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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 He would give sufficient powers and understanding to be 

able to sna~ch from the elements the rapid streaks of lightning and so 

direct its power that .it could be used to light and heat up the world, 

and from its power mountains could be moved. He would have dominion· 

over the fowl~ of the air, the beasts of th~ forest, and the powerful 

waters that make up 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 envir.onment falls upon his shoul

ders. For the bioenviro.nmental 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. 

1 
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The ;present awareness .of environ.mental pollution .has stimulated 

researchers. to seek better methods of wastewater treatment to assure a · 

good quality effluent. prior to. disch.arge to watersheds .• ·and also to 

seek more effec~ive ways to handle sludg,e disposal prQblemsi As the 

use of bfolGgical treatment units, ha-s increjlsed. the fraction ·of waste, 

impurities converted into ·~ludge has incr;eased greatly in recent years. 

and large quantities of waste biolo,gical slu,dges that must. be disposed 
. . . . 

of have. been generated. Sludge disppsal difficulties have. been further 

amplifiecl by the .. fact ·that biologi.cal sludges produced during secondary 

trea~ent are more ·voluminous, less. concentrated, and more. diff.1cult to 

treat. Data compiled ·by Mc~art y (1) show that the volume of se~onda-ry 

sludge produced. is ma;ny times.greater than is primary sludge·_product,ion., 

He estimated that· the volume, of sludge. produced from secondary treatment 

of domestic \o/aste alone would approach 120 mgd ·by,the early }Os •. and 

predict_ed thatJt will substantially su,rpass that figure in fut.ure years.· 

Notonly are. large quantities .of waste sol ids accumulated every 

day. but the day-to-day cost, of sludge· disposal .frequently ·exceeds the 

· cost-of any oth~r single proc~ss in the treatment plant~ Although the 

sludge volume is .u'sually less than one· percent of the total .influent,. 

recent studies. (2)(3) indi-ca.te that,, for activated sludge plants, 

sludge handl j ng cost accounts for from· 21 to 50 . percent of. the tota 1 . 

plant ·operating and maintena'nce cost. Other investigators,have.esti

mated that sludge handling may account ·for as mu.ch as 65 percerjt .of the 

total capital and operating cost, depending on the method of di~posal 

us~d. The environmental engineer must k•ep foremo$t in his mind :the 
~-. . . 

fact that co.nt1nued growth of ur!?an ar·eas, industrial expansions. and , · 

public recog~1.tion of the need to control pollution~ along ·with the. 
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increasing demands for clean. water for all purposes, make. it necessary 

to improve our wastewater treatment technology. Water quality stand

ards, now a fact, provide the guidelines, and pollution control facil

ities, in order to meet these stanGf,a'rds; may have to take.on many forms •. 

Pollution comes. from many sources and in varying amounts and concen

trations. It is derived from munic.ipal wastes as well as from indus

trial wastes. One phase of this st.udy deals with a solu~le synthetic 

organic waste in which glucose is the carbon source.. Another portion 

dea* with the treatmeht of an indldStrial waste from the wood pulping. 

industry. 

The activated s 1 udge proc~ss ha.s become one of the most frequently 

used secondary treatments for waste effluents .. The development of the 

activated sludg,e process marked an important advance in s~condary treat

ment of organic material~ In the past fifty years, many modifications· 

of the process have·been developed and placed into field operation. A 

more rec~nt modification is the extended aeration process. versions of 

which have been placed into operation within the last 20 years. The 

extended aeration process differs from other modifications in that it 

combines. sludge disposal and wastewater purification. Figure 1.shows 

a sche!Jlcltic flow diagram of a conventional activated sludge process 

and the extended aeration modification. The major elements of the mod

ificati.on are shown in h~avy lines. It can be seen that in the extended 

aeration process, all sludge is returned to the aerobic reactor. In 

theory there is.no excess sludge; therefore, sludge handling and ulti

mate sludge disposal are.not required. If such a situation did occu~, 

it ce>uld be:. said that the incqming organic matter in the waste was 

totally oxi.dized to co2 and water. 



Figure .1. Comparison of ·the Extended. Aera,tion 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 

argue the fea~ibility of such a design. The design itself seems almost 

inconceivable in biological systems, where sludge handling is thought 

to be a necessary evil associated with biological treatment processes. 

The first treatment plant to be used as an extended aeration unit 

was the underloaded conventiona.l activated sludge plant at East Pales

tine, Ohio (4). In 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 Palestine operatio~s, three extended aeration plants were installed 

in Ohio to treat milk wastes. Industrial wastewater was first treated 

by this process in 1951. In 1952, two plants were used to treat a com

bined industrial and domestic waste. 

Following this early use in Ohio, the number of extended aeration 
~ 

plants increased to more than 2600 in 1962 (5), and their populatity is 

still increa~ing because 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 principle of the process. The theory of total oxidation of 

the biological 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 past five years, an extensive inveistigative effort 

7 

regarding this process has been conducted in th~ bioengineering l~bor

ataries of the Oklahoma State University. The more pertinent questions 

that had to be answered concerning this process wer~: (1) Could su.ch 

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 meta,bolistn of the organic substrates in the 

wa·ste would balance new growth of biological cells, and that an equi-

1 ibri.um sol ids 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 sol ids ,concen

tration wou.ld be attained. {2) Would there be an accumulati.on of 

inert material which could not remove substrate and could not be used 

as ~s.ubstrate, and if so, 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 co2 and water, and that there would be a biologically ,inert 

fraction remaining that would continually build up and take over the 

system. 

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

process to athieve total oxidation of orlanic material, four lines of 
\ 

investigations were conducted at Oklahoma 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 positiv.e retention of biological solids, in .order to determine .if 

suc.h a system would lose its substrate removal capabilities because of 

so-called inert material. Secondly, the operational stability of such 

a system unc,ter 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 

8 

also ,found that an equilibrium sol ids .concentration was never attained. 

and that~s6lids concentrations went though cycles of increase rand 

decrease. It was reasoned that during the periods of decreasing .solids 

concentration, the solids which had previously bee~:accumulating were 

serving as a carbon source for other members .of the population. Basic 

metabolic studies on the metabolism of various fractions of micrabial 

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 

operat~d for a long period of time under various environ,nental cha.nges, 

· such a system could cause some major engineering problems. It was 

realized that solids could accumulate to high levels and settling 

problems could be encountered before a natural cycle of accelerated 

autodigestion might occur. The fourth line of investigation the~ 

involved 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 design model for the treatment of soluble organic material via 

the extended aeration activated sludge process incorporating the. chem

ical hydrolysis modification (Figure 2). 

In a previous study, the process was operated vJith .a regular . 



Figure 2, .· Proposed Exten~ed Aeration .Activated Sludge Process 
Incorporating Chemica,l Hydrolysis for Control of 
Sludge Concentration 
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withdrawal. hydrolysis, and refeeding schedule at a normal waste 

organic 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 refeeding schedule as used formerly. Thus the results 

at the higher loadings could be more readily compared to those of the 

previous study. It is the continuation of 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 

biological treament of organic material and incorporation of acid 

hydrolysis to enhance autodigestion and eliminate excess sol ids buildup. 

The "hydrolytic assist" method utilizes acidification to pH 1 with con

centrat~ sulfuric acid. This is followed by five hours of autoclaving 

at a pressure of 15 psi and temperature of·l21°C. After neutralization 

to pH 7, the hydrolyzed sludge is fed back to a growing system as sub

strate. 

The overall aims of this re~earch can be generally stated as 
·,. \ 

follows: 

(1) To obtain operational data for various loadings and predeter

mined withdrawal schedules for hydrolysis, the purpose being to gain 

insight into engineering 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 µmax and Ks for 

hydrolysate as substrate. 
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(4) To provide as much information as possible for design and 

operation procedures pertinent to the extended aeration process incor

porating the 11 hydrolytic assist." .. 



CHAPTER II 

LITERATURE REVI&\il 
. ' 

The.activated sludge process has been recognized for a long time 

as a very efficient means of treating organic material. The proc~,ss 

itself dates back to the early 1900s. Many modifications tQ ''th{s 
1 I. 

process have come about since its ,early inception. One such modifica~ 

ation is the extended aeration process which was t.ieveloped. in the early 

sos. 
Hoover. et al., and Porges, et al. (6)(7}(8)(9){10) were the ·fi.rst 

invest.igators to test the concept and theory of the extended aeration 

total axid;at.ion ,systems •. It was reasoned from their investi.gations. 

using dairy waste as a substrate that the digestion of organisms by 

their own respiration has a definite practi.cal importanc~. They hypo-

. thesized that if endogenous respiration proceeds at a great en<:>,ygh rate, 

microo~ganisms oxidize their own tissue rapidly enough to kej~ the sys

tem in balance. Under such conditions, sludge does not accumulate. 

However, it was pointed out that if autooxidation was not sufficient, 

sludge wou.ld accumulate, making sludge disposal necessary .. Early stud

ies by Pprges and ca-workers indicated th~t the average endogenous 
' respirat,ion .rate for cells.fed skim milk so.lids was 10 µl 0/hr/mg cells •. 

Using the equation for the endogenous oxidation of the sludge, for. 

which a chemical form4la had been previously established, they calcu

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

,~ 



14 

percent per hour. Hence, a system containing 2500 mg/1 sludge when fed 

1000 mg/1 skim milk .solids (which would produce 500 mg/1 sludge) would 
i 

not result in the accumulation of solids if 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 mo.re deta1il by .D. E. Drier 

(11) in this way: 

"If there is an unlimited food supply with the proper nutri
tional balance, the microorganisms are in the log growth 
stijges and bacterial grqwth is limited 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 
loacl proceeds, a declining growth phase is reached due to 
1 imi.tations on avaflabl e food, and the oxygen uptake rate 
a 1 so decl i nes. W hen there, is just enough food to keep 
the microorganisms 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 txceeds the rate of growth. The microorgan• 
isms then obtain en.ergy by autod i ges ti on of the ce 11 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 applicable to small dairies. Plants 

were constructed at dairies loc~ted in Germantown, Dayton,.and Toledo, 

Ohio. These plants represented the first actual application of labor

atory studies in the extended aeration process. Thes~.plants were 

- aJjer·a~•, wftn··detention times v~.rying from 36 to 41 hours in the aera

tion tank, an.d two to four hours in the settling tank. The infl.uent 

BODs varied from 567 to 926 mg/1, .and the final effluent BOD.s ranged 

from 11 to. 31 mg/1 •. Purification .efficiency for these systems was. 

approximately 96 percent. All 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 of biological sludges. 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 nature of the waste being 

treated. He, also concluded that endogenous degradation of sludge pro

ceeds with first order decrea.sing r~te kinetics. The rate decreases 

and approaches a limit of about 40-60 percent volatile solids reduc

tion. He concluded that the remaining constituents were resistant to 

further oxidation'and would provide a residue for sludge disposal. 

In 1958, Tapleshay (15) reported on the total oxidation ptocess 

marketed by the Chicago Pump Company. The process was primarily 

designed for schools, small subdivisions, factories, shopping centers,. 

and trailer parks. Tapleshay believed 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, 

Re.garding the concept of total oxidation, Forney and Kountz (16) 

performed a study using skim milk waste in a continuous fl ow sys tern, 

and concluded that the concept of total oxfdation was feasible. 

Symons and McKinney (17) concluded that total sludge recycle was 

not possible on a long-term basis, and that sludge wastage is essential 

for successful 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 recycle, they found that 

volatile biological solids increased throughout the test period for 



16 

each experiment .. They concluded that the accumulated material, which 

was observed .to be mostly extrac~llular polysaccharides, was resista:nt 

to biological degradation. On this basis, they refuted the concept of 

total oxida:tion .. 

After Symons and McKinney published their paper, Kountz and Forney 

(18) reevaluated their stand on the total oxidation concept. From·the 

results .of th~ir s~udies on metabolic energy balan~es in a multi-unit, 

total oxidation system operated for six months., they concluded that a 

residual materia1 (polysaccharide) remained, equivalent to 20-25 per

cent of the new 'sludge produced. They est.imated the actual .endogenous 

loss of ~olids per day to be two percent of the total weight of acti

vated sludge, and the accumulation of non-oxidizab.le sludge per day was 

estimated at 0.6 perc,int of the total we,ight of activated sludge ... From 

these conclusfons,they, too, rejected the cohcept of total oxidation cm 

the basis that it is nqt possible within a reasonable time and reason

able size treatment system. 

Busch and Myrick (19) performed a series of experiments in 1959 to 

determine the limitation of :the total oxidation process. n,ey did this 

by means of. bench-scale digestion units, They used both batch-fed and 

continuously-fed, completely-mixed systesm with glucose as the sub

strate. The feeding rate was incre.ased from one to six grams per day 

in a 5.5-liter digester. This represents sol ids .concentrations of 200 

to 1000 mg/l. No wasting of biological solids was practiced, although 

some solids ,were lost in the. plant effluent. They found that soluble 

BOD in the.supernatant and plant effluent were consistently below 10 

mg/1 at BOD loadings ranging from 0~05 to 1.7 ·lb BOD/lb volatile sus

pended solids. 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 lb/lb 

volattle suspended solids. From these studies, they concluded that 

total oxidation is neither theoretically nor practically attainable. 

They stated that some buildup of solids is inevitable unless. effluent 

carryove.r af solids is sufficient for balance. 

Wasbington and Symons (20) conducted experiments.on extended aera

tion treatment units in 1960. The purpose of their experiments was to 

confirm .under controll.ed conditions the accumulation of volatile solids 

over .. an extended period .of time, and to determine the general compos1.i. 

tion of the .sludge under prolonged aeration.. The study was made in 
t 

batch and continuously fed syst(¥1ls using glycine, sodium acetate, and 
I 

glucose as substrates to represent the effect of amino .acids, fatty 

acids,. and .carbohydrates. 

The acctiimula:tion af volatile so.lids amounted to aboutl0-15 per

cent of the ultimate BOD of the substrate removed under equilibrium 

operati.ons for wastes which were carbohydrates or fatty acid in nature. 

They also conducted studies on the ext~nt of degradation of vartous. 

ce 11 ul a r componen~s of the s 1 udge from the three systems under endogen

ous :conditions for }7 days. The protein and fat fraqtions ,were found 

.to be readily degradable during the endogenous respiration pha,se. The 

carbohydrate content of, the sludge increased with time of autolysi.s, 

indicating an inertness in the carbohydrate fraction of eel ls.. They 

theorized that the biologically inert volatile solids .which wou.ld be 

expect~d to acc;:umulate in the activated sludge.systems would average 
1:. 

47-56 percent polysaccharide, 39 to 47 percent protein;tand 3 to 8 per

cent fat~. 
' 

McCarty and Brod~rson (21) concluded that in the extended aeration 
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system, if no facilities for disposal of excess sludge are provided, 
; 

the system will accumulate soli1.ds 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 

materials which were pres,nt in the influent waste, i.e.~ grit parti

cles and certain bi-0logically resistant organics such as cellulose. 

This suggested a very interesting point; that is, tha.t industrial waste 
. i 

and.municipal wa~te 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 effec~iveness of the settling tank in retaining 

suspended solids. They suggested that in o~der to maintain 85 percent 

BOD5 removal efficiency, the organic loading should be less tha.n 40 lbs 

Bo65/day/1000 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 that nitrifi.ca

tion in the aeration tank would cause false values for BOD removal 

efficiency as well as enhance possibilities for.a rising sludge in the 

settling tank. 

In 1965, Washington, Hetling, and Rao (22) reported a long~term 

adaptation of microorganisms to an acclimated sludge mass. In their 

study, batch-fed reactors 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 

i~creasing biological solids as well as periods of decreasing biological 
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solids.. They surmised that the period of decreasing sol ids conc~ntra

tion was caused by adaptation of an organism to the accumulated sludge 

mass. · Al though there was no measurement of effluent sol ids. they 

observed .that there. was. essentially no loss of volatile so.1 ids in the 

effluent througho'bt the 12-month study, and therefore the decline in 

solids could not be attributed to loss in the effluent. 

· During the 1960s, several studies of the extended aeration process 

were conducted. Ludzack (23), using a feeq of weak sewage with fish 

meal operated an extended aeration precess at low loadings,. long aera

tion periods, and high mixed. liquor suspended solids. He concluded that 

incomplete aerobic digestion of sol.ids during extended aeration treat

ment produces high solids carryover in the effluents. He also .stated 

that operati.on of the process with high sol ids increases the variability 

in.effluent quality and chances for ·gross solids discharges, and that 

periodic withdrawa:ls of .unit solids for ultimate.disposal reduce efflu

.ent so 1 ids carryover. 

In 1965, Sawyer (24) presented ·some guidelines for the operation 

of the extended aeration ,process. These genera 1 gu i del i nes inc 1 uded an 

·aeration .time of 24 hours, a ~OD loading of approximately 15 lb~ !llD/day 

/1000 cu ft, and 5000 to 8000 mg/1 biological solids concentrations. 

Upon recognizing the possibility of achieving total wet oxidat.ion 

through opera ti on of· thei extended aeration process, and not.i ng the con

troversy that appeared to exist .regarding the feasibility of such a 

process, Gaudy and co ... workers undertook a long range systematic experi-

mental approach to attempt to show conclusively whether such a system 

could work. They attempted to show whether the total oxidation concept 

was consistent with sound mi er.obi o 1 og i ca 1 th£¥,Ory and, a 1 so, to recommend 
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engineE!ring practices for design and operational control. · Thei.r first 

line of investigation was to study the operationa.l stability of this 

process. Ramanathan, Gaudy, and Ragthaidee {25) conducted experimen_ts 

to determine the response of the extended aeration process to shock 

loading •. It was shown in thei_r study that· an extended aeration .system 

could withstand as much as tJ. five-fold increase in concentration {500 

to 2500 mg/1 glucose) of inflowing COD without significant loss of 

removal efficiency. The shock load experiments with extended aeration 

sludge were conducted at both high and low biological solids· concentra

tion and in ~oth batch and conti,nuous-flow studies. The results. of 

these studies gave in.sight-into the operational stability of this proc .. 

ess when subjected to an environmental change such as shock loading.· 

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 operat.ed with 

good bi,ochemical efficiency without continual solids accumulation and 

withput.sludg,e wasting. They also found that there was no buildup of 

ca~bohydrate ·or .protein in the sludge composition. During the entire 
' 

experiment,. all of the biological solids were retained in the system. 

The only solids removed were those taken for sampling and for small 

auxiliar:y experiments {no morethan 0.2 percet')t). They concluded that 

there is a fluctuation ,in the concentration of biological solids .due to 

natural biological {ecological.) regulation, which caused the accumula-. 

tion -0f 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 thei~ now b•dfft' 

utilized as a.carbon source .bY other members of the population. 
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Investigation of the substrate-consuming capabilities of the biological 

solids and their o2 uptake capacity showed·. that as the biological sol ids 

accumulate 1 the specific endogenous o2 uptak'e of the sludge drops sig

nificantly .. However, any possible loss ~n 1purifica~ion efficiency due 

to decreased metabolic activit~ per unit of sol ids can ··be amply made up 

by the large number of organisms present to feed on the waste. · It 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 co:ncentration .of biological solids in the effluent ... Solids would 

have be.en lost were it not for the fact·that·in these experiments, all 

effluent was centrifuged and, sol ids returned to the aeration chamber. 

Gaud,y 1 Yang, and Obayashi (27) proposed a solution to this problem 

and called it the 11 hydrolytic assist. 11 Their proposal, the ex~ended 

aeration process with 11hydrolytic assist, 11 consisted of hydrolyzing 

chemically a part of the return sludge and returning :1:t 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 operationally feasible 

and provides a means to control the concentration of sludge in the total 

oxidation system. 

Other pertinent investigations conducted by Obayashi ~'19 Gaµdy (28) 

were undertaken for. the express purpose of determi rii ng whether .extra

cellular polysaccharides of microo~ganisms can serve as a carbon source 

'for the growth of othe.r microorganisms. Short-term batch experiments 

were cqnducted using microbial polysaccharides obtaineq from a variety 

of microo~ganisms. The results obtained provided direct evidence that 

extracellular ,polysaccharide serves as an excellent carbon source for 



growth of microorganisms, i.e., it was shown not to be inert organic 

matter. 
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In his work with activated sludge; during prolonged endogenous 

aeration, Goldstein (29) observed the total oxidation of solids accumu

lated tturing the substrate removal phase in many of his batch activated 

sludge extended aeration systems. Further investigation revealed that 

there was no buildup in carbohydrate content of sludge durin9 endogenous 

metabolism, thus providi,ng additional strong evidence that o\i.rbohydrate 
' 

material is not biologically inert. St~dies by Godlove (30) on the 

effects of effluerit discharge from a hydrolytically-assisted extended 

aeration plant on the oxygen sa~ or a simulated stream further demon

strated the effectiveness of this process as a means of treating .sol

uble organic wa.ste material. 

Certainly, the research con~ucted_at the Oklahoma.State University 

by Gaudy and co-workers has contributed muc~. to answering some of the 

questions concerning .the use of the extended aerati,on process as a bio

logical oxidation system. The work accomplished thus far had provided 

indications that the total cell recycle with the 11 hydrolytic assist 11 

offered considerable promise, and that further laboratory pilot plant 

work on the process was warranted. · In the present study, the major 

thrust was to determine the operationa.l behavior of this system at 

organic loadings higher tha~ those previously used, in order.to gain 

insight into possible design criteria •. It was also important in assess

ing the engineering adaptability of the system to perform studies using 

an industrial waste as.well as the synthetic waste usually employed in 

fundamental research studies. 



A.· Batch Experiments 

CHAPTE~ III 

MATERIALS AND METHODS 

Experimental Protocol 

L - Heterogeneous Micro-bi al Populations'and Substrates •. An initial 

seed of heterogeneous 111icroorganisms was obtained from the primaryclar

ff1er of the pollution control plant·at Stillwater, O~lahoma.,. 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 1 imi.ted growth 

under conditions of otherwise adequate nutrition.· The organisms were 

fed 1000 mg/l substrate in a batch reactor of 9.4-liter capacity _and 

aerated for 24 hours. After 24 hours, approximately one-third of the 

mix~d liquor was wasted and the unit was again fed 1000 mg/1 of _glucose 

and aerated for 24 hours., The sludge wasting procedure was discontinued 

after three weeks in order to build up the biological solids concentra

tions.· When the mixed liquor ~uspended solids level .reached approxi

ma.tely 4500 mg/1 (day 35), 1000 ml of the mixed liquor suspended solids 

was removed from this unit and subjected to acid hydrolysis. Portions 

of this neutralized hydrolysate were used to conduct growth studies,. 

long .. term batch studies, and oxygen uptake experiments. 

23. 



TABLE I 

COMPOSITION OF FEED FOR 500 mg/1 GLUCOSE AS SUBSTRATE, 

Glucose 

(NH4)2so4 

Mg~04,7~2o 
Fe.Cl 3 °6H20 

. ·, 

CaCl2 : 

· MnS04 • H2Q 

Phosph.at~. ,:~uffer, 1.0 M, pH, 7 .O 

Tap .water 

Distilled water 

TABLE. II 

500 mg/1 

250 mg/1 

50 mg/1 

0.25 mg/1 

3.75 mg/1 

.. 5 mg/1 

5 ml/1 

50 ml/1 

to velum~ 

COMPOSnION OF FEED.FOR 1000 mg/1 GL~COS~.AS SUBSTRATE 

Glucose 

(NH4)2so4 . 
MgS04 ·7H2o 

,l 

FeCl 3--.~H2o 
CaC1 2 

Mn~o4 •H2o-
Phosphate' buf_fer~ l .O M, pH, 7 .0 

Tap water· 

Distilled water 

1000 mg/1 

500 mg/1. 

l 00 mg/1 

0.50 mg/1. 

7.50 mg/1 

10 mg/1 

10 mg/1 

100 ·:ml /1 

to velum~ 

24 
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2. Growth Rate Studies._ In growth rate experiments, cells which 

had been previously accl ima.ted .to cell hydrolysate, were inoculated into -_ 

250 ml-Erlenmeyer flasks containing fresh medium, essential salts added 

in accordance with Table I and .in concentrations proportional to V:9'fY'

ing concentrations of hydrolysate employed as the sole source of carbon 

and growth-1 imiting nutr_ient. The total volume of sample per flask 

used in these experiments was 50 ml. This usually consist~d of 47-48 

mls of growth medium feed, and essential nutrients,. plus 2-~ mls of 

acclimated seed. Concentrations.of hydrolysate ranging from-50-1000 

mg/1 were aerated on an Eberbach shaker at a rate of 100-110 os_cilla

tions per minute~ Samples were taken periodically and checked for 

optical density, measured with a Bausch and Lomb Spectronic 20. Change 

in' optical density was used as an index for measuring gr-ewth. 

3. Long-Term Batch Experiments. Figure 3 shows a ~.ch.~~'~&.w

ing of the apparatus used to run long-term batch experiments. Tot~l 

volu_me used was two 1 iters. An accl imateq eel 1 suspension .was used to 

inoculate the hydrolys~te medium. - Compressed .air, fil_t~red -through 

cotton and saturated with water by bubbling through distilled water, 

was supplied through sintered glass diffusers. At the time ,of inocula

tions a sample was withdrawn for. measurement of chemical oxygen demand 

and biological soHds_. Also, the initial optical density was recorded. 

During each experiment, frequent measurement of optical density per

mitted construction of a growth curve which was used as a guide in 

selecting sampling times. Samples were withdrawn for determination of 

COD and biological sol ids_. The volume of the mixed liquor suspension 

was.measured daily, and any loss .due to evaporation was compensated for 

by the addition of disti.lled wate_r. 



Figure 3 •. Batct.i Experim~ntal Reac.tor for Determining Sub.strate 
· Utilization and Yield 
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4. Oxygen Uptake. Oxygen uptake studies were conducted on the 

hydrolysate, using a Warburg respirometer 7 A reaction volume of 40 ml 

was emp 1 oyed, using 1 • 5 ml of 20 percent KOH in the center we 11 • , The 

apparatus was operated at 2s0c and 100 oscillations per minute.· 
' 

B. Batch, Experiments on a Whole Waste 

The long-term.bat~h experiments were perforlT)ed in a 5-liter rea~tor 

with :four sinteted glass diffusers used as a source of oxygen and to . 

supply adequat~ mixing. Compressed air was saturated with water by 

bubbling it through distilled water prior to its entry to the reactor. 

The chemical characteristics of the whole waste and compositi9n of 

growth medium are give11 in Tables III and IV. The whole waste was di'~ 
I 

lt1t~if.:fjSO to give a substrate co.ncentration of 2500 mg/1 COD. In 
. ,, .. 

characteriz'ing the waste, it was found that of the 2500 mg/1 total COD, 

only about 800 mg/1 was. biodegradable; that is to say, on.ly 800 mg/1 was. 

availabl.e as substrate. Nutriel)ts were therefore added on the basis .of 

1000 mg/1 COD to ensure that the carbon and energy source was the 
. . I 

growth .. n imiting factor .. 
I 

In order to make the waste more receptive .to aerobic biological 

treatment and to make. it roughly comparable in concentratiotft1:fta,tii; .. : 

industrial Kraft·mill waste, .it was first diluted {l/50) and the pH of 

the diluted sample. adjusted to 7.0. pH adjustment was necessary because 

the concentrated Kraft waste carried a pH of 12+, and the dilution 

decreased the pH to only appro,ximately 1 O. 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 neutra 1 i zed. i ndu.stria 1 waste and 
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aerated for.,24 hours., After 24 hours •. l/5th of the mixed ,liquor sus

pended solids (one liter) was wasted. The aerators were then removed 

from the reactor and the mixed 1 i quor was a 11 owed to sett 1 e. After 

settling, most of the sup.ernatant from the mixed liquor was removed to 

avoid possibl~buildup of toxic material in the reactor; the unit was 

then fed and voJume brought.back to the 5-liter mark. Samples ,of th~ 

feed and ·.of th~ reactor content before and after feeding w~re. taken 
' 

daily •. COD and so 1 ids .determi nat i ans were performed to gain knowledge 

of the treatability characteristics of .the industrial waste under inves-: 

tigation.: Seed from the unit was also taken and transferred to 1500-ml 

batch uni.ts for running short-term batch 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: , 

Natu.re:. 

Color: 

Paper pulp industry 

Concentrated Kraft blowdown liquor 

Amber 

Chemic~l Oxygen Demand 

Biological Oxygen Demand {raw) 8005 

Biological Oxygen Demand (dil) 8005 

pH 

Total solids 

125,000 mg/1 

30,000 mg/1 

500 mg/1 

12.0 

3000 mg/1 
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TABLE IV 

COMPOSITION OF GROWTH MEDIUM FOR INDUSTRIAL WASTE 

Substrate COD ·2500 mg/1 

(NH4)2so4 500 mg/1 

MgS04·7H20 100 mg/1 · 

MnS04·H20 l O mg/1 

CaC1 2 7.5 mg/1 

FeC1 3·6H2o 0.5 mg/1 

Tap water· l 00 ml /1 

1.0 M phosphate buffer, pH 7.0 l O ml/1 

Di stilled water to volume 

C. 1Cbntinuous-Flow Reactors 

The experimental extended aeration pilot plant used in this study 

was essentially the same as that used by Yang (31) in his st.udies on 

the extended aeration activated sludge process with and witho.ut th.e 

"hy<:1rolytic assist.II 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 industrial 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 and set

tling chambers •. Compressed air provided not only mixi.ng and oxygen sup- . 
' • • I • 

ply to. the biological solids,. but also 11 suction 11• to recycle solids ;from 



Figure 4~ Continuous-Flow Extended Aeration Pilot Plant. 
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the settling compartment. Airflow rate was maint~ined at 2000cc/min/l.. 

Temperatijre of the reactor was room temperature. During ,operation under 

continuous flow, the feed rate was set ,to provide an overall detention 

time of 24 hour,s, approxima~ely 16. hours of aeration. and 8 hours of 

settling. The ftecl.solution was channelled to the.aeration tank through 

a dual positive displacement pump (Min1i~p,ump, Milton-Roy Model MM2-B~ 

:96R). Alternately, 'leach of the feed lin.es was cleaned by pump~.rag 
. \., . . . . . ' ' 

through a one-percent solution of Clorox in di.stilled water. Thus, one 

of tbe lines was being disinfected while the otner ~as being used. This 

provided, positive control for the retardation of growth. in the feed 
• I 

·line. Compos1tiqn of the synthetic waste during continuous,-flow oper

ation ;has al ready been given. (Tab.l es I and II). Daily samples were · . . . . . . . ' 

taken Jormeasurement of biological sol,ids :and substrate removal effi-·. 

ciency. 

D. 11H.Ydrolytie ·Assist II 

The flaw scheme for the hydrolysis process was shown in Figure 2 •. 

The hydrolysate was prepared by taking 900 ml. per week of settled · 

sludge from the settling compartment of the e~tended aeration pilot. 

plant and lowering the pH to 1.0 with concentrated sulfuric acid. The 

sludge was then placed in a laboratdry autoclave for five hours at 15 

psi .and 121°c. The hydrolyzed sludge was then neut.ralized 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. This normally 

increased the organic loading by approximately 150-200 mg/1. 
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\ ' 

E. Special Studies on Chemical Flocculation 

Cell suspensions were taken from the effluent of the continuous~ 

flow unit during periods of poor settling and subjected to jar testing. 

Various.coagulants were tested to determine which would provide the 
' : 

best treatment efficien~y. The efficiency was assessed by measuring 

th~ turbidity (OD) • The tests were J:l,erf armed by adding severa 1 dosages 

of different coag'ulants to effluent samples, flash mixing for.15 sec

onds at 96 rpm, and plotting the change in optical density. The 

optical density was measured by using the Bausch and Lomb Spectronic 20, 

The jar test apparatus was manufactured by Phipps & Bird, Inc., Rich

mond, Va. 

F. Studies tb Determine t~e Effect of Effluent 

on a Simulated Stream Model Using the Oxygen Sag 

The method used was the same method used by Peil (32) and Godlove 

(3.0) in their studies on the effects of effl1,1ents from industrial 

sources and from extended aeration plants on the assimilative capacity 

of receiving streams. 

The reactor used was a flat-bottomed c;ylindrical Pyrex ves~el hcrv

i ng a diameter of 8 .125 i ncnes and a depth of 18 inches. Oxygen tr~11s

fer from the atmosphere was fac;ilitated by use of 'mechanical stirrers. 

Since the solubility of oxygen in water varies with slight changes in 

te,mperature, control of temperature was brought about by use of a con

stant temperature bath. A Precision Scientific Lo-Temptrol recircu

lating bath was used .. The concentration .of dissolved oxygen in the 
' 

reactor, jars was measured electrometrically (Weston-Stack oxygen 
I 



analyzer). To ensure consistent results, ,measurements were taken at 

the same depth. The probe was standardized for each subsequent test _ 

period. The probe was che.cked for accuracy 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 actual, DO as measured by the 
l i· . . 

Winkler Method. 

G. Analyt1cal Procedures 

Analytical methods and analytical techniques employed were the 

same for the batch and the continuous-fl ow reactors. All tests des

cribed herein and all calculati,ons made therefrom were in ac.cordance 

with procedures as listed in "Standard Methods for the Examination of 

Water and Wastewater 11 {33). Any variance in the above mentioned pro

cedures will be discussed in detail. 

1, Biological Solids 
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The concentration of biological solids was,determined gravimetri

cally by filtration through membrane fil't;ers (Oo45 µ pore size, manu

factured by the Millipore Filter Corp., Bedford, Masso). The following 

procedure was employed for measuring the suspended biological solidso 

Fresh filter pads were placed in pans made from aluminum foil weighing 

approxima4ely 1.0-2.0 grams. The pans were plac~d in a drying oven for 

one.hour at a temperature of 103°C, and then placed in a Caco3 desic

cator for coe>ling, after which the pansr:were tared to obtain initial 

weights. Known volumes of samples 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-lA (Ivan Sorva11., Inc.) at 

a rate of 10,000 rpm for .several minutes. The s.upernatant frail) the 

centrifuge sample was poured off first, and then the pellet of solids 

which was formed 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 adhere~ 

to the side of the tubes~ 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 l03°C for one hour, coolep .in a desic

cator and wei~$Q to determine the biological solids concentration. 

2. Chemical Oxygen Demand 

The chemical oxygen demand was determined in ac.cordance with 

"Standard Methods"(33). Mercuric sulfate and silfer sulfate were used 

for. all 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 11Standard Methods 11 (33) was used for this determi-

.nation. 

b. Dissolved Oxygen. Aside from being an integral part of the 
" I ~ 

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 pilo~ plant·operation was begun on September 23, 1971, to eval~ 

uate the performance 9f the extended aeration ,process incorporating 

chemical hydro.lysis for control of solids concentration. The results. 

obtained from this investigation are presented in tMe following manner. 

First, information was obtained from batch experiments relative to 

growth rate kinetics during metabolism of sludge hydrolysate taken from 

an extended aeration .plant growing on glucose as substrate. Also incl.u

ded in this phase are batch experimental data pertine~t to the metab

olism of an actual industrial was.te. Second, the operational perform

ance of the extended aeration process incqrporating periodic llchemical 

assists" while growing on 500 mg/1 of glucose as its carbon source is 

presented. Included in this phase are.the effects of various concen

trations of several coagulants in tMe flocculation of biological solids. 

retained .in the effluent of the extended aeration pilot .plant. The 
' 

third. general topic is the performance of the extended aeration process 

incorporating,·."hydrolytic assists" ,while growing with ,1000 mg/1 ·glucose 

as its ,carbon source~ The fourth phase presents information showing 

the utilization of the 11 hydrolyti c as.si st" process as a means of con

trol 1 ing predominance changes brought about in the activated sludge 

process. The fifth phase outlines the performance of the hydrolytically 

assisted extended aeration process while growing on concentrated Kraft 

38 



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 

39 

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

Hydrolysate Obtained From .an fxtended Aeration Process Growing on Glu

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

constant,µ, an indirect method for determining biological solids con

centration was employed. Percent transmission of cell suspensions were 

read: ~t 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/l. The 

logarithmic growth rate constant,µ, was calculated according to the 

following relationships. Any change in biological solids concentration 

(or change in optical density), dX/dt, is equal toµ multiplied by X, 

whereµ is the logarithmicgrowth rate.constant and Xis the biological 

solids concentration at time t. Integration of this first order rela

tionship between the limits Xt and X0 yields the following relationship: 

ln Xt/X0 
µ = t (1) 

To determineµ, 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 line portion of the growth 

curve when plotted on semi-logarithmic paper. To make calculations 
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easier, td was determined for the straight line portion of the curve; 

td is the time required for the cell mass or optical density to double. 

Under these conditions, Xt = 2X0 , andµ·= ln 2td' which yields the fol

lowfng: µ = 0.693/td. 

Figure 5 shows the effect of initial substrate (hydrolys~te) con-. 

centration (S0 ) on the rate of growth and the total amount of microbial 

growth as measured by ari increase in optical density .. The Monad plot 

(Figure 6) was constructed to determine whether these data fit the hyper

bo l ,i c r~lationship of specific growth rate (µ} VS·, substrate concentra

tion (S0 ) •. The values for.the physiological growth constants, .. m~, 

specific ,growth rate, µmax' and saturation const.~nt, Ks, were determined 

from the Lineweaver-Burk plot. (Figure 7); µmax was found to be 0.880 

hr-1, and Ks was 38 mg/1. These values compare favorably with other 

values obtained with glucose and sewage as substrates,. 

Figures 8 and S show the metabolic response of an acclimated micrQ-, 

bial culture growing on a hydrolysate taken from a glucose-fed extended 

aeration process. The substrate utilization patterns for the two ex

periments are very similar, COD removal .and biological. sol ids accumu

lation appeared to follow patterns typical of most growth studies. The 

biochemical. efficiency,, that is, .the percent substrate removal, ·during 

the purificqtion phase was 89 and 86 percent, .respectively,. for the two 
I 

experiments~ The duration of the purification phase was between 8 and 

20 hours. Not enough samples were taken during this period to pinpoint 

the time .more preci,sely. Maximum sol ids accumulati.on occurred at the 

time of maximum removal .of exogenous substrate, The percentage of ·car

bon source (COD) that was channell.ed into cellular synthesis, i.e., the 

cell yield1 for two experiments, was 64.7 percent and 57,1 percent. 



Figure 5.: Growth at Various Initial Substrate Concentrations, 
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Figure 6. Relationship Between Specific .Grow~h Rate,µ, and 
Initial Substrate Conce~trijtion, S0 '. 
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Figure 7. Reciprocal Plot ofµ versus S0 
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Figure 8. Metabolic Response of an Acclima4ed Microbial Popula
tion Growing on Bacterial Hydrolysate Obtained From 
a Pilot ·Plant Operating on Glucose as its Sole 
Source of Carbon. Seed Taken From Pilot Plant. 
Nov. 19, l 97l · 
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Figure 9. Metabolic Response of an Acclimated Microbial Popula
tion Growing on Bacterial Hydralysate Obtained From 
a Pilo~ Plant Operating on Glucose as its Sole 
Source of Carbon. Se.ed Ta~en From Pilot Plant on 
Nov. 29, 1971 · 
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Endogenous respiration patterns of the biological solids ,in both exper-. 

iments were similar. The rate of endogenous respiration was rather 

rapid, but total oxidation was not approached in either experimeflt. It 

should be pointed out. that the two experiments reported here.in were run 

separate1y_,;_b:u·t ·Jrom the same stock hydrolysate .. The COD of the stock 
. . tf-' • . ' ' ' I 

hydrolysate used was 7616 mg/1. The filtrate COD of the stock hydroly .. 
·f. 

sate was 5J02 mg/1. Both experimeflts were run on filteired hydrolysate. 

Figure 10 shows the o2 uptake pattern for cells utilizing the cell 

hydrolysate. The Warburg apparatus was used to determine the rate of o2 

uptake.. The Warburg apparatus was. advantageous for several reasons: 

{a) temperature could be set and controlled to ~ o.s0c; (b) oxygen up

take could·be meas.ured,continually. The oxygen uptake curves show the 

energy uti.lizEjd during synthesis and endog~nous respir~tion. Figure 10 

shows the results of this experiment .plotted 'on semi-logarithmic paper. 

It is seen that the slope of the.line~ increase with substrate concen

tration, indicating a relationship qetween exponential o2 ,uptake, rate 

and substrate concentration •. It -can be ob,served in Figure 10 that at 

high substrate.conc~htrations (500 mg/1 and 1000 mg/1) as·well as at 

some low substraite concentration (100 mg/1) there appeared to be two 
' logarithmic phases. The first log phase, however, appears to .be more 

' . . 

related to the substrate removal or ,growth ph~se, The value ,from the 

first.log phase was used to constrUllt the plot shown in Figu.re 11. 
1 • 

This fig4re shows that the re~ationship 1 between exporjential o2 uptake 
. I ,1 .• 

ra tE;! and S0 is, of the hyperbo 1 i c type s i mil~ r to . the Mo nod. ·relation . 

between specific growth rateµ and S0 ~ 
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Figure 10. Oxygen Uptake at Various Initial Substrate Concen
trations 
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Figure 11. Relationship Between Specific 02 Uptake Rate, ~ , 
and Initial Substrate Concentration, S0 2 
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B •. Studies on the Metabolic Characteristics 

of· Kraf;t Process Pulp'.ing L iguor 

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

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

blQwdown liquor. 
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Table V shows .the results ofa 28-day batch study to characterize 

· this indµstrial waste and to gain insight regarding .its metabolic 
' ' 

behavior .when subjected to aerobic biological. treatment. The batch 

unit cqnsisted-9f a 5-liter reactor and operated as outlined in the 

Materials and Methods section.· Samples were taken once daily before 

and after feeding, and analy~ed for substrate utilization as measured· 

by the tiCOD test {35). Solids determinations were also performed to 

obtain.cell yiel~ values. From the data, ACOD and yield values were 

· calculated using the follo\\!ing formulas:. 

tiCOD = COD; .- cooe (2) 

Y·= wei~ht ;of .organisms. formed·= Abiological _solids {3) 
we1gijt of-substrate. used . . ACOD 

It can be seen from Table V that the av~rage 24-hour. ACOD was.673 

mg/1 •. · This ranged from· a low valµe of 360 mg/1 to a high of .983 mg/1. 

Values of less than 600 mg/1 were observed .in less tha,n 15 percent of 

the samples analyzed; that is, in only four days out-of th~ 28 days 

examined. The average increase in solids was 320 mg/1. Sludge yields 

ranged from 0.23 to 0.98; 0.98 was repartee;! in one out of the 28 days 

analyzed. Values in excess of 0~7 were found in only fo.ur. of the 28 

days studied. Periodically, sample~ of .the feed and efflµe~t were also. . . ; . 

taken for-measurement of BOD5. The average•BOD5,of 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 OPERATEDACT!VATED SLUDGE REACTOR 

Initial Final 1nffiaT~T~Finar ,~~~~~ ~··~~~·· BOD5 BOD5 · 6. 
Date CGD COD Solids Solids Solids COD Yield Feed Eff BOD5 

12/13/72 4000 3600 3500 37~0 '. 250 400 2.62 
14 3600 3000 2780 31es 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 31'0 695 0.43 
18 4310 3500 1800 2180 350 810 0.43 
19 4250 3550 1744 2058 314 700 0,45 
20 4410 3710 1696 1971 325 700 Oo46 
21 3800 2900 1670 1875* 205 900 0. 23 
22 3800 3000 1930 2195* 265 800 0.33 
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 ~00 3100 3010 3355* 345 900 0.38 
21 4ioo 3400 3155 3426* 210 800 o.34 
28 3.600 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 

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 26p0 1360 1720* 360 745 l.48 
5 3192 2447 1300 1610* 310 745 0.42 
9 3190 2445 1795 224d* 495 745 0.66 

10 3850 3210 1715 1930* 215 640 0.33 
11 4100 3400 1540 1890* 300 700 0 ;43 

7/12/73 3120 2501 1145 . 1500* 355 619 0.58 
Average ~ 3073 2270 · 2~ij5 320 673 0.48 

· ·, *Mixed liquor not wasted 
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Figure l~. Metabolic Response of an Acclimated Microbial Popula
tion, Growing .on a Kraft ;Mill ,Waste. · Experiment of· 
Nov. · 9, .1972 · 



11 /OW 'sa 110S 1'1:>1901018 NI 3S'13~~NI 

§ ~ 2 ~ 8 
<D 

~ 

~ 

.. 

~ 

U) 
: : . ~ 

' . Cs -
..J ... -o 
U) 

..J 
... <l: ... - u ...... 

l 
(!) 

0 
..J 

-c ... ,_ 0 .. -
0 m 
u ~ 

- lLJ 1-1 I,. 

~· 

,, 

~ 
a: 

J !::i - -IJ.. ~ 

0 
0 - 0 

en 
C\J 

lO 

.... 
• I' 

(D U) 

a: 
a 

LO :C ,_ 

(\J 

·~ v--~ -......... 
~ 

.......... A 

( 
~ 

0 
0 
C\J 
~ 

0 

8 
!'(') 

"' !"'-. 
0 

0 
0 
0 
(\J 

0 0 0 O 
0 0 0 0 
(X) lO """ (\J (\J (\J (\J (\J 

1 /OW 'ao:> 3.lVcLill.:1 

~ 

59 



Figure 13. Metabolic Response of an Acclimated MicrQbial Popula-. 
tion Growing ona Kraft Mill Waste. Experiment of 
Dec. 7, 1972 
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Fi~ure 14 .. Metabolic Response of an Acclima~ed Microbial Popula
tion Growing on a Kraft Mi 11 Waste, Experiment of 
Jan, 6, 1973 ' 
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Figure 15~ Metapolic Response of an Acclima,ted Micrqbial Popula-. 
tion :Growing on. a Kraft Mi 11 W~steo .Experiment of 
Jan •. 16, , 1973 
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a purification efficiency of 87 percent. Figures 12, 13, 14, and 1:5 

show examples of the daily response of th~s batch-fed extended aeratton 

plant. Samples ;were taken every hou.r 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 utiliza,tion of exogenous substrate 

and .the time at which maximum. gro\llth was achieved. From these data,. 

yield values were also determined by equation (3). The yield va.lues 

calculated from the data of Figures 12-15 ranged from 0.46 to 0.72. It 

can also be noted that substrate uttlization was completed and maximum 
I 

growth achieved within tw,o to fo~r hour~" Verl 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 ~nd growth 

patterns for the industrial waste did not follow the smooth kinetic 

curve commonly ob.served in exf.;)eriments of thi,s nature. The waste. con

tained a large non-:biodegradable fraction whic:h might have caused the 

irregularities in growth patterns noted .in these experiments, or the 

11stepped 11 nature of these data may actually reflect metabolism of dif- . 

ferent components of the waste. 

Figure 16 shows .another short,,-term batch experiment in whi.ch the 

yield value was observed 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 8COD value of 814 mg/1 was equivalent 

to a BOD5 value of:490 mg/1. It is.interesting to note that the BOD5 

removal .efficiency was 79.5 percent. It is also interesting to note 
.:. 

that the BOD5:t.~bo ratio for this expe~iment was 0.602; it is generally. 

accepted in the pollution control field that the BOD5 represents about. 

0.6-0.7 of the ultimate BOD .. 

A short-term batch experiment was also conducte9 to study the 



Figure 16. Metabolic Response of an Acclimated Microbial Popula
tion .Growing on. a Kraft Mi 11 Wasteo Experiment of 
Jano 9, 1973 . 
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Figure 17 . Metabol ic Response of an Acclimated Microbi al Popula
tion ·G(owing on a Kraft Mill Waste . Experiment of 
Jan . 9, 1973 
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metabolic charactE:!ri-stics .of a hydrolyzed biological sludge taken from 

an extended aeration process growing on the Kraft waste, the purpose 

being to eva 1 ua te the ava ilaqi 1 ity of the hydrolyzed s 1 udge as a carbon 

source for other aerobic microorganisms.: Neutralized hydrolysate was 

fed to a growi9g system developed fron:i a mixed seed consisting of cells. 

from the ext~nded aeration p11ot plant and a small sewage inoculum .. 

Figure 18 shows the results of thi.s·experiment. The initial unfiltered, 

COD of the hydrolyzed so 1i ds was 720 mg/l; . the COD of the filtrate was 

340 mg/1. It can be seen that all of the filtered COD fed to the unit 

was removed after 24 hour~o .BOD5 of the filt~red hydrolysate was 200. 

mg/J ; 93 percent of this BOD5: was removed within eight hours, 

Figure 19 shows a similar experiment in whi.ch the unfiltE!red COD 

was 900 mg/1, the filtered 900 was 440 n:ig/1, The filtrate BOD5 was 240 

mg/1. In this experi-ment, the_ sludge was washed prior to hydrolysis. 

Again, ~alues of nearly 100 percent removal of soluble COD end BOD are 

shown, indicating that __ the solubl.e portion of the hydrolyzed cells 

taken from a systen:i growing in a Kraft industrial waste car:i be used as 

substrate for other het~rogeneous populations,. 

C. · Operational Performance of the Extended 

Aeration Process trra.q,ryorating th!=! 11 Hydrolytic 
··~ .. 

Assist;II S; = · 500 mg/1 Glucose. 

The extended_ aeration activat~d slupge pilo~ plant was ptJt .into . 
L ' ' • 

operation on September ,23, 1971,. For the first 46 days, the plar;it was 

batch-fed 1000 mg/1 glucose ;each day. On day 47 •· the feed was r~duced 

to 500 mg/1 glucose, On day 64, the plant .was changed from batch 



Figure 18. Metabolic Response to Cell Hydrolysate Obtained 
From Pilot Plant Operating on Kraft Mill 
Waste as Carbon Sourceo Experiment of Feb, 9, 
1973 
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Figure 19. Metabo 11c Response to Ce 11 Hydro lysa te of Washed 
Sludge Obtained From a Pilot Plant Operating 
on Kraft Mill Waste.··. Experiment of Feb. 16, 1973 ..... 
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feeding to continuous flow. The plant was operated as a continuous

flow unit without using the 11 hydrolytic assist" from day 64 until day 

130. During this period,. sludge was withdrawn from the unit and hydro

lyzed for separate batch studies to determine the slµdge 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, hydro1y~: 

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. Thrqughout this phase, the effluent from.the 

pi 1 ot pl ant was characterized. by determinations of filtrate COD, unfil

tered COD, and biological solids. During the first three weeks of 

sludge withdrawal and refeeding, th~ settling problems which_:had ~tarted 

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 sol.ids. 

in the effluent. During the la~t six withdrawal periods, the biologi

ca.1 sol ids 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 norma 1 , and 



Figure 20. Performance of an Extended Aeration Pilot Plant Oper
ating Without the 11 Hydrolytic Assist." Day? 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/l 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 liquor 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 

withdrawing sludge for hydrolysis (day 138, i.e., day zero in Figure 23) 

the mixed liquor suspended sol i.ds was 4600 mg/1; at the end of the 

refeeding period, the mixed liquor suspended solids was 4100 mg/l. Bio

logical solids in;the effluent averaged about 75 mg/1; purification 

effidiency based on filtrate COD was in excess of 90 percent. The COO 
i 

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 soHds was 3500 mg/1. Biological solids in the effluent 

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



Figure 22 •. First Week 1s Performance Data of the Extended Aera-. 
tion Pilot Plant With Weekly Withdrawal, Hydrolysis, 
and Refeeding. Days 132-139. Glucose Feed, 500 
mg/1 
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Fi.gure 23. Second Week.' s Performance Data of the Extended Aera
tion ,Pilo~ Plant With -Weekly .. With~ra~l-. Hydrolysis, · 
and Refeeding. Days 138-145. Glucos;IM. ,.>-· 500 
mg/1 ~· · "· 

. . ~· 
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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/.l 
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averaged above 90 percent. COD of the unfiltered hydrolysate was 8738 

mg/1. · COD of the filtrate hydrolysate was 6400 mg/1. The COD of the 

feed 91ucose plus hydrolysate was 637 mg/1. 

Figure 25 shows the four.th week'$ performance. At the beginning of 

the hydro·lysatewithdrawal period, the mixed liquor suspended solids was 

3600 mg/1; at the end of the refeeding cycle, the mixed liquor suspended 

solid$ was 3800 mg/1. Biological solids in the effluent averaged l~ss 

than 50 mg/1 i 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 wa~ 

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 COO averaged in 

excess of 90 percent for both weeks. The aoo of the hydrolysate was 

7500 mg/1, and the unfiltered COD was 6000 mg/1 for both weeks. The 

COD of the feed glucose plus hydrolysate averaged 750 mg/1 for both 

weeks. 

Figures 28-30 (weeks seven, eight, and nine) also displayed simi

lar patterns. The biological solids concentration in the mixed liquor 

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 liquor sus

pended sol ids concentration was 3500 mg/1; at the end of the refeeding 

cycle, the mixed liquor 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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Ftgure 27. Sixth Week's Performance Data of the Extended Aera
tion Pilot Plant With Weekly Witt:idraw111. ,Hyd.-alysi,s; 
and Refeeding., Days J62-l69 •. Glucose Feed, 500 
mg/1 , 
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Figure 28 .. Seventh Week's Performance.Data of the Extended Aera- · 
tion Pilot Plant With 1Weekly Withdra·wal, Hydrolysis, . 
and Refeeding. Days 168-175. Glucose.Feed, 500 mg/1 ·. . . : 
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Figure 29. Eighth Week'$ Performance:Data.of th~ Extended. Aera- · 
tion -Pil;at Plant Wi.th 1Weekly Withdra~l ., Hydrolysis, . 
and Refee~ing •. Days 174-181. Glucose.Feed, 500 · 
mg/l, . 
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Figure 30. Ninth Week 0 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 ninth week, the biological solids concentration 

was 2900 mg/1; at the end of the refeeding period, the mixed liquor 

sol ids concentration was 2900 mg/l.; Purification efficiency based on 

fi 1 trate COD was in excess of 90 J)ercent for a 11 three weeks •.. 

Figure 31 shows the performance during the tenth week of operation. 

The mixed liquor biological sol.ids concentration at the beginni~g of 

this period was 2900 mg/1, and at the end of the test period, 2000 mg/1. 

Bfological sol ids 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 hydrol~sate of the 

withdrawn cells was 2800 mg/1 ... COD of the ft 1 tra~e was 2000 mg/1 •. Dur-
I 

ing this period, thEJ::pilot .Plant began to experience some setUing 

prob 1 ems . There were no pH changes not'ed in the mixed 1 i quor; pH 

remained. between 6.8 and 7.0 .. Although microscopic examinations. were 

not performed at this time,.there. was no filaineritous growth noticed in 

the clarifier nor was bulking a problem. 

D, Chemical Flocculation of Suspended Bio

logical Sol ids .in the E.ffl<uent of the 

Extended Aeration Activated Sludge Pilot · 

Plant 

The extended aeration process could be considered one that should 

enhance development of floccl,llating microbial populations, since it is 

operated under starvation .conditions which are generally ttmught to be 

needed 'for development of a floqc;ed microbial popul~tion. However, 
.•I 

...... 

. from time to time. settling 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, Hydrolysis, 
and Refeeding. Days 187-194. Glucose Feed, 500 
mg/1 
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One method for contr~l of non-settling sludge is through the addition 

of chemical flocculants. Since the pilot. plant was experiencing set-
' 

tling problems which, based on experimental evidence and observ~tion, 

was not due to a pH change or any apparent change in predominance, 

experiments were.conducted to determine a suita~le coagulant that might 

be used as a remedial st~p in correcting the existing sludge settling 

problem. Experiments were design~d to gain some insight into the opti

mum concentrations.and kinds of flocculating agents that migh~ enhance 

settling. Some of the results of tbese studies are shown in Figures 32 

through 34. 'From these results, it appeared that ferric sulfat~, 

Fe2(so4)3, would be the best reagent to, flocculat~ biological solids in 

the effluent of the extended aeration activated sludge process. 

E •. Operational Performance of the Extended 

Aeration Process.Incorporating the "Hydrolytic 

Assist;'" Si =: HJOO mg/l,Qlucose 

Figure 35 shows.the performance of the pilot plant prior to chang

ing the feed from.500 mg/1 glucose to 1000 mg/1 gluc~se •. It al~o shows 

the acclimation p~riod prior to resuming periodic sludge withdrawal and 

subsequent hydrolysis and refeeding, It should be noted t~at during 

this period, purification efficiency based on filtra.te COO remained 

above 90 percent. There was also a short period in which ,settli.ng prob.., 

lem~ were encount~red;. and the preblem was corrected with the addition 

of ferric sulfate as a flocculant. On day 215, the feed was switched 

from 500.mg/l glucose to 1000 mg/1 glucose. The biological solids in 

th.e- reactor i nc~eased from 1100 mg/1 on day ~15 to 6000 mg/1 by day 232. 

Weekly withdrawals of 900 ml of settled sludge for hydrolysis and 



Figure 32. Effects of Concentration of Indicated Coagulants on 
FlocculatH>Y! and.Settling of Biol ogica 1 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 
Pilat Pl ant. Day 195 - April 4, 1972 
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ff gure 34~ Effects of Cencentra.tio~ of Indicated Goa9uhn:ts on 
Flocqul~tibn and Settling pf Biologjcal Solids· 
Retained in the Efflu~nt of the Exten.ded Aeration. 
Pilot Plar:it. Day 197 - April 6, 1972 
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Figure 35. Performance Data for the Conti_nuou~-Flow Pi 1 ot Pl an~ 
- Days 190-250 - March 30, 1972, to May 29, 1972 
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refeeding began on day 236. 

Figure 36 shows 10 weeks of performance data for the extended 

aeration pilot plant while operating with the "hydrolytic assist." The 

neutralized hydrolysate was fed to the unit along with 1000 mg/1 glu

cose over each six-~ay period~ At the beginning of this test per1odi 

the biological sol,ids conc~ntration in th.e reactor was 5500 mg/1, At 

the close of the test period, the biological .solids concentration was 

6600 mg/1. T~e average biological solids contentrat1on in the effluent 

during this time was 34 mg/1. The average filtrate COD in th.e effluent 
' • I 

was 34 mg/1, and the average unfiltered COD in .the efflu~nt was 64 mg/1, 

The average biological. solids conceQtration in the reactor was 6123 

mg/1 ; the average puri fica ti on efficiency based on fi 1 tra.te COD was 

97,5 percent. 

Figures .37=46 show weekly performances. The ,sludge characteristics 

and effl u~nt characteristics were similar for .each of the 10 weekly test 

periods. The ,COD of the hydrolysabr'fer the 10-week period was as fol-

lows: 

First week, unfiltered COD, 8000; fH,ten~d COP; 6032 mg/1. 
' 

Second week, unfilt-red COD, 8640; filtered COD, 5616 mg/1~ 

Third week t unfiltered COD, 7676; fi 1 tered COD, 4848 mg/ 1 . 

Fourt,i week, unfiltered COD, 8660; filtered,C©IJ, 5360 mg/L 

Fifth week, unfiltered COD., 7835; filtered COD~ 45:36 mg/1 • 

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

Seventh week, unfiltered CODj 10,000; filtered COD, 7200 mg/1, 

Eighth week, unfi 1 te.red COD, 8200; fi 1 tered COD, 5400 mg/1 • 
I 

Ni nth week, unfi l tared COD, 7800; filtered COD, 6400 mg/ 1 •. 

Tenth week, unfil t~red COD, 8400; filtered COD, 6400 mg/1 , 



Figure 36 . . Ten-Week Performance Data of the Extended Aeration , 
Pilot, Pla.nt ··Incorpo.rating the. 'lfi.lYdrolyti,c Assist.'; 
While Growing on 1000 mg/l Gludi:s,eo . Days 235-295 
... May 14, 1972, to July-13, 1972 
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Figure 37. Fir.st Wea.le' s Performance Data . of the f:xter,ided Aera"." 
tion Pilot Plant _With Weekly Withcir~~al ,, Hydroly.:; 
sis, and Refe~ding. · Days 236-243. Glucose Feed, 
1000 mg/1 ' 
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Figure 38. Second Week's Performance Data of the Extended Aera
tion Pilot ·Plant "With Weekly With!;!rawal, ~ydrol~, 
sis, and Refeedtng. Days·242-249, Glucose Feecl, 
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 ·248-2550 Glucose Feed, 
l 000 mg/1 



if 
A 

I 

I 
I 

I..J 

j ~, 
\ -, 
1 

-( ... ,... 

I I " 
0 

~ 

0 0 8 8 0 0 
0 0 0 0 
C\J I'- <D l!) 

r16w 
SSlW 

r16w sa11os 
033.:1 1'1:>1801018 

121 

- I() 
I'- I() 

C\J • 

~ • > 

~ 

J 
J 

. 
J • \ 

. I\ 
J J J 

0 0 0 0 0 0 
O l!) 8 

C\J 
0 C\J 

r1Bw 
J.N3fll.:l.:13 ir/6W (/DW 

sa 11os ao:> ao:> 
1'1:>1801018 J.N'11'1N~3dnS 31'1~111.:1 

v 
<DI() 

C\J 

r() 
I() I() 

C\J 

v ~ Cl) 

C\J ~ 
0 
~ 

w 
r() I() ~ 

C\J 1--

0 
C\J I() 

C\J 

0) 

v 
C\J 

00 
0"'" O C\J 



Figure 40. Fourth Week's Performance Data of the -Extended Aera
t i.-on ·Pilot Pl an-i With. w·e~kly Wi.tbdrawa l, Hydro ly
s is, and Refe.eding. Days 254-261. Glucos.e Feed, 
l 000 mg/1 



- -
I r 

J 

! 

- H:, L 
J 

"ti 

r l - ,.. 

I I J 
0 ""O 0 0 

§ 0 8 8 
C\I ~ <.D LO 

T/DW 
SSl~ 

r;ow sa nos 
033.:l 1'1~1901018 

... 
r< 

~ ' 

J 

' 

' 
' ~ 

,..._ <.D 
C\I 

0 
<.D <.D 

C\J 

m 
LO LO 

C\J 

.. 
w 

-' 
r<) r;; :? 

C\I I-

11 ,.. ~ 

<.D 
C\I LO 

C\I 

I ,_ LO 
- LO 

C\I 
~ 

l.. ¢ 
O LO 

O C\J 
-0 o"" 0 

O LO 

T/DW 

0 O" 
0 0 
C\I 

0 0 
¢ C\I 

1N3nl.:l.:l3 r;f>w r;f>w 
sa 11os ao~ ao~ 

1'1~1901018 lNVlVN~3dnS 31V~lll.:I 

123 



Figure 41. Fifth .Week's Performance Data of the Extended Aera
tion Pilot .Plant With Weekl°y Withdrawal, Hydroly
sis, and Refeeding. Days 260-267 •. Gluco.se Feed, 
1000 mg/1 
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Figure 42. Sixth .Week's Performance Data of the Exte·nded Aera
tton Pilot Plant With ·weekly Withdrawal~ Hydroly
sis, ·and Refeeding. Pays 266-273. Glucose Feed, 
1000 mg/1 
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Figure 43. Se.vent.h Week's Performar:ice Data of the-Extended Aera
tion PilQt -Plant With Weekly Withdrawal, ,Hydrolysi.s, 
and Refeedi ng. , Days .272-~79. Glucose Feed, 1000 . 
mg/1 · 
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Figure 44 •. Eigh~h We~k 1s Performance Data of the.Extended Aera
tion Pilc;>t Plant With Weekly Withdrawal, ,Hydroly-. 
sis, .and Refeedin'g.. Days 27a ... 2as. Gl:ucos.e Feed, 
1000 mg/1 

,. 
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Figure 45. Ninth Week 1 s .Performance Data of ttie Extended Aera
tion Pilot Plant With Weekly With.drawal, Hydroly-. 
sis, ,and Refeeding. Days 284-291 •. Gluco.se Feed, 
1000 mg/1 
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Figure 46. Tenth Week I s Performance Data of the Extended Aera~ 
tfon Pilot Plant With Weekly Withdrawal, Hydrely- . 
sis, and Refeeding .. Days 2~0"?.9Z.? Glucose Feed, 
1000 mg/1 
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E. Studies to Test the Effectiveness of the 

11 Hydrolytic Assist" Process as a Means .of Con

trolling Predominance Changes DeVeloped in the 

Extended Aeration Acti.vated Sludge Pilot Plant 

136 

During the ninth and tenth weeks of operation at 1000 mg/1 glucose 

feed, there was some indication that the sludge might be beginning to 

bulk. However, it can be noted from Figures 45 and 46 that there WijS 

no mark.ed change in purifica~ion ,efficiency. The pH in the aeration 

tank was 6. 7. Microscopic examination of wet mounts .. from the settling . 

tank revealed the presence of filijmentous microorganisms. The usual 

treatment plant methods of coping with bulking sludges (36-42) are to 

kill the responsible organisms by chlori,nating the returned 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 filamentous organisms are very ef:ficient degraders of wastes high 

in carbo~ydrates. This indi.cates that the main problem arising from 

bulking sludge is not impairment of the purification ~echanism, but 

smlid liquid separation in the secondary clari.fier, the lack C>f which. 

allo~s 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 th.e 11 hydrC:>lyti.c assist'' could be used to decrea$e 

the population of filamentous microorganisms, thereby allowing some 

other species present in the heterogeneous mixture to become predomi

nant. Using the 11 hydrolytic assist" as a control procedure, one .. half of 

the total volume of the system was withdra~n.and subjected to acid 

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



Figure 470 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 unfiltered raw l\ydroly.sate 

was 5600 mg/1; the COD of the filtrate hydrolysate was 380t> mg/l} On 

day 308 (Figure 47)1 all of the solids in the final clarifier were 

removed (approximately 3400 ml) and subjected to acid hydroJysi,s. The 

pH in the aeration tank at this wi,thdrawal was,6.7, The COD of the 

unfiltered hydrolysate was 4312 mg/1;, the filtrate COD was 3332 mg/1 .. 

\ "' It should be noted that the general salubility of the hydralysate far 

the filame.ntous sludge was similar to that from the non-fi.lamentous 

sliJdge. Na filamentous materi.~ls were abserved in the hydrolysate. 

The neutralized hydrolysate was fed .back ta the system alang with 

1000 mg/1 gl uce>se at the rate af 300 ml /day, Thfs was twice .as much · 

hydrolysate per day as had been previausly used in refeeding procedures, . 

During this time, daily micra,scopic examination was conducte.d on the 

mixed liquor suspended solids. · Although the fihmentous papulation was 

decreasecl considerably by the hydrolysis pracedure, filaments still 

daminated and. bulking persisted.· It should be pointed out that th~ 

total mixed 1 iquor suspended solids c'oncentrations in the aeration tank 

was reduced from 6600 mg/1 to 2400mg/l under this severe withdrawal . 

. schedule, The total mixed liquor suspended solids concentratifn ·after 

completion ,of th~ refeeding cycle was 4000 mg/1. It took 28 days to 

compl et~ the refeeding cycle. It was notet;i after the refeedi ng perfod . 

that although filamentaus micro~rganism~ were still promin•nt, there· 

was the presence of increasing amounts ·Of other microarganisms within 

the cultiJr.e medium.' T~s was taken as an indication that the "hydro-
. ' 

lytic assistll process cot,1ld se,rve ,as a means ,far controlling predomi

nance changes .in activ~ted sludge processes. To gain further i,nforma-
, ·, 

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 microorganismso For 

six days (see Figure 47), 2000 ml sludge was withdrawn from the final 

clarifier. At the end of this withdrawal period, the mixed liquor 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 beginntng to predominate. Over the period shown in 

Figure 47, the biochemical removal efficiency remained well above 90 

percent. The biological solids concentration 1n the effluent fluc

tuated somewhat between 20 mg/1 to 140 mg/1, However, the ave.rage 

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 pre~ominance change brought about tbrough 

the aid of the 11 hydrolytic assistll process~ the pilot plant wa.s se.eded 

with 500 ml of primary sewage. TMs 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 1n the mixed liquor. 

It should be noted that after reseeding, the pflot plant was placed on 
I 

, 1000 mg/1 glucose feed only. All previously withdrawn hydrolysate had 

been re-fed to the unit .. As seen fo Figure 48, the mixed liquor 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/1, 



Figure 48 •. Performance of the Extended Aeration .Process After 
Reseeding to Bririg AbOijt a Predomina11ce Changeo 
Days , 350-420 - Sept.; 11 , 1972, to Nev o 20, 1972 
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Biochemical purification!during .this .Period was excellent. and remained· 

above 95 percent. Biological solids in the effluent averaged less than 

40 mg/1. On days 401 ~ 407,,and 413, 900 ml of sludge were withdrawn 

from the clarifier and hydrolyzed, neutralized, and re,.,fed to the sys

tem. Figures 49-51 show the weekly performance of the un.it under these 

conditid.ns ... The COD of the hydrolysate of sludge withdrawn on. day 401 

was 9,780 mg/1, unfiltered COD was. 7000 mg/1, The COD of the hydroly-. 

sate withqrawn on day 407 was 10,067 mg/1; unfiltered COD was 6195 mg/1, 

The COD of the hydrolysate withdra~n on day 413 was 9880 mg/1 for the 

unfiltered sample, and the filtrate COD was 6700 mg/1" The biochemical 

purification based. on fi 1 trate COD remained .above 90 percent for each 

week. Biological solids .in the effluent averaged less than 50 mg/1 

for each week, , 

§. Performance of the H,ydrolytic.ally Assisted 
,-, ... ~ 

~xtended Aeration Process Growing on Dilute 

Kraft Mi l1 Digester. Bl owdown. L i:9uor;as Carbon 

Source. 

The sludge employed tn initiati,ng this study wa.s 1200 ml of ·accli-. 

mated cells taken from the batch unit used for the ,AC0D study, along 

,with 1500 ml of sett'J.ed sewage taken from. the pol 1 utfon control pl ant 

at Stillwater, .Oklahoma. This initial seeding was diluted to nine 

liters, and continuous-flow operations begun, .. The substrate consisteq 

of a l/50 dilution of Kraft pulp mill digester blowdown liquor, The 

mixed liquor solids concentration in the reactor at the beginning of 

the continuous flow operation wa? 2570 mg/1, The pilot. plant was 

placed into operation on Jan, 17~ 1973~ and continuous monitoring of 



Figure 49. First Week's Performance Data, After Reinitiating 
Operation With the 11 Hydrolytic Assi stll to the 
Extended Aeration Pilot Plant. Days 401-408. 
Glucose Feed, 1000 mg/1 
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Figure 50. Second Week 1s Performance Data, After Reinitiating 
Operation With the 11 Hydrolytic Assist" to the 
Extended Aeration Pilot .Planto Days 407-4140 
Glucose Feed, 1000 mg/1 · 
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Figure 51 .. Third Week's Performance Oata, After Reinitiating 
Operation With the. "Hydrolytic Assi st 11 to the 
Extended Aeration Pilot Plant. Days 413-420. 
Glucose Feed, 1000 mg/1 
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biological solids concentrati.on and efflue~t characteristics beg.un on 

Jan .. 26, 1973., The pilot ,plant used in t~is investigation was of the 

same type as used in the st1,1dy of th.e syntMeti c . glucose waste, 

Figure 52 shows·60 days,of p~rformance data for.the extended aer

ation pilot plant. The average filtrate COD of the effluent (COOe) was 

1480 mg/1. The average ACOD, that is, COPt-CODe' was 1200 mg/1. The. 

result~ were similar to those for th, experiments with,synthetic waste.· 

Purification efficiency was, not htrtdered. by t.he. add Hie.in of hydrolysate 

along with the regular feeq. Batch studies performed (Figure,s 18, 19) 

on the soluble fraction of th.e hydrolyzed' cells show this material to be 

an ava i 1 ab 1 e carbon source for other heterogeneous microorganisms .. 

It can be noted from figure 52 that the biological solids concen-. 

tra ti.on in .the effl 4ent varied from . 30=200 mg/ 1 6 At ti mes: the sys terns 

developed situations in which ,ther~ was,a large amount ,of sol.ids carry

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 

turbulence which was per;iodfcal.ly .caused by .afr bubbles being swept 

into the settling compartment .. This had a tendency to disperse the 

settled solids in the clarifier,: causing solids to be lost in the 

effluent carryover. To support the surmise ,tha t poor, settling ,was 
.. 

probably du.e to the design of t~e clarifier and not the ,nature ·af the 

b1ological mass produced~ sample~ were taken and subjected to routine. 

settling tests each week. Samples of tbe results from these tests are . . 

shown in Figure 53. As can be seen. in t~is flgure, the settl in9 char

acteristi~s of the mixed liquer in t~e reactor were excellent, and 

settling proceeded very rapidly. In o·nly 15 minute~:. the sludge had 

concentrated four-fold. 



Figure 52, Performance of an Extended Aeration Pilot Pl ant 
Operating .With the 11 Hydrolyti.c Assistll and Kraft 
Mill Waste as Carbon Source 
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Figure 53. Settl fog Characteristics :of a Hydrolytical 1y
Assisted Extended Aeration Activated Sludge 
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H. o2 UP_take Characteristi,cs of -Variau~ . 

· Effluents From th·e. Exte~d ,Aerati,on 

Pi 1 ot P;l ant 

To further evaluate the, ·ext'e-nded aeration proces,s inc°'rpor.ating 

th~ 11 hydrolytic as.sistll and to give su,pp~rt ·to its effec~iven.~ss in 

155 

· treating soluble organic wa~~e. material, ef:flue[\t samples froll) the. 

pilot, P.lant were tested periodically .to -determine the'ir effe~t on o2 

resources in rec~iving stre~ms. · One such test usiQg the operi stirred. 

jar technique:is shown in Figure 54. During the first,24 hours,.· 
' ' . ; ! • ,#, . ,· r . . 

r~plenishment of the disso1v.ed ozygen. pri:!viously removed chetnic~Jly ,by. 
' 

the addition of sqdium sulf'ite ,and cobalt was.measured to de.ter111ine .the 
j 

rate of atmospheric'.reaeration (~) in the jan reactor. In this _par-

tic41a·r ,run, .a K2 .va1.ue :of' O.Q99 hr""1 was calculated from:the DO -d~ta. · 

After the reaeration _period, effluent substrate.~as a9ded to the 

r·eactor in a 50/50 .ratio wit~ tap water, and the .DO measured during . 

both the deoxygenation .and retovery p~rfods~ During this experiment 

(days ~39~240), the pilet plant was fed 1000 mg/1. g1ucose,p1us .sludg_e 

hydrolysate. Th~ totaJ -f:eed concentration was 1200 mg/1. The filtrate 

COD of the plant effluent was 4.3 ~g/1, The biolo_gical solids~\conce,ptrk~j:ion 
'} 

was 58.mg/1, and t.he tqtal organic c~ntent (C~D) was 130 mg/1. ·~xami--

nation of Figur.e 54 shews a slow dec:rease in DO witti an accampa_nying. 

slow .recovery period·. The carresponding o2 upta.ke curve r indicates: that 

a total of 22.5 mg/1 of oxygen was requiredi.by the, microarganisrns after 

five days. An experiment was .. run us_ing r,aw .cell hydrolysate obtained 

from the cells in the pilot ,pla·lJ~ on day 369 of conti~UOU$. flow eper

ation (Figure 55), An acclimated seed was obta,ined. from the settling . 



Figure 54. DO Proftle and 02 Uptake in an Open Sttrred Reactpr 
due to. Addition of Treated Effluent From the·· 
Extended. Aeration Pilot Plant Operated With,500 
mg/1 Glucose Feed9 Days·239-240 

Substrate Characteristics~ 

Extended Aeration 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 
-1 K2 = .0.099 hr 



157. 

• 

-., 

) 11 CX> 
Q 

I~ 

L 

' ' 

' 

'\ \ 
\ \ , 

~ . ( 

\ 
I "\ 

I \ 

\ 
c \ I.LI 

J c 
c. 
<( ' ... 

I \ 
I.LI 
I-
ti) 

1 
~· 

IO 2 IO 0 IO 
C\I - -
r1flw • 3>1'1.Ldfl _N39AXO a3.1v1n~n::>0 

C\I 

00 0 

' ~ . ·,. I - -CX> <D v C\I O 

J/6w I N39AXO 03/\lOSSIO 



Figure 55. DO Profile and o2 Uptake i,n an Op·en Sti-rred Reac,tor . 
due to Addition of Treated Eff.l uent From ·the. 

· Extend~d. Aeratfon Pilot -Plant Op~rated with' 50 
mg/1 _ Sludge Hydrolysate. Day 369 

Substrate Charactertstics: 

Hydrolysate From Extended Aeration .Unit,. 
Day of Operation, 369 (Sept. -25, 1972) · 
Total COD = 6400 mg/1, 
Seed= Extended Ae;ratton Effluent 

Conditions. in Op:en Reactors-

Total _COD = · 50 mg/:1 . 
Seeding Volume= 50 mg/1· 

0 . -1 • = Jar 1, K2 = 0.120 hr .. · 

0 = Jar ·2, K2 = 0.088 hr '-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 volumea As seen in 

Figure 55, there were two separate phases of deoxygenation and oxygen 

recovery. The accumulated o2 uptakes after five days were 26.2 mg/1 

and 21.4 mg/1, respectivelyo 

Figure 56 shows the results of an open stirred reactor study using 

effluent obtained from the pilot studies when Kraft processing liquor 

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 

and 1400 mg/1 of filtrate COD, K2 values of 0,108 hr-l and 0.095 hr~1 

were used. The accumulated o2 uptake after five days was 44 mg/1 in 

each reactor. 



Figure 56. DO Profile and o2 Uptake in an Open Stirred Reactor 
due to Addition of Effluent Fram 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 tha,t the hyperbolic cu.rve proposed 

by ·Monod does adequately represent the data fo plots. of µ versus S .and 

µ0 'versus S •. This relationship between the growth .rate and concentra-2 . 
tion of an essential nutrient was proposed by Monod (43) as a hyper-

bolic function similar to the equations used to describe the effec;t of 

substrate concentration on velocity .of enzyme action {44). Although 

the Monod expression has been successfully used, it must be rem~mbered 

that it relates the concentration .of a single nutr.ient to the specific 

growth rate. However. Peil a·nd Gaudy (45) have. shown that the hyper

bolic relations.hip appli,es also to the soluble fraction of a municipal 

sewage when substrate con.centration is measured as total COD. Peil and· 

Gaudy, in investigations. using municipal waste, reported an average µmax 

val1.1.e for concentrated sewage of 0~45 hr-1• It can be seen in Fi.gure .7 
.. "' :• 

that the maximum growth rate value for a heterogeneous populati,on grow

ing on hydrolysate was 0.680 hr-1• This value was slig.htly higher than 

the average l.lmax va 1 ues reported by Gaudy and Gaudy ( 35). for a c~rbo,: 

hydrate waste such as glucose. Goldstein (29), in hi.s investigations 

using acetic acid, reported an average"maximum growth rate value of 

0.805 hr-1 for heterogeneous populations growing on acetic acid. The Ks 

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

compared with average values of 75-150 reported by Gaudy and Gaudy (35), 
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52 reported by Peil and Gaudy {45}, and 60 repo.rted by Goldstein (29). 

In general. the values obtained for µmax and Ks on cell hydrolysate fall 

withi.n the. limit of values obtained in a larger body of kinetic _data on 

cell hydrolysate obtained in the bioengineering laborat~ies at Okla

homa State University {Goldstein and Gaudy, unpubl i sh~d data). 

The reJattonship between exponential o2 uptake and S0 was, in 

general, of ~h~ hyperbolic type similar to that ofµ and S0• The µmaxo 

was 1.24 hr-1, and K~ was .67. Thus, the Monad equation .can be written, 2 

to express the relationship between initial substrate concentration .and 

rate of o2 uptake. 

µmax ·80 
- : .. 02 

.µo - K + S 2 . s ,0 

This equation provides a fairly good fit to the data obtained in the. 

present study. 

The yield values for cells growing on hydrolysate (Figures a and 9) 

were 0.64 and 0.51, respectively. Cell yield, for pure cultures, is 

considered to be one of the "biological constants. 11 . However, it has 

been amply shown by Gaudy and co-workers (46-48) that yield varies over 

a considerable range for heterogeneous.populations .. it; has also been 

proposed by Gaudy and Gaudy (49) that the difference in cell yields for 

heterogeneol!S populations metabolizing an exogenous substrate under 

constant experimental conditions is due mainly to ecological varia~ce 

of populati,on. The data presented in Figures 8 and 9 were obtained 

under the same experimental conditions.but using a different sewage 

seed for each experiment. The values found are close to the average 

yields (0.40-0.60) reported in the literature (35). The cell yield 

values reported herein were determined at t~e conclusion of the 



165 

s~bstrate · removal phas_e of the growth; cycle. It should b~ pointed out •.. 

-however. that the yield values determined-~t-the end of th~ substrate 

removal phase have been fo~rid to. apply throughaut the growth curve-- .. 

that is. during exponential .and de~lining :Phases of growth., 

This i nvest.i gation .was cancer.ned with ,the treatment of so 1, ub 1 e. 

organic-,subst,rates. It sho1.1ld b~ pointed out that not all organic;mat-, 

ter 1s saluble nor is it all bi~degradat;il e; .however •. it must· be so to. 

exert. a BOD. · Also, it should b~ pointed out that entrapped )norg~nic 

ma-tter·in some waste streams may,permit·some buildup of an inor,ganic· 

fraction ·in the sludge •. 

Th~ res~lts :of·thi,s-study s~pport·the evidence reported by Yang 

and Gaudy (50). that the hydralyt1cally,assisted extended aeration ,proc".' 

e~s can be useteffe.ctively in-tre~ting ·a SQlubl,e organic wast~. It was, 

seen .in -Figure 21 that ·the purificc4tion efficiency based .an filtrate COD 

averaged 90 perce"t or .better.- The purifi~ation efficiency. however. 
l'"'-; ... 

was,slightly less than :that previously reported ·for, a·similar- system 

growing on. 300· mg/1 o~ glucose .. and incorporating the sa~e 11bydrolyti,c 

assist'~ techniques (31 )(50). •- During thts phase of the inve~;tigat.ion. · 

SOll!e settling problems were encountered. The pH of. the system remained· 

between 6.8 and 7.0 during .the entire operational period. There were 

na indicatian~ of the presence of filamentous m1croorgar;i·isms. or the 

development of a bulki11g sludge.· It _has been surmised that some af. the 

settling _prob~erns were inherent in the. design of the.internal clarifier. 

The problem .seemed-to be aggravated-by the presence of a,low cQncer:itra-: 

tion of mixed -liquor suspen~ed so 1 id~. · The pro bl em. however, ia:s . suc-
" cessfully contralled tttrough the_ use of ch~mical co~gulants •. Tij~ over-

all results af thi.s · phase of investigation compare favorably with 
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results reported by Yang and Gaudy in the previous pilot stud~ using 

300 mg/1 glucose (31 )(50). They starte~ with a solids ,level of slightly 

above 5000 mg/1 and, after 15 weeks of operation utilizing periodic 

weekly withdrawals, had slightly less than 4000 mg/1 of solids in t~e 

aeration tank. In the present 10-week study using 500 mg/1 glucose and 
I 
I 

the same "hydrolytic assist" techniques, the .unit stabilized at 2200 

mg/1. The initial solids level at .the beginning of the Hl-week period· 

was 4500 mg/1. · T~e digestion factor in this study appears to be slight.

ly higher than reporteq by Yang (31). However, it must be remembered· 

that settling problems were encountered during the course of this study, 

and t~is is probably the reason for the lower solids levels at the con

clusion of this test period. 

The. results .of thi.s 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 rat~er 

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 lb 

COD/1000 cu f't/day •. It can be seen in Figure 36 that with 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 .efficiency here was slightly higher than the value presented by 

Yang and Gaudy (50) in the previous studies using 300 mg/1 gluco.se and 

even .higher .th~n the results reported in this study using .500 mg/) glu

CQse. The sol ids concentration at .the beginning of th~ test period was 

5000 mg/1. At the end of a 10-week test period,,the system solids were 

5800 mg/1 •. 

The primary development leaqing to the investigation of the utility 
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of the ~·hydro]y,tic .assist 11 for control of predominance changes was the 

appearance of a bulking filamentous sludge that would not settle. One 

of the serious operational problems encountered in the activated sludge 

process is impairment of sludge settling, resulting in excessive amounts 

of suspended solids in the effluent. Phenomena resulting in the loss of 

sludge 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 liquid 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 from·.the 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 a possibility 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 to attempt to prevent or eliminate the growth of fila

mentous organisms (38)(40}. However, none. of the field methods thus :.· 

far employed have b~en truly.effec;tive. 

During the present study, when most of the sludge consisted of 

filamentous organisms, the 11 hydrolytic assist" was employed as a con

trol method ~o rid the system of the undesirable organisms and possibly 

enhance the growth of more desirable organisms which would 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 settling. 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 

organism~ previou~ly developed during th.is study. That is, .acid 

hydrolysis dissolved the filamentous organisms, and the percent soluble 
' 

CO.D of the hydrolysate was approximately the same as that for sludge 

which. did not contain an abundant amount of filamentous or~anisms. The 

combined neutralized hydrolysate was then fed back to the system along 
. . 

with ,1000 mg/1 of glucose at 300 ml/day, which was twice the refeed 

rate normally used for refeeding •. Daily pH determinations and micro

scopic exami.nations .were made. At the 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 populatfon had been reduced 

considerably. Results from this investigation were positive enough to 

warrant further studies on the possi~il ity of using the. 11 hydrolytic 

assist" as a means of exerting some control over'.predqminance 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 organisms 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 industrial waste utilized in this study was obtained from a 

Kraft pulp mi.11 located 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 liquor 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 this 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 information 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 digester blowdown liquor 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 BOD5, batch studies were begun to determine the expected purifica

tion efficiency based on the ~COD 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 6COD 
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for the batch unit were t~ken from.samples collec;ted for 28 continuous 

.days fo.llowing _the acclimation period. Weekly seed samples -were taken 

from the batch unit for separate studies to determine yield. values and 

show metabolk response. The seed used for th~ continuous flow unit 

was taken from the batch unit wh.ich ,had been operating for eight-weeks. 

A small inoculum of sewage was added, and the combined seeds acclimated 

by batch 'feeding for two additional weeks prior to the beginning of the 

continuous flow operation. Results from the batch experiments were 

shown in Figures 13-17 •. The llCOD found in the batch studies was 673 

mg/1; however, the_ llCOD determined du.ring the continuous flow study 

averaged 1200 mg/1 (F'igure 52). The difference between the llCOD found 
I 

· in the batch studies and the llCOD 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 like this was to perform: a batch 

study on a more acclimated seed taken from; the continous flow unit. 

However, the difference in the llCOD values between the batch and con

tinuous flow units was not realized until late in this investigation. 

when 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 BOD5 was 27,000 mg/1, total solids, 3400 mg/1, and the pH, 12.0 •. 

Acclimated seed was taken from the extended aeration pilot plant, and 

batch studies performed to determine the llCOD of the new sample growing 

in a more acclimated bio-mass. The unit was batch fed at a COD of 2500 



172 

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 ~COD 

value obtained from the continuous flow studies. Figure 57 shows the 

metabolic response of an acclimated microbial po'pulation 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 perc·ent 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 

contfouous 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 offer.some 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 6COD 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 low level of mix~d liquor suspended solids, weekly sludge 

withdrawals were terminated. The low 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 accomplish 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 the flow in the simulated stream 

consisted of treated effluent. One of the values of the procedure used 

is that the course of o2 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 receiving stream are shown. 

The sample was taken during a period of time (day 239-240) when the 

treatment plant was experiencing settleability problems; both biologi

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 purification efficiency of the pilot plant at this 

time was.90 percent, based on supernatant COD. The total unfilt~red 

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 K2 value of 0.099 hr-1• There remained sufficient 

o2 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 of 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~gen resource of a receiving 

stream. Hydroly~ed 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 o2 

utilization, i.e •• two approximately autocatalytic curves connected by 

an extended "plateau·." The hydrolysate produced two distinct phases 

of DO depression (sags) in the reactor~ with the initial depression 

being the most severe in its oxygen requirements. This typ.e of o2 

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 deoxygenation in the reactor were c~aracter

ized by an increasing rate of oxygen utilization followed by a.period 

of decreasing rate kinetics during the recovery phase. The final exper

iment in this· phase was conducted on an effluent sample taken from a 
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pilot plant treating a Kraft pulp 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-
. ' 

mulated o2 uptake curves for the reactors stirred at different K2 val-
. •. ' 

ues. Godlove (30) in similar studies using pilot plant effluent from 
i 

treatment of a synthetic 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 o2 uptake 

curves as the experiment proceeded. A similar effect had been observed 

by Peil (32) in his studies on several industrial wastes. He had recom

mended further studies on possible effects of;K2 on o2 uptake at the 

relatively low ·reaeration rat~s 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 K2 has little or 

no effect on o2 uptake. 



CHAPTER VI 

SUMMARY AND CONCLUSIONS 

A. Batch Studies 

l. The growth rate experiments and µ0 data obtained from the 
2 

Warburg apparatus showed that Monad's hyperbolic relationship adequately 

described the relationship between the growth rate.and o2 uptake rate 

and the substrate concentration for an acclimated heterogeneous micro

pial population growing on sludge hydrolysate. 

2 •. The cell yield factor obtained from growth studies on an 

acclimated heterogeneous population using hydrolysate as substrate was 

within the expectable range of 0.4 to 0.6 which has been found for 

carbohydrates. acetic acid, and municipal sewage ... 

· 3. Hyd1olyzed and neutralized cells obtained frorn a system grow- · 

i ng on a synthetic gl ucqse waste and a Kr~ft mi 11 waste can be useq as 

a carbon source for a.heterogeneous microbial popul~tion. 

B. Continuous-Flow 

A pilot plant was operated over a period of time using a modifica

tion of the activated sludge extended aeration process incorporating 

the 11 hydrolytic assist.II The results of this study have led to the 

following conclusions: 

l. Study of the 11 hydrolytic assist" modification of t.he extended 

180 
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aeration process has verified the operational feasibility of periodic 

withdrawal of sludge, hydrolysis of cells, and refeeding as an effec

tive means of treating soluble 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 sludgeo 

3 •.. The capability of the 11 hydrolytic· assist 11 process as an engi-. 

neering tool in the secondary (organic substrate removal) treatment of 

a complex industrial waste has been shown. 

4. Repeated withdrawalof filamentous microorganisims (developed 

during this study), hydrolyzing and refeeding proved a successful engi

neering expedient to improve settling characteristics by a gradual 

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 
' 

"hydrolytic assist" modification .of the extended aeration process pro-

duced an effluent which would not·be expected to exert severe demands 

on o2 resources of a receiving stream. 



CHAPTER VII 

SUGGESTIONS FOR FUTURE WORK 

The experimental results of the present investigation .have pro

vided additional support for the practicability and feasibility of 

utilizing the hydrolytically ass.;sted 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 which warrant future investigations. 

1. A study of the nitrif;'.ing characteristics of the hydrolytically 

assisted extended aeration process at various organic loadings would be 

of value, since nitrification of effluent is a major subject of concern 

in the pollution control field. 

2. Further work on the utilization of activated sludge ~ydroly

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 nitri~ying, where the hydrolysate might be 

· only partly neutralized. Also, it would be helpful 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 valije, since.it affords a means of min.

imizing ultimate sludge disposal problems. 

6 •. Although there is much rnore work which can .be usefully accomp

lished in laboratory-scale study; it would seem that th~ "hydrolytic 
' 

assist" modification should nowbe studied in a large scale pilot plant 

operation. 
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