-chemical sludpe no rotifiers were
present at 7°C and 12°C, but at 12°C and 25°C they were observed on almost all
the slides. In only one reactor were Nematodes observed,

A complex predator-vrey relationship most likely existed between the bac-
teria, flarellates, ciliates and protozoa. Oscillations in the abundance of
the different tyres of animals would, therefore, he exrected. A lack of roti-
fiers, for example, at a particular temperature does not necessarily mean that
these animals cannot exist in that particular enviromment. More likely it

means the animals died out when their food source became exhausted,
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Methods for Measuring Degree of Stability

Riiffer's lead-acetate test was used on sludges stabilized at 12°C and
18°C. The method is fully described under "Analvtical Procedures.” The test
flasks were stored at room temperature (20°C + 2°C). The results obtainea

are shown in Table 14 and 15 below.

UNIT Prim. A1 A2 A3 AL A5 ¢cl ¢2 ¢3 ¢4 ¢c5
Detention Time 0 5 10 15 25 35 5 10 15 25 35

(a)
Temp. °C - 18 18 1 18 12 12 12 12 12 12
Days Before 10 L 4L NC NC NG 3 3 L 4 5
Color Appears min

NC indicates no color in 20 days,

Table 14,  LEAD ACETATE TEST - PRIMARY SLIDGE
UNIT Prim, B B2 B3 B4, B5 DL D2 D3 DL D5
Chem,
Detention Time - 5 10 15 25 35 5 10 15 25 35
Temp, °C (@) - 18 18 18 18 18 12 12 12 12 12
Days Before 3hrs NC NC NC NC NC 2 3 15 NC NC

Color Avpears

Table 15. LEAD ACETATE TEST - MIXKED PRIMARY-CHEMICAL SLUDGE

The evolution of hydrogen sulfide 2as (st) colors lead-acetate paper
strips brown. This has been proposed by Riif fer as a measure of degree of sta-
bilization. During experiments recorded in Table 14, the raw primary sludge
colored the paper strip within 10 minutes, while the raw mixed primarv-chemical

sludge used 3 hours before the paper striv was colored brown, Primarv sludre
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stabilized at 1200 used from 3 to 5 days before color change appeared, The same
sludge stabilized at 18°C would, in the case of 5 and 10 days detention %ime,
use 4 days to color the strips. Detention times in excess of 10 days showed no
indication of HQS evolution during the 20 days of testing.

Mixed primary-chemical sludge stabilized at 12°C showed a color change if
the detention time was below 25 days, The same sludge stabilized at 18°C gave
no indication of HZS evolution during the test period regardless of the deten-
tion time,

The lead acetate test is not a precise method for measuring the degree of
stabilization, but it is a practical method that can be performed at a treat-
ment plant using aerobic digestion as a sludge treatment process, The test is
actually meant to be an indication of the odor problem that will be encountered
when a particular sludege is put on a drving bed., It is guestionable whether
or not a sludge that colors the lead acetate paper strip after a certain incu-
bation period will also create a nuisance problem when dewatered on a drving
bed,

The water drained out of the sludge stored on the drving bed and the air
movement above the bed are both factors that tend to reduce the odor problem.
These factors are obvioﬁsly not taken into account in the lead acetate test.
Therefore, there is a need for a closer correlation between the incubation
temperature and period and the sludge behavior on the drving bed,

The content of volatile suspended solids as a vercentare of total suspend-
ed solids also has been proposed as a measure of the degree of stabilitv. In
this author's opinion, it is not a good varameter. First of all, the change
in percentare volatile suspended solids with increasing detention time is very
small (See Figures 57 and 58); therefore, analvtical inaccuracy would easily
influence the result. Second, the content of volatile suspended solids in the

raw sludge varies with time. A "grab-sample," therefore, would not be very
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reliable in determining the degree of stability.

& modified version of the expression develored by Rawn and Bant (Kempa,
1967) discussed in the literature review was used to measure the degree of
stahilitv. The author of this dissertation introduced a constant K in the
equation eiven by Kempa in order to establish a 100 per cent stability level.‘
To do this the assumption was made that a sludge aerated for 35 days at 2500
had reached 100 per cent stability. The eguation used and the calculated con-

stants are shown below,

M = 100 ( 1- o )oK (16)

M = degree of stability

organic solids content as per cent of total solids in raw and treat-

ed sludge respectivelw

inorganic solids content as per cent of total solids in raw and

=
0

]
P

]

treated sludge respectively

- 2,028)

K = stabilitv constant (Kprim = 1,361; Kprim/chem
Figure 59 shows the degree of stability (M) vs. detention time (davs).
At 2500 the sludge seems to reach a relatively high depree of stability fairly
soon arrl then the curve flattens out, At the other temperatures investigated
there seems to be a more moderate change of degree of stability with detention
time., Both primary and mixed primary-chemical sludge stabilized at 700 showed
a2 higher degree of stability than expected. The reason for this is that prob-
ably the characteristics of the raw sludge (mo and vo} varied somewhat with
time, If the four temperature series (7OC, 1208, 18°¢ and 2500) had been run
at the same time,the result might have shown a better correlation. The author

feels that this method can be used to measure degree of stahility of sludpe.
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Figure 59. Degree of Stability vs. Detention Time.
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However, the stability constant (K) must be determined through laboratory ex-
periments and the values used for organic and inorganic content in the sludge

(mg s v,) should be average values of a series of tests from different times,



EXPERIMENTAL RESULTS AND DISCUSSION - FULL-SCALE UNITS
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General

The test program for the full-scale aerobic digesters was carried out ac-
cording to the program although the length of the test period was reduced,

The reason for this was that it became evident that no additional knowledge
would be gained by carrying the test program past December 5, 1972, Several
factors influenced the author of this dissertation in making this decision.
First of all, it became evident that the digesters at Kjeller Research Station
were larger than desirable: not enough sludge was produced in the treatment
plants to load the digesters at a reasonable rate, Figure 60 indicates this
quite clearly. This diagram shows the weekly average volume (mB/week) of
sludge added and the averase detention times based on this weekly load. Only
in the early vart of the program did the detention time stay helow one hundred
days. These full scale digesters both had detention times far in excess of
any of the pilot reactors. However, in spite of this, some information was
gained from these experiments.

The outside aerobic digesters were by no means free from operational prob=-
lems. The aerators originally had a skirt to prevent svlashing on the walls
and walkways., However, materials such as rags had a tendency to accumulate
under this skirt and thus "ride" on the aerator-vanes, This would cause the
motor to become overloaded and the overload switch would turn off the power.
This problem was solved by removing the skirts from around the aerators,

Another problem which was not solved during this test period was the leak-
age of water through the walls and into the ground. This would happen when
sludge was removed from the third digester, which was not used for the experi-
ments. The problem was minimized by removing small volumes more frequently
from the third digester and refilling it with new sludge or tap water as soon
as possible., Construction of lagoons within 10 meters of the digesters and

a change in the watertable might also have been part of the problem.
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Figure 60, Sludge Added to Full-Scale Digesters,



135

One of the digesters treated primary sludge only. The second digester
treated an equal volume of priéary and chemical sludge to simulate the same
conditions as in our pilot reactors. The quality of the raw sludge varied from
day to day. This is shown in Figure 61. The variations in total suspended
solids and volatile suspended solids were larger than what would be expected
in a larger treatment plant. On the other hand, the per cent volatile suspend-

ed solids did not show abnormal fluctuations.

Variations in Temperature, pH and Organic Solids Reduction during

the Test Period

During the last part of August and early part of September 1973, the temp-
erature was above 1000. However, early in the fall the temperature fell below
10°C and from the middle of October no temperature above 6.700 was measured,

In November the average temperature in the digester treating primary sludge was
30&00, well below any temperature investigated in our pilot study. The lowest
temperature measured was IOC on November 13,

This low temverature would, of course, influence the reduction of volatile
suspended solids., For primary sludge the percentage of the volatile suspended
solids was reduced from approximately 87% to 67%. Considering the long deten-
tion time in this aerobic digester, the reduction in volatile suspended solids
is far less than what was found in the pilot studies at 7°C and 35 days deten-
tion time. FEvidently low temperature and also wide fluctuations in temperature
will reduce digester efficiency. Percent volatile susperded solids in the di-
gested slulge had a tendency to increase if the temperature decreased and vice
versa (See Figure 62),

Volatile suspended solids content of mixed oprimary-chemical sludge was re-
duced from the initial 76% to 64%. Again this is well below what was found

during our pilot studies at 700. However, the per cent volatile suspended
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solids did not seem to be influenced by the temperature to the same degree as
the primary sludge. Again this is in agreement with the pilot studies where
the temperature coefficient (8) was found to be higher for primary sludpge than
for mixed primary-chemical sludpe (See Figure 63).

Both pH and alkalinity increased in the digester treating primary sludpe
throughout the test period. This was expected since a reduction in temperature
would slow down the overall process and deamination would cause the vH to rise,
Surprisingly enough, the same increase in pH and alkalinity was not experienced
in the &igester treating mixed primary-chemical sludge., Again this indicates
the efficiency of this unit was more independent of the temperature (See Figures
64 ahd 65) than the unit treating primary sludge.

Oxygen concentration was between 10 and 12 mg/1 0o in the digester treat-
ing mixed primary-chemical sludge. The vanes on the aerator were not submerged
deep enough during this period and a drop in oxygenation capacity resulted,
Read sustment of the tank volume solved this problem,

The total phosphorus content in both digesters seemed to fluctuate early
in the test period, These fluctuations, however, seemed to follow the fluctu-
ations in suspended solids. In other words, the phosphorus content in primary
sludge and mixed primary-chemical sludge were found to be approximately 150
mg/1-P and 270 mg/1-P respectively,

The content of orthorhosphate in the supernatant remained below 1.0 mg/1-P
throughput the test period for both types of sludges, For mixed primary-chemi-
cal sludee this was in agreement with our pilot studies. However, this was be-
low what was found for primary sludge during the pilot studies.

Total nitrogen content seemed to be avproximately the same in both digest-
ers, Wide fluctuations were experienced, but seemed to follow fluctuations in
in total suspended solids. The nitrogen content in the full-size aerobic di-

gesters was 1in agreement with values obtained in our pilot study.
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Content of nitrite and nitrate indicated that nitrification was taking
place in both digesters. An ever increasing content of nitrite and nitrate in
the digester treating mixed primary-chemical sludge gave the impression that
nitrification was more apt to happen in this unit. This is something that the

pilot studies alsc indicated,

Variations in Sludpe Characteristics during the Test Period

Sedimentation and filtration proverties were investigated using the test
procedures outlined under "Analvtical Procedures,”

The sedimentation properties of the two types of sludges are shown in Fig-
ure 66, Both tyves of sludges showed better ability to settle than similar
sludges during the pilot studv. The reason for this is that the outside digest-
ers carry a lower suspended solids concentration than the pilot units operating
at 7°C and 1200. Mixed orimary-chemical sludge settles faster (higher inter-
face velocity) than vrimary sludge, The same was the case during the rilot
studyv.

The sedimentation test also was performed on samrles taken at different
locations in the aerobic digester to find out if the sedimentation proverties
would vary at different locations. However, identical results were obtained
at the different locations in the digester, Specific resistanceA£o filtration
showed large variations during the test reriod. This is shown in Table 1€ be-
low,

Raw orimary sludge and digested mixed primary-chemical sludge had the
largest fluctuations in filtration proverties, TIn the case of rrimary sludge,
this was expected, but certainly not in the case of mixed vrimary-chemical
sludee. However, during the vilot study a slight increase in specific resist-
ance to filtration at VOC was experienced, and therefore it was not unexvected

to find values higher than in the'itTey %%ges. Untreated chemical sludee prior
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Figure 66, Settling Curves - Primary and Mixed Primary-Chemical
Sludge.
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to mixing with untreated nrimary sludge had the lowest specific resistance to

filtration.
Type of Sludge Specific resistance to filtration 52/g
High Low Average
Primary (raw) 19,68+107 0.48°107 3,0810"
Chemical (raw) 3,57+107 0.38¢107 1.59109
Primary (digested) 6.03+107 1,25+107 2.51.107
Mixed prim/chem 12,58-107 0.74109 3.39+107

(digested)

Table 16. SPECIFIC RESISTANCE TC FILTRATICN - FULL-SCALE DIGESTERS

Capillary suction time (CST) also was measured throughout the test period,
CST/%TSS correlated well with specific resistance to filtration except in the

case of raw primary sludee (See Figure 67). The reason for this has been men-

tioned earlier,
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The following conclusions can be drawn from the results of this research:

1) Aerobic digestion of sludge from a primary-chemical treatment plant using

alum will not be inhibited by the aluminum content in the sludge mixture.

2)  The influence of temperature on the reductions of volatile suspended sol-
ids (VSS) is slightly greater on primary sludge than on mixed primary-chemical
sludge. Based on the Qqp concept, the values were determined to be 2.72 for
primary sludge and 2.19 for mixed primary-chemical sludge. The rate of decay
constant, (KT) based on the reductions of volatile suspended solids was slightly
higher for primary sludge at 2500, but lower than for mixed primary-chemical

sludge at 7°C, 12°C and 18°C.

3) Chemical oxygen demand (COD) was removed at approximately the same rate

as the volatile suspended solids for both primary and mixed primary-chemical

sludge,

4)  pH would increase with increasing detention time up to approximately 10
days and then it would normally decrease slightly with detention times in ex-
cess fo 10 days. pH was never found to inhibit the digestion process by ex-

tremely high or low values. At times wide fluctuations in pH were experienced,

5) The alkalinity was reduced during the digestion process for both tvpes of
sludge. Higher reductions of alkalinity were generally experienced in the
units treating mixed primary-chemical sluige. Values less than 10 mg/1 CaC0q

were not uncommon (initial value 230 mg/1 CaCOB).

6) Total nitrogen content in the sludge (solids and liquid) was reduced dur-

ing the digestion process, Higher reductions were found at higher temperatures.

7) Nitrification took place in reactors treating both primary and mixed
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primary-chemical sludge. The high content of aluminum in the mixed primary-

chemical sludge did not inhibit the nitrifiers.

8) The nitrogen content as percentage of dry volatile suspended solids would
increase during the digestion process in spite of a total nitrogen loss in the

sludge (solids and liquid),

9) The oxygen uptake rate would normally decrease with increasing detention
time and with decreasing temperature. Higher organisms in the heterogenous
population would influence the oxygen uptake rate and make the oxygen uptake

rate less valuable as a parameter to measure sludege stability,

10) ATP content per unit volatile suspended solids would increase during the
early stages of the process (5-10 days) and then stay fairly constant with
increasing detention time. ATP measurements indicated a very low content of

active biomass during aerobic digestion.

11) Increasing reactor temperature would increase interface velocity during

sedimentation for both primary and mixed primary-chemical sludge.

12) At low temperatures (less than 12°C) interface velocity is decreased for

short detention times (5-10 days),

13) Sludge Volume Index (SVI) is not indicative of sedimentation properties

of primary and mixed primary-chemical sludge,

14) Total water volume (per cent of total volume) drained from a sludge will
inecrease with increasing detention time for both primary and mixed vrimary-

chemical sluwdge.

15) Untreated orimary sludge has poorer drainare properties than untreated

mixed primary-chemical sludge.
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16) Between 85 and 90 per cent of the water in the treated sludge can be re-

moved by drainage.

P

17) Final solids concentration in the sludge cake after drainage tests is

nearly independent of both the reactor temperature and the degree of stabili-

zation.

18) Quality of the filtrate will improve with increasing detention times for
both types of sludge investigated, Drained water can be discharged directly

to the receiving water without being piped back to the plant inlet.

19) Filtration properties, measured as specific resistance to filtration or
capillary suction time, generally improved with increasing detention times, ex-

cept mixed primary-chemical sludge stabilized at 7°¢ and 12°C.

20) Primary sludge which stabilized at 7OC did not show any significant

change in filtration properties.

21) Measurements of specific resistance to filtration and capillary suction

time (CST) gave the same result. A straight line relationship was found between
CST/%TSS and specific resistance to filtretion on a logarithmic scale. A better
correlation was found between these two parameters for mixed primary-chemical

sludge than for primary sludge alone.

22) Sludge compressibility inereased with increasing detention time for both
primary and mixed primary-chemical sludge. Mixed primary-chemical sludge had
higher initial compressibility than primary sludge, but showed less change in

compressibility during the digestion process,

23) Total phosphorus content in the sludge (solids and liquid) will not

change during aercbic stabilization,
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24) Orthophosphate concentration in the liguid phase is less in mixed primary-

chemical sludge than in primary sludge.

25) The phosphorus content as percentage of dry volatile suspended solids will
increase during the digestion process for both primary and mixed primary-chemi-

cal sludge,

26) During anoxic storage of primary sludge at different degrees of stability,
phosphorus always will be released from the solid phase to the liguid phase,
The rate of release is high during the first 3 to 4 days and a maximum value is

reached after 10 to 12 days of storage.

27) Ultimate orthophosphate release (mgPOA/mgVSS) will decrease with increas-

ing detention time.

28) No release of phosphorus during anoxic storage of mixed primary-chemical

sludge will take place,

29) Higher organisms were found in all reactors regardless of temperature and
type of sludge. Under no circumstances did the high concentrations of aluminum

inhibit growth of higher organisms,

30) Stalked ciliates were more abundant at low temperatures than at high tem=

peratures,

31) Less reductions of volatile suspended solids were found in full-scale di-
gesters than in the pilot units., Low temperature and wide fluctuations in

temperature were the probable reason for this,

32) Mixed primary~chemicalisludge from the full-size aerobic digester shows

better sedimentation properties than primary sludge.

33) Specific resistance to filtration ard capillary suction time showed large
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variations with time in both full-scale digesters,

34) From a practical standpoint, mixed primary-chemical sludge (raw or digest-
ed) was easier to work with (less clogging of pumps, easier to sample, etc.)
than primary sludge. At a primary-chemical treatment plant the sludges should

be mixed rather than kept separate,

35) Riiffer's lead acetate test or the modified expression given by Rawn arnd

Bant can be used as a rough measure of the degree of stability of sludges.
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Results obtained in this research project provide valuable information
in the design of aerobic digesters treating primary or mixed primary-chemical
sludge, First, the reductinn rates of total suspended solids (TSS)’and vola-
tile suspended solids at different temperatures must be known in order for the
design engineer to select the proper detention time to obtain a certain reduc-
tion in these solids., In addition, with a known reduction of TSS and VSS, the
amount of dry solids for dewatering and final disposal can be estimated,

Thickening of digested sludge is done either in the digester unit itself
or in a separate thickener. .The sedimentation properties of the digested-
sludge must be known in order to determine the proper thickener dimensions and
the volume of thickened sludpe, Valuable data on the sedimentation proverties
and how it varies with detention time and temperature is given in this disser-
tation.

Selection of the vroper tvpe and size of dewatering eguipment often is a

difficult phase in the design of a sewage treatment facility, If the plant

is sméll, drying beds often are the answer. An effort was made in this study
to give valuable information on the drainage properties of aerobically di-
gested sludge, From the information on the water content of the filtercake
after drainage, the amount of sludge that has to be removed from a drying bed
can be estimated,

Mechanical dewatering eguirment such as a vacuum filter, sieve-belt press
or centrifuge can be used to dewater aerobically digested sludge. However, to
estimate the performance of mechanical dewatering equiprment, the specific re-
sistance to filtration and compressibility should be known. This was recognized
by the author and tests to determine these properties were made,

Since the problem of phosphorus release during storage of digested sludge
has been raised, the author also made an effort to provide enough information so

that this guestion couid be answered.
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Based on the results obtained in this research project, the author would
recommend the use of aerobic digestion as a method of stabilizing primary- and
mixed orimary-chemical sludge in Norway. The author is not, however, of the
opinion that other alternatives should not be investigated. For large plants
anaerobic digestion might be a less costly solution.

The major reasons for recommending aerobic digestion in Norway are:

1) Most treatment plants in Norway will treat waste from less than 3000

people (more than 60 percent of all rural municipalities and towns in Norway
have less than 3000 people and only 8 percent have more than 10,000 people).
Therefore, aerobic digestion will be less costly than anaerobic digestion in

most cases.

2) Aerobically digested sludge will create no odor problem when dewatered on

a drying bed or disposed of in a sanitary landfill,

3) Aerobic digesters have no sophisticated mechanical equipment that is diffi-
cult to operate or maintain, The need for highly trained overators, therefore,
is less than for anaerobic digesters. Only regular maintenance of diffusors

and blowers are necessary. At the present time no training is reguired by the
Norwegian govermment to operate wastewater treatment plants, although a short’

course is available once a year,

L) The sludge supernatant from aerobic digesters is low in biochemical oxy-
gen demand(BOD)and total suspended solids (TSS) and will in most cases meet
the Norwegian govermmental requirements for release to the receiving water,
Therefore, there would be no need for recycling the supernatant to the plant

inlet, This would not be the case with anaerobic digestion.

5) Aerobic digestion will generally improve the sedimentation, filtration

and drainage vroperties of the sludge. It is the author's experience that this
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is not the case with anaerobically digested sludge, - v : c -

6) Since toxic waste or high hydraulic loadings can upset biological treat-
ment plants and cause a complete loss of solids, the aerobic digester can
serve as a "buffer tank" for biological solids. Sludpe from the aerobic diges~

ter can be used to reestablish normal plant conditions.

7) An additional advantare with aerobic digestion is that no precautions are

necessary to prevent exrlosions from methane gas.

Since a comparison often must be made between aerobic and anaerobic diges-
tion, the author feels the advantages with anaerobic digestion should also be
mentioned. First, the influence of the surrounding temperature will not affect
a heated digester. Second, the use of the methane gas will reduce the cost of
digestion for larger plants. Therefore, before a decision is made on which
process to use, it is importantt® make complete cost estimates of both pro-
cesses,

Based on the pilot studvy and the experience gained from the full-scale
aerobic digesters, the following recommendations for design can be given, The
author would like to stress that these recommendations will only be valid for

the types of sludges investigated in this study,

1) The hvdraulic detention time in the aerobic digester should not be less
than the values given below., These values are based on approximately 35-45

percent reduction of volatile suspended solids.

Sludge Detention Time - Days
Temperature 7°C 12°¢ 18°%¢ 25°%¢
Primary 35—&5 2530 12-18 8-13
Mixed prim/chem 35-45 25-30 12-20 7-15

Table 17. REQUIRED DETENTION TIME (days)FOR DIFFERENT TEMPERATURES
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The aerobie digester should be designed so that the required amount of

oxidation will take place during the colder time of the year,

2)  Aerobic digesters should have a building to prevent severe low temperatures

during the winter and ice formation in the digester,

3) Surface aerators should not be used. These aerators create a fine spray
of water in the building and thus create a possible health hazard for plant op-
erators. These aerators would also require the water level in the unit to be

maintained at a certain level, which may not be practicable.

L) Theoretical air requirements must not be based on oxygen uptake rates, but
on the air required to maintain the sludge in susnension. Design values should

be arproximately 25~h01/min/313 digester volume (high values for primary sludge).

5) Sock-type diffusors should be used to minimize clogging. Air piping and

diffusor assembly should be designed to facilitate cleaning.

6) Dewatering of digested primary sludge should be made as soon as rossible
after the withdrawal of sludge from the digester to prevent release of phosphor-
us to the supernatant. This does not have to be considered during digestion of

mixed primary-chemical sludge,
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Recommendations for future study are the following:

1) Further field observations of aerobic digesters treating orimary and mixed
primary-chemical sludre should be made to find the fluctuations in digester

efficiency over a reriod of one vear or more and from different locations.

2) Aerobic digestion of iron sludge mixed with primary sludge should be in-

vestigated in a similar manner to what was done in this research project,

3) There is a neéd for reliable methods to measure the degree of stability
of sludges. Future work should therefore be focused on practical methods that
can be used by plant personnel to measure the degree of stability of sludges
withdrawn from an aerobic digester. Standard procedures for performing the

tests should be made so that results from different plants can be compared,
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APPENDIX C

UNTREATED SLUDGE DATA - FULL-SCALE UNITS
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APPENDIX D

DIGESTED SLUDGE DATA - FULL-SCALE UNITS
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APPENDIX E

SPECIFIC RESISTANCE TO FILTRATION AND CAPILLARY

SUCTION TIME - PILOT UNITS
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APPENDIX F

COMPRESSIBILITY DATA - PILOT UNITS
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COMPRESSIBILITY DATA

S1udge Det. t '(I;emp. Specificdresist.to f‘ifltr'.(s‘f/gxlg8 Compressibility
days C 200 g/cm 500 g/cm 800 g/cm

Prim. 0 7 40.9 73.5 69.3 0.28
" " _ - - -
" 10 " 23.9 42.8 38.0 0.38
" 15 " 21.h4 40.6 45,3 0.53
" 25 " 14.8 31.7 37.0 0.65
" 35 " 5.5 12.3 16.6 0.81

Prim. 0 12 1k.5 17.6 17.0 0.15
" " 65.9 89.0 84,6 0.2k
" 10 " 67.4 68.0 T72.4 0.15
" 15 " 1.7 k.1 5.6 0.92
" 25 " L.y 9.k 12.1 0.77
" 35 " 9.3 20.3 26.9 0.80

Prim 0 18 13.2 21.1 20.1 0.39
" " 18.8 24,7 3k.1 0.37
" 10 " 30.2 46.5 48.8 0.40
" 15 " 6.3 10.3 13.9 0.58
" 25 " 0.5 1.0 1.5 0.71
" 35 " 0.7 1.6 2.7 1.02

Prim. 0 25 38.9 48.5 63.7 0.37
" " 4.8 6.2 6.9 .0.27
" 10 " 17.b 43.8 68.2 1.00
" 15 v 3.2 6.0 11.8 0.90
" 25 " 1.0 2.6 4.8 1.13
" 35 " 1.0 2.2 3.0 1.00
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COMPRESSIBILITY DATA

Sludge Det.t gemp Specific, resist.to f%ltr.(sg/gxlgs Compressibility
days{ C 200 g/em 500 g/cm 800 g/cm

Pr/Ch 0 ( 4.6 7.9 10.7 0.60
" 5 " 51.6 86.1 90.1 0.40
" 10 " 8.2 9.6 15.5 0.L8
! 15 " 3.3 8.3 13.9 1.03
" 25 " 1.b 3.3 L7 -0+92
" 35 B 1.9 5.3 5 0.92

Pr/Ch 0 12 0.2 0.k 0.6 - 0.6k
" " 1.2 2.6 L.s 0.87
" 10 " 9.0 15.2 20.3 0.58
" 15 " 7.9 15.3 20.8 0.70
" 25 " 3.0 7.9 10.5 0.97
" 35 " 1.k 3.3 L5 0.88

Pr/Ch 0 |18 0.3 0.6 0.7 0.68
" " 0.2 0.7 0.8 0.95
" 10 " 1.1 2.5 3.8 0.91
" 15 " 0.7 1.6 2.2 0.86
" 25 " 0.7 1.k 2.b 0.90
" 35 " 1.0 2.3 3.h 0.89

Pr/Ch o | 25 6.3 8.7 13.4 0.55
" 5 " 13.5 24 .8 37.2 0.72
" 10 " 0.k 1.2 1.6 1.00
" 15 " 0.5 0.9 1.6 0.97
" 25 " 2.4 5.1 6.8 0.78
" '35 " 1.8 4,0 5.7 0.85
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ADENOSINE TRIPHOSPHATE (ATP) DATA - PILOT UNITS
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SUMMARY SHEET - ATP
1 series 2 series Average

Sludge| DSt Temp®c| AIF ATP/VSS ATP [ATP/VSS ATP [ATP/VSS
days mg/1 ug/mg mg/1 ug/mg mg/1 ug/mg

Prim. 0 25 0.67 | 0.037h 0.21 | 0.0117 O.44 | 0.0246
" 5 " 2.56 | 0.2094 1.62 | 0.1325 2.09 | 0.1T710

" 10 " 3.47 } 0.3248 - - 3.47 | ©.32L8

" 15 " 3.08 | 0.3532 3.63 | 0.L163 3.36 | 0.3848

" 25 " L,05 | 0.6081 3.68 | 0.5526 3.87 | 0.5803

" 35 " 3.36 | 0.5075 2.73 | 0.h123 3.05 | 0.k599
Prim. 0 18 0.75 | 0.0418 0.89 | 0.0L96 0.82 | 0.0LsST
" " 2.90 | 0.1911 3.90 | 0.2570 3.0 | 0.2241

" 10 " 3.50 | 0.2553 - - 3.50 | 0.2553

" 15 ! L.10 | o0.hos2 5.20 | 0.5139 L.65 | 0.4596

" 25 " 3.60 | 0.4326 4,30 | 0.5167 3.95 | 0.LTh7

" 35 " 3.50 | 0.Lsok 3.30 | 0.hah7 3.40 | 0.L4375
Prim. 0 12 0.61 | 0,0340 1.0 | 0.0780 1.01 | 0.0560
" " 5.00 | 0.2902 3.40 ] 0.197k 4.20 | 0.2438

" 10 " 3.20 | 0.2094 5.20 | 0.3L02 L,20 | 0.2748

" 15 " 2.50 | 0.1882 L.20 | 0.3162 3.35 | 0.2522

" 25 " 3.30 | 0.2792 3.80 | 0.3215 3.55 | 0.3003

" 35 " 3.00 | 0.2759 3.00 | 0.2759 3.00 | 0.2759
Prim. 0 T 0.57 | 0.0316 - - 0.57 | 0.0316
" N L.b1| 0.2531 1.12 | 0.0643 2.77T| 0.1587

" 10 " L.73| 0.3046 4.52 1 0.2011 4.63 | 0.2979

b 15 " 3.6 | 0.2630 3.39 | 0.2577 3.43 | 0.260k

" 25 " 3.05| 0.2i81 3.36 | 0.273k 3.21| 0.2607

" 35 " 3.15| 0.267h 3.26 | 0.2767 3.21| 0.2720
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SUMMARY SHEET - ATP
1 series 2 series Average
Sludge Det.t Tenp®C ATP ATP/VSS | ATP ATP/VSS | ATP ATP/VSS
days nell ug/ng me/l ue/ne ngll ug/meg
Pr/Ch. 0 18 0.28] 0.0212 0.60| 0.0453 0.4k | 0.0333
" " 2.30| 0.2282 L.70] 0.L4663 3.50| 0.3L473
" 10 " 3.50| 0.3829 L.10| 0.4L85 3.80| 0.L1is7
" 15 " 2.70] 0.3384 2.80|  0.3510 2.75| 0.34h7
" 25 " 2.50f 0.3500 2.20| 0.3080 2.35{ 0.3290
" 35 " 2.70 0.L13k 3.80| 0.5818 3.25( 0.4976
Pr/Ch. 0 12 0.62]{ 0.0k69 - - 0.62| 0.0469
" " 3.30] 0.2880 0.71] 0.0620 2.01| 0.1750
" 10 " 2.60] 0.2611 1.00{ 0.1004 1.80( 0.1808
" 15 " 0.78] 0.0823 0.95| 0.1003 0.87] 0.0913
" 25 " 1.70{ 0.1891 1.30{ 0.14L6 1.50| 0.1669
" 35 " 1.60{ 0.1933 1.30f 0.1570 1.45] o0.1752






