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CHAPTER I
INTRODUCTION .

The theologian tells us that God walked out into space and with
the power of his outstretched arms, commanded it to evolve into an
earth, a heaven, the seas, and all other things that were designed to
become the great scheme of creation. He, in His all-wise power, knew
that someone was needed to have dominion over all of these things--
someone to whom Hé would give sufficient powers and understanding to be
able to snatch from the elements the rapid streaks of lightning and so
direct its power that it could be used to 1ight and heat up the world,
and from its power mountains could be moved. He would have dominion
over ‘the fowls of the air, the beasts of the forest, and the powerful
waters that make,ub the rivers, the oceans, and the seas. He would be
able to take from the consistency of the earth and from it bring forth
food and shelter. He would have a'mind conscious of the background of
creation, eyes to behold its beauty and wonders, and a soul dedicated
to the protection of this wonderful God-given environment. Not that
the bioenvironmental engineer is‘God's gift to mankind, but certainly
the responsibility of protecting the environment falls upon his shoul-
ders. - For the bioenvifonmenta] engineer, it is a matter of conscience
and a professional goal to devise through research and development,
chemical and biological processes which will protect and prevent fur-

ther degradation of his environment.



The present awareness of environmental pollution has stimulated
researChers.to seek better methods of wastewater treatment to assure a -
good quality effluent prior to discharge to watersheds, and also to |
seek more effective ways to handle sludge disposal problems. }As the
use of,b1oTogica1.tkeatment units‘haé increased, the fractibn«of waste
-1mpur1t1es‘converted 1nto;s1udgé has increased great1y in recent years,
and large quantities of waste biological sludges that must be disposed
of have been generated. Sludge disposal difficulties have been further
amplified by. the fact that b101ogica1vsludges prdduced'during'secondary
treatment are more ‘voluminous, less concentrated, and more difficult to
treat. Data compiled by Mcgart,y (1) show that fhe volume of secondary
sludge produced is many'times:greater than is primary sludge production.
He estimatedvthat'thé volume of sludge produced from secondéry treatment
of domestic waste alone would approach 120 mgd by.the early 70s, and
predicted that it will substant1é11y sQrpass that figure in future years.

Noti0n1y are large quantities of waste solids accumulated every
day, buﬁ the'day-to-day‘cost,of s1udge disposal frequently exceeds the
=cost.of any other single process in the treatment plant: Although the
sludge volumé‘isvuSua11y Tess than one percent of the total 1nf1ueht,,
reéent studies (2)(3) indicate that, for activated sludge plants,
S1udge hand11n§ cost accounts for from 21 to 50 percent of the total
p1antkoperat1ng and ma1htenahce cost. Other 1nvestjgators,have,est1-
matedvthat s1ud§e hand1ing may account for as much as 65 percent of the
total capital and eperating cost, depending on the method of disposal
used. The~environmehta1 engineer must keep foremost 1n h1svm1nd:the
fact that continued growth of'urban-aréaé,‘1ndustria1 exphnsions, and -

public recoghition of the need to control pollution, along with the



increasiné demahdsiforv¢1ean water for all purposes, make,it necessary
tb improve our wastewater treatment technology. Water quality ;tand;
ards, now a fact, provide the guide]ines,land pollution control faéi]-
ities, in order to meet these standards; may have to take.on many forms.A
Po]]ution comes. from many sources and in varying amounts and concen-
trations. It is der1ved—fromxmun1c1pa1 wastes as well as from 1ndus—
trial wastes. One phase of this Study deals with a soluble synthetic
organic waste .in which glucose is the carbon source. Another portion
dea]b w1thvthé treatment of an 1ndﬂsir1a1 waste from the wood pulping
'indhsfhy.-’

The actiVated*s]udge process has -become one of the most frequently
used secondary treatments for waste effluents. }The deve]opmeht of the
activated sludge process marked an important advance ih secondary treat-
ment of organic material, In the past fifty years, many modifications -
of thé process have been developed and p1a¢ed into field operation. A
more recent modification is the extended aeration process, versions of
which have been placed into operation within the 1ast'20»years.- The
extended aeration process differs from other modifications in that it
combines sludge disposal and wastewater purification. Figure 1 .shows
a schem;tic flow diagram of a .conventional activated sludge process
and the?extended aeration modification. The majqf elements of the mod-
ificatidh are shown in heavy lines.‘ It can be seen that in the extended
aeration process, all s]udge‘is returned to the aerobic reactor. In
theoryvthefe is .no excess sludge; therefore, sludge handling and ‘ulti-
mate s]udge disposa1 are not requ1red If such a situation did occur;
it could- be sa1d that the incoming organic matter 1n the waste was

tota]]y-ox1d1zed to COZ and water.



Figure 1. Comparison of the Extended Aeration and Conventional
Activated Sludge Processes
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It is obvious that a treatment plant which could dispose of all
organic solids and not produce any sludge residue would be the ideal
design, and perhaps the sanitary engineer's ultimate dream. However,
this type of process has not'been fully developed. Many researchers
aréue the feasibility of such a design. The design itself seems almost
inconcéivab]e in biological systems, where sludge handling is thought
to be a hecessary evil associated with bio]oéica] treatment processes.

The first treatment plant to be used as an extended aeration unit
was - the underloaded conventiona] activated sludge plant at East Pales-
tine, Ohio (4). 1In 1947, this plant was operated with 100 percent
return of -final settlings to the aeration tanks with no sludge wasted,
and an excellent effluent was obtained. In 1950, as a result of the
East Pa]estinenoperations, three extended aeration p]antsvwere installed
in Ohio to treat milk wastes. Industrial wastewater was first treatéd
byvthis}process in 1951. In 1952, two plants were uséd to treat a com-
bined industrial and domestic waste. |

Following this early use in Ohio, the number of extended aeration
‘ p]ants increased to moré than 2600 in 1962 (5), and their popu]é%ity is
still dincreasing becaQse of their applicability to the waste treatment
problems encountered in rapidly developing suburban areas;'

Model studies of the process have been numerous. Many of the
studies have employed synthetic wastes in an attempt to examine the
conceptual prinéip]e of the process. The theory of total oxidation of
fhe bio]dgica} sludge produced in this treatment process aroused much
interest in the pollution control field, and a great deal of research
has been conducted to investigate this concept. The prime research

question was: could secondary treatment be combined with autodigestion



of sludge to bring about, effectively, total wet oxidation of the
organic material?

| Within the_pasi five years, an extensive investigative effort
regarding this process has been conducted in the bioengineering labor-
atorie$ of fhe Oklahoma State University.‘ The more pertinent questions
that had to be answered concerning this process were: (1) Could such
a plant be operated without wasting Sludge? When the process was pro-
posed, it Was,thought-that endogenous respiration of the organic matter
produced during removal or metaBo]ism of the organic substrates in the
waste would balance new growth of biological cells, and that an equi-
Tibrium solids concentration would be eventually established. If this
did occur, no solids wastage would be necessary and theoretically, total
oxidation and a steady state with respect to biological solids concen-
tration would be attained. (2) Would there be an accumulation of
inert material which could not remove substrate and could not be used
as gsubstrate, and if S0, how long would it take for such inert mater-
ial to cause the plant to fail? It was generally thought by early
researchers that the process was biologically unsound; that it was
theoretically impossible to oxidize totally the organic matter of the
- cell to,C02 and water, and that there would be a biologically inert
fraction remaining that would continually build up and take bver.the’
system. | |

In order to prove or disprove the ability of the extended aeration

process to achieve total oxidation of oréanic material, four lines of
investigations were conducted at Oklahomé State University by Gaudy
and co-workers.,

The major experimental study envisioned was. the operation of an



extended aeration laboratory pilot plant over a long period of time
~with positive retention of biological solids, in order to detekmine if
such a system would Tose its substrate removal capabilities because of
so-called inert material. Secondly, the operational stability of such
| a system-under shock loading was studied. Results from these investi-
gations provided definite indication that the so-called inert biologi-
cal fraction did not continually build up in the system, and that the
system could not be expected to undergo metabolic failure. It was.
also found that an equilibrium solids concentration was never attained,
and that*sd1ids;concentrations Went_thdugh cycles of increasetand
decrease. It was reasoned that during the periods of decreasing solids
concentration, the solids which had previously beed:accumu1ating were
serving as a carbon source for other members of the population. Basic
metaboelic studies on the metabolism of various fractions of microbial
cells.were made and reported. Although the concept of total oxidation
~was: proven to be sound and it was found that such a system could be
operated for a Tong period of time under variqus~environmenta1 changes,
" such a system could cause some major engineering problems. It was
realized that §oiids could accumulate to high levels and settling
vprob]éms could be encountered before a natural cycle of accelerated
autodigestion might occur. Thé fourth 1iné of investigation thern
inv01ved various ways -and means to enhance the initiation of the auto-
digestive cycle to avoid solids buildup. This led to the development
of a new deﬁign model for the treatment of soluble organic material via.
the extended aeratioh activated sludge process incorporating the chem-
ical hydrolysis modification (Figure 2).

In a previous study, the process was operated W1th‘a regular



Figure 2, - Proposed Extended Aeration Activated Sludge Process
Incorporating Chemical Hydrolysis for Control of
STudge Concentration
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- withdrawal, hydrolysis, and refeeding schedule at a normal waste
brganic loading for the extended -aeration process. In the present
study, it was desirable to determine if this'process could be operated
at higher organic loadings. Although there were many alternative modes
of»operation of the.process, the mode of choice was the same weekly
hydrolysis and refeediﬁg schedule as used formerly. Thus the results
at the higher 1oadihgs-cou1d be more readily compared to those‘of the
previous study. It is the continﬁationvof these studies with which the
present investigation is concerned.
| The hydrolytic assist method presently under investigation utilizes
the extended aeration modification of the activated sludge process for
'bioJOgica1 treament of organic material and incorporation of acid‘
hydrolysis to enhance autodigestion and eliminate excess solids buildup.
The "hydrolytic assist" method utilizes acidification to pH 1 with con-
centrated sulfuric acid. This is followed by five hours of autoclaving
at a pressure of 15 psi and temperature of 121°C. After neutralization
'toipHv7, the hydrolyzed sludge is fed back to a growing system as sub-
strate.
The.overa11 aims of this research can be generally §Fated as
follows: |
(1):To obtain operational data for various loadings and predeter-
mined withdrawa] schedules for hydrolysis, the purpose being to gain
insight_intorengineering design factors.
- (2) To operate such a plant using a whole waste as well as a syn-
thetic'waste.
(3) To further delineate the growth constants Mrax and KS for

'hydro1ysate as substrate.
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(4) To prowide as much information as possible for design and
opehation procedures pertinent to the extended aeration process incor-

porating the»"hydrolytic;assist.",



CHAPTER 11
LITERATURE REVIEN

'The‘activated sludge process has been recognized for a long time
as a very efficient means of treating organic material. The_process
itself dates back to the early 1900s. Many modifications tq“éhfs
process have came about gince its early ihception. One such-médjficau
ation is the extended aeration process which was developed -in the earlyi
.505.‘ |

Hoover, et al., and Porges, et al. (6)(7)(8)(9)(10) were the first
investigators to test the concept and theory of the extended aeration
total oxidation systems.. It was reasoned from their investigations.
using daify waste as a substrate that the digestion of organisms by
their own respiration has a definite practical importance. They hypo-
‘thesized that if endogenous respiration proceeds at a great enough rate,
miqroorganisms oxidize their own tissue rapidly enough to ke&p the sys-
tem in-balance. Under such conditions, sludge does not accumulate.
However, it was pointed out that if autooxidation was not sufficient,
s]Udge wdu]d accumulate, making s]udge‘dispogal necessary. Early stud-
ies by Ppkges and co—wdrkers indicated that the average endogenous
reSpirataon,rate for cells fed skim milk solids was- 10 ul Oz/hr/mg cells.

Using the equation for the endogenous oxidation of the §1udge, for.
which a chemical formyla had been previously established, they calcu-

lated that the cell tissue was oxidized endogenously at the rate of one

1R
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percent per hour, Hence, a‘system containing 2500 mg/1 sludge when fed
1000 mg/] -skim mi1k solids (which wou]d produce 500 mg/1 sludge) would
not result in the accumulation of so]1ds 1f the detention time was 20
hours.

Although Porges, et al. were the first to propose the concept of
total oxidation, the theory was stated in more detail by D. E. Drier
(11) in this way:

"If there is an unlimited food supply with the proper nutri-

tional balance, the m1croorgan1sms are in the log growth

stages and bacterial growth is Timited only by the micro-

organisms'-ability to reproduce. The oxygen uptake rate is

increased due to adsorption of the organic load, and the
synthesis of new cells. As the oxidation of the organic

load proceeds, a declining growth phase is reached due to

l1imitations on avaitlable food,.and the oxygen uptake rate:

also declines. When there is just enough food to keep

‘the m1croorganisms alive, the so-called endogenous metab-

olism exists. When the substrate is unable to supply suf-

ficient organic,matter for synthesis and energy,;the rate

of destruction exceeds the rate of growth. The microorgan-

isms then obtain energy by autodigestion of the cell proto-

plasm, and the biologically degradable organic matter in the

cells is -oxidized to carbon dioxide, water, and ammonia."

Based. on the findings of Porges and co-workers, Thayer (12)(13)
developed a waste disposal plant abp]icab1e to small dairies. Plants
were constructed at dairies located in Germantown, Dayton,.and Teledo,
Ohio. These plants .represented the first actual app]ication of Tabor-
atory studies in the extended aeration process. These.plants were

- operated with-detention times vgrying from 36 to 41 hours in the aera-
“tion tank, and two to four hours in the settling tank. The influent
BODs varied from 567 to 926 mg/1, and the final effluent BODs ranged
from 11 to 31 mg/1. Purification efficiency for these systems was.
approximately 96 percent. A1l sludge from the settling tank was return-

‘ed te the head end of the aeration tank.
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In 1956, Eckenfelder (14) reported on results of his studies on
the oxidation kinetics ofbio]ogica],s]udges° He stated that sludges
accumulated in a biooxidation system will undergo oxidation at varying
rates depending upon factors of temperature, waste characteristics,
microbial content, and sludge age, and that the microbial content of
the sludge will vary widely depending upon the natﬁre of the waste being
treated. Hen also concluded that endogenous degradation of sludge pro-
ceeds with first order decreasing rgte kinetics. The rate decreases
and approaches a limit of about 40~60 percent volatile solids reduc-
tion. He concluded that the remaining constituents were resisfant to
further oxidation and would provide a residue for sludge disposal.

In 1958, Tapleshay (15) reported on the tota]loxidation process
marketed by the Chicago Pump Company. The process was primarily
designed for schools, small subdivisions, factories, shopping centers,
and trailer parks. Tapleshay beljeved the concept of total oxidation
to be feasible and recommended the design of activated sludge plants
with long aeration time (24 hours) and four hours settling. He recom-
mended completely eliminating the digester and primary clarifier.

Regarding the concept of total oxidation, Forney and Kountz (16)
performed a study using skim milk waste in a continuous flow system,
and concluded that the concept of total oxidation was feasible.

Symons and McKinney (17) concluded that total sludge recycle was
‘not possible on a ]oﬁg—term basis, and that sludge wastage is essential
for successfu1‘operation_of an activated sludge system. Using a daily
batch-fed system grown on sodium acetate as substrate and operated for
a period of 35 days with 100 percent sludge recycﬁe,,thgy found that

volatile biological solids increased throughout the test period for
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each experiment. They concluded that the accumulated material, which
was observed to be mostly extracellular polysaccharides, was resistant
to bioldgical degradation. On this basis, they refuted the concept of
total oxidation. '

After Symons and McKinney pubTished their paper, Kountz and Forney
(18)’reeva1uated their stand on the total oxidation concept. From the
| results of their studies on metabolic energy balances in a multi-unit,
total oxidation system operated for,six months, they concluded.that a
residual material (polysaccharide) remained, equivalent to 20-25 per-
cent of the‘new!s1udge produced. They estimated the actual endogenous
loss of solids per déy to-be two percent of the total weight of acti-
vated sludge, and the accumulation of non-oxidizable sludge per day was
‘estimated at 0.6 percént of the total weight of activated.sludge.: From
these conciusionsftheyg too, rejected the concept of total oxidation on
the basis that it is not possib]e within a reasonable time and reason-
able size treatment system.

Busch and Myrick (19) perfofmed a'series of experiments in 1959 to
detérmine the limitation of the total oxidation process. They did this
by means offbench-sca]e digestion units. They used both batch-fed and
continuously-fed, completely-mixed systesm with glucose as the sub--
strate. The feeding rate was incrgased from one to six grams per day
'inva 5.5-1iter digester. This represents solids concentrations of 200
~ to 1000 mg/i. No wasting of biological solids was practiced, although
some-sd]idsewere lost in the plant effluent. They found that seluble
BOD in the supernatant and plant effluent were consistently below 10
'mg/1,at BOD loadings ranging from 0.05 to 1.7 1b BOD/1b volatile sus-

pendéd so]idsf They also observed that no equilibrium solids level was
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attained even after 103 days of operation at BOD loadings of 0.05 1b/1b
volatile suspended éolidsf From these studies, they concluded that
total oxidation is neither theoretically nor:practica}]y attainable.
They stated that some buildup of solids is inevitable unless effluent
carryover of .solids is sufficient for balance.

"washington and Symon§>(20),conducted experiments on extended aera-
tion treatment units in 1960. The purpose of their experiments was to
cohfirﬁ under controlled conditions the accumulation of -volatile solids
over-an éxtended period of time, and to determine the general composi-
tion of thé;s]udge under prolonged aeration. The study was.made in
batch and continuou;1y fed systams using g]ycing, sodium acetate, and
glucose as substrates to represent the effect of amino acids, fatty
acids, and .carbohydrates. |

The accymulation of volatile solids amounted to about-]O-]S per-
cent of the ultimate BOD of the substraté removed under equilibrium
operations.for wasteé which were carbohydrates or fatty acid in nature.
lThey also conducted studies on‘the'extqnt of degradation of various.
¢e11ulér,components~df,the sludge fromvthévthree systems under endogen-
ouszcohditiqns for'?? days. The protein and fat fractions were found
to be readily degradab]é during the endogenous respiration phase. The
carbohydrate content of the sludge increased with time of autolysis,
indicating an 1hertness in the carbohydrate fraction of cells. They
theoriéed that the biologically 1nert-vo]ati]e solids which would be
expec;?d to accumulate in the activated sludge systems would average
47-56 bercént polysaccharide, 39 to 47 percent protein,cand 3 to 8 per-
. cent fats.

McCarty and Broderson (21) coﬂé]uded that in the extended aeratijon



18

system, if no faci]ities for disposal of exceés sludge are provided,
the system will accumulate so]i@s and discharge the excess solids in
the effluent. The sludge which would accumulate in the unit would
include the synthesized biological solids and some biologically inert
‘mater1a1s which were present in the influent waste, i.e., grit bartie
cles and certain biologically resistant organics such as cellulose.
This suggested a very interesting point; that 15, that industrial waste
and,muh1é1pa1 waste should receive separate consideration when design--
ing extended aeration processes. Municipal wastes will -always contain
a certain fraction of relatively inert material. They also pointed out
‘that the efficiency of operation of the extended aeration process was.
closely related to the effectiveness of the settling tank in retaining
suspended solids. They suggested that in order to maintain 85 percent
BODs'remova]‘efficiehcy, the organic loading should be less than 40 1bs
. BOﬁé/day/]OOO cu ft. They found that although fairly high average.
efficiencies could be maintained at higher loadings, fluctuation of
effluent quality would be greater., They also cautioned-thatAnitrifica-
tion in the aeration tank would cause false values for BOD remova}
-efficiency as well as enhance possibi]ities for-a rising s]udge‘iﬁ the
settling tank. |

In 1965, Washington, Het]ing, and Rao (22) reported a long-term
adaptatfon of mitroorganisms to an acclimated sludge mass. In their
study. batch-fed reactor$ with glucose as the substrate were operated
for one year with total retention of solids. . Their results showed that
biological solids did not accumulate at a constant rate. The systems
did not reach a steady state condition, but demonstrated periods of

incheasing biological solids as well as periods of decreasing biological
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solids. They surmised that the period of decreasing solids concentra-
tion was caused by adaptation of an organism to the accumulated sludge
mass. Although there was no measurement of effluent solids, they
observed that there was essentially no loss of\vb]ati]e solids in the
- effluent thrdughoht'thé‘lz-month,study, and therefore the decline in

| sonds:could not‘bé attributed to loss in the effluent.

'During the 1960s, several studies of the extended aeration process
were conducted. Ludzack (23), using a feed of weak sewage with fish
meal operated an extended aeration process at low loadings, long aera-
tion periods, and high mixed 1iquor suspended solids. He éoncIuded that-
incomp?ete aerobic digestion of solids during extended aeration treat-
ment-produces'high solids carryover in the effluents. He also stated
that operation ofthe;process‘with high solids increases the variability
in effluent quality and chances for ‘gross selids discharges, and that
periodic withdrawals of unit sO]fds for ultimate disposal reduce efflu-
ent solids carryover,
| In 1965,'Sawyer-(24) presented some guidelines for the operation
of the extended aeration process. These general guidelines included an
'aerationétime‘of 24 hours, a BOD loading of apbroximate]y.]5y1bs HbD/day
/1000 cu ft, and 5000 to 8000 mg/1 biological solids concentrations.

Upon recognizing the possibi}ity.of achieving total wet oxidation
through operation of -the extended aeration process, and noting the con-
.troversy that appeared to exist regarding the feasibility of such a
_process, Gaudy and co-workers undertook a 1qng-range systematic experi-
menta]vapproach fo attempt to show conclusively whether such_a system
could work. They attempted to show whether the total oxidation concept

was consistent with sound microbiological thdpry and, also, to recommend
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. engineering practices for design and operational control. Their first
line of investigation was to study the operational stability of thi$
process. Ramanathan, Gaudy, and Ragthaidee (25) conducted experiments

to determine the response of the exfended aeration process tovshock
Toading. It was shown in their study that an extended aeration system
could withstand as much as a five-fold increase in concentration~(500
to 2500 mg/1 glucose) of inflowing COD without significant loss of
removal effiéiencyi The shock Toad experiments with extended aeration
s]Udge were conducted at both high and low biological solids concentra-
tion and in both batch and continuous-flow studies. The results of
these studies gave insight -into the operatioﬁa] stability of this proc-
ess when subjected to an environmental change such as shock 1qading.

In another series of experiments, Gaudy, Ramanathan, Yang, and
DeGeare (26).operated a bench scale extended aeration pilot plant for
nearly two years, and concluded that such a system can be operated with
good biochemical efficiency without continual solids accumulation and
without sludge wasting. They also found that there was no buildup of
carbohydrate or protein in the sludge composition. During the en;ire
experiment, all of the biological solids were retained in the system.
The only solids removed were those taken for sampling and for small
auxiliary experiments (no more than 0.2 percent). They concluded that
there is a fluctuation in the concentration of biological solids due to
natural biological (ecological) regulation, which caused the accumula-
tion of biological solids to be periodically reduced. Since no solids
were wasted, either purposely or inadvertently, this reduction of the
biological solids that had accumulated must be due to their now béi@g?

utilized as a carbon source by other members of the population.
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Investigation of the substrate-con§uming capabilities ofethe biological
solids and their 02_uptake capacity showed that as the biological solids
accumulate, the specific endogenous O2 uptake of the sludge drops sig-
nificantly. HoWever, any possible loss #n purification efficiency due

- to decreased metabo]ic activity per unit of so11ds_can‘be“ampiybmade up
'by the large number of organisms present to feed on the waste.'lIt was
also observed at times that the cell concentration became so great that
it caused settling problems in the clarification chamber and an exces-
sive cqncentration,of-bio]ogice] solids in the effluent. Solids would
have been Tost were it not-for the fact that in these experiments, all
effluent was centrifuged and solids returned to the deration chamber,

| Gaudy, Yang, and Obayashi (27) proposed a solution to this problem
" and called it the "hydrolytic assist." Their proposal, fhe extended
aeration process with "hydrolytic assist,f consisted of hydrelyzing
chemically a part of the return sludge and returning it to the aeration
tank, along with the regular stream‘of influent substrate. A pilot
plant, in which the hydrolytic process was utilized, was operated for
one year and it was found that tHis'process is operationa]]y‘feasib1e
and provides a means to control -the concentration of sludge in the total
oxidation system.

Other pertinent investigations conducted by Obayashi dnd Gaudy (28)
were undertaken for the express purpose of‘determihing whether extra-
cellular polysaccharides of microorganisms can serve as a carbon source
‘for the growth of other microorganisms. Short-term batch experiments
were conducted using microbial polysaccharides obtained from a variety
of miCroquanisms. The results obtained provided direct evidence that

extracellular polysaccharide serves as an excellent carbon source for
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growth of microorganisms, i.e., it was shown not to be inert organic
matter,

In his work with activated sludge, during prolonged endogenous
aeration, Goldstein (29) observed the total oxidation of solids accumu--
lated during the substrate removal phase in many of his batch activated
é]udge extended aeration systems. Further investigation revealed that
there was no buildup in carbohydrate content of sludge during endogenous
metabolism, thus providing additional strong evidence that q§rbohydrate
'_ hater1a1vislnot biologically inert. Stﬁdies by Godlave (30) on the

~ effects of effluent discharge from a hydrolytically-assisted extended
aeration plant on the oxygen sai: of a simulated stream further demon-
strated the effectiveness of this process as a means of treating sol-.
uble organic waste material.

Certainly, the research conducted at the Oklahoma.State University
by Gaudy and co-workers has contributed much to answering some of the
questions ‘concerning the use of the extended aeration process as a bio-
1og1cal‘ox1dation system. The work accomplished thus far -had provided
indications that the total cell recycle with the "hydrolytic assist”
offered considerable promise, and that further Taboratory pilot plant
work on the process was warranted. In the present study, the major
thrust was to determine,the operational behavior of this system at
organic loadings higher than those previously .used, in order.to gain
insight into possfb]e design criteria. It was also important in assess-
ing the engineering adaptabi]ity‘ofnthe system to perform studies using
an -industrial waste as.well as the synthetic waste usually emp]oyed‘in

fundamental research studies.



CHAPTER III.
MATERIALS AND METHODS

Experimental Protocol

A. Batch Experiments

1. Heterogeneous Microbial Populations-and Substrates. . An .initial

éeed of heterbgeneous-microorganisms was obtained from the primary clar-
'ffier;of the pollution control b]ant‘at Stillwater, Oklahoma., The com-
position of the synthetic waste used as the growth medium in these
studies is given in Tables I and .II. The composition of the growth
medium was so chosen that the carbon and energy source limited growth
under conditions of otherwise adequate nutrition. The organisms were
fed 1000 mg/1 substrate in a batch reactor of 9.4-1liter capacity and
aerated for 24 hours. After-24 hours, approximately one-third of the
mixed Tiquor was wasted and the‘unit was again fed 1000 mg/1 of glucose
and aerated for‘24'hours.z The sludge wasting procedure was discontinued
after three weeks in order to build up the bid]ogica],so]ids concentra-
tions. Nhen the mixed liquor suspended solids level reached approxi-
m&telyv4500 mg/1 (day 35), 1000 m1 of the mixed 1iquor suspended solidS'
was removed from this unit and subjected to acid hydrolysis. Portions
~of this neutralized hydrelysate were used to conduct growth studies,

lang-term batch studies, and oxygen uptake experiments.

23.



TABLE I

COMPOSITION OF FEED FOR 500 mg/1 GLUCOSE AS SUBSTRATE

500 mg/1

Glucose
(NH4)2504 250 mg/1
MgS0, - 7H,0 50 mg/1
CaCl, 3.75 mg/1
MnS0, -Hy0 5 mg/1
Phosphate buffer, 1.0 M, pH, 7.0 5 ml/1
Tap water 50 m1/1
Distilled water to volume
TABLE II
COMPOSITION OF FEED FOR 1000 mg/1 GLUCOSE.AS SUBSTRATE
Glucose 1000 mg/1
(NHy )5S0, 500 mg/1
MgS0, - 7H,0 100 mg/1
FeC13m§H20, 0.50 mg/1
CaC]2 7.50 mg/1
MnSO4-H20- 10 mg/1
Phosphate buffer, 1.0 M, pH, 7.0 10 mg/1
Tap water - ]OO}ml/l
Distilled water to volume

24
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2. Growth Rate Studies. In growth rate experiments, cells which
had-been‘previouély acclimated to cell hydro]ysate.-ﬁere inoculated into
250 ml-~Erlenmeyer flasks containing fresh medium,qesséntia1_sa1ts added
11n accordance with Table I and in boncentrations proportional -to Mgfyé
ihg,concentrations of hydrolysate employed as the sole source of carbon
and growth-]imiting nutrient. The total volume of sample per flask
USéd.in'these experiments was 50 ml. This usually consisted of 47-48
mls.of growth medium feed, and essential nutrients, plus 2-3 mls of
acclimated seed. Concéntrétions,of hydrolysate ranging from.50-1000
hg/] were aerated on an Eberbach shaker at a rate of 100-110 oscilla-
tions per minute,' Samples were taken periodically and checked for
optica] density, measured with a Bausch'and Lomb Spectronic 20. Changev

in optical -density was used as an index for measuring grewth.

3. Long-Term Batch Experiments, Figure 3 shows a schemat jc-draw-

ing of the apparatus used to run long-term batch expériments, Total
volume used was two liters. An acclimated cell suspension was used to
inoculate the hydrolysate medium. - Cempressed air, filtered through
cotton and saturated with water by bubbling through distilled water,
was supp]ied‘through sintered glass diffusers, At the time of inocula-
tion, a sample was withdrawn‘for‘meaSurement of chemical oxygen demand
and biological solids. Alse, the initial optical density Was recorded.
During‘eachrexperiment, frequent measurement of optical density per-
mitted-conétruction-of~a growth curve which was used as a guide in
se]ecting samp]ing.times. Samples were withdrawn for determinatjon of
coD and'biologica1:solids. The volume of the mixed Tiquor suspension
was measured daily, and any Toss due to evaporation was compensated for

by the addition of distilled water.



Figure 3. Batch Experimental Reactor for Determining Substrate
“Utilization and Yield
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4. Oxygen Uptake. Oxygen uptake studies were conducted on the

hydrolysate, using a Warburg respirometer, A reaction volume of 40 ml-
was employed, using 1.5 ml of 20 percent KOH in the center well. The

apparatus was operated at 25°C and 100 oscillations per minute, -

- B. Batch@Experiments on a Whole Waste

The long-term batch experihents-were performed in a 5-1liter reactor
with four sintered glass diffusérs used as a source of oxygen and to
supply adequate mixing. Compressed air was sgturated with water by
bubbling it through disff]]ed water prior to its entry to the reactor.
The chemical characteristicsvof thevwhole waste and composition of
growth medium are given in Tables III and IV. The whole waste was di=-
1ut§§”3750 to give a substrate concentration of 2500 mg/1 COD. In
characterizing the waste, it was found that of ‘the 25001mg/] tota1 cob,
only about 800 mg/lvwas biodegradable; that is to say, only 800 mg/1 was
‘avai1ab1e as substrate. Nutrients were therefore added on the basis.of
“1000 mg/1 COD to ensdfe that the carbon and energy source was the
grdwth-himiting factor. -

~ In order to make the waste more receptive to aerobic biological
treatment and to make it roughly comparable in concentratiof’ te-an.
industrial Kraft mill waste, it was first‘diluted (1/50) and the pH of
the~di1uted sample adjusted td 7.0. pH adjustment was necessary because
the concentrated Kraft waste carried a pH of 12+, and the dilution
decreased-the pH to only approximate]y 10.5; which was subsequently ad-
justed to pH 7.0 with sulfuric acid. = Sewage seed from the Stillwater
pollution control plant was again chosen as the inoculum seed. - Accli-

mated organisms were then fed the neutralized industrial waste and
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aerated for.24 hours., K After 24 hours, 1/5th of the m1xed‘11qgor~su§-
pended solids (one 1iter) was wasted. The aerators were then removed
from the reactor and the mixed 1iquor was allowed to settle. After
settling, most of the supernatant froh the mixed Tiquor was removed to
avoid possiblgkbuildup of toxic material in the reactor; the unit was
then fed and vd]ume brought back-to the 5-1iter mark. Samples of the
feed and of the reactor content before and after feeding wgre,faken-
daily. . COD ané solids determinations were performed to gain knowledge
'of the treatability characteristics of .the industrial waste under inves-
tfgat1on.; Seed from -the unit was.a];o'taken and transferred to 1500-ml
batch units for running short-term bétch studies in order to gain fur-

ther insight into the metabolism of this waste and its use as growth:

substrate.

TABLE III
PHYSICAL~CHEMICAL CHARACTERISTICS OF - INDUSTRIAL WASTE

-

Source: - | Paper pulp industry
Nature:. Concentrafed Kraft blowdown liquor
Color: Amber
Chemical Oxygen Demand 125,000 mg/1
Biological Oxygen Demand (raw) BOD, 30,000 mg/1
Biological Oxygen Demand (dil) BOD 500 mg/1
pH 12,0

Total solids 3000 mg/1
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TABLE IV
COMPOSITION OF GROWTH MEDIUM FOR INDUSTRIAL WASTE

Substrate COD } 2500 mg/1

(NH, )50, 500 mg/1
MgS0, + 7H,0 100 mg/1-
Mnso4-Hzo' 10 mg/1
CaC12 7.5 mg/1
FeCl,-6H,0 0.5 mg/1
Tap water. 100 m1/1
1.0.M phosphate buffer, pH 7.0 10 ml/1

Distilled water to -volume

C. stntinuous-F]ow Reactors

The experimental extended aeration pilot plant used in this study |
was-essentié]]y the same as that used by Yang (31) in his studies on
vthe extended aeration activated sludge process with and without the
"hydrolytic assist.” A schematic drawing of the extended aeration
pilot plant is shown in Figure 4. It should be pointed out that the
unit used for . the synthetic waste studies and the industriaf~waste
studies were identical. The total volume of the system was 9.4 liters;.
6.2 liters of aeration capacity and 3.2 liters in the settling compart-
ment. An adjustable baffle was used to separate the aeration énd set-
tling chambers. Compressed air provided not only mixing and oxygen sup-

ply to the bio]ogica]isolids! but also "suctionﬁ to recycle solids from.



Figure 4. Continuous-Flow Extended Aeration Pilot Plant.
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the settling compartment. Airflow rate was maintained at 2000 cc/min/1,
Temperature of the reactor was room temperature. During;operation under
continuous flow, thé,feed rate was set to provide an overall detention
time of 24 hours; approximately 16.hours of aeration, and 8:hours of

: settling. The féed.solution was channelled to the‘aeration,tank,through
a dualvpos1t1vevdisp1acemeht_pump~(Minﬁ§pump;vMi]ton-Roy Model MM2-B-
‘96R). A]ternately,igfch of the'fee& Tines was‘c1eaﬁed by pumpﬁng
through a one-percent sq]ution‘of-C]orok in distilled water, Thﬁs. one
of -the 1ines was being disinfected while the other was being used. This
‘ provide& positive control for the rétardat10q of growth in the feed
‘1ine. Composition of the synfhetic waste during continuous-flew oper-
ation has already been‘§1veny(Tab1es I and I1). Daily samples were
taken~forfmeasufement of bio]ogica]\soLidsEana‘substrate,remova1 effi--

ciency.

D, "Hydro})tic,Assist"

The flow scheme for the hydrelysis process was shown in Figure 2.
The hydrb]ysate‘was prepared by taking 900 ‘m1. per week of settled -
sludge from -the settling compartmenf»of the ektended aeration pilot-
plant and Towering the pH to 1.0 with-concentrated'suifuric-acid. The
sludge was then p1aced in a laboratory autoclave for five hours at 15
~ psi.and 1219C. The hydrolyzed sludge was then neutralized to pH 7.0
with sodium hydroxide (NaOH) and fed with glucose minimal medium to the
system. The hydrolysate was fed at a rate of 150 ml /day. LThis normally
increased thé organic loading by approximaté]y 150-200 mg/1.
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E. Special Studies on Chemical Floccilation

Cell suspensions_were taken-from the effluent of the continuous-
flow unit during periods of poor sett]ing_and subjected to jar testing.
Various .coagulants were tested to determine which would proyide the
best treatment efficiency. The efficiency was assessed by measuring
the tukbidity (OD). The tests were gerfdrmed by adding several dosages
of different coagulants to -effluent samples, flash mixing for 15 sec-
onds - at 96 rph. and plotting thé change’in optical density. The
optical density was measured By using tﬁe Bausch and Lomb Spectronic 20,
The jar test apparatus was manufactured by Phipps & Bird, Inc., Rich-

mond, Va.

F. Studies to Determine the Effect of Effluent

' 6n*a Simu]ated>Stream Mode1 Using the Oxygen Sag

The method used was the same method used by Peil (32) and Godlove
(30) in theik-studies on fhe effeéts of effluents from industrial
sources aﬁd from extended aeration'p1ants on the assimilative caﬁacity
of -receiving streams.
The reactor used was a flat-bottomed cylindrical Pyrex vessel hav-
ing a diameter of78.125 inches and a depth of?]8 inches. Oxygen trans-
fer from the atmosphere was facilitated by use of meghanica1 stirrers.
Since-tﬁe solubility of oxygen in water varies with slight changes in
temperature, control ofvtemperature was brought about by use of a con-
stant temperature bath. A Precision Scientific Lo-Temptrol recircu-
lating bath was used. The concentration,of‘dfsso1ved oxygen in the

' reactor:jérs was-measured»e1ectrometrica11y (Weston-Stack oxygen
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analyzer). To ensure consistent resu]ts.ﬂmeasukements were taken at
the same depth.‘ The probe was standardized for each subsequent test .
period. The probe was checked forvaccurécy by comparing probe read-
ings with dissolved oxygen (DO) as measured by the Alsterburg azide
modification of the Winkler Method (33). If significant variations
occurred, the probe was adjusted to the actua]iDO as measured.by the

Winkler Method.

G; Analytical Procedures

Analytical methods and analytical techniques employed were. the
same for the batch and the continuous-flow reactors. All tests des-
cribed herein-and all calculations made therefrom were in accordance
with procedures as listed in "Standard Methods for the Examination of
Nater‘and.wastewater" (33). Any variance in the above mentioned pro-

cedures will be discussed .in detail.
1. Biological Solids

The concentration of biological solids was determined gravimetri-
cally by-fi]tfétion through membrane filters (Q°45 u-pore size; manu-
factured by the Millipore Filter Corp., Bedford,,Mass;). The following
procedure was employed for measuring the suspended bib]ogica] solids.
Fresh filter pads were placed ih pans made from aluminum foil weighing
approximately 1.0-2.0 grams. The pans were placed in a drying oven for
one hour at a temperature of 103°C, and then placed in a CaCO3 desic-
cator for cooling, after which the pans;Mere tared to obtain initial
weights. Known volumes of samp]es were then filtered with the aid of a

vacuum'pump. Prior to filtration, samples were routinely centrifuged
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with a Sorvall Superspeed centrifuge Type SS-1A (Ivan Sorvall, Inc.) at
a rate of 10,000 rpm for several minutes. The supernatant from the
centrifuge sample was poured off first, and then the pellet of solids
which was fbrmed,was removed with the aid of a metal spatula and
placed on the filter. Filtrate samples were taken at this point for
COD determination. ‘The centrifuge tubes were then carefully washed in
distilled water to remove any solids particles that might have adherég
to the side of the fubesé After complete filtration, the:filter pads
were returned to the pans in which they had been tared, placed in the
drying oven at a temperature of 103°C:for'one hour, coo]eﬂ,in-a desic-

cator and weig&éq to determine the biological solids concentration.
2. Chemical Oxygen Demand

The. chemical oxygen demand was determined in accordance with
"Standard Methods" (33).  Mercuric sulfate and'si1§er sulfate were used

for, al1 COD determinations.
3. Tests for Stabilization and Oxidation

a. - Biochemical Oxygen Demand (BOD). The BOD test provides a quan-

titative measure of the amount of oxygen (DO) utilized by microorganisms
in metabolizing substrates. The azide modification of the Winkler
method as outlined in "Standard Methods" (33) was used for this determi-

nation.

b. Dissolved Oxygen. Aside from being an integral part of the
test for biochemical oxygen demand, the determination of dissolved oxy-

gen is required for detecting and measuring the effect of effluent
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discharge on the oxygen resources of a receiving body of water, Dis@

solved oxygen concentration was monitored electrometrically by the use
of a Weston-Stack oxygen analyzer. The probe was standardized period-
ically against the Winkler Method for dissolved oxygen determination as

~outlined in “Standard Methods" (33).
4. Microscopic Examination

Wet mount slides of random samples from the continuous flow unit
were observed under the microscope to gain some information on the domi-
~nant microbial species present, and to note any changes in predominant

forms.
5. pH

The pH was determined by use of a Beckman zeromatic pH meter. The

meter was standardized periodically at pH 7.0 and pH 4.0.



CHAPTER IV
RESULTS

A pilot plant operation was begun on September 23, 1971, to eval-
uate the performance of the extended aeration process incorporating,
chémica] hydrolysis for control of solids concentration. The results
obtained from this investigation are presented in the following manner,
First, information was obtained from batch experiments relative tb
growth rate kinetics during metabolism of sludge hydrolysate taken from
an extended_aeration,plant growing on glucose as substrate. Also inclu-
ded in this phase are batch experimental data pertinent to the metab-
olism of -an actual industrial waste. Second, the operational perform-
ance of the extended aeration process incorporating periodic “chemita]
assists" while growing on 500 mg/1 of glucose as its carbon soUrceris
presented. Included in this phase are the effects of Various concen-
trations of several coagulants in the flocculation of biological solids,
retained in the effluent of the extended aeration piloet plant. The
third general topic is the performance of the éxtended aeration process
incorporating+"hydrolytic assists" while growing witﬁz1000 mg/1 glucose
as its carbon source. The fourth phase presents infbrmation showing
the utilization of the "hydrolytic assist" process as a means of con-
tro11ing‘predominan¢e changes -brought about in the activated sludge
process. The fifth phase outlines the pefformance of the‘hydro]ytica]ly,

assisted extended aeration proceSs while growing_on-concentrated~Kraft

" 19
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waste as its carbon source. The sixth phase of this study shows the
effect of various effluents from the extended aeration process on the

oxygen sag of a simulated stream.

A. Batch Experiments

1. Studies on the Growth Rate Kinetics and Metabolism of Cellular

Hydrolysate Obtained From an Extended Aeration Process Growing on Glu-

cose as the Carbon Source. To measure the logarithmic growth rate

constant, u, an indirect method for determining biological solids con-
centration was employed. Percent transmission of cell suspensions were
read at 540 nm'and converted to optical density units. In this method,
assumption is made that optical density is proportional to biological
solids concentration. Yu (34) in his studies with mixed cultures metab-
olizing various carbohydrates found that a linear relationship generally
holds true for a given microbial population up to 400-500 mg/1. The
logarithmic growth rate constant, u, was calculated according to the
following relationships. Any chanée in biological solids concentration
(or change in optical density), dX/dt, is equal to w multiplied by X,
where y is the logarithmic growth rate constant and X is the biological
solids concentration at-time t. Integration of this first order rela-
tionship between the 1imits Xt and Xo yields the following relationship:

“In X./X
u o= ____%L_Jl | (1)

To determine u, a plot of optical density versus time is made on
semi-logarithmic paper. From equation (1) it can be seen that the
period of logarithmic growth is the straight Tine portion of the growth

curve when plotted on semi-logarithmic paper. To make calculations
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easier, ty was determined for the straight line po}tion-of-the curve;
ty is the time required for the cell mass or optical density to double.
Under these conditions, Xt = 2XO, and'u:=.1n 2td, which yields the fol-
lowing: u = 0.693/t,. |

Figure 5 shows the effect of initial substrate (hydrolysate) con-.
centration (So) on the rate of growth aﬁd the total amount of microbial
growth as measured by an increase iniopti¢a1 denéity., The Monod plot
(Figure 6) was constructed to determine whether-these data fit the_hypér—

bolic re]dtionship of specific growth rate (u) vs. .substrate concentra-

tion (SO).. The values for the physiological growth constants, matiff:. .

specific growth rate; Hnax® and saturation constant, KS, were determined

from the Lineweaver-Burk plot (Figure 7);
1

Hmax Was found to be 0.680

hr™ ', and KS was 38 mg/1. The;e values compare favorably with other
values obtafned with glucose and sewage as substrates. .

Figures 8 and 9 show the metabolic response of an acclimated micro-,
bial culture growing oﬁ a hydko]ysate'taken from a glucose-fed extended
aératibn process. The substrate uti]izafion patterns for the two ex-
periments are very similar. - COD removal and biological solids accumu-
lation appeared to fq]]ow_patterngtypica1 of most growth studies. The
ibiochemi'cal efficiency, that is, the percent substrate removal, -during
the purification phase was 89 and 86 percent,‘respectively;\for the two
experiménts; The duration -of -the pu;ification phase was between 8 and
20 hours. Not enough samples were taken during this period to pinpoint
the time‘more‘precise]y. Maximﬁm solids accumulation occurred at the
time of maximum removal of exogenous substrate. The percentage of -car-

“bon source (COD) that was channelled into cellular synthesis, i.e., the

cell yield' for two experiments, was 64.7 percent and 57.1 percent.



Figure 5. . Growth at Various Initial Substrate Concentrations
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O Sy= 50 mg/k ,p=0447hr
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Figure 6. Relationship Between Specific Growth Rate, u, and
Initial Substrate Concentration, So
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Figure 7. Reciprocal Plot of u versus So
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Figure 8. Metabolic Response of an Acclimated Microbial Popula-
tion Growing on Bacterial Hydrolysate Obtained From
a Pilot Plant Operating on Glucese as its Sole
Source of Carbon. Seed Taken From Pilot Plant.
Nov. 19, 1971



230 325

135

1

BIOLOGICAL

.

ﬂ

-

SOLIDS

FILTRATE COD

T

70

20
TIME, HOURS

1000

@

r/bw ‘SISATYNY Q3LVIIANI

48



Figure 9. Metabolic Response of an Acclimated Microbial Popula--
tion Growing on Bacterial Hydreolysate Obtained From
a Pilot Plant Operating on Glucose as its Sole
Source of Carbon.  Seed Taken From Pilot Plant on
Nov. 29, 1971 ;
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Endogenous respiration patterns of the biological solids in both exper- .
'imentslwere similar. The rate of endogenous respiration was rather
rapid, but-total oxidation was not approached in either expefiment° It
should be pointed out that the two experiments reported herein were run
separaté1y54§wtzfrom the same stock hydrolysate. ,The COD of the stock
hydrolysate used was 7616 mg/1. The filtrate COD of the stock hydroly-
sate was 5?02 mg/1. Both experiments weke'run-on filtered hydrolysate.
Figure 10 shows the 02 uptake.pattehn for cells utilizing the cell
hydrolysate. The Warburg apparatus was used to determine the rate of 02
uptake. - The Warburg apparatus was\advantageous‘for severaT reasons:
(a) temperature could be set and controlled to M 0.5%C; (b) oxygen up-
take could be measured.continually. The oxygen uptake curves show the
energy uti]ized'dufing‘synthesis and,endogenous=respiration1¢ Figure ]d
shows -the results of this-experiﬁéntlpldtted‘on semi-logarithmic paper.
It is seen that the slope of fheklines increase with substrate concen-
tration, indicating avre1ationship between exponential'Oé_uptakelrate
and substrate concenfkation,_ It can be observed in Figuré 10 that at
high substrate concehtrations (500 mg/1 and 1000 mg/1) as well as at
some - lTow substrafte concentration (100 mg/1) there appeared to be two
logarithmic phaées° The first log phase, however, appears to be.more
related to fhe substrate removal or,grthh phase. The value from the
first.log phase was used to'construnt~thevadt.$howh in Figufe 11.
This figure shows that the re]a;ion;hipibetween?e;poﬁentia]v02 UPtaké[ '
rate.andso is.of ‘the hyperbolic type simi]arrtb;the Monod relation

between specific growth rate u and So.



Figure 10, Oxygen Uptake at Various Initial Substrate Concen-
trations
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Figure 11. Relationship Between Specific 02 Uptake Rate, u,

and Initial Substrate Concentration, S0 2
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B. Studies oh the Metabolic Characteristics

of Kraft Prbcess Pu]bﬁng Liquor

It should be pointed out here that the substrate used in these

experiments was not plant effluent, but a 1/50 dilution of digester

blowdown 1iquor.

Table V shows the results of .a 28-day batch study to characterize
" this indystria] waste and to gain insight ;egarding,its metabolic
behavior when subjected to aerobic bio]og'icall'treatment° The batch
unit consistéd-qf a 5-1iter‘réactor and operated as ouflined in the
Materials and Methods section. Samples were taken once daily before
and after feeding, and .analyzed for substrate uti]ization‘as measured -
by the ACOD test (35). Solids determinations were a1§o performed to
obtain .cell yield values. From the data, ACOD and yield values were

calculated using the following formulas:

ACOD = COD; - COD, | (2)
y = Weight of organisms formed:_ Abiological solids (3)
weight of -substrate used . ACOD

It can be seen from Table V that the average 24-hour ACOD was.673
mg/1. This_rangéd fromia low value of 360‘mg/1vt6 a high of .983 mg/1.
Values of less than 600 mg/1 were observed .in less than 15 percent of
the samples ana]yzed; that is, in only four days out.of-fhe 28 days
examined. The average increase in solids was 320 mg/1. S]udge‘yie1ds
ranged from 0.23 to 0.98; 0.98 was reported in one out of the 28 days
analyzed. Values in excess of 0.7 were found in only four of the 28
days studied. Periodically, samples of the feed and effluent were»a]so,
Itaken for measurement of BOD5° The avérage*BODsfof the feed was 517
mg/1. The -average BOD5 of the effluent was 67 mg/1. This represents



TABLE V
TREATMENT. OF KRAFT ‘PULP MILL WASTE IN A BATCH OPERATED. ACTIVATED SLUDGE REACTOR

Tnitial F1na1 Initial Final A A BOD5 BOD5 " A

Date ceb ~__CoD Solids Solids Solids CoD Yield Feed  Eff BODg
T12/13/72 4000 " 3600 3500 3750 250 4000  2.62
14 3600 3000 2780 3165 385 600 0.64
15 3500 3060 2385 2700 315 440 0.72
16 3360 3000 2025 2380 355 360 0.98
17 4095 3400 1980 2290 310 695 0.43
18 4310 3500 1800 2180 350 810 0,43 560 80 480
19 4250 3550 1744 2058 314 700 0.45
20 4410 3710 1696 1971 325 700 0.46
21 3800 2900 1670 1875* 205 900 0.23
22 3800 3000 1930 2195* 265 800 0.33 520 80 440
23 4300 3600 2130 2410* 280 700 0.40
24 4700 3900 2435 3090* 655 800 0.81
25 4300 3600 2815 3135* 320 700 0.46
26 4600 3100 3010 3355* 345 900 0.38
27 4200 3400 3155 3425* 270 800 0.34
28 3600 2872 3480 3645* 165 728 0.23
29 3724 2979 3530 3815* 285 745 0.38
30 3179 2766 3560 3830 330 413 0.79
31 2872 2002 3385 3700- 315 872 0.46 545 42 563
1/1/73 3192 2554 2280 2575 295 638 0.46
2 3405 2448 1850 2100 250 957 0.26
3 3830 2847 1555 1890 334 983 1.34
4 3405 2660 1360 1720* 360 745 1.48
5 3192 2447 1300 1610* 310 745 0.42 520 80 440
9 3190 2445 1795 2240* 495 745 0.66
10 3850 3210 1715 1930* 215 640 0.33
4100 3400 1540 1890* 300 700 0.43
K/]Z /73 3120 2501 1145 ~ 1500* 355 619 0.58 440 44 396
verage 3787 3073 2270 2585 320 673 0.48 517 65 452

*Mixed Tiquor not wasted



‘Figure 12. Metabolic Response of an Acclimated Microbial Popula-
tion Growing on a Kraft Mill Waste. - Experiment of -
Nov. 9, 1972
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Figure 13. Metabolic Response of an Acclimated Microbial Popula-
tion Growing on a Kraft Mill Waste. Experiment of
Dec. 7, 1972
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Figure 14. Metabolic Response of an Acclimated Microbial Popula-
tion Growing on a Kraft Mill Waste. Experiment of
Jan., 6, 1973 '
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Figure 15. Metabolic Response of an Acclimated Microbial Popula-
tion Growing on a Kraft Mill Waste. Experiment of
Jan. 16, 1973 '
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a purification efficiency of 87 percent. Figures 12, 13, 14, and 15
show examples -of the daily response of this -batch-fed extended aeration
plant. Samples were taken every hour for eight hours, and one was
taken at the end of 24 ‘hours. . The purpose here‘was to gain insight in-
to the time period required for the uti1ization of exogenous substrate
and the time at which maximum growth was achieved. From these data,
yield values were also determined¢by equation (3). The yield values
calculated from the data of Figures 12-15 ranged from-0.46 to 0.72. It
can also be noted that substrate utilization was completed and maximum
growth achieved within two to fo%r hours. Very little, if any, auto-
digestion of the solids took place within the 24-hour test period. - It
should also be pointed out that the substrate utilization and growth
patterns for;the industrial waste did not follow the smooth kinetic
curve commonly observed {n experiments of this nature. The waste con-
tained a 1argé non-biodegradable fraction which might‘have,caused the
irregularities in growth patterns noted in these experimenté,-or the
"stepped" nature of these data may actuai]y reflect metabolism of dif-
ferent compohents of the waste.

Figure 16 shows another short-term batch experiment in which the
yield va]qegwas observéd to be 0.5. Figure 17 shows results from the
same experiment in which BOD5 was used as a measure of substrate utili-
zation. It can be noted that a ACOD value of 814 mg/1 was equivalent
to a BOD5 value 6f1490 mg/1. It is‘interestinglto note that the BOD5
remova1-effic1enqy:was 79.5 percent, It is also interestjnglto note
that the B0D5:A§bDrratio for this expeniment was 0,602;.it is generally
accepted in the pollution contfo] field that the BOD5 represents about.
0.6-0.7 of the ultimate BOD,

A short-term batch experiment was also conducted to study the



Figure 16. Metabolic Response of an Acclimated Microbial Popula-
tion Growing on a Kraft Mill Waste. Experiment of
Jan, 9, 1973
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Figure 17. Metabolic Response of an Acclimated Microbial Popula-
tion Growing on a Kraft Mill Waste. Experiment of
Jan. 9, 1973
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metabolic characteristics of a hydrolyzed biological sludge taken from-
an extended aeratidn_process growing on . the Kraft.waste, the purpose.
being to evaluate the avaiTabi]ity'of'the hydrolyzed sludge as a carbon
source for other aerobic microorganisms.. Neutralized hydrolysate was
fed to a growing system deve]bped from a ‘mixed seed consisting of cells
from the extended aeration pilet plant and a small sewage inoculum.
Figure 18 shows the results of this experiment. The initial unfiltered.
COD of the hydrolyzed solids was: 720 mg/1; the COD Qf7the\fi]trate was
340 mg/1. It can be seen that all of the filtered COD fed to the unit
was removed after 24 hours. BODy of the filtered hydrolysate was 200
mg/1; 93 pekcent of,this B005fwas\removed within eight hours,

Figure 19 shows a simiiar experiment ih which‘the unfiltered COD
was 900 mg/1, the filtered COD was 440 mg/1. The-fi]trate BOD5 was 240
mg/1. In this experiment,-fhe sludge was washed prior to hydraelysis.
Again, values of nearly 100 percent removal of'so1ub1e,CODvand BOD are.
shown, indicating that the solub]e portion of the hydrolyzed cells
taken from- a system growing in-a Kraft industrial waste can be used as

substrate for other‘heterogéheous;popU]ationsn,

C. Qpefdtiqnal Performance of‘the,EXtehded

Aeration Processufﬁeopporating the "Hydrolytic

Assist;" S{ = 500 mg/1 ajucose.

The extended aeration gctivate@~;1udge pilot plant was put into
operation on September 23, 1971, For the first 46}days,-the‘p1ant was
batch-fed 1000 mg/1 glucose each day. .On.dayk47,,the féed was reduced
to 500 mg/1 glucose. On.day164, the’p1ant wagrchépged from batch

N

a



Figure 18. Metabolic Response to Cell Hydrolysate Obtained
From Pilot Plant Operating on Kraft Mill
Waste as Carbon Source. Experiment of Feb. 9,
1973
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Figure 19. Metabolic Response to Cell Hydrolysate of Washed
Sludge Obtained From a Pilot Plant Operating
on Kraft Mill Waste. -Experiment of Feb. 16,
1973 o
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feeding to .continuous .flow. The plant was operated as a continuous-
flow unit without using the "hydrolytic assist" from day 64 -until day
130, . During this period, sludge was-withdrawnAfrom the unit and hydro-
lyzed for separate batch studies to determine the sludge characteristics.
Figure 20 shows the performance of the extended aeration plant during
the first 130 days.- It can be seen in Figure 20 that the biological.
solids concentration in the system after 130 days of operation was:
slightly below 6000 mg/1. The biochemical purification efficiency based
on filtrate COD was in general about 90 ‘percent. Toward the end of this
period (see days.124-130), there were some settling problems with the
sludge. Figure 21 shows 10 weeks of performance data of the extended
aeration pilot plant incorporating periodic sludge withdrawal, hydrely-:
sis, ‘and refeeding the hydrolysate to the aeration tank. The neutral-
ized hydrolyzed sludge was fed back along with 500 mg/1 of glucose over
a period of six days. Throughout this phase, the effluent from. the
pilot plant Was.characterized by determinations of filtrate COD, unfil-
tered COD, and bid]dgica] solids., During the first three weeks of:
sludge withdrawal and refeeding, the settling problems whichfhad started
on about day 124, persisted,

The biological solids decreased rather steadily during the first.
three weeks of operation. ' This was due in most part to loss of solids
in the effluent. During the last six withdrawal periods, the biologi-
cal solids in the reactor remained around 3000 mg/1. The purification
efficiency based on filtrate COD remained between 90 and 95 percent
throughout the test period. The average purification efficiency
between days 154 and 184 was 95.5 percent. Day 154 was chosen because

it represents the day on which the settling had become more normal, and



Figure 20. Performance of an Extended Aeration Pilot Plant .Oper-
ating Without the "Hydrolytic Assist." Days 0-130,
Sept. 23, 1971, to Jan. 30, 1972
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Figure 21. Ten-week Performance Data of the Extended Aeration
Pilot Plant, Incorporating the "Hydrolytic.Assist,"
While Growing on 500 mg/1 of Glucose. Days 130~
190, Jan. 30, 1972, to May 30, 1972
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day 184 represents the conclusion of a 30-day test period. The average
concentration of biological solids in the reactor during this same

- period was 3064 mg/1. The average filtrate COD was 29 mg/1, and the
average biological solids in the effluent was 48 mg/1.

Figures 22-31 are a more detailed presentation of the weekly per-
formance of the pilot plant while undergoing weekly hydrolysis and re-
feeding. Figure 22 shows the first week's performance. The mixed
liquor suspended solids was 5000 mg/1 at the beginning of the first
week, and at the conclusion of the refeeding period or sixth day, the
mixed Tiquor solids was 4600 mg/1. Biological solids in the effluent
"~ averaged less than 50 mg/1; purification efficiency based on filtrate
COD was in excess of 90 percent. The COD of the raw hydrolysate was
8771 mg/1; COD of the filtered hydrolysate was 6194 mg/1. The COD of
the glucose feed plus hydrolysate was 680 mg/1.

'Figure 23 shows the second week's performance. At the time of
withdrawihg sludge for hydrolysis (day 138, i.e., day zero in Figure 23)
the mixed 1iquor suspended solids was 4600 mg/1; at the end of the
refeeding period, the mixed liquor suspended solids was 4100 mg/1. Bio-
logical solids in’ the effluent averaged about 75 mg/1; purification
efficiency based on ff]trate COD was in excess of 90 percent. The COP
of the hydrolysate was 8700 mg/1; COD of the filtrate was 6200 mg/1.
The COD of the glucose feed plus hydrolysate was 760 mg/1.

Figure 24 shows the third week's performance. At the beginning of
the hydrolysate withdrawal period, the mixed liquor suspended solids
was 4100 mg/1,‘ At the end of the refeeding period, the mixed liquor
suspended solids was 3500 mg/1. Biological solids in the effluent

averaged about 50 mg/1. Purification efficiency based on filtrate COD



Figure 22. First Week's Performance Data of the Extended Aera-.
tion Pilot Plant With Weekly Withdrawal, Hydrolysis,
and]Refeeding. Days 132-139. Glucose Feed, 500
mg/ -
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‘Figure 23; Second Week's Performance Data of the Extended Aera-
tion Pilot Plant Nith~Week]y:withdrawgl.‘Hydro]ysis.'

and Refeeding. Days 138-145. G]UCOS&M?Q&Q@\SOO
mg/1 S
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Figure 24. Third Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydrolysis,
and Refeeding. Days 144-151. Glucose Feed, 500
mg/.1
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averaged above 90 percent. COD of the unfiltered hydrolysate was 8738
mg/l;» COD of the filtrate hydrolysate was 6400 mg/1. The COD of the
feed glucose plus hydrolysate was 637 mg/1. |

Figure 25 shows the fourth week's performance. At the beginning of
- the hydrolysate withdrawal period, the mixed 1iquor suspended solids was
3600 mg/1; at the end of the refeeding cycle, the mixed 1iquor suspended
solids was 3800 mg/1. Biological solids in the effluent averaged less
than 50 mg/1; purification efficiency based on filtrate COD was 95 per-
cent. COD of the unfiltered hydrolysate was 7500 mg/1; the filtrate
COD was 6400 mg/1. The COD of the feed glucose plus hydrolysate was
699 mg/1.

Figures 26 and 27, the fifth and sixth weeks' performance data,
showed similar trends. The mixed liquor suspended solids was about 3000
mg/1 at the beginning of both weeks, and 3100 mg/1 at the end of the
week. Biological solids in the effluent averaged about 50 mg/1 for
both weeks. Purification efficiency based on filtrate COD averaged in
excess of 90 percent for both weeks. The COD of the hydrolysate was
7500 mg/1, and the unfiltered COD was 6000 mg/1 for both weeks. The
COD of the feed gTucose plus hydrolysate averaged 750 mg/1 for both
weeks.

Figures 28-30 (weeks seven, eight, and nine) also displayed simi-
'1ar patterns. The biological solids concentration in the mixed 1iguor
at the beginning of the seventh week was 3000 mg/1; at the end of the
refeeding period, the mixed liquor suspended solids concentration was
3500 mg/1. At the beginning of the eighth week, the mixed 1iquor sus-
pended solids concentratibn was 3500 mg/1; at the end of the refeeding

cycle, the mixed 1iquor suspended solids concentration was 2900 mg/1.



Figure 25. Fourth Week's Performance Data of the Extended Aera--
tion Pilot Plant With Weekly Withdrawal, Hydrolysis,
and Refeeding. Days 150-157. Glucose Feed, 500
mg/1 :
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Figure 26. Fifth Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydrolysis,
and Refeeding. Days 156-163. Glucose Feed, 500
mg/1
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Figure 27. Sixth Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydrolysis,
and Refeeding.  Days.162-169. . Glucose Feed, 500
mg/1 : ,
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Figure 28. Seventh Week's Performance Data of the Extended Aera--
tion Pilot Plant With Weekly Withdrawal, Hydrolysis,
and Refeeding. Days 168-175. Glucose Feed, 500
mg/1 ‘ '
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Figure 29. Eighth Week's Performance Data .of the Extended Aera--
tion Pilat Plant With Weekly Withdrawal, Hydrolysis, .
and Refeeding. Days 174-181. Glucose.Feed, 500
mg/1-
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Figure 30. Ninth Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydrolysis,
and Refeeding. Days 180-187. Glucose Feed, 500
mg/1
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At the beginning of the nfnth week, the bio}ogice] solids concentration
waé 2900 mg/1; at the end of the refeeding period, the mixed 1iquor
solids concentration.was 2900 mg/1. Purification efficiency based on
filtrate COD was in excess of 90 percent for a11,£hree weeks.ﬂ

Figure 31 shows the penformance during the tenth week of operation.
The'mixed liquor biological solids concentration at the beginning of
this period was 2900 mg/1, and at the end of .the test period, 2000 mg/].
Bio]ogical solids concentration in the effluent averaged 125 mg/1;
however, purification efficiency based on filtrate COD remained in
excess of 90 percent. The COD of the unfiltered hydro1ysatedof the
withdrawn cells was 2800 mg/1. . COD of the'fi1tratezwas 2000-mg/1. . Dur-
ing this period, the pilot plant began to exper1ence some" sett11ng
problems. There were no pH changes noted 1n the mixed -1iquor; pH
remained between 6.8 and 7.0. - Although microscopic examinations were
not performed at this time,.there was no filamentous growth noticed in

the clarifier nor was bulking a problem.

Di Chemical Fioccuiation of Suspended Bio-

logical Solids in the Effluent of the

' Extended Aeration Activated S]nge Pilot -

Plant

The extended aeration process could be considered one that should
enhance development of flocculating microbial populations, since it is

operated under starvation conditions which are generally thought -to be

‘needed for development of a f1OCCed m1crob1a1 popu]ation However,'““@

. from time to time, sett11ng problems are encountered due, perhaps, to

changes in predominance of species caused, for example, by pH changes.



Figure 31. Tenth Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydro]gsis,-
and Refeeding. Days 187-194. Glucose Feed, 50

mg/1
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One method for control of non-settling sludge is through the addition
of -chemical flocculants. ance the pilot plant was experienciﬁg set-
tling problems which, based on experimental evidence and observ?fidn,
was.not due to a pH change or any apparent change in predominanbe,
experiments were.conducted to determine a suitable cQagu]ant that might
be used as a remedial step.in-correcting the existing sludge settling
problem. Experiments-were designed -to gain some insight into the opti-
mum- concentrations and kinds of flecculating agents that might enhance
settling. Some of the results of these studies are shown in Figures 32
through 34. From these keSu]ts, it appeared that ferfic sulfate,
Fe2(504)3. would be the best reagent to flocculate biological selids in

the effluent of the extended aeration activéted sludge process.

CE. Operational Performance of the Extended

' Aerqtion Process'lncorhorating the "Hydrelytic :

Assist;" s, = 1000 mg/1. Glucose

Figure 35 shows.the performance of the pi]ot;p]ant prior to .chang-
ing the feed from 500 mg/1 glucose to 1000 mg/1 glucose. It -also shows
the acclimation period prior to resuming periodic sludge withdrawa] and
subsequent hydrolysis and refeeding. It should be noted that during
this period, purification efficiency based on‘filtrate COD.remained
above 90 percent. There was also a short period in which settling prob-
‘lems were encountered, and the prob]em-was corrected with the addition
of ferric sulfate as a flocculant. On day 215, the feed was,switched
from 500 mg/1 glucose to 1000 mg/1 glucose. The biological sd]ids in
the- reactor increased from 1100 mg/] dn,day 215 to 6000 mg/1 by day 232.
Weekly withdrawals -of 900 ml of setp]ed‘s]udge for hydrolysis and



Figure 32. Effects of Concentration of Indicated Coagulants on
Flocculatipn and Settling of Biological Solids
Retained in the Effluent of the Extended Aeration
Pilot Plant. Day 195 - April 4, 1972
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Figure 33. Effects of Concentration of Indicated Coagulants on
Flocculation and Settling of Biological Solids
Retained in the Effluent of the Extended Aeration
Pilot Plant. Day 195 - April 4, 1972
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Figure 34. Effects of Concentration of Indicated Coagulants on
Flocculatibn and Settling of Biologfcal Solids
Retained in the Effluent of the Extended Aeration
Pilot Plant. Day 197 - April 6, 1972
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Figure 35. Performance Data for the Continuous-Flow Pilot Plant
- Days 190-250 - March 30, 1972, to May 29, 1972
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refeeding began on déy 236.

Figure 36 shows 10 weeks of performance data for the extended
aeration pilot plant while operating with the "hydro]y%ic assist." . The
neutra]ized hydrolysate was fed to the unit along with 1000 mg/1 glu-
cose over each six-day period. At thé Beginning of this test period,
the biological solids concentration in the reacior was 5500 mg/1. At
the close of the test period, the biolegical solids concentration was
6600 mg/1. The average biological solids cohéentration in the effluent
sduring this time was 34 mg/1. The average ﬁi]traté COD in the effluent
was 34 mg71, and the average unfiltered COD fn_the effluent was 64 mg/1.
The average biological solids concentration in the reactor was 6123
mg/1; the average purification efficiency based on filtrate COD was
97.5 percent.

Figures 37-46 show weekly perfohmancesu ‘The sludge characteristics
and effluent characteristics were simifér for each of the 10 weekly test
periods. The COD of the hydrolysate for the 10-week period was-as fol-
Tows: o

First week, unfi1tered COD, 8000; Filtenedyt@ﬁ; 6032 mg/1.

Second week, unfi1téred‘COD, 8640; filtered COD, 5616 mg/1.

Third week, unfiltered COD, 7676; filtered COD, 4848 mg/1.

' Fourth.week; unfiltered COD, 8660;;fi]tered}C®D, 5360‘mg/1,

Fifth week,}unfi]tered»COD, 7835; filtered COD, 4536 mg/1.

~ Sixth week, unfiltered COD, 6161; filtered COD 5454 mg/1.

Seventh week, unfiltered COD, 16;000; filtered COD, 7200 mg/1.

Eighth week, unfiltered COD, 8200; filtered COD, 5400 mg/1.

Ninth week, unfiltered COD, 7800; fiitered CODy; 6400 mg/1, .

Tenth week, unfi]tered-COD, 8400; filtered COD, 6400 mg/1.

¢



Figure 36. . Ten-Week Performance Data of the Extended Aeration
Pilot Plant Incorporating the '"Hydrelytic Assist"
While Growing on 1000 mg/1 Glucbse. Days 235-295
- May 14, 1972, to July 13, 1972
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Figure 37. First Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydroly-=
sis, and Refeeding. Days 236-243. Glucose Feed,
1000 mg/1 '
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Figure 38. Second Week's Perfermance Data of the Extended Aera—
tion Pilot -Plant With Weekly Withdrawal, Hydro])n
sis, and Refeeding. Days 242-249. Glucose Feed}

1000 mg/1
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Figure 39. Third Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydroly-
sis, and Refeeding. Days 248-255. Glucose Feed,
1000 mg/1
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Figure 40, Fourth Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydrely-

sis, and Refeeding. Days 254-261. Glucose Feed,
1000 mg/1 |
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Figure 41. Fifth Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydroly-
sis, and Refeeding. Days 260-267, Glucose Feed,
1000 mg/1
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Figure 42. Sixth Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydroly-
sis, and Refeeding. Days 266-273. Glucose Feed,
1000 mg/1

S
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Figure 43. Seventh Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydrolysis,
and Refeeding. . Days 272-279. Glucose Feed, 1000
mg/ 1 '
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Figure 44.. Eighth Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydroly-
sis, and Refeeding. Days 278-285. Glucose Feed,

1000 mg/1
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Figure 45, Ninth Week's Perfermance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydraly-
sis, and Refeeding. Days 284-291. . Glucose Feed,
1000 mg/1. ' '
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Figure 46. Tenth Week's Performance Data of the Extended Aera-
tion Pilot Plant With Weekly Withdrawal, Hydrely-
sis, and Refeeding. Days 290=297, Glucose Feed,
1000 mg/1
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F.. Studies to Test the EffectiveneSs.of,the

"Hydrolytic Assist" Process as_a Means of Con-

tro]]ing»Prédominance Changes ‘Developed -in the

Extended Aeration Activated Sludge Pilot Plant:

During the ninth and tenth weeks of operation at 1000 mg/1 glucose
‘feed,'there was . some indicatfon that the sludge might be beginning to
bulk. HoweVer, it can be noted from -Figures 45 and 46 that there was
no marked change in purificatioh,efficienqy. The pH in the aeration
tank was 6.7. Microscopic examination of -wet mounts from the settling
tank revealed the presencevof f1lamentous;microorgahisms. The usual
treatment plant methods of coping with bulking sludges (36-42) are to
ki1l the responsible organisms by chlorinating the retqrned sludge, or
to discharge the entire sludge mass and start over again. It has been
pointed out by Heukelekian (38) and Ruchhoft and Kachmar (42) that

some ff]amentous organisms are very efficient degraders of wastes high
in carbohydrates. This indicates that the main problem arising from
bulking sludge is not impairment of thevpurification mechanism, but
solid 1iquid separation in the secondary clarifier, the lack of which
allows the solids to escape. Such a situation developed in this pilot
study in which settling was hampered because of bulking sludge. It was
~ thought that perhaps the "hydrolytic assistﬁ could bé used to decrease
the population of fi]émentous‘microorganisms, thereby allowing some
other species present in the heterbgeneous mixture to become predomi-
~nant. Using the "hydrelytic assist" as a control procedure, one-half of
the total volume of the system was withdrayn and subjected to acid

hydrolysis (day 300, Figure 47). The pH of the aeration tank at the



Figure 47. Performance Data for the Hydrolytically-Assisted
Extended Aeration Process While Utilizing the
Hydrolysis Procedure as a Method of Enhancing
a Change in Species Predominance. Days 295-355
- July 14, 1972, to Sept. 11, 1972
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time of withdrawal was 6.70; the COD of~the.unf11tered raw Rydrolysate
was 5600 mg/1; the COD of the filtrate hydrolysate was 3800 mg/1.. On
day 308 (Figure 47), all of the solids in‘the final clarifier were
removed (approximately 3400 ml) and subjéctéd to acid hydrelysis. The
pH in the‘aeration tank at this withdrawal was. 6.7. The COD of the
unfiltered hydrolysate was 4312 mQ/1;,the filtrate COD was 3332 mg/1.
It should be noted that the general solubility of the hydrolysate for
the filamentous s]udge»was,simiiar to that from the non-filamentous
sludge. No fiTamentOUS*méteri?Js were observed .in the hydrolysate.
The_néutralized hydro1ysate was fed'back to the syétem along with .
1000 mg/1 glucose at the rate of 300 ml/day. This was twice as much
hydrolysate per day as had been previously used in refeeding procedures. .
During this time, daily microscopic examfnation was conducted on the
mixed-]iquor~suspended'solidsn- Although the}fi]qmentousjpopuiatiqh was
decreased considerably by the hydrolysis procedure, fi]émehts sti]i
dominated and\bu]king;persisted, - It should be pointed ouf that the
total mixed 1iquor suspended solids concentrations in the aeratien tank
was reduced from 6600 mg/1 to 2400'mg/1 under this severe withdrawal.
schedule. The total mikedv1iquor suspended solids concentrati?nnafter
completion of the refeeding cycle was 4000 mg/], It took 28 days to
complete the refeeding cycle. It was noted after the refeeding period
that although filamentous microorganisms were still prominent, there
‘was. the presence of increasing amants.of other micrdorganisms within
the ch]ture medium; Tﬁﬁs was taken as an indication that the "hydro-
1yt1¢ assist" process c6u1d serve as a heans,for'éontro]iﬁng predomsi-
nance changes :in activﬁted-s]udge processes. To gain furthef informa-

- tion, another experiment was conducted. This time, all of the sludge
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in the final clarifier was removed daily for as long as there was some
indication of the presence of bulking filamentous microorganisms. For
six days (see Figure 47), 2000 m1 sludge was withdrawn from the final
clarifier. At the end of this withdrawal period, the hixed 1iquor sus-
pended solids in the unit was reduced from 4000 to 1000 mg/1. The
withdrawn sludge was hydrolyzed, neutralized, and fed back at 1000 ml/
day along with 1000 mg/1 glucose. At the end of the 12-day refeeding
cycle, filamentous microorganisms were reduced considerably and other
microorganisms were beginning to predominate. Over the period shown in
Figure 47, the biochemical removal efficiency remained well abbve 90
percent. The biological solids concentration in the effluent fluc-
tuated somewhat between 20 mg/7 to 140 mg/1. However,.the average
solids concentration in the effluent was about 50 mg/1. In Figure 48
it can be seen that during the refeeding phase, the treatment effi-
ciency was very high.

In order to speed up the predominance change brought about through
the aid of the "hydrolytic assist" process, the pilot plant was seeded
with 500 m] of primary sewage. This was done on day 369 (Figure 48).
By day 379, settling had returned to normal; there was a change in
color of the sludge. Microscopic examination showed that there were
very few strands of filamentous microorganisms present. Microscopic.
examination also revealed the presence of protozoa in the mixed 1liquor.
It should be noted that after reseeding, the pilot plant was placed on

21000 mg/ 1 é]ucose feed only. A1l previcusly withdrawn hydrolysate had
been re-fed to the unit. As seen in Figure 48, the mixed Tiquor sus-
pended solids in the aeration tank at the time of reseeding was 2000

mg/1. After 40 days, the solids concentration had risen to 6800 mg/lol



Figure 48.. Performance of the Extended Aeration Process After
Reseeding te Bring Aboyt a Predominance Change. -
Days:350-420 - Sept. 11, 1972, to Nov. 20, 1972
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Biochemical pur1f1cat1on5dur1ng.this‘period was excellent, and remained
above 95 perCent.. Bio1ogica] solids in the effluent averaged less than
40 mg/1. On days 401, 407,vand‘413; 900 ml of s]udge were withdrawn
from the clarifier and hydrolyzed, neutralized, and re-fed to the sys-
tem. Figures 49-51 show the weekly performance of the unit under these
conditidnsu.,The COD of -the hydre]yséte'of sludge withdrawn on day 401
was 9,780 mg/1, unfiltered COD‘wasv70ﬂO mg/ 1. The‘COD of the hydrny-,
sate withdrawn on day 407'was%10,067 mg/i; unff]téwed.COD was 6195 mg/1.
The COD of the‘hydroiysate withdrawn onlday 413 was 9880 mg/1 for the
unfiltered sample, and the filtrate COD was 6700 mg/1. The biochemical
purification based,on=fi]trate COD remained above 90 percent for each
week. Biological solids in the effluent averaged ]egs than 50 mg/1

for each week..

G._ Performance of the Hydrolytically Assisted

Extended Aeration Process Growfng,on‘Diiute

Kraft Mill DigestervB]owdown\Liquorﬂas Carbon

Source .

The sIUdgeAemp]oyed in initigt%ng this study was 1200 ml of accli-
mated cells takeh‘from the batch untt used-Fd; the ACOD study, along
with 1500 ml of settled sewage taken from the poi]dtion control plant
at Sti]]water,,Ok]ahoma. This inipia] séeding was diluted to nine
Titers, and continuous-flow operations begun. The substrate consisted
of a 1/50 d%]ution of Kraft pulp mill digester blowdown 1iquor. The
mixed Tiquor solids concentration in the reactor at the beginning of
the continuous flow operation was 2570 mg/1. The pilot plant was

placed into operation on Jan. 17, 1973, and continuocus monitoring of



Figure 49. First Week's Performance Data, After Reinitiating
Operation With the "Hydrolytic Assist" to the
Extended Aeration Pilot Plant. Days 401-408,
Glucose Feed, 1000 mg/1



145

n
7
408

T —A—2A
©
407

S
406

L . S
// s\A\

. HS/J\-\A—-——"""

.

2
403

/A-———A/ﬁ;
3 4
404 405

\| ]
1 By

1 S
/’ i r <
= - =L JV 1. 4 o Xe)
8 o 8 8 8 8 8 @] § 8 @] g 8 O <«
N M O W
| r/bw v/bw
SSTIN IN3N443 7/6w 7/bw
Sainos sSaI10s aod aod

Q334 vaI1901018 TvaI90T1018 INVIVNY3dNS 31vdliiid



Figure 50. Second Week's Performance Data, After Reinitiating
Operation With the "Hydrolytic Assist" to the
Extended Aeration Pilot Plant. Days 407-414.
Glucose Feed, 1000 mg/1
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Figure 51. Third Week's Performance Data, After Reinitiating
Operation With the "Hydrolytic Assist” to the
Extended Aeration Pilot Plant. Days 413-420.
Glucose Feed, 1000 mg/1-
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biological so]ids concentration and effluent characteristics began-on;
Jan. 26, 1973. The pilot plant used in this investigation wd$ of the
same type as used in‘the Study of the syhthétic.glucose‘wastea,

Fighre 52 shows~6d_days,of pér%orﬁancé data for the extended aer-
ation pilot plant. The average filtrate COD oflthe effluent (CODe) was
1480 mg/1. The average ACOD, that-is, CODi-CODe, was 1200 mg/1. The
resu]tsvwére,sim{]ar‘tb those for the.eXperimehts,withisynthetic'waste.'
Purification efficiency was not hindered,bj the.addition.of hydro]ysate
a]éng with the regular feéqo Batéh.studiES-performed'(Figurés 18; 19)
on the so]uh]e fraction of thé-hydro]yzed'ce1]s show this material to be
an available carbon source for other heterogeneous microorganisms.:

It can be noted from Figure 52 that the biological solids concen-.
tration in the eff1uentzvariéd from -30-200 mg/1. At times. the systems
developed- situations in which there was.a ]arge.amount,of»soiids carrye
over with the effluent. It was surmised that the problem was not
necessarily due to a poor settling sludge, but due to some amount of
turbulenéé which was perjodital]y'caused by aﬁr,bubb]es being swept
into the settling compartment. This had a tendency to-disperﬁe the
settled solids in the clarifier, causing solids to be lost in the
effluent carryoveré‘ To support the surmise:that,poor;settlihg yas
probably due ‘to the design of the clarifier and not the nature bf,the :
biological mass produced; samp]es wereftaken and subjected-to routine
settling tests each weékﬁ Samples of the resu]ts,from these teSts are
| shown in Figqre 53. As can be seen in this figure, the sett]ing|¢hare
acteristics of fhe mixed 1iquer in the reactor werelexce]Ient, aﬁd
settling procéeded very rapidly. In only 15 minqtes, the sludge had

concentrated four-fold.



Figure 52. Performance of an Extended Aeration Pilot Plant
Operating With the "Hydrolytic Assist" and Kraft
Mill Waste as_Carbon,Source
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Figure 53. Settling Characteristics of ‘a Hydrolytically-
Assisted Extended Aeration Activated Sludge
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H. 0, Uptake Characteristics of Various

vEff]uents Fﬁomﬂthé Extended -Aeration

‘Pilot'R]ant'

To further evaluate the ex¥ended aeration process incerporating
the "hydrolytic assist" and to gjve suppdrt‘tq its efféctivenéss in
-treating soluble o‘r“ganic,wa.ste‘materials effluent samples from the .
pilot p}ant>were teéted»periodica]1y_t0~determine theﬁr effect -on O2
resourcés in receiving ‘'streams. One such test using the open stirred.
jar technique 1is shown in Figure 54, During?;he’first:24'hours,,
réplenishment of the dissolved oxygen previously removed'chemica]]y:by.
the addition of sodium su]fitezand'cobalt was measured to determine the
rate ofvatmosphéric?reaeraiion (Ké) in the jan-reactor° In this par-
ticular_fun,,a K, value of 0.099 hr“} was calculated fr6m<the DO data.
After the reaeration period, eff]ueht substrate was added to the
reactpr in-a 50/50 .ratio with tap water, and the DO measured-during:
both.the deoxygenation_and'reéovery périod55 During this experiment
(days 239-240), the pilet plant was fed 1000 mg/1 glucose plus sludge
hydrolysate; The‘tota]-feed concentration was 1200 mg/1. The filtrate |
COD of the plant effluent was 43 mg/1; The bioIogicai so]idgaconceptrg;ion;
was 58 mg/1, and the total organic content (COD) was 130 m§/1, -Exami-
nation of Figure 54 shows a slow decrease in DO with an'accompanying‘
s]oﬁ,recbvery period, The corresponding 02 uptake curve indicates that
a total of 22.5 mg/1 of oxygen was reqyiredhby the microorgahisms after
five days. An experimeht was.run using raw cell hydfo]ysate obfainéd
from fhe cells in the pi]ot;p]aht on day 369 of continuous flow oper-

ation (Figure 55). An acclimated seed was obtained from the settling

’



Figure 54. DO Profile and 0o Uptake in an Open Stirred Reactor,
due to Addition of Treated Effluent - From: ‘the.
Extended Aeration Pilot Plant Operated With 500
mg/1 Glucose Feed, Days 239-240

Substrate Characteristics:

Extended Aeraticn Effluent

Days of Operation, 239-240 (May 18-19, 1972)
Total Supernatant COD (Se) =130 mg/1
Biological Solids (Xe) =.58 mg/1

Filtrate COD (Sf) = 43 mg/1.

Dilution Ratio = 50/50

K, = 0.099 hr™* Temp. = 22°C
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Figure 55.

DO Profile and 0, Uptake in an Open Stirred Reactor

due to_Additio% of Treated Effluent From the
Extended Aeration Pilot Plant Operated with 50
mg/1 Sludge Hydrolysate. Day 369

Substrate Characteristics:

Hydrolysate From Extended Aeration Unit

Day of Operation, 369 (Sept. 25, 1972)

Total COD = 6400 mg/1
Seed = Extended Aeration Effluent

Conditions in Open Reactors

Total COD.=-50 mg/1 "
Seeding Volume = 50 mg/1

O= dar 1, K, 0.120 hr™
0= dar 2, &, 0.088 hr"

1

i

1
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tank, and adequate phosphate buffer was added to maintain the pH at or
near 7.0. The unfiltered COD of the cell hydrolysate was 6400 mg/1;
the concentration of hydrolysate added to the reactor was 50 mg/1.

The seed concentration added was 0.5 percent by volume. As seen in
Figure 55, there were two separate phases of deoxygenation and oxygen
recovery. The accumulated 02 uptakes after five days were 26.2 mg/1
and 21.4 mg/1, respectively.

| Figure 56 shows the results of an open stirred reactor study using
effluent obtained from the pilot studies when Kraft processing 1iquor
was fed. The reactor was polluted with 50 percent effluent and 50 per-
cent tap water. The effluent contained 1800 mg/1 of supernatant COD

1 and 0,095 hr™!

and 1400 mg/1 of filtrate COD. K2 values of 0.108 hr~
were used. The accumulated 02 uptake after five days was 44 mg/1 1in

each reactor.



Figure 56. DO Profile and 0, Uptake in an Open Stirred Reactor
due to Addition of Effluent From the Extended
Aeration Pilot Plant Operated With Kraft Mill
Waste -as Feed '
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CHAPTER V_
DISCUSSION

It was seen in Figures 5 and 11 that the hyperbolic curve proposed
. by -‘Monod does adequately represent the data in plots of u versus S and
uoz'versus'S..'This relationship between the growth rate and concentra-
tion of an essential nutrient was proposed by Monod (43) as a hyper-
bolic function-similar to.the equations used to describe the effect of
substrate concentration on velocity of enzyme action (44). Although
the Monod egpreésion has been successfully used, it must be remembered
that it relates the concentration of a single nutrient to the specific
growth rate. However, Peil and Gaudy (45) have shown that the hyper-
bolic relationship applies also to the soluble fraction of a municipal

sewage when substrate concentration is measured as total COD. Peil and

Gaudy, in investigations using municipal waste, reported an average u

max
. .

value for concentrated sewage of 0.45 hr '. It can be seen in figure 7 )

that the maximum growth rate value for a heterogeneous population grow-
ing on hydrolysate was 0.680 hr'1. This value was slightly higher than
the average_umax_va1ues-reported by Gaudy and Gaudy (35)‘for a carbq:
hydrate waste such as glucose. Goldstein (29), in his investigations
usiﬁg acetic acid, reported an average maximum growth rate'value of
0.805 hr'] for heterogeneous populations growing on acetic acid. The Ks

value obtained from the hydrolysate experiment was 35 mg/1. This can be

compared with average values of 75-150 reported by Gaudy and Gaudy (35),

163
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52 reported by Peil and Gaudy (45), and 60 reported by Goldstein (29).
In genera]. the values obtained for “max~and Ks on cell hydro]ysate fall
- within the 1imit of values obtained-in a 1argér body of kinetic data on
cell hydrolysate obtained in the bioengineering 1aborata&1es-ét Okla-
homé;State University (Goldstein and Gaudy, unpublished data).

The relationship betweenvexponentia1 02 uptake and So was, in

genera],‘of the hyperbolic type similar to that of u and S+ The Hinax
P ' ) o

1 2

was 1.24 hr ', and K, was.67. Thus, the Monod equation can be written
‘to express the relationship between initial substrate concentration and

rate of 02 uptake.
' }l,maxo '50
.u02 = fks‘+ S
This equatidn}provides-a'fairly good fit to the data obtained in the

. present study.

The yield values for cells growing on hydrolysate (Figures & and 9)
'vweré 0.64 and 0.51, respectively, Cell yield, for pure cultures, is

- considered to be one of the "biological cbnstants‘". However, it has
been amply shown by Gaudy and co-workers (46-48) that yield varies ovér
a considerable range for heterogeneous . populations. If;has-a]sovbeen
prqposed’by Gaudy and Gaudy (49) that the difference in cell yields for
heterogeneous-popu]atjons metabolizing an exogenous substrate under
constant gxperimenta] conditions .is due mainly to ecological variance
of population. The data presented in Figures 8 and 9 were obtained
under the same experimental conditions but using a different~sewage:
seed'fpr each exberiment. The values found aré close to the average
yie]ds’(0.40;0.60) reported in the Titerature (35). The cell yield

values reported herein were determined at tﬁe conclusion of the
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substrate removal phase of the growth cycle. It should be pointed out,;
»however.,that_the yield values determined at the end of the substrate
removal phase have been found}to_apply throughout the growth curve--
that {s, during exponential and declining phases of growth.
Thisvinvestigation,was concerned with the treatment of soluble

organic -substrates. It should be pointed out that not all organic mat-.
ter is solub]e‘nor is it all biodegradable; however, it must be so to.
exert a BOD. - Also, it should bé pointed out that entrappéd inorganic
matter in some waste streams may permit some buildup of an inorganic-
fraction in the sludge.

~ The results of this study support the evidence reported by Yang
and Gaudy (50) that the hydrelytically assisted extended aeration proc-
ess can be used effectively in treating a soluble brganic waste., It was.
seen in Figure 21 that the purification efficiency based on filtrate COD
averaged 90 percent or better. The purification efficiency, hoggver,
was s1ightly less than'that'previous1y reported-for‘a-similar'syﬁtem
growing on 300 mg/1 of glucose and incorporating the same "hydrolytic
assist" techniques (31)(50). During this phase of the investigation,
some settling problems were encountered. The pH of the system remained-
between 6.8 and 7.0 during the entire operational period. There were
no indications of the presence of filamentous microorganisms or the
development of a bu]kihg sludge. - It has been surmised that some of the
settling problems were inherent in the design of the internal clarifier,
The problem seemed to be aggravated by the presence of a. low concentra-
tion of mixed 1iquor suspendedvso1ids.- The problem, however, Wds . suc-
cessfully controlled througﬁ the use of chemical coagulants. Tﬁe over-

all results of this phase of investigation compare favokably with
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results reported by Yang and Gaudy in the previous .pilot study using

300 mg/1 glucose (31)(50). They started with a solids level of slightly
above 5000 mg/lland, after 15 weeks of -operation uti]izing,periodic‘
week]y withdrawals, had slightly less than 4000 mg/1 of solids in the
aerationvtank, In the present 10-week study using 500 mg/1 glucose and
the same “hydro1yt1c assist"‘techniques; th;‘unit;stabilized-at 2200
mg/1. The initial solids level at the beginning,of the 10-week period -
was 4500 mg/1.  The digestion factor in this study appears to be slight-
ly hiéher than reported by Yang (31). However, it must be remembered:
that settling problems were encountered during the course of this study,
and this is probably the reason for the lower solids levels at the con--
clusion of this test period.

The results of this study further support the evidence that the
hydrolytically assisted extended aeration process can be used effec-
tively as a means of treating a soluble organic waste even at rafher
high organic loadings. The organic loading during the phase of the
study in.which 1000 mg/1 glucose was fed to the pilot plant was 100 1b
COD/1000 cu ft/day. . Itrcaﬁ be seen in Figure 36 that wifh organic |
loadings of 1000 mg/1 of glucose plus hydrolysate refeed, the purifica-
tion efficiency based on filtrate COD was 97.5 percent. The purifica-
tion,efficien@y here was slightly higher than the value presented by
Yang and Gaudy (50) in the pfevious studies using 300 mg/1 glucoese and
even .higher than the results reported in this study using 500 mg/] glu-
cose. . The solids concentration at the beginning of the test period was
5000 mg/1. At the end»of‘a 10-week test period, the system solids were
5800 mg/1. . |

The primahy}deve1opment,]eading,to.the investigation of the utility
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of the ”hydrb]ytic.assist" for control of predominance changes was the
appearance of a bulking filamentous sludge that would not settle. O0One
of the serious bperationa] problems encountered in the activated s1udge
process is impairment of sludge settling, resulting in exces$ive amounts
of suspended solids in the effluent. Phenomena resulting in the loss of
s]udgé solids into the effluent include dispersed growth, rising sludge
and deflocculation, as well as bulking. When bulking occurs, the sludge
is well-formed and the supernatant Tiquid is clear, but the sludge set-
tles slowly and compacts poorly. Bulking of sludge can occur without

an overgrowth of sludge by filamentous microorganisms, but the majority
of the bulking cases described in the literature have been cases of
filamentous bulking (36-42). Microscopic examination of random wet
mounts taken fromtthg_aeration tank indicate that the sludge bulking
which occurred in this study was due to the presence of filamentous

- species. Many causes for the predominance of filamentous organisms in
activated sludge have been cited (36-42). The reasons for the onset of
growth of filamentous organisms in the present study could include a
drop in pH due to nitrification. There was a gradual drop in pH from
6.9 to 6.5. This slight decrease in pH may have been enough to foster

- predominance of the filamentous forms. Although nitrates were not mon-
itored in the present system, there is aypossibi]ity that nitrification
could have been taking place during the period of the gradual drop in
pH. Doubling the amount of buffer in the synthetic feed was not suffi-
cient to hold the pH at 6.9-7.0. Another possibility is the incorpor-"
ation of neutralized acid hydrolysate as feed to the system. Harrison

-and Heukelekian (37) have concluded that in the case of Sphaerotilus,

luxurious growth is dependent upon a source of organic nitrogen. There
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are. various ways tb attempt to prevent or eliminate the growth of fila- .
mentous organisms (38)(40). However, none of the field methods thus -".
far employed have been truly effective.

During the present study, when most of the sludge consisted of -
filamentous organisms, the "hydrolytic assist" was employed as a con-
trol method to rid the system of the undesirable organisms and possibly

“enhance the growth of more desirable organisms which wod]d settle |
readily. It should be noted from Figure 47 that at the time of the
presence of filamentous growth, the overall purification of the system
was not hampered. The main problem was that of-sett]ing. On day 300
(Figure 47), one-half of the total sludge was removed from the system
and hydrolyzed. On day 308 (Figure 47), all of the sludge in the set-
tling compartment was removed and hydrolyzed. The hydrolyzability of
the filamentous organisms was similar to that of the non-filamentous
organisms previously developed during this study, That is, acid
hydroiysis'dissolved the filamentous organisms, and the percent soluble
COD of the hydrolysate was approximately the same as that for sludge
which did noet contain an abundant amount of-fi]aﬁentous oréanisms. The
combined neutralized hydrolysate was then fed back to the system along
with 1000 mg/1 of g1ucose at 300 ml/day, whjch'wasthice-the refeed
rate normally used for refeeding. . Daily pH determinations and micro-
scopic examinations were made, At thé end of the refeeding period,
the pH of the aeration tank was 6.8, Settling had improved, and fila-
mentous growth still persisted, but the population had been reduced
considerably, Results from this in?estigation were positive enough to
wérrant further studies on the‘possipility of using the."hydro]yt1c

assist" as a means of exerting some centrol over. predominance changes. .
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On days 348-353, 2000 mls of sludge were withdrawn from the final clar-
ifier and subjected to acid hydrolysis. The combined neutralized
hydrolysate was fed back along with 1000 mg/1 of glucose at a rate of
1000 ml/day. The pH of the unit at the end of this test period was 6.8.
Settling was greatly improved, and microscopic examination revealed the
presence of only a small population of filamentous microorganisms,

- Several non-filamentous species were noticed along with the first indi-
cation of the reestablishment of protozoa. The results of this study
indicate that the "hydrolytic assist" can be used successfully in bring-
ing about a predominance change in an activated sludge process that has
‘developed a bulking filamentous bio-mass as a dominating form, The
present study also shows that the solubilized organic content of fila-
mentous qrganisms can be used as substrate for other microbial popula-
tions,

The pilot plant was reseeded with a small sewage inoculum at the
close of the second withdrawal and refeeding period. This was done to

ensure the presence of a more desirable heterogeneous population. After
| this was done, the system came into balance within 10 days. Purifica-
tion efficiency remained above 90 percent. Settling was restored to
normal. Microscopic examination of mixed liquor revealed the presence
of only a small number of filamentous organisms,

The industrié] waste utilized in this study was obtained from a
Kraft pulp mill Hocated in Valliant, Oklahoma. The paper industry is
vitally involved with the mounting problems in water pollution control,
since water performs a key role in the paper-making process. With an
average of over a quarter ton of paper being consumed annually be each

person in the United States, the water requirement to meet these demands
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places the paper industry among the foremost users of the nation's
water resources. The need, therefore, is urgent to improve treatment
- of wastewater from these industries. The Kraft waste was chosen be-
cause of these reasons, and because it afforded the opportunity to
evaluate the proposed hydrolytically assisted extended aeration process
using an actual industrial waste. The concentrated blowdown 1iquor was
chosen in an effort to reduce the total volume of liquid which had to
be shipped to this laboratory, and because it was hoped to complete
the pilot plant operation with one sample of organic material.

To begin éhis fundamental study of wastewater treatment, a chemi-
.cal and biological analysis of the untreated wastewater was required.
Also required were fundamental batch studies to determine what purifi-
cation efficiencies might be expected from the proposed process. These
data proVided the basic biological characteristics for the wastewater
and informatfon concerning its amenability to aerobic biological treat-
ment. The characteristics usually employed for describing wastewater
streams include BOD, COD, suspended solids, and pH. The analyses given
in Table III describe the physical and chemical characteristics of the
sample of dfgester blowdown 1iquor obtained. It was estimated that a
dilution of 1/50 would approximate the concentration of waste discharged
from the plant. Sulfuric acid was used to adjust the pH of the diluted
sample to pH 7.5 : 0.2. Upon determining the waste characteristics and
selecting an organic loading of approximately 2500 mg/1 of COD and 500
mg/1 BODS, batch studies were begun to determine the expected purifica-
tion efficiency based on the ACOD test (35).

The batch unit was developed from a sewage seed and acclimated to

the untreated waste for three weeks. Data used to calculate the ACOD
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for the batch unit were taken from samples collected for 28 continuous
-days fo110w1ng the acc1imation’period._ Weekly seed samples were taken
from the‘bdtch unit for separate studies to determine yield values and
show metabolic response. The seed used for the continuous flow unit

. was taken from the batch unit which had been operating fof eight weeks.
A éma]] inoculum of sewage was added, and the combined seeds acclimated
by batch feeding for two additidna] weeks prior to the beginning of the
continuous flow operation. Results from the batch experiments were
shown in Figures 13-17. The ACOD found in the batch studies was 673
mg/1; however, the ACOD determined during the continuous flow study
averaged 1200 mg/1 (Figure 52). The difference between the ACOD found

!
"in the batch studies and the ACOD found in the continuous flow studies

-was due possibly to insufficient time for the development of an accli-

mated microbial population during the batch studies. The obvious

thing to have done in a situation 1ike this was to perform a batch
study on a more acclimated seed taken from;fhe continous flow unit.
However, the difference in the ACOD values between the batch and con-
tinuous flow units was not realized until late in this investigation
whén the amount of substrate remaining to complete the continuous flow
study was limited. Therefore, a fresh sample of concentrated Kraft
liquor was taken from the same source as the original concentrated
waste. The sample was analyzed and found to be of similar characteris-
tics and concentration. The COD of the fresh sample was 120,000 mg/1,

the BOD. was 27,000 mg/1, tota]lso1ids, 3400 mg/1, and'the pH, 12.0.

5
Acclimated seed was taken from the extended aeration pilot plant, and
batch studies performed to determine the ACOD of the new sample growing

in a more acclimated bio-maés. The unit was batch fed at a COD of 2500
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mg/1, which was the influent feed concentration of the continuous flow
unit.

Fifteen days of performance data provided an average ACOD value of
1134 mg/1. This compared favorably with the average of 1200 mg/1 ACOD
value obtained from the continuous flow studies. Figure 57 shows the
metabolic response of an acclimated microbial population taken from an
extended aeration plant growing on a Kraft waste. From this experiment
it can be seen that the ACOD was 1000 mg/1; the yield was 0.63, and the
purification efficiency based on BOD5 was 92 percent. These values
also compare favorably with the results obtained from continuous flow
experiments. The purification based on BOD5 removal was 91 percent in
the continuous flow studies. The relatively low efficiency based on
the COD test in both batch and continuous flow is due to the high non-
biodegradable fraction present in the untreated waste, i.e., lignin,
Figure 58 shows the ACOD values for all days tested under batch and
continuous flow. Information obtained from the plot shows that the
results obtained in batch studies performed with the more acclimated
bio-mass approximate more closely the performance of the continuous
flow operation.' These results tend to indicate the need for caution in
using batch experiments to predict the performance in continuous flow
operations. Some researchers may argue the validity of using batch
studies at all for design pruposes. It was not the purpose of this
discussion to argue that particular case, but to offerAsomé explanation
-~ as to the difference in ACOD values obtained in this investigation. It
can be concluded from this phase of investigation that the hydrolytic-
ally assisted extended aeration process can be used effectively for the

treatment of a diluted Kraft blowdown liquor.



Figure 57. Metabolic Response of an Acclimated Microbial Popula-
tion Growing on a Kraft Mill Waste
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Figure 58. Comparison of ACOD Results Obtained from Batch and
Continuous-Flow Studies
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It can be seen from Figure 52 that after four weeks of operating
the pilot plant under continuous flow conditions with periodic sludge
withdrawal, hydrolysis, and refeeding, that the mixed liquor suspended
solids concentration had reduced from 3660 mg/1 to 1900 mg/1. Because
of this‘1ow level of mixed Tiquor suspended solids, weekly sludge
withdrawais were terminated. The Tow rate of buildup of solids was
probably due to low yields. The yield data collected from batch exper-
iments on the new waste varied from 0.22-0.63. However, 90 percent of
the yield values obtained were less than 0.4.

Experiments were performed to test the effect of biologically
treated effluents from an extended aeration activated sludge plant on
a receiving stream. To accomp]ish this goal, effluents were taken at
different times from the pilot plant while it was being fed a synthetic
waste, The effluents were analyzed in an open jar reactor at dilutions
that would ensure that the majority of thévf1ow in the simulated stream
consisted of treated effluent. One of the values of the procedure used
is that the course of 02 uptake can be determined using dilution factors
which will occur in the field. Such is not always the case in using the
BOD test. Reaeration rates also can be varied in the reactors to
bracket more nearly those values which might be reasonably expected
to exist in receiving streams.

In the first experiment (Figure 54), the effects of the pilot
plant effluent on the oxygen resource of a Eeceiving stream are shown.
The sample was taken during a period of time (day 239-240) when the
treatment plant was experiencing settleability problems; both bib]ogi—
cal solids and substrate concentrations were slightly higher than nor-

mal. The pilot plant at the time was being fed 1295 mg/1 COD (glucose
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plus hydrolysate). Even at such a high organic loading, the pilot
plant effluent caused no serious reduction of the DO concentration in
the reactor. The purificatioﬁ efficiency of the pilot plant at this
time was 90 percent, based on supernatant COD. The total unfiltered
effluent COD was 130 mg/1. The effluent in a.50/50 ratio with tap
water produced an oxygen deficit of less than 2.0 mg/1 in the open

reactor which had a K, value of 0.099 el

There remained sufficient
0, reserve in the reactor (5.8 mg/1) to support aquatic life. A DO
reserVe of 4.0 mg/1 is considered adequate in the State of Oklahoma.
The results obtained from analyses 6f various other effluent samples
‘taken from this pilot plant by Godlove (30) concur with the results
reported herein.

Another study was conducted to test the effect of a diluted
untreated hydrolysate waste on the o%ygen resource of a receiving
stream. Hydrolyzed activated sludge represents a highly complex sub-
strate material and would be expected to behave very similarly to a
‘raw sewage. The BOD exertion curve in Figure 55 exhibits diphasic 02
utilization, i.e., two approximately autocatalytic curves connected by
an extended "plateau." The hydrolysate produced two distinct phases
of DO depression (sags) in the reacfor, with the initial depression
‘being the most severe in its oxygen requirements. This.fype of 02
uptake curve has been observed in many instances where a raw or syn-
thetic waste is being metabolized by an acclimated population (51)(52).
In general, the periods of deoxygehation in the reactor were character-
jzed by an increasing rate of oxygen utilization followed by a.period
of décreasing rate kinetics during the recovery phase. The final exper-

iment in this phase was conducted on an effluent sample taken from a



179

pilot plant treating a‘Kraft~pu1p waste. The COD of the waste effluent
was 1800 mg/1, and a 50/50 dilution of waste and tap water was used.
Figure 56 shows the results of this experiment. It can be noted from
this figure that there was no appreciable difference between the accu-
- mu1§ted 02 uptake curves for the reactors stirred at different K2 val-
'ues. Godlove (30) in similar studies using pilot plant effluent from
treatment of a syﬁthetic waste, found that the rate of BOD exertion in
the jar with the greater reaeration rate was slightly higher than the
Jar with.a lower K2 value, causing gradual separation of 0, uptake
curves as the experiment proceeded. A similar effect had been observed
by-Pei] (32) in his studies on several industrial wastes. He had recom-
mended further studies on possible effeéts of;,K2 on 02 uptake at the
reﬁative]y'low"reaeration rates expected in receiving streams. God-
love's work thus tended to Substantiate that of Peil in this respect.
The results shown in Figure 56, however, indicate that Ko has little or

no effect on 0, uptake.



CHAPTER VI

SUMMARY AND CONCLUSIONS

A. Batch Studies

1, The growth rate experiments and uoz data obtained from-the
Warburg apparatus showed that Monod's hyperbolic re]ationship adequately .
described the re]ationship between the growth rate and 02‘uptake rate
and the substrate concentration for an acclimated heterogeneous micro-
b1a1 population growing on. s]udge hydro]ysate

2. The cell yield factor obtained from growth studies on an
acclimated heterogeneous population using hydrolysate as substrate was
within theeexpectable range of 0.4 to 0.6 which has been found for
- carbohydrates acefic acid.‘andﬂmunicipal sewage. .

3. HyHQOlyzed and neutralized cells obtained from a system grow'-,f
ing on a synthetic glucose waste and a Kraft mill waste can be used as

a carbon source for a heterogeneous microbial population. -

B. Continuous-Flow .

A pilot plant was operated over a period of time using a medifica-.
tion of the activated sludge extended aerafion,process incorporating
the "hydrolytic assist," The results of this study have'1ed‘to the
following conc]uSions:ﬂ

1. Study of the "hydrolytic assist" modification of the extended

180



181

aeration process has verified the operational feasibility of periodic
withdrawal of sludge, hydrolysis of cells, and refeeding as an effec-
tive means of treating so]ub]é organic waste material, and has shown
that rather high substrate concentration can be successfully treated.

2. The performance of the unit and the mode of operation during
this investigation also show that it is possible to exercise engineer-
ing control over the biological solids concentration in the aeration
tank without wasting sludge.

3. The capabi]ity of the "hydrolytic assist" process as an engi-.
neering tool invthe secondary (organic substrate removal) treatment of
a complex industrial waste has been shown.

4. Repeated withdrawal of filamentous microorganisims (developed
~ during thisistudy).‘hydro1yzing and refeeding proved a successful engi-
neering expedient to improve settling characteristics by a graduai
change in predominance.

‘5. The study of the effect of effluent discharges on the oxygen
resources of a stream, i.e., the open jar tests, showed that the
"hydro]ytic\assist" modification of the extended aeration process pro-
duced én effluent which would not be expected to exert severe demands

on'O2 resources of a receiving stream.



CHAPTER VII
SUGGESTIONS FOR FUTURE WORK

The éxper1menta1 results of the present investigation have pro-
vided additional support for the practicability and feasibility of
utilizing the hydrolytically assisted extended aeration process as a
method of purification of soluble organic material and providing engi-
neering control of excess solids buildup. There are, however, various
aspects of the work whfch warrant future investigations.

1. A study of the nitrifying characteristics of the hydrolytically
assisted-exten&ed»aeration process at various organic loadings would be
of value, since nitrification of effluent is a major subject of concern
in the po]]utfon control field. ,

2. Further work on the utilization of activated sludge hydroly-
sate as a sole substrate for the growth of heterogeneous populations:
would be useful for design purposes.

3. Investigations into the feasibility of. employing alkaline
hydrolysis as an alternate to acid hydrolysis may be useful, especially
in.-a system that is highly nitriﬁying, where the hydrolysate might be
~only partly neutralized. Also, it would be he1pfu] to determine the
relative ease or!difficulty of hydrolyzing sludge grown on various
wastes,

4. The author also suggests that the work on the "hydrolytic

~ assist" as a remedial measure for controlling bulking sludge be

182
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further explored.

5. A study of -the hydrolytic assist modification with sludge of
sewage origin would be of great value, since it affords a means of min-
imizing ultimate sludge disposal problems.

6. A1though there 1s much more work which can. be usefu]ly accomp-
1ished in 1aboratory—sca1e study, it would seem that the “hydrolytic
assist" mod1f1cat1on_shou1d now be studied in a large scale pilot plant

operation.
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