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· CHAPTER . J 

INTRODUCTlON 

' Since the initial development of the p:rocess in 1914 

by.' Ardern and Lockett (l) 1 . activated sludge treatment has 
•· 

become one of the most widely used methods for the stab-

ilization of domestic sewage:and industrial wastes. 

In. ;its: simplest form,· activated sludge treatment con·

sists of mixing the influent waste-water with a large 

irioculum of biologically active·return solids, aeration of 

the resulting suspension (mixed liquor) for a period of 

time, and sedimentation of the suspension to allow solids-

. liquid.separation. The aeration stepprovides·a.suitable 

. environment for the aerobic growth of the microbiota con-

· tained in the return sludge which use the soluble and 

colloidal organic pollutants present in the influent waste 

· as substrate. Sedimentation -of the mixed liquor then 

allows for the removal and concentration of the highly 

flocculent suspended solids. The clarified supernatant 

may then be discharged to the receiving water course. The 

:solids are removed from the underflow of the sedimentation 

basin;• a portion ;is returned to the head of the plant for 

· use ·as· an inoculum,. while the remainder is su.bject to 

disposal. Thus,. the overall accomplishment.of the acti-

1 
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vated sludge treatment is the removal. of organic pollutants 

from the waste-water by biological oxidation and conversion 

tQ settleabl(;:l,cellular material. 

The primary advantages of the activated sludge process 

.are the high degree of treatment obt~ined--ss·to 90% BOD 

removal being . common--and the small land.· area required for 

the installations. 

Tbe disadvantages of the process are high power 

requiremen:ts, as· compared with other · methods of biological 

waste treatment, and operational difficulties. Activated 

sludge plants require · a lllrge expenditure of power· to pro-

. vide for aeration of the mixed liquor. Besselievere (2) 

states that·about 30 horsepower are required per·million 

gallons of waste ... water to obtain satisfactory treatment. 

This, of course,' represents· a considerable operational cost. 

Another significant source of operational expense in acti

vated sludge plants is treatment and disposal of the sludge 

produced. Although the actual figure varies widely, 

approximately 50% of the BOD removed will be converted to 

Sludge.· Thus, if an aeration basin receives an influent 

· BOD of 2'00 mg/1, achieves· a removal of ~5%, has a sludge 

· yield of 50%,· and has a concentration of the solids during 

·sedimentation to 2%, the plant will produce 2250 pounds of 

putrescible matter for each million gallons·. of waste-water 

· treated. When it is considered that ·some,activated sludge 

· plants exceed a capacity of 100 million gallons/day, the 

magnitude of this problem becomes•apparent. 
\ 



3 

Operational difficulties·in activated sludge are many; 

two major and somewhat related types are shock loading and 

sludge bulking.· Shock loading is defined. asa sudden change 

·in the composition or concentration-of the organic material 

in the influent waste. If the organisms:in the return 

. sludge are unable to acclimate .rapidly. enough to the vari

. ation·in the feed, disruption of the process may occur to 

the point that treatment efficiency is severely reduced. 

Bulking of.activated sludge is another· very serious oper

ational problem. A bulking sludge is. one which has lost 

the ability to settle and compact readily. T.his problem 

may be caused by a number· of factors, including.shock load

ing I and if severe can result in the loss·· of large·· amounts 

of solids in the· effluent. 

One very interesting aspect of the activated sludge 

· process is that only a small amount of the total energy 

used in the aeration basin.;is needed to supply the neces-

sary dissolved oxygen to maintain aerobic conditions· (2). 

The great majority of the energy furnished is required to 

provide .sufficient mixing to maintain the solids. in the 

aeration basin in suspension. Although.the very earliest 

activated-sludge plants·constructedused diffused air for 

aeration,. the realization-of the importance of agitation 

· led-many engineers to search for a-more-economical means· of 

furni$hing both the required dissolved oxygen and mixing. 

Th.is search._ led to the development of mechanical aeration 

·which was shown to achieve both the required aeration and 
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mixing with a· smaller· expenditure of power· (3) • In spite 

of the power· savings realized.with.mechanical aeration, 

however, a gr.eat. number of engineers continue to prefer 

· diffused air aeration, citing the greater dens;i..ty of Sludge 

. obtained witb this type of installation. 

Although the p:rovi.sion·of sufficient agitation has 

long been realized. to be essential to proper· operation·of 

activated sludge plants (2),. a review.of the available 

literature indicated that very little is known about the 

effect of agitation on the growth· and biochemical behavior 

· of a~tivated sludge systems •. A number of studies have 

shown that agitation may affect the oxygen uptake and sub

strate utilization. of microbiological. systems but insuffi-

cient evidence was found to allow precise ~efinition of the 

relationships which exist. In.addition, no mechanism is 

currently proposed in the literature which adequately 

explains all of the effects observed. 

This report gives the results-of a study designed to 

measure the effect of agitation on the g;rowthand biochem

ical behavior of microbial systems of the type encountered 

in biological waste treatment under·bothsteadyand tran-

sient state conditions. In·. addition,. studies performed on 

. pure culture· systems to allow elucidation. of the mechanisms 

of the relationships involved are included. 
i . 



'CHAPTER II 

LITERATURE REVIEW 

· Dissolved Oxygen Requirements· of Bacterial· Systems 

In an aerobic biological process such as activated 

sludge, it is apparent that o:xygen must be made available to 

the respiring microorganisms if substrate removal is to pro

ceed in a satisfactory manner. The question of just how 

much, oxygen must be furnished to ensure growth and respira

tion at a maximum rate has been the subject of considerable 

research by both microbiol6gists and pollution control engi

neers. Phillips. and Johnson (4) studied the. aeration 

requirements of various bacteria and molds, and concluded 

that for the former no reduction in the viable. count or 

cell mass yield occurred if the dissolved oxygen. level was 

maintained above 0.01 to 0.02. atmospheres· (0.4 to 0.8 mg/1}. 

· · For molds the values were somewhat higher, ranging from O a07 

to 0.15 atmospheres (2.8 to 5.0 mg/'1). Th~. authors stated, 

however, that these latter values were probably caused by 

. low D. o. pockets in their fermenter resulting from 

insufficient mixing. 

· Finn (5) noted that respi.ration pecomes. independent of 

.oxygen tension in all microorganisms over a very low range 

of oxygen tensions, termed the critical D. O., with the. 

exact value being a :!:unction of. the particular species,. 

5 



-chosen. 

Smith arid Johnson (6) studied the efiect of aeration 

rate on~the viable count and mass· yield_ cit two strains· of 
.', 

6 

· Serratia marce~~ and fou.nc:r that. b0th of these parameters 

varied as a direct f-unctiori. of. th~ ·aeration .efficiency· up 

. to an aeration rate of 9 mm 02/min/li:ter· (0.224 liters 
. . 0 ' 

o2min/liter· at 30 C). Above th.is_·rat~, no correlation 

between yield and rate: of oxygen, supply,, was:' found. 

In studies.of the_growth of 'Mycobacteria:, various 

workers (7) (8) (9) have observed the· occurrence of I.in.ear 

· growth in shake- flask· cu..l tures. · When .1 gre:wth of· this type 

appeared, the yield o:.e cells ol:rtained: varied as· a direct 

function of ~he shaker rate. Volk and. Jyrick (9) attrib-

uted this type Of growth and yield limitations observed in 

the shake cultures to m~ygen limi 1;ation and not to the 

. agitation per·se. 

A number· o{ investigators· have determined the dissol-

ved oxygen tension at which the performance ot activated 

sludge.becomes· independent of oxygen. tens;ion •. Porges, 

Jasewicz. and Hoover (LO) found that for the ox:j.da·tion of 

mi:J.k·wastes the critical D. o. lay in the-range. from 0.35 

· to O. 50 mg/1. ·· Wuhrman · (11) . and Oldshue (12) both. investi.-

-gated the·c~itical D. o. for activated sludge oxidizing 

domestic sewage, and .found values ranging from 0.5 to 2.5 

mg/1. Eckenfe.H;ler · and O'Conner · (13) ::feel. that from 0.2 to 

o.5 mg/1 of D. o·~ is·~ufficient,.· stating_ that in this ·range 

· respiration :rate becomes in~ependent. of ·dissolved oxygen. 
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Smith (14) . found no effect on the· oxygen· uptake rate·. or· BOD . 

removal of activat.ed sludge at oxygen tensions as low as· 

0.2 mg/1. 

In their· study of the effect of .oxygen tension on BOD 

removal, Orford,. HeukelekianJ and Isenberg (15) obs.erved 

that when their·unit was operated. for· a period of time at a 

D. o. less than O •. 5 mg/1 a sign:i,f icant retardation of remov

al occurred. Gaudy· and Turner (16) ., on the other hand I 

were able to demonstrate that sho:rt term reduction. of .the 

· dis.solved oxygen ~oncentration below this· level during 

qua·nti ta tive .shock loading does not· seriously affect pe.r-

formance •. 

Heukel"ekian. (17) studied .. the, effect of dissolved 

oxygen on the.numbers of organisms developing .in .a hetero

.geneous population growi1:1.g .on very dilu.te medium. He found 

that higher counts were obtained at D. o. levels of 2.5 and 

15 mg/1 than.at the other D. o. values tested. The bimodal 

nature of the curve obtained was attributed to the develop-

ment of different populations at varying dissolved oxygen 

levels. 

Suff ic:ient' .. informa tion now appears· to be· available· on 

the effect -of dissolved oxygen concentration on the·metab-

olism of bo.th pure cultures ·and heterogeneous·. populations 

to allow a number· of· important conclusions· to be· drawn. 

For all the bacterial systems studied to date, a definite 

oxygen tension· exists·. above which no chang,e in the respir

ation rate of the·culture will be evidenced as the dissol-
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ved oxygen concentration.is further increased. The mass 

and viable courit yields·appear ·to be·controlled. in the same 

· manner as the respiration rate, i.e., the y;i.eld is also 

independent of the dissolved oxygen concentration if the. 

oxygen tension is above the critical level and is directly 

proportional to the rate· of oxygenation below the·. cri t:feal 

D~ o. 

Heteroieneous populations are undoubtedly controlled 

in the· same· fashion as are .pure cultu.res. . However, if 

natural selection is allowed·to occur du.ring the experiment, 

as is the case:when a very s~all initial inoculum is used, 

variation in. the yield with D. o. caµsed by the development 

of different populations at different oxygen. tensions .may 

occur. 

Mechanisms Proposed to Explain the Existence of the Critical 

D. O. 

Winzler· (18) compared the oxygen uptake·of baker's 

· yeast exposed to carbon monoxide·with the uptake·of cells 

respiring at very low oxygen tension and concluded that the 

critical D. O'. results· from saturation. of the requisite 

enzyme surfaces w:i.th oxygen. Therefore, according to 

Winzler, the critical D. O. would be the oxygen tension of 

the bulk medium at which sufficient oxygen is being trans

ferred. into the·ce11 to alloWsaturation of the·respiratory 

enzymes. Johnson, et al. (19), working with luminous 

·bacteria, further·concluded that the rate·of oxygen uptake 

above the critical D. o. is controlled by the rate at which 
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reduced substrate is furnished to the respiratory system •. 

Longmuir's study (20) .on the.respiration rate of several 

bacterial species at·very low oxygen tensions.caused him to 

disagree with tJ:ie.conclusions·ofW:inzler·and of Johnson. 

He found that respiration below the-critical D. o. follows 

-•· Michae·lis-Menten type kinetics. He tnen determined the 

:value of D. o. at which the· o:,rygen uptake rate is.· equal to 

· one-half of .its -maximum value (~(02)) • Tb.is value was 

found to be~r a definite relationship to the size of the 

·cell •. From.these- data,_Longtnuirconcluded that oxygen 

transfer., into the. cell and not -enzyme- saturation. was· res

ponsible for the critical D. o~ Tsao and ;Kempe (21) in 

their·study·of-Pseudomonas .ovalis also concluded. that the 

factor controlling the respiration rate above the critical 

D. o. was the resistance- to transfer of oxygen across the 

barrier-provided by the cell-liquid interface. 

From the a.bove discussion it may .be·. seen that two 

distinct· theories have been proposed to explain the 

· existenc.e- of the critical D. o. The first of these theories 

implies that the critical' D. O. is the point at which.res

piration rate ceases to be controlled by the rate of mass 

· transfer· of- oxygen to the cell,. and becomes dependent 

-.. inst~ad on the rate at which reduced substrate is furnished 

·to .the respiratory system. T:tiesecond theory also requires 

that oxygen U:ptake rate- below the· cri.tical D. o. be con

trolled by the ·r~te of mass transfer of oxygen. .. into the 

medtum but states that above the critical D. o. respiration 
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. ' 
rate becomes pep_end~nt instead upon .the; rate. of transfer 

across ·the cell· membrane • 
. '' 

Since indep.e'.ndence ·. of oxygen 
. . . . 

tension ;is required in this .latte'r transfer,, it is neces-
. . 

sary. to further'· postulate the existenc
1
e .of. an· active 

transport ·mechanism for·· oxygen· into the cell~ 

Mechanical versus· Diffu.se.d Air, Aeration 

The first activated sludge. plants eons.tructed used air 

diffusers placed in the bottom of. the aeration. chamber to 

· provide the- oxygen. necessary to maintain aerobic conditions. 

· (22) • · It ·was· not long, .. however,. before·. engineers· realized 

that it might be more economical to provide- the·required 

oxygen by mechanical meaQ.s •.. To. this end three different 

types of devices were developed: .the turbine mixer, the 

hydraulic injecter, and the brush.aerator· (23)(24). Fol

lowing the development of these devices,· a n1,tmber of 

.. · studies was published (3) (23) (25) showing that mechanical 

aeration gave more economical operation. Other· investJ.ga-

tions (26)(27), however,-indicated that diffused air·systems 

gave superior·operation because the sludge-produced was 

denser·and gavefewer·problems·in settling •. Also, in some 

· studies . it was concl1,1ded (28) (29) that the cost: advantage 

·· - of mechanicaT aeration devices- was confined mainly to small 

treatment plants. 

In the following years, both mechani.eal and diffused 

air plants ·:continued to be- bui.lt. Mechanical aeration, was 

·. particularly popular in, :England {30) While diffqs13d. ,~:r was 

·. generally preferred in the' United· .States. · Oevelo~ent of 
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mechanical methods· for aeration continued and mllny ., improved 

devices were>1ntroduced (30) (31). As a result of this con

tinued development, mechanical aeration, particularly-of 

,the· turbine variety, has-again become popularin·the United 

· States. This· has been especially true _since recent·. studies 

(32) .have shown· that the sludge settling problems encoun

tered in mechanical systems: ·are caused primarily by gassi

f ication. and d:estruction of the· floe matrix and can. be 

·· prevented simply. by reducing the amount of mixing provided 

in the l.ast- few feet. of the_. aeration oasin • 

. The Ef:f;ect · of Agitation on Bacterial S-ystems 

The f.irst. realization that agitation -might affect the 

growth of lfacterial cultures· arose· from the previously-

mentioned studies. on. _the .e;ffect of shaker· rate· on. the 

growth of-Mycobacteria. This early work.illustrated the 

importance of the relationship between agitat;ion rate and 

reaeration, and resulted in microbiologists becoming. aware 

. of the .necessity·· of defining the· re-aeration k:inet.ics · of 

. reactors •. 

Tsao· and Kempe (21) and Bennet and Kempe (33) 1 . however 1 

noted an additional effect of agitation in their study of 

the aerobic fermentation of glucose by·Pseudomonas ova-lis. 

These.authors observed that the.oxygen uptake of their 

· .system was· ·a function of the agitation rate- of their 

·reactor· even though the dissolved oxygen concentra.tion 

. remained. above the cr.;i ti cal .level. . lmho;f f ·.(34) also had 
I 

observed very earJ,y that the oxygen \lptake · of a heterogen-



· eous·population in a Warburg respirometer increased with 

increasing shaking rate even though oxygen limitation was 

prevented by us;i.ng oxygen instead of air· as the aerating 

gas • 
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. Pasveer (3·5) demonstrated that activated sludge systems 

·were able to assimilate much higher·loadings·under condi

tions of high agitation without deterioration of effluent 

·quality. Zahradka. (3.6) further showed that. under· con

ditions· of constant solids re.cycle and BOD loading, better 

treatment eff icien.cy · resulted if high agitation, were pro·

vided. He c.oncluded from these studies· that the BOD load 

to·an activated sludge:unit could better·be:expressed in 

terms of pounds· .. BOD/unit: of turbulence than in pounds 

BOD/unit of mixedliq-uor suspended.solids •. In.addition, 

Zahradka observe·d that a~i ta tion appeared to aid in the 

contr.ol of the gr,owth of filamentous organisms in his units. 

· Fair, Gemmel, and Myrick (37) examined the effect of 

·agitation on tbe growth and substrate utilization rates of 

batch activated sludge. These-workers wer& able to find 

no.differences in either· of these parameters as the.amount 

· of agitation provided was increased. 

The above discussion· indicates·. that· agitation may· play 

an important role in the behavior of botll pure culture and 

heterogeneous·microbial.systems. O:x;ygen·uptakerate bas 

been.shown to increasewith agitation.:in studies.uti,li:z;ing 

either· pure cultures pr heterogeneous populations.· In 

·.addition,. the permissible ,o:rganic loadings to- acti.vated 
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· sludge has been shown to be strongly· influenced by the 

amount of mixing provided. :It is 1 therefore 1 of definite 

interest to examine the mechanisms.that pave .been. proposed 

by the various ·workers to explain the influence .. of turbu- · 

·lence on bacterial systems. 

Rincke (3·8) attributed the· improved performance of 

activated sludge at high turbulences to 'improved frequency 

· of contact between cells and substrate •. Pasveer (35) (3·9) 

(40) (41) 1 on the other hand 1 : c~>ncluded that · high turbulence 

results in the maintenance· of a s.maller· floe which. allows 

·better·penetration of oxygen and. substrate. Zahradka (36) 

also concluded that smaller floe ·was·responsible for the 

i.mproved. ;removals· of BOD .he observed at· high turbulence. 

Tsao and Kempe (21) from their·studies of·oxy.gen uptake 

by ~~ •. 6iili~. concluded that the resistance to the trJnsfer 

of oxygen acress the-liquid-cell interface was the control

ling factor in the rate of oxygen uptake in systems respir

ing at oxygen tensions above the critical D. o. They 

further hypothesized that the-effect of agitation was to 

change the rate of transfer across the boundary imposed by 

the cell membrane. In order· to d.emonstrate that this con-

. cept was not incompatible with the existence of the critical 

D. o. 1 it was necessary to develop, a model of oxygen trans

. fer which was not a function 6f the oxygen tension of the 

medium. Using dimensional· analysis 1 theseautbors developed 

a model which pre~icted that theo:x:ygen· uptake- in,their 

·· reactor would be a: function of tlle agit~ tor.,,_speed 1 the rate 



of gas flow, the culture volume, and the fluid properties 

of the medium. 
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Swilley, Brant and Busch {42) agreed with the importance 

of transport across the cell me_mbrane but, from consider

ation of mass transport, preferred a -model which is depen

dent on the oxygen tensi,on of the medium. It should be 

noted that this model is in direct conflict with i;he entire 

body of evidence-available on the existence of the critical 

D.O. since it r~quir€s that the oxygen upttke be a function 

of the oxygen. tension. In addition, in systems where the 

rate of respiration is limited by the oxygen tension, i.e., 

where the dissplved oxygen level falls below the critical, 

considerable amounts of d.ata are available which ind;i.cate 

that tespiration ·rate and yield are functions of the rate 

of mass transfer from the gas to the liquid, thereby making 

it unnecessary to invoke liquid-cell transport as a control

.. l;i.ng factor. 

The work of Winzler (18) and Johnson, et al. (19) does 

not agree with the model of 'l'sao and l(empe since, if the 

critical D. a. is attained when enzyme(s) are saturated 

with oxygen, no increase- would be expected in the oxygen 

uptake as the resistance to transfer· ac.ros$ the liquid-cell 

interface is lowered by increased agitation. 

On the basis of the observation byLongmuir (20) that 

the ~(02) varies-with organism size, Finn (5) considers 

the question of ~he mechanism for the cri,tica1· D. O. to be 

unanswered for bacterial systems. Unfortunately,. Longmuir 
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reported· only the ~(02) and not the D. O. at which maximum 

uptake occurred. Thus, his data cannot be used as a con-

6lusive refutation of Winzler's conclusions, since the 

KM(o2) could vary with the resistance to transfer from the 

liquid into the cell Without the oxygen tension at which 

maximum uptake occurs being affected. 



. CHAPTE-R · I I I 

. THEORETICAL CONSIDERATIO::tfS 

· Dev.elopmerit of a ·parameter to Measure Agitation 

If a study·of the effect of agitation on bacterial 

systems is to be useful in the waste treatment field, it is 

necessary that units for agitation which are applicable to 

all types of systems .used in activated sludge plants for 

the provision of agitation and aeration be e.mployed. Thus, 

a study based on the rate of agitation in a laboratory 

fermenter is, at best, of limited value to the waste treat

ment engineer who must deal with systems of-varying 

geometry and with different methods of agitation. For this 

reason, the work herein reported is based on an energy 

function which abcounts for both the method of addition of 

energy and the geometry of the unit in which the studies 

were con.ducted. 

Camp and Stein - (43) defined the mean temporal velocity . . 

gradient as the square root of the ratio of the power. dis

sipated by agitation in a fluid system to the absolute 

viscosity of the fluid.· Although originally developed for 

use in flocculation•systems, this.parameter is very conven

ient for determi.ning the effect .of agitation on biological 

systems·because· it is a function of the work done against 

16 
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fluid shear and is thus applicable to all systems regardless 

o;f their geometry or the method of addition. of energy used. 

In. their original paper, Camp and Stein (43) developed 

the equations for the velocity gradient of mechanically 

agitated systems. From a con.sid~ration of the shear on an 

elementary fluid particle in.a stirred system, they were 

able to show that the power dissipated against fluid shear 

was related to the geometry of the system and the velocity 

of the agitator with respect to the fluid according to the 

relationship: 

. p = 1 

wher~P is the power in.put, Cd is the drag coeffici~n.t of 

the agitator, A is the total agitator area, vis tbe linear. 

velocity of the periphery of the agitator, and Vis the 

·volume of the reactor. Thus the velocity gradient, G, 

would be given by: 

G = 2 

where u is the absolute viscosity.. 

Fair and Geyer (44), using dimensional analysis, deter-

mined the work done qy a bubble rising through a fluid and 

undergoing isothermal expansion. The power dissipated in 

this fashion is: 

p = 
81. 5 Qa log 8H + 34) /3~ 

2V 3 

where Q is the gas flow rate in cubic feet/min, and His a 



the depth to the aerator in feet. Thus the velocity 

grad;i.ent·for a system agitated by compressed air is given 

by: 

G =) _s1.s• Qa· log ~H. + 34)/3'!) 
2uV 

In· s.ystems using both compressed air and mechanical 

4 

agitation, the total power dissipated c.an be estimated as 

the-summation of the power dissipated by the gas bubbles 

and the mechanical stirring. Thus, the velocity gradient 

of a system of this type would be given by: 

5 

It should be noted that the above formulation for 
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. ~elocity gradient is. only one of several approaches that 

could have been used •. Zahradka (36), for example, proposed 

a formulation for. diffused air systems based on a number of 

factors including bubble-size, type of movement, and_ dis-

tribution of the bubbles leaving the aerator. · Unfortun-

ately, the difficulty involved in evaluating some of the 

factors in his equation severely limits its utility. 

Me~hanism ·. for the· Effect of Turbulence. on Bio+ogical Systems 

In the prev-ious chapter of. this report the mec.hanisms 

postulated by th~ various. workers to expla~n-the effect of 

turbulence on activated sludge systems-were presented. It 

is now worthwhile to examine the kinetics. of steady-state, 

· completely mixed bacterial syste.ms and to assess the impli-
. . ' 

cations of. each o.f the various mechanisms· for the behavior 
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of a system of this type. Analysis of this kind should , 

provide a means of testing the various hypotbeses. from the 

data gathered in this investigation. 

In a completely -mixec;I, bacterial. system of the. type 

employed in these studies, the kinetics of the reactions 

may :t;,e derived by examination:of the differential rates·of 

change of the cells and substrate passing through the 

system. These are given by: 

dX/dt ::: D{X0 - . X) + µ. X 

· and 

dS/dt = D(S0 - S) - jJ X/Y 

6 

7 

wheref is the ;first o·raer growth rate constant, x .. is the 

cell mass per unitv0lume, X0 is the influent solids con

centration, D is the dilute-out rate e.qual to the recipro

cal of the detention time, t, .· S is the concentration. of 
0 

the rate-limiting· nutrient. in the. influent in the aerator, 

.sis the concentration of the rate-limiting nutrient,. Y is 

the cell yield,.and dX/dt and dS/dt are, respectively, the 

rates of change of the cell and the substrate concentrations 

· in the reactor. 

If the system is a1t steady state. and no solids. recycle 

.is employed, dX/dt, dS/dt, and X0 are equal to zero·and the 

above,expression•simplifies to: 

x fl = D and Y = -,---CS..-,--~-.,-,:$.--) 
0 

Further, the termµ X/Y: or DX/Y represents the rate of sub".'.'" 

· strate consumption .in the reactor. This .term is made up) of 
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two parts, the rate at which substrate is utilized for the 

production of energy and the rate at which substrate is 

utilized for the synthesis ot new cell mass. Since oxygen 

uptake rate is also a measure of energy production: 

8 

where U is the steady-state oxygen uptake rate and k1 is 

the substrate conversion constant. From this relationship 

it may now be showr:i. that the oxygen uptake rate of a 

steady.;...state, completely mixed system is given. by: 

u::.;::: DX(l/Y - 1) 
k 1 

9 

.If the relationship X = Y(S0 -- S) is now substituted into 

equation 9, the following is obtained: 

u::;;: 
D ( S - · S) ( 1 .... Y) 

. 0 10 

If the Monod model of growth which stateis that: 

D 
KD 

or ' s "" -----s ____ _ 
})m - D 

where Ks is the Monod constant and µni is the maximum growth 

rate constant, is substituted for the reactor sµbstrate 

concentration in equation 10, the following expression for 

the oxygen uptake results: 

u = 
D ~ -. l:o K8D .. J· p,..., D . 

m 

(1 -- Y) 

11 

This latter equation allows expression of the oxygen uptake 

rate of a steady-state system in terms of constants 
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deperident only on the population contained .in the reactor 

. and the. substrate used. 

For systems.of the above type it should. now be pos-

.sible to derive expressions for the effect of agitation on 

the substrate utilization and oxygen uptake rates based on 

the mechanisms.proposed in the literature. Comparison of 

the experimental data obtained in this study with tl;l.e 

theoretical relationships· developed.should then be useful 

in determining the mechanisms· in operation. 

Rincke. (38) in his discussion of the work of Zahradka 

(36) attributed. the improved. substrate removal observed as 

·well as the increased oxygen. uptake seen by Imhoff. (34) to 

improved conta~t between the cells, substrate, and oxygen 

as- agitation was. increased. This mechani.sm lendg itself 

very nicely-to kinetic evaluation if mixing is expressed in 

terms of velocity gradient. According to Fair and Geyer 

· (44) the number of contacts per un:it time between suspended 

particle:s per unit volume is given by: 

. N = n' n" (d' + d'') 3G 
6 

where N is the number of con.tacts, and n' and n" are the 
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numbers-of each of two distinct types o;f particles having 

respective diameters of d' and d". 
.. 

Two cas·es should now be differentiated. The first is 

the case where contact between the oxygen present and the 

cells is rate· lim.i ting, :i. .e., · the rate of substrate removal 

is controlled by the rate at which oxygen becomes available 
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to the respiratory chain. The second case is one in which 

the contact between the cells and substrate is controlling 

with the oxygen uptake rate then being controlled by the 

rate at which r.educed substrate becomes available. to the 

respiratory system. 

In the first case, the rate of oxygen uptake in the 

system would be of the form: 

.· U = f k N 
0 0 0 

where f is the fraction of the total collisions that 
0 

result in uptake, k0 is the mass of a·single molecule of 
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oxygen, and: N0 is the total. number of contacts occurring 

between cells·and oxygen molecules per unit time. Appendix 

D shows the reduction of equations 12 and 13 for a steady-

· state system assuming that the diameter. of an. oxygen mole-

cule is negligible and that the mean diameter of the cells 

is two microns •. This r~duction results in the following 

expression: 

14 

where Tis the dissolved oxygen concentration in mg/1 and 

. Xn is the viable count in cel:J.,s/ml. From this . equation it 

may be seen ttiat if contact between the cells and the 

oxygen is rate-limiting, the oxygen uptak~ will inc~ease 

with both the velocity gradient and the oxygen tension. 

Thus, this mechanism may be tested experimentally simply 

by determining whether a relationship exists between the 

oxygen uptake and oxygen tension at a constant velocity 



- :gradient. : lf .no_ such relationship exists, then this 

mechanism c.a.nnof'-be c·ont:ro}ling. -- In other words, if the 

concept df critical D. O. hblds for·reactors of the type 

under consideration here, then contact between the oxygen 

molecules and the_cells present cannot be the controll:i,ng 

mechanism. 

It should be pointed out that if a .relationship does 

exist between the oxygen tension and the oxygen.uptake, 

23 

the above mechanism will not be proven since the existence 

of the proper kinetics does not ensure the operation of a 

given mechanism. Thus, the above analysis is satisfactory 

only as a negative proof. 

In.the second case, where contact between substrate 

-and cells is considered controlling, the perce.ntage of 

substrate removed may be shown to be of the form: 

lOO(S - S) 
0 

s 
0 

= 100(1-S/S) 
0 

~here fs is the fraction of effective contacts between 

substrate-an<) cells. In this relationship it may be seen 

that the percentage removal of substrate increases with 

increasing G. Thus, if the reactor is found to exhi_bi t 

substrate removal which is independent of the velocity 

gradient, then this mechanism.cannot be rate controlling. 

15 

One objection:which may be a~vanced against the above 

analysis is the view held by some investigators (42) that 

a stagnation·layer may exist around the bacterial cell 
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which might control oxygen transport. The effect of 

velocity gradient would then be to reduce the thickness of 

this boundary layer. However, if such a layer were to 

exist, oxygen transport across it would follow the law of 

mass transport, as proposed by Swille~ etal. (42). This 

would again •ake oxygen uptake dependent on the extant 

· D. o. and hence require violation. of the concept of the 

critical D. o. 
Pasveer {39), in his study of the effect of intense 

aeration on activated sludge, considered the effect of 

fluid shear on the floe particles contained in the mixed 

liquor. From this he. concluded that the improved per mis-

sible loading obtained at high aeration rates was caused 

by decreased floe size which allowed better pebetration of 

both substrate and oxygen to the. organisms in the system. 

Two cases were distinguished in this study, one.in which 

the entire floe is receiving oxygen and one where a portion 

of the floe particle is anaerbbic. In the following anal

ysis only the first case, that .of the wholly aerobic f loc, 

is considered, since.the kinetics of the two cases are 

identical. 

According to Pasveer, if the oxygen uptake of an 

activated sludge system ~s rate limited by the penetration 

of oxygen into the floe structur~, the oxygen uptake per 

unit time is given by: 

u 16 
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where r is the floe radius, kl is the substrate conversion 

constant, T is the 6xygen concentration at the center of p 

the floe particle, and Tm is the oxygen conc_entration at 

· the floe-water interface. l'asveer further.stated that the 

- factors Tm and TP could be -evaluated- from the X"elationships: 

... t~5k~ - 4k_,1sr2 j 
T = T - - 2 

m P .15k' + k1Sr 
17 

Tp = ·l·,. ·18 

1 + 
" . ~ . ' 

where k' is the diffusion constant of oxygen in ~ater and 

t' is the hypothetical time. in seeonds of subsistence of 

the static water--floc interfa-ci-al .. surface. 

It may now be seen that if equations 16, 17, and 18 

are combined under conditions of con$tant agitation, all 

of the above factors may be combined into a single constant. 

If this is done, an expression results of the form: 

U -::::: K1 'T 19 

where K'1 repre$ents the combined factors- 'in equations 16, 17, 

- and ia. Examination of equations 14 and 19 will show that 

with respect to oxygen tension the same kinetic behavior 

will exist for· systems -limited either by mixing -or. by 

.oxygen diffusion into the floe.particles. Fol'. this reason 

. if the experimental results of this study show that the 

oxygen uptake is dependent on, oxygen tension, no cho'iee 

-between these two mechanisms can be_madeon the basis of 

- kinetic behavior·. If, on the · other hand, the system shows 
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no dependenceof oxygen uptake on oxygen tension at constant 

. agitation, both mechanisms can be rejected. 

In his studies of the effect of agitation on the per

formance of activated sludge, Zahradka (36) observed that 

the predominating .. population in his uni ts varied with the 

amount of mixing energy provided. Thus, it is conceivable 

that the improved substrate removal noted by this :author, 

as well as the increased oxygen uptake noted by others at 

high stirring rates, could be caused by changes in micro

bial predominance. 

Heukelekian (16) also observed variation in the viable 

count yield of a heterogeneous population as the amount of 

dissolved oxygen present was varied •. Changes in the pre

dominance of the population of the reactor, therefore,· m1ay 

occur in response to either changing oxygen tension or to 

changes in the amount of mixing energy provided. The 

primary point of :j..nterest here, however, is not whether 

such changes occur but whether or not they result in a 

·change in oxygen uptake and the other parameters of a 

steady-state system which can be correlated with the amount 

of mixing·provided. Because this mechanism does not ,lend 

itself to mathematical analysis, it was considered neces

sary to design a set of experiments capable of determini.ng 

if predominance changes were reisponsible for the. effects 

noted with increasing velocity gradient. lt was decided 

that this goal could best be accomplished by eliminating 

the possibility of population variation entirely, through 
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the use of pure cultures, and then determining.if the same 

relationships ex:(sted as in systems where the population 

·was allowed to vary freely. If the same !'esults were 

. obtained in botl;J. tne pure culture and the hetero~eneous 

· population systems, predominance changes-· could probably be 

···eliminated as the primary mechanism in operatio.n. 

Another·possibil.e reason for the variation.in oxygen 

uptake-with agitation rate was proposed by Tsao and Kempe 

(20). These authors considered tbat the rate limiting step 

in oxygen uptake was the transfer of oxygen from the bulk 

medium to the interior of the cell. They then demonstrated 

that a dimensionally homogeneous model coulc;f be derived in 

which oxygen uptake in a resting batch culture was related 

to the physical chatacteristics of the system: 

U = f (s, d, u', Qa, R1 .H,- A) 20 

wheres is the surface.tension, dis the fluid density, .u' 

is the kinema.tic viscosity, _and R is. the ag;i.tator speed in 

RPM. 

If the velocity gradient is substituted into t:be above 

model, it may be greatly simplified while retaining dimen

sional homogeneity. Thus: 

U = f' (s, G, .u',. H) 21 

This latter equation states that the oxygen uptake rate is 

-a function of the fluid properties of the medium and the 

velocity gradient and allows for variation in oxygen uptake 

with the velocity gradient without i yiolatian • of. the prin

ciple of critical D. O. 



The model as stated in. equation 21 applies only· to 

non-growing,. batch systems having. a constant solids con

cen.tra tion. In steady-stat(.:) systems where growth occurs, 

variation in the solids level maintained must be. allowed. 

for by inclusion in the model. If.the fluid properties 

of a given system are assumed to be constant, the oxygen 
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uptake should be expressible-as: 

• U = f"' (G,. X) 22 

Using dimensional analysis the following equation may now 

be derived; 

23 

where c1 is the oxygen. uptake per unit solids at a velocity 

gradient of zero and c2 is a dimensionless constant. 

In a steady-state, completely mixed reactor the amount 

of substrate entering is constant so that any change in the 

rate of oxygen uptake must be accompanied by either a change 

in. the substrate concentration maintained or in the yield of 

the organisms. If the substrate removal in the reactor is 

assumed to be independent of the velocity gradient and if 

the steady-state substrate balance, equation 8, is applied 

to the relation.ship shown· in equation 23, the following 

expression. results: 

y = D 24 

This equation states that at a given growth rate the yield 

of cells obt~ined should vary inversely with the velocity 

gradient. Alternately, the yield may be assumed to be 



independ·ent of the velocity gradient giving: 

(S ,..; S) = 
0 

(Cl +. c2G) kl 
D'(l ,... Y) 

Thus, the model proposed by Tsao-and Kempe provides for 

variation in either the· cell mass yield or the. substrate 

removed. Experimental testing of this.model may now be 

seen to be a simple matter, since ope);'ation of a steady-

-state unit at variable velocity·gradient should give-an 
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oxygen uptake which varies-directly with velocity gradient 

and a yield ~hich ~hows inverse correlation with velocity 

gradient or a substrate removal which increases with 

-_ increasing turbulence. 

Th~ preceding discus.sion has shown tb.at examination of 

the kinet:i,c requirements -imposed by most· of the mechanisms 

proposed in tbe literatura to explain the effect of mixing 

energy on the behavior of bacterial systems sugg.ests 

·approaches by which their validity may be experimentally 

determined. In only one case, th•t of population variation, 

was this method not i,ipplicable •. l t sp.ould again be empha-

sized that kinetic bel:l.avior cannot be used as a proof of 

mechanism but that failure of a system to follow the 

expected kinetics is a good indication that the mechanism 

- selected is invalid. 

The next section of this report~will outline the 

methods by.which the data necessary to test each- of the 

mechanisms discussed in this chapter-were obtained. 



·•· Experimental Unit 

GHAPTER. IV 

MAT~l.ALS ,AND METHODS 

A 5-li ter-' Microferm laboratory fermenter· (New Bruns-

· wick Scientific Co.) .was used throughout these studies. 

Aeration of the medium was provided by a•single air outlet 

in the bottom of the culture vessel througb Which filtered 

compressed· air or· gas having a known .. oxygen content was 

· passed. Al though designed for batch operation, the unit . was. 

converted to continuous flow by the addition of an influent 

feed line and an inverted standpipe, positive suction, 

.effluent line. Sigmamotor, Model AL4E pumps were used on 

. both. the influent and effluent lines. · A schematic diagram 

of the unit·as·modified is shown in Figure 1. 

As·thevolume of the medium in the culture·vessel was 

found to change with varying agitation.rate, the volume 

actually contained during operation was determined for a 

num°Qer.of agitation rates over· the range to be used in the 

experiments. This was accomplished by filling.the reactor 

. with a ·premeasured amount of tap water, setting tne agi

tation rate at the des;i.red level, and pumping tbe excess 

water above the standpipe.level into a graduated cylinder. 

The volume of tbe. reactor under the test conditions could 
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then be determined by subtraction. The effect of agitation 

.on the volume·ofmedium maintained under.aeration at an air 

··flow· rate of 1.0 · 1/min is shown· in Figure ··2. Once· these 

data had been determined, it was possible to calculate the 

necessary flow rate to obtain.a constant· detention time so 

that all experiments could be conducted at·a precisely 

determined growth rate • 

. In order to· ensure that the unit was completely .mixed 

at all agitation rates, dilute.:..out curves were determined 

for a ·series of agitation .rates covering the entire rang~ 

of velocity gradients to be used. These experiments were 

· accomplished by· filling t.he culture. vessel with t.ap -w~ter 

. containing phenol at 1000 mg/1 COD and diluting out with 

tap.water at a flow rate ~e.signed to give a,. detention time 

of. eight hours. The effluent COD was then determined at 

appropriate times,. and the dilute-out curves plotted. 

These data could then be compared statistically w:ith the 

theoretical dilute...;out equation assuming complete mixing: 

ln (S/S) = Dt 26 
·O 

where' D is th,e. dilute-out rate. At all of th,e agitation 

rates examined the data.agreed.with the theoretical rela

·tiortship at the 99% confidence-level. The theoretical 

d-ilute ..... out.for the :reactor at the eight-hour detention 

time ·(D = O .125) and the experimental points determined at 

four different·agitation rates·ate shown. in Figure 3. 

Since. the oxygen transfei: rate would be expected to 

vary with tne agitation rate of the medium,. it was 
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cons:i,dered necessary to define this relationship for the 

experimental system employed. The rate of absorption of 

oxygen was measured at a number of agitation rates·by 

stripping all of the D. o. from the medium with nitrogen 

and following the increase in dissolved oxygen concentra-

tion during reaeration at an air flow rate of l.O 1/min • 

. Tbe reaeration coefficient,. ka' was calculated for. each tun 

by the. method. described by Isaacs and Gaudy (45). Regres-

· sion analysis was then applied to the values obtained for 
', 

each agitation rate to determin$ a functional ~elationship 

betw~en agitation and ka. 

· The velocity gradient. p:r;-ovided to the medium by the 

reactQr used in these studies, as· defined by equations,2 

and 3, is shown in Figure 4. In this figure, the dashed 

lines represent the individual components generated by 

· diffused air aeration and by the agitator velocity. The 

solid line is a plot of the velocity gra~ient provided to 

the medium under the aeration conditions used in all of the 

experiments performed as a part of this work (1.0 1/min). 

Bacterial Medium 

The. medium used in these experiments consisted of a 

glucose-mineral salts·solution having the composition·shown 

":in. Table I.· . The. adequacy of the· buffer system used was 

demonstrated by checking the pH of a number of. samples 

·duringsteady-state operatiqn. These values were found. to 

+ be 6.7 - 0.1. 
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TAl3LE I 

COMPOSITION OF MINIMAL MEDIUM 

· Component Concentration 

Glucose 1000 mg/1 

(NH4) 2so4 500 mg/1 

, MgSO 4 • 7H20 200 mg/1 

Mnso4.H2o . 20 mg/1 

CaC12 15 mg/1 

FeC13 •6H2o 1 mg/1 

Tap Water 100 ml/1 
,, 

1 M Phosphate Buffer · 15 ml/1 

Bacterial Populations Used 

1. Heterogeneous Population 

The experimental unit was started by filling the 
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reactor vessel with the standard glucose. medium and adding 

100 ml of primary effluent from the Stillwater, Oklahoma, 

municipal waste treatment plant. Operation was then con-
. . 0 

ducted in a batch manner for twenty-four hours at 30 C to 

allow the development of a vigorous microbial population. 

Pumping was then begun and the unit operated under eontin-

uous flow conditions for seventy-two hours before an 

experiment was started. During the last twE:lnty-four hours 



before sampling was begun and prior to the start of e~ch 

subsequent run, the unit was checked for steady-state 

conditions by determining the optical density of a number 

of samples. In all cases the_- up.~ t was found to achieve 

: steady~sta te with respect to- optical ':density within three 

detention times·after a change in operating conditions. 
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At the -coriclusion of each rtin ~he flow rite and 

velocity gradient were changed to the next desired values 

and the unit was operated for another three detention 

times. Operation was then halted and the culture vessel 

inspected for grow~h adhering to the vessel or baffles. 

Any-such growth was removed and operation continued for an 

additional three detention times. After all of the runs 

.were performed at a given growth rate~ the culture vessel 

was emptied and cleaned. The unit·was then filled with 

fresh medium, re-inoculated, and operation conducted at 

the new growth rate as described above. 

3. - Pure-Cultures 

A pure culture isolate was obtained from the experi

.mental unit during operation at a low agitation rate by 

str.eaking an effluent sam:ple on nutrient agar (Difeo). The 

_ streak plate was then incubated for twenty-four hours at 

37°c. A single- colony was picked from this plate and 

re-streaked on nutrient agar. This procedure was performed 

four times to ensure that the culture was pure.'. The 

organism obtained in this_ manner was found to be asmall, 

gram-negative rod about two ·microns in length, which showed 
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the presence of'a heavy capsular·layer when grown on either 

glucose or nutrient agar. For convenience of discussion 

this organism is ref erred to in this report as isolate SE-4. 

A second culture,. consisting of Escherichia col:i, •. K-12, 

was obtained from.Dr. Elizabeth T. Gaudy, of the Microbi

ology Department of Oklahoma-State University. 

Both cultures were maintained on agar-slants stored at 

4°C. Forty-eight hours before operation of the unit was to 

be started,. 40 ml of sterile nutrient broth (Difeo) were 

inoculated with the culture to be used and incubated on a 

shaker at 100 oscillations per minute at 25°C. The 

contents of this flask were then transferred aseptically to 

the reactor which had previously been filled with the stan~ 
0 ; 

. ard medium, s·terilized by autoclaving (240 F--15psig), and 

allowed to cool. Operation of the unit was then conducted 

as described for the heterogeneous population except that 

cleaning-of the reactor between.each run was eliminated and 

aseptic techniques were followed throughout. During·exper-

. imentation with· the. pure cultures, the unit was checked· for 

contamination ,twenty-four hours before the start of each 

run. With!, coli this·was-aecomplished by streaking·an 
I 

:ari. effluent sample ·on lf~:M·-:;;:::a·~ agar ,(D1fco) a.nd o'bserving the 

color of the colpnies formed, after twenty-four hours' 

incubation at 37°C. -A metallic green colony is indicative 

of enteric -organisms· on this ·medium. With.' the· -sewage 

ii:;;olate, an effluent ~ample was streaked on n:utrient agar, 

incubated as· aoove, and observed for Gram-'"staini.ng reaction, 
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gross ntorphology, and the ability to produce capsular 

material on nut;rient agar. 

Experimental Protocol 

l~ Studies at Varying Velocity Gradient 

A total of twenty•six runs were conducted with the 

heterogeneous population at four different growth rates 

ranging from five to twelve hours. Compressed air was used 

as the aerating gas·at a flow rate of 1.0 1/min. The 

velocity gradients employed ranged from 300 to 1750 sec ... 1 • 

2 •. Studies at Varying Oxygen Tens~ 

In order to assess the effect of dissolved oxygen 

tension on the growth of. the cells in a steady-state re;actor, 

a series of four runs was made at a detention time of eight 
-1 hours, a velocity gradient o~ 1000 sec and dissolved 

oxygen concentrations ranging from 1.4 to 7.1 mg/1. The 

variation in steady-state D. O, was accomplished by varying 

the oxygen content of the aerating gas. Gas mixtures con-

taining 5% oxygen and 95% nitrogen. (D. Oo. = 1. 4 mg/1), 10% 

oxygen and 90% nitrogen (D. o. = 3.6 mg/1), and 21% oxygen 

and 79% nitrogen (D. o. = 7.1 mg/1) were used. 

3. Shock Load Studies 

At the conclusion of certain of the runs performed at 

a dilution rate of 0.20 hrs-1 (i = 5 hours) the substrate 

concentration of the feed was changed from 1000 mg/1 to 

3000 mg/1. The other components of the medium were 

increased proportionally. Sampling was then continued for 

twenty-four hours to determine .the effect of velocity 
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gradient on the response of the system to quantitative 

shock loading. 

4. Pure Culture Studies 

Five experimental runs were. conducted with each of the 

two pure cultures described previously at a growth rate of 

0.20 hr- 1 and velocity gradients ranging from 300 to 

-1 1500 sec • Compressed air was used as the aerating gas in 

all of these experiments. Because of the unusual nature of 

the data obtained from E. coli a sufficient number of 

additional experiments was conducted with this orga,.nism to 

ensure that the observed behavior was not an artifact of 

observation. 

5. Sampling Procedures 

All samples were obta:i,ned by collecting sufficient 

effluent. for the required analyses in a graduated cylinder. 

In the studies using heterogeneous population, a minimum of 

six samples was collected over a period of three detention 

times. During the pure culture studies, a total of four 

samples was collected at each velocity gradient. In both 

cases the average value of all of the analyses for each 

parameter was taken to represe;nt the steady'""'state · value. 

Analytical Methods 

The biological solids level in tbe reactor was.deter

mined by the membrane filter technique (46). Substrate 

utilization was determined by analyzing the membrane fil-

trate for both coq (46) and total carbohydrate (47). The 
i . : 

influent COD and glucose concentrations were also 



determined so i;hat percentage removals in terms of.both 

parameters could be calculated. 

Samples for cell composition analysis were taken by 

the meth9d outlined by Gaudy (47). This resulted in a 
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washed cell suspension having ten times the solids con.cen-

tration of the culture sampled. One ml of this suspension 

was·subjected to hot perchloric acid extraction according 

to the method of Burton (48) for subsequent nucleic aei.d 

analysis. The remainder (4 ml) was frozen and stored for 

carbohydrate and protein determination. 

RNA analyses-were perform~d on tp.e perchloric acid 

extract according to the orcinol method reported by 

Ceriotti (49), except that extra~tion of the final colored 

product with isoamyl alcohol to achieve concentration of 

the color was eliminated. as it was shown to be unnecessary 

·with the concentrations found in the-samples obtained. 

DNA was determined on the perchl.oric-acid extract by 

the diphenylamine reaction as given by Burton (48)~ Cell-

ular carbohydrates and protein were determined on the 

washed cell suspension by theanthrone and biuret methods, 

respectively (47). The dissolved oxygen content of the 

medium was determined continuously during steady-state 

operation by a galvanic cell dissolved oxygen analyzer 

(Precision Scientific Co.) connected to a 10 mv recorder 

(E. H. Sargent Co.). 

Oxygen uptake during steady~state growth was deter~ , . 

. · mined by measuri:n,g the difference in oxygen content of the 
i . 
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influent and effluent gas streams, in accordance with the 

manufacturers' recommendations (50) using a Beckman.~odel 

E2 gaseous oxygen analyzer. Th:l.s instrument allowed the 

determination of the oxygen content of the gas·stream with 

a ptecision of 0.01% in the range used. This difference 

was then converted to milligrams-of oxygen consumed per 

· hour, and the values divided by the volume-of the medium 

in the fermenter under the conditions employed (Figure 2) 

to obtain the rate of oxyg~n uptake in mg/1/hr. An example 

of the method of calculation used and a. table of values 

relating the instrument readiqgs to the oxygen consumed.are 

shown in Appendix c. 
Viable count determinations during the :pure c·ul ture 

studies were performed by spreading O.l ml of an appropriate 

dilution on a. nutrient agar plate and incubating at 37°C 

for twenty-four hours. The numher·of colonies appearing 

was then counted, and the viable count in cells/ml calcu

lated. A minimum of four replicate plates was made for 

each sample giving a total of sixteen observations of viable 

count during each run. 

During the experiments performed with E.coli and the 

.shock·load studies, the presence of metabolic intermediates 

was detected in the effluent. In order to classify these 

materials, selected samples·weresubjected to organic acid 

analysis by vapor-phase chromatography according to. the 

procedure of Krishnan. l.! 



CHAPTER V 

.RESULTS 

Effect of Agitator Speed on Reaeration 

The variation in oxygen transfer rate of the system as 

a function of the agitator speed is shown in Figure 5. As 

expected, the oxygen transfer rate constant, ka, increased 

with increasing agitation of the medium. The least squares 

line of best fit for the data obtained on the unit employed 

is.given by: 

log (lOOka) = 1.62 log(R) - 2~58 27 

where R is the agitator speed in RPM. 

!ffect of Velocity Gradient on the Steadl St!te Behavior of 

~Heterogeneous Population 

In order to illustrate the nature and magnitude of the 
. . 

.steady:-"state variation in.the parameters assessed under 

constant operational c6nd~tions, the results of all 

analyses performed dur;i.ng a typical exp~rimental run·are 

shown in Figures 6 and 7. As previously noted,. a single 

steady-state value was obtained by making a minim-um of six 

observations of each parameter and calculating·the average. 

The average steady~state dissolved oxygen concentra-

tions observed for the heterogeneous population experiments 

in which the agitation rate was varied are shown in 
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Figure 8. Examination of this figure shows that the 

dissolved oxygen concentration maintained at steady•state 

increased with increasing velocity gradient. This result 
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is to be expected because of the increase in ka as a 

function of agitation. An interesting point about these 

data is that only at the lowest velocity gradient (300 sec1) 

was the effect of the growth rate of the system clearly 

reflected in the dissolved oxygen concentration •. At the 

higher velocity gradients the dissolved oxygen concentra-

tion maintained appeared to be sufficiently high under all 

conditions to ma~k the effect of growth rate. 

The results obtained from the cellular analyses per-

formed on all of the experiments using heterogeneous 

population are shown in Figures 9 through 12. In order to 

obtain a better comparison of the behavior of the unit at 

the various velocity gradients, the concentrations of 

cellular material shown in these figures were divided by 

the difference between the influent and effluent COD to 

obtain the yield of all of the cellular parameters. 

Figure 13 is a plot of the calculated yield of biological 

solids at all of the growth rates examined. From this 

figure it may be seen that the biological solids yield at 

all of the growth rates tended to decrease as the velocity 

gradient was increased in the range from G 300 sec-l to 

l -1 -1 1000 sec- • In the range from 1000 sec to 1200 sec , a 

sharp increase in the yield occurred. Above G = 1200 sec-I 

another decreasing trei:i.d was observed at th;ree of the four 
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growth rates employed as the velocity gradient was further 

increased. 

Figure 14 shows the yield of cellular protein plotted 

versus the velocity gradient at all of the growth rates 

examined. It may be seen here that minor reductions were 

obtained at all of the detention times except 6! hours 

(D = 0.154) as the velocity gradient was incre~sed from 

300 sec-l to 1000 -1 sec .• Above this velocity gradient, 

the protein yield either maintained a constant value or 

increased with increasing turbulence. 

The yield of cellular carbohydrate produced at the 

various energy levels is shown in Figure 15. This para~ 

meter·may be seen to have been more strongly affected by 

the velocity gradient than either the biological solids or 

protein yields, with the relationship appearing to be of a 

similar nature to that observed with cellular protein. 

The yi.elds of RNA and DNA obtained at the various 

velocity gradients·are shown in Figures 16 and 17, respect-

ively. It may be seen from these figures that considerable 

variation in the yield of both nucleic acids occurred 1, and 

that no consistent trend could be discerned for these para-

meters·at.all of the growth rates·examined. 

The composition of the·sludge·obtained during oper-

·ation at all of the detention times employed, expressed as 

·percent of the biological solids, is. shown in Figures 18 

through 21. From these data it may be·· seen that the pro-

·tein, RNA, and DNA contents of the sludge generally 
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increased with the velocity gradient while the carbohydrate 
-1 

content decreased up to a velocity gradient of 1000 sec , 

increasing thereafter. 

The steady-state oxygen uptake obtained during each 

experiment is shown plotted versus the velocity·gradient in 

Figure 22. These data indicated that the oxygen uptake rate 

at steady-state tended to increase as a function of both 

growth rate and velocity gradient. This result would be 

expected from the previous discusston of the kinetics of 

oxygen uptake rate in steady-state systems. 

A materials balance was made for all of the runs to 

. obtain an ind~cation of the validity of the relationship 

between the solids yield and velocity gradient. These 

data, expressed in terms of equivalent glucose,. are shown 

in Table II •. An average of 91.7% of the influent substrate 

was accounted for by the sum of respiration plus synthesis. 

This value compares favorably with materials balances 

reported for batch systems· where the Warl;mrg respirometer 

was used to determine oxygen uptake (52). Also included in 

Table II are the percentage removals of substrate·calcu-:

lated as both total COD and glucose (anthrone). These 

·values·show that no significant change in substrate removal 

occurred as the energy input was varied at any of the 

detention times employed. 

In order to determine whether changes in predominance 

companable to those.observed by Zahradka (36) occurred in 

the system under study here, microscopic examination of 
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TABI,E Ii 

SUBSTRATE REMOVAL ,AND MATERIALS BALANCE FOR HETEROGENEOUS POPULATION AT VARIABLE VELOCITY GRADIENT 

COD Solids 0 2 Uptake Rate 
· Con-· .. ! Total Substrat.e % 

. Reactor ·Feed Infl. Ef:I'. sumed* Accounted for % Glucose 
E G Volume -Ra'te: mg/1 mg/1 mg/1 mg/hr mg/1. mg/hr mg/1/hr mg/hr* mg/hr Recovery Removed 

.· 

300 3.91 0.78 626 52 574 422 372 290 61.1 ·225 · 515 .122 99 

300 .3.91 0.78 970 . 60 910 670 417 .325 - 81..3 300 625 93 99 

600 3.82 0.76 970 .. 31 939 .673 393 299 81.9 295 594 '88 99 

680 3.81 0'.76 918 ·88 830:, · 595 289 .220 91.2 328 548 92 98 

5 900 3.76 0.75 970 32 938 664 369 277 80.6 286. 563 84 99 

· 1140 3.69 0.74 1020 83 .. 937 654 .209 155 97°.2 338 493 75 99 .. 

1200 3.69 · 0.74 820 44 '776 542 367 .· 272 89.0 310 582 107 98 

1500.' 3.64 0.73 780 65 715 492, 381 278 98.9 340 . 618 126 98 

17'50 3.60 0.12 0860 77 783 532 420 . 302 76.7 260 562 106 93 ... 
.. 

300 3.91 o.62 961 73 888 519 387 240 . 68.5 253 493 94 92 

600 3.82 0.61 · . 961 65 896 .516 421 257 85.6 308 565 109 93 

GI 900 3.76 0.60 1085 92 993 562 371 223. 66.2 '235 458 81 92 
1200 3.69 o.59 

.. 
728 52 676 376 349 206 77.1 268 474 126 93 

1500 3.64 0.58 .. 992 .49 •943 '516 403 234 68.5 235 469 ~l 95 

450 3.86 0.48 974 34 940 426 369 177 54.3 . 198 375 87 99 

680 3.81 0 0 48 1040 .. 50 .990 448 3i8 153 57.2 206 359 80 98 

800 3.78 0.47 961 28 933 . 413 275 129 66.3 236 365 88 98 

.8 
1000 3.71 o •. 46. 970 75 895 · 388 244 112 75.8 265 377 .97 99 · 

1000 3.71 · 0.46 970 41 929 403 401 184 61.1 214 398 99. 99. 

1000 3~7. 0.46 1115. 79 1036 450 353 162 58.2 204 366 81 98 

1200 '3.69 0.46 890 18 872 395 . 279 .· 128 .. 67.6 235 363 91 99 

1350 3.67 0.46 1126 66 1060 470 270 124 64.5 223 347 74 99 
. 

300 3.91 0~34 1090 52 1038. 333 381 130 33.1 122 252 75 92 

600 3.82 0.33 1090 58 1032 321 349 115 34.1 . 123 238. 74 95 

12 ·. 900 3~76 0.32 1428 58 .· 1370 414 289 · 92 33.5 119 211 50 9.6 · 

1200 '"3.69 o .• 32 · 1094 30 1064 321 403 i29 40.1 140 269 83 97 

1500 3.64 o.31 980 25 955 279 338 105 52,8 181 286 102 97 

* . . . - .· . 
Expressed as Equivalent Glucose 

'.I,. 
.COD 
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,the sludge was conducted during each run. Only in the 

system having a detention time of eight hours was filamen-

tous growth of the type observed by Zahradka encountered. 

At this detention time, filamentous organisms were.found to 

be strongly predominant at a velocity gradient of 300 sec-1• 

As the·energy level was increased, the number·of filamen.;. 

tous.organisms·occurring:was found. to decrease, until at a 

velocity gradient of 1000 sec-l they. were entirely absent. 

Figure 23 shows photomicrographs taken of the sludge during 

operation at 300 sec-land 1000 sec-1 • 

At the other detention times studied, the predomin-

·~tingorganisms at the low velocity gradients were small 

Gram-negative rods which showed large capsular layers. As 

the- level of turbulence was increased, India ink examina

tion of thesludge_ indicated·that the number of cells 

having distinct capsular·layerswas diminished. Three 

possible explanations could be advanced to account for this 

observation. First, it is posS;lible that the environment 

provided by the unit at high agitation rates·. was unfavor

able for thest:;l·organisms and being unable to compete 

-successfully, they disappeared. Secondly, it is possible 

that no ecological changes:oceurred but thattne cells 

.were incapable of producing capsular material at the high 

·velocity gradients. Thirdly,. the high fluid shear caused 

. by the high velocity gradients .may have removed the· 

exocellular polysaccbaride from the vicinity of the cell as 

it was produced~ preventing it from showing as~ capsular 
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· layer in the microscQpic observations. , If this latter.· 

possibility were the case it is necessary that the material 

so produced acted as substrate for either the organism 

which produced it or for other cells present :in the·system, 

since it was not detected in either the cellular or fil~ 

trate analyses. 

In order to determine if the system was capable of 

metabolizing the polysacchar:i,de slime, samples of effluent 

obtained during growth at a detention time of f'ive hours 
-1 -1 (D = 0.200 hrs ) and a velocity gradient of 300 sec were 

· placed on a shaker and incubated at 25°C for thirty-six 

hours. Microscopic observation of the samples.was conducted 

at the etid of this incubation period, and it was found that 

the cellular capsule had indeed.disappearedo In addition, 

anthrone analysis performed on the cells showed that the 

total carbohydrate content ~as reduced by 65% during the 

thirty.;;..six hou:r· pe:riod. Analysie of the membrane f il tr ate 

showed that no increase in the amoµnt of soluble carbohy-

drate occurred. Thus, it was concluded thit the microbiota 

present. in the system were capable of metabolizing any 

€xocellular polysaccharides which might have been produced 

at high velocity gradients and stripped from the cell. 

Effect of Oxygen Tension on Steady-State:Parameters 

The average steady-state concentrations of l;>iological 

solids, protein, carbohydrate, and nucleic acids deter

mined·. under conditions of constant agitation. and varying 

oxygen tension are shown in Figure 24. The· yields calcu-
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lated~ from these data are ~hown in Figure 25. Examination 

of these figures indicates that no reduction in the piolog~ 

ical solids yield occurred ~s the oxygen tension was varied 

.. from· l. 5 to 7. O mg/1. Although a reduction in the carPo

hydrate yield of comparable magnitudewith that ob$erved 

when the amount of agitation was var:l.ed_occurred, the reduc

. tionwas not reflected in the biological solids yfeld. 

Figure 26 ~s a plot of the oxygen uptake rates deter-

mined for these rµns. Here it may be seen that oxygen 

tension had.no effect on the steady~state rate of oxygen 

uptake qver the entire range studied. 

Table III shows the materials balan~e and substrate 

removal data for these same runs. In thi_s taple it may be 

seen that only very minor :reductions in the. efficiency of 

substrate removal were observed -as the dissolved oxygen 

concentration was varied. 

Effect of Velocity G~adient on the Response of a Steady

State System to Quantitative Shock ~oading 

The response of .the system to an increase in the 

influent substrate concentration from.· 1000 to 30.00 mg/1 of 

glucose during growth at a velocity gradient of 300 sec-l 

and a detention time of five hours is shown in Figures;27, 

28 1 and 29. ·Examinat;l.on of the dissolved oxygen curve 

(Figure 27) shows that th~·oxygen tension of the medium was 

reduced to nearly zero-within two hours after-administration 

of the sl:lock load. Both the solids and oxygen uptake 

·responses definitely show the existence of oxygen 
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TABLE Ill 

SUBSTRATE REMOVAL AND MATERIALS BALANCE FOR llETEROGENEOUS POPULATION AT VARYING DO 

DO COD Solids .Oxygen 
Total 

Con- Uptake Rate Substrate % 
Inf 1. Eff. sumed* Accounted For % Glucose 
mg/1 mg/1 mg/1-- mg/br mg/1 mg/br mg/1- m.g/br* mg/hr* Recovery Rem. 

7.1 970 41 929 403 401 184 61.1 2;14 398 99 99 

7.3 1115 79 1036 450 353 162 58.2 204 366 81 98 

3.6 980 85 895 388 346 159 69.7 244 403 104 97 

1.4 991 101 890 386 350 161 62.4 219 380 98 97 

*Expressed as Equivalent Glucose 
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limitation. These parameters began a rapid increase 

immediately upon application of the change in the influent 

glucose concentration. The increase in biological solids 

concentration continued for approximately two hours until 

the oxygen demand increased to the point that the system 

became nearly devoid of dissolved oxygen. At this time, a 

reduction in the solids level occurred. After this slight 

retraction, the solids level achieved a new steady~state 

which was maintained throughout the remainder of the exper

iment. The behavior of the oxygen uptake rate was very 

similar to the biological solids response except that the 

. initial increase continued for four hours after the impo

sition of the shock load. A decrease in the oxygen uptake 

· rate then occurred and a new steady~state level was 

achieved after approximately six hours. 

lt is interesting to note that no significant change 

. occurred. in either the cellular protein or the DNA dur:ing 

the entire period of dilute-in of the substrate shock 

(Figure·28). The RNA level, on the other hand, increased 

rapidly during the first two hours followed by a retarded 

linear increase after the D. O. was exhausted. This 

increase in RNA is somewhat unexpected in light of the 

other cellular pfl.rameters and may have been caused by a 

change in the ecology of the system after onset of 

anaerobic conditions. 

In Figure 29 the theoretical dilute-in curve of the 

glucose shock.is shown.along with the·ef;fluent COD and 



glucose concentration observed. these curves show that 

while the response of the system in terms of glucose 

removal was quite, successful in spite of the absence of 

significant amounts of dissolved.oxygen, the COD removal 

efficiency was greatly reduced. ';I'hus, the great majority 

of the organic material appearing in the effluent was in 

the form of metabolic intermediates and/or end products. 

In order to obtain some information on the nature of this 
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COD, selected samples were subjected to vapor-phase chroma

tography. This analysis indicated that no volatile fatty 

acids were present. A trace of ethanol was detected by 

this method, but as its concentration was too low to allow 

quantification, it represented only a minor fraction of the 

COD present. 

The dissolved oxygen responses to the same shock load 

at velocity gradients of 680, 1140, and 1750 sec-l are 

shown in Figure 30. These data indicate that in all of 

these runs the reaeration coefficient of the system was 

sufficiently high to prevent the D. o. from dropping to a 

level at which an oxygen limitation might be expected. 

Figure 31 is a plot of the .solids level in the reactor 

for the same three runs. Although no significant difference 

existed between the solids development at these three 

energy levels,., comparison of the data in this figure with 

.Figure 27 shows that a drastic difference exists in the 

performance of oxygen-limited systems. The results of the 

· protein determinations for these runs are shown in Figure 32. 
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l'lhese data again contrast strikingly with those shown in 

~igure 28, as the protein contained in the system increased 
\ 

>ya factor of three during the course.of the experiments. 

The cel,lular carbohydrates a.nd nucleic acid levels 

>bserved in the cells during the shock loads at all 
-1 relocity gradients above 300 sec are shown in Figures 33 

tnd 34, respectively. The behavior of these parameters 

:ollowed the same general pattern as did the biological 
') 

;olids and· protein, i.e., approximately a three-fold· 

Lncrease in concentration occurred during the dilute-in 

>eriod. One interesting observation concerning the 

~esponse of DNA to the shock load is that a lag of approx-

"mately four hours was seen before any net increase in DNA 

>ccurred. This lag in DNA is probably analogous to the 

lelay in DNA synthesis which occurs in batch growth during 

=he lag phase. If so, it represents that period of time 

~equired for the population to initiate a change in growth 

~ate in terms of viable count. This is not reflected in 

;he qiological solids data because the cells a~e able to 

.ncorporate considerable amounts of substrate during the 

Lag phase-without significant cell. division. 

Figure 35 represents the oxygen uptake rate observed 

luring the shock loads. Again no d·iff erences between 

~esponses could be detected.as the velocity gradient was 

raried from 680 to 1750 sec-1 • 

· The substrate responses of the shock loa~~~ystem at 

tll velocity gradients above 300 sec-I are shown in 
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Figure 36. Although no difference in the level of glucose 

· (anthrone) was observed as a result of the amount of tur-

bulence provided, the response.in terms of COD removal may 

be seen to have been strongly influenced by the velocity 

gradient. Organic acid analysis by vapor-phase chromatog

raphy indicated that, in contrast to the run made at a 
.... 1 

velocity gradient of 300 sec , approximately 80%. of this 

non-carbohydrate COD was acetate. 

Effect of Velocity Gradient on the Steady-State Behavior 

of IsolateSE-4 

The biological solids·and sludge composition data 

obtained from the runs performed with the pure culture 

isolate SE-4 at the various velocity gradienti are shown 

in Figure 37~ As was done with the heterbgeneous popula

tion data, the yields of all of the cell components were 

calculated and are pl6tted versus the velocit~ gradient in 

Figure 38. The oxygen uptake rates observed at the various 

· levels of mechanical energy input are shown in Figure 39. 

It may be seen from-Figures 37, 38, and 39 that the 

behavior of the system closely paralleled that of the het

erogeneous population at all velocity gradients below 

1000 sec .. 1 • It should be noted that microscopic examination 

of thisorganismshowed.the existenceof an extensive capsu--

lar layer at low velocity grac:Jients. As the amount of agi-

tation was increased, a reduction in the amount of the 
-1 material was noted until at 1000 sec ,the capsule was 

missing entirely. Above this energy level SE-4, unlike the 
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heterogeneous population~, showed a tendency for·both the 

birilogical solids,and carbohydrate yields to achieve and 

maintain a minimum value. 

, Table IV. shows the substrate removal performance and 

materials balance data obtainedfor tl;lissystem. Here 

·again it may be seen tbat the reductions in solids yield 

were accomplished without any deterioration,in effluent 

quality. 

Also shown in Table J:Y are tne average viable counts 

92 

observed during steady-state growth at all of the velocity 

gradients employed. Although,some scatter occurred in the 

· viable count data, it may be concluded that,the reduction 

, in piological, solids ,was ,not accomplished,,at the expense, of 

the number of via'ble cells contained, in the µnit. The 

· apparent correlation between the reduction in biological 

, solids and carbohydrate yields and the disappearance of the 

,, capsular·layer i$ quite interesting since it indicates that 

most of the loss of biological solids was probably accom

plished,at the expense of this material. Because\studies 

,of the heterogeneous population had shown that this system 

was ~apable of using. the cap~ular material present,during 

endogen~:>Us · respiration, th,e qu·estion 'as to whet per this 

material was not being produced at high veloc:j.tygradients 

or·was peing stripped,off.and reused,was \,l.ndecided. Since 

,only an insignificant amount of carbohydrate,was being 

~eleased in the effluent in either system, it was obvious 

that if capsular material was being produced at high 



TABLE IV 

MATERIALS BALANCE, SUBST!lATE REMOVAL AND VIABLE COUNT DATA--ISOLATE SE-4 

Oxygen Uptake 
l"'nn 11:z~ ;,1., ,,". = Total S 

Re.actor Feed Infl Eff. COD Consumed~ Accounted % 
G Volume · Rate mg/1 mg/1 mg/1 mg/hr mg/1 mg/hr mg/1/hr mg/hr* For Rec. 

300 3.91 0.62 1302 47 1255 734 557 .345 53.9 199 543 74 

600 3.82 0.61 1089 50 1039 598 517 315 59.5 214 529 90 

900 3~76 0.60 1160 43 1117 632 454 272 64.9 230 502 79 

1200 3.69- 0.59 1239 46 1193 664 469 277 72.5 252 - 529 80 

1500 3.64 o.58 1097. 108 1044 571 436 253 66 .• 2 227 480 84 

*Expressed as Equivalent Glucose 

% % 
Gluc COD 
Rem. Rem.-

99 96 

99 98 

99 93 

99 98 

99 90 

Viable 
Counj 
xio-

15.6 

17 .. 5 

17.7 

.15.3 

- 14. l 

w 
C;J 



agitation ratesJ it was being reused by the cells as a 

carbon source. Therefore, a study was conducted with the 

pure culture to determine ;if it was capable of using its 
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-own caps1,1lar-material during endogenous respiration. A 

series of sterile shaker flasks containing the standard 

minimal medium was-inoculated with SE-4.and al).owed to 

endogenate for seven days after maximum growth hadbeen 

attained. Flasks were removed periodically for biological 

solids, cellular carbohydrate, and filtrate carbohydrate 

analyses. In addition, India ink slides were prepared to 

determine if capsular material was present. Throughout 

the period of observation, no reduction·. in the amount of 

capsule present as determined.by either microscopic exam

ination or by carbohydrate analysis.was detected. From 

this it may be concluded that at high velocity gradients 

the capsular material was not produced by this-organism. 

The excess substrate which was not then used for the pro

duction.of slime provided. an. energy source for·the 

increased oxygen uptake •. This conclusion is prbbably valid 

for the heterogeneous population as well, _since there is no 

reason.to assume that the microbiota contained.would be 

-unable to consume the material at high:but not at low 

velocity gradients. 

Effect of Velocity Gradient on the Stej;ldy-State Behavior 

of Escherichia coli K-12 

The conce.ntrations of COD and glucose (anthrone) 

appearing in t.he effluent during steady ... state operation 
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with!· coli at the various velocity gradients examined are 

shown in Figure 40. Because of the departure of these data 

from those obtained with other systems,· three additional 

runs were made,with this organism.after a delay of approx

imately two months. These latter runs are illustrated in 

all of the figures concerning this or~anism by solid 

circles and squares, as opposed to open circles and squares 

for the 6riginal data points. It may be seen fro~ Figure 40 

that although the glucose removal of the unit remained quite 
-1 high up to a velocity gradient of 900 sec , the response 

in terms of COD was disrupted. At velocity gradients abbve 
... 1 900 sec·, increased amounts of glucose also began to appear 

in the effluent. Figure 41 represents the difference 

between.the total effluent COD and the glucose concentra-

tion. expressed as equivalent COD. From. tJ:lis figure. it may 

be seen that as the velocity gradient was increased, 

E.coli was unable to make efficient use of the substrate 

available and as a result excreted large amounts of inter-

mediates into the medium. As thevelocity gradient was 

further·increased, the amount of these materials decreased 

.somewhat with th,e additional COD being largely in. the form 

of unmetabolized glucose. In order to determine the 

nature of this material, selected samples.of effluent 

filtrate were,subjected to analysis by vapor-phase chroma

tography. These analyses showed that 85% of the non

glucose COD in the effluent was in the for- of acetate. 

The oxygen uptake rate of this organism as a function 
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of th~ velocity gradient (Figure 42) also shows a radical 

.departure :f;rom that observed in the other systems. Here, 

the oxygen uptake rate above· a velocity gridient of 

98 

800 sec-l appeared. to be an. inverse· function of the amount 

of agitation. 

The results of the cell compositionanalyses·performed 

at the various velocity gradients are· shown in Figure 43. 

The yields calculated from these data are given in Figu~e 

44. Unlike the other parameters, these data may be seen 

to be roughly equivalent to the behavior of the other 

systems. 

The materials'balances·•nd viable count data for 

E.coli are shown in Table V. The viable counts·observed .... __,..___ 

at the various levels of. tul'bulence. illustrate· another· very 

interest;l.ng point about. the behavior of !•. coli. N9· change 

in the number of cells contained in the reactor occurred as 
. -1 

the velocity gradient was increased from:300 to 900 sec • 

:Further increases in energy input, however, resulted in a 

sbarp decline in.the number o:f; vial;>le cell.a. The·occur

rence of this reduction correlated very-well with the 

appearance in the effluent o:f; increased.amounts of glucose. 
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TABLE V 

SUBSTRATE REMOVAL, MATERIALS BALANCES AND VIABLE COUNT DATA FOR~. coli K-12 AT VARIABLE VELOCITY GRADIENT 

Oxygen Uptake Viable COD Solids Rate Total % Count 
Reactor Feed 

Consumel * 
s* s Dat!8 

Volume Rate Influent Effluent 6 Effluent Produced mg/1/hr mg/hr Recovered Rec. xlO 
L L/hr me:/1 mg/1 mg/1 mg/hr mg/1 mg/hr mg/hr 
3.91 0.78 1132 47 1085 798 540 421 62.4 230 651 82 14.0 · 

3.82 0.78 1130 118 1012 775 570 445 71.7 258 703 91 12.8 

3.78 0.76 1110 287 823 590 386 293 65.0 232 525 89 -
3.76 0.75 1128 324 804 569 370 276 53.7 190 466 58 11.6 

3=69 I o= 7•1 I 1112 465 647 452 300 222 43.4 151 373 83 12.6 

3.69· 0.74 1255 512 743 519 334 247 56.0 195 442 85 -
3.64 0.73 · 1325 524 801 552 275 201 34.4 118 319 58 8.5 

3.60 0.72 1026 728 298 202 141 102 20.5 70 172 58 -

* . Expressed as equivalent glucose 

}d 
0 
!.\:) 



CHAPTER VI 

ANALYSIS OF RESULTS 

In any study of the behavior of a heterogeneous bacter

ial populatic;rn, consideration must be given to the inherent 

variability of the system. Rao and Gaudy (53) operated a 

batch activated sludge unit for an extended period of time 

and found that the biological solids yield varied by as 

much as 34% even.though the experimental conditions were 

carefully controlled to maintain ident;ical operating condi

tions. This variation in sludge yield.was attributed to 

changes in microbial predominance. 

Cassel, Sulzer, and Lamb (54) followed the population 

.variance of a completely mixed, continuous flow bacterial 

system originating from a sewage seed and found that the 

population.contained in their reactor·followed a cyclic 

variation. In light of these studies it is apparent that 

considerable variation can occur in systems of the type 

under consideration here which are not controlled by ~ny 

·known external pressure, i.e., operational parameter. This 

being the case, it seems desirable that conclusions drawn 

on data from natural populations be based on.statistically 

derived trends. In the present study it was decided that 

.. the significance of the variations observed in the experi-

103 
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mental data could best be determined through the use of 

three statistical methods: correlation analysis, regres-

sion, and analysts of variance. 

·Regression analysis provides a method by which an 

equation of ~est fit for a given set of data may be 

·obtained. The technique consists simply of vhoosing a 

mathematical model which appears to fit the data adequately, 

expression of this model in linear form, and selection of 

the proper slope and intercept of the straight line form in 

such a manner that.tbe summation of the variance of each 

point from the model is minimized. The technique does have 

considerable weakness in that it provides no means by which 

the investigator's judgement in selection bf the initial 
l 

model may be tested. In addition, least squares analysis 

does not provide a means. of determining the ~robable sig-

nificance of the expression obtained, 

Fortunately, these deficiencies can be overcome 

through the use of apalysis of variance. This technique 

provides a means by whicl::1. the va.:riability,of the experi

mental data may be separated into components·of random 

variation and model error. Analysis of variance also pro-

videsa means by which the significartce·of a least squares 

· l.ine·of best fit.may be measured. This is accomplished by 

comparing the slope and/or intercept of the linear form of 

the least squares equation along with the;i.r associated 

variances to a pre-selected value. Thus, , the significance 

,of the dif;ference between a derived least squares.slope and 
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a line of zero slope may·be determined, giving an inc::lica

tion.of whether or not a relationship between the dependent 

and independent variables actually exists. Alternately, a 

least·squares·slope may·pe compared.with a theoretically 

predicted.value to determine if departurefrom expected 

behavior· is real or c:aused only by experimental error. 

Application of the above techniques.to the data 
i, . 

obtained from the studies·with heterogeneous populations 

· should permit determination of the reality of the relition-

·ships observed and may also provide clues to the operative 

·mechanism(s) by indicating the nature of the variation'.of 

the ste3:dy.;.state parameters with velocity gradient. All 

statistical analyse& reported in this,chapter· were per

formed according to the methods outlined. by Ostle {55). 

~xamination:of the data obtained~ from the heterog~n-

eous system during operation at varying velocity gradients 

{Figures 9-17) shows that of all the eellul,ar parameters 

·ex~mined, only the b~ological solids·and cellular carbo

hydrate yields demonstrated.large, consistent trends. 

These two parameters·showed a decrea$ing trend as the 

velocity gradient was increased from ,oo to 1000 sec-1 • 

Above this value, there appeared to be a break in. the 

biological solids~vel6Gity gradient relationsbip. · For 

example, at a detent;i.on time of five hours the biological 
;..I. . .... 

solids .yield at 1000 sec was in the n,eighborhood of 40%, 

. whereas at. 1200 sec-l. a yield of 52% was· observed. The 

cellular carbohydrat~ data, on the othe~ hand, appeared to 
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decrease ;in a fairly regular manner with velocity gra<;aent 

up.to 1000· sec'"' 1 , and.to increase.thereafter. Examination 

of the data obtained from the pure culture isolate SE-4 

·Showed that no such break in the relationishipbetween 

.velocity gradient and the various parameters·occurred in 

this system •. Thus, the possibility that more than one 

factor was in operation.in the heterogeneous population. had 

to be considered. In any case, it~is apparent that consid-

erable difficulty would be encountered in an attempt to fit 

a single model to all of the data.obtained. On this basis, 

the biologi~al solids and cellula;r composition data were 

divided.into two groups for statist;i.cal analysis. All data 

obtained at velocity grad;i.ents equal to or· less than 1000 

. sec-l were considered in the first group, while the second 

group consisted.of ali,l data obtained at velocity gradients 
-1 above 1000 sec • 

In order to justify the above division of the data, 
. . L, 

it was considered necessary to establish. that·. more. meaning-

·ful relationships would be obtained by grouP,!i.ng_the data 

in this fashion instead of treating it as a. sirigle body. 

·· Such justification was established . througn the use o:f; cor

· relation· analysis. Table VI shows the.correlation 

coefficients·of the data·obtained at each detention. time, 

t,.when grouped as described above·and when fitted to a 

·· single. linear model. Also· shown: in Table Vl are the cor

relation coefficients obtained by grouping all of the 

growth rates together. Although in 1:1ome cases the 
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TABLE VI 

LEAST SQUARES J;>ARAMETERS AND CORRELATION COEFFICIENTS 
FOR RELATIONSHIP BETWEEN BIOLOGICAL SOLIDS YIELD 
AND VELOCITY GRADIENT - HETEROGENEOUS POPULATION 

Correlation * Coefficient Intercept 

All b 
s2 

t G<lOOO, Data 
'b 

0 0 

5 o.51· 0.36 45.7 69.17 

6l 0.68 0.09 49.7 18007 

8 0.98 0.79 47.5 298.7 

12 0.94 0.02 46.9 639.8 

Com-
posite 

0.65 ,; 0.05 48.2 -

*b - Least Squares Intercept 
0 

s2 - Variance of Intercept. 
bo 

**b1 - ·Least Squares Slope 

s2 - Variance of Slope 
bl 

· Slope ** Stude9t's 
-T 

bl 
s2 T' ·r r 
bl b bl 0 

-1.09 1.91 -0.3 0 ~ 60 

-l.l7 4.31 0.11 0.36 

-2.25 5.18 0.02 0.15 

--2.70 15.2 -0.05 0.20 

""'.1.91 - - I -
' 
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correlation coefficients obtained. were somewhat·: lower than 

.is desirable, it is clear that di.vision of the gata pro

vides· a much better fit to a si.niple linear model. 

In.order to·determine i:l; a.significant.difference 

·existed in the relationships between velocity gradient-and 

biological solids yield at the various growth rates exam

ined, the least squares·line of best fit, assuming a. linear 

model, was calculated for the cfata obtained. at each deten

tion time. The slope and intercept of the resulting least 

squares equations are shown in Table VI along with their 

associated variances. Also shown in Table VI are,the slope 

.and intercept of the composite-line obtained by assuming 

that.growth rate has.no effect on the.relationship between 

velocity gradient and biologica~ solids yield. Since the 

differences between the least squares slope and the com

posite slope divided by the square root of ·the variance 

should be distributed according to Student's T, the sig

nificance of the Aifference between the slopes ~btained at 

each growth rate and the composite slope may be determined. 

The last two columns in Table VI show. tbe calculated values 

.of these test statistics. Coml)arison of the T' values with 

a cumulative T' distribution .table (55) indicates that none, 

-of the least squares equationE! obtained vary $ignificantly 

. from the composite equation. Also, as might be expected 

from kinetic considerations, calculation of the same test 

statistics for ,the intercepts also shows that no signifi

cant difference ~xists between the various growth rates. 



It was also necessary to determiqe whether the 
) 

relationship between velocity gradient and biological 

solids yield exhibited physical reality and whether the 

linear model chosen was appropriate. The first.aspect, 
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physical reality of the relationship', may be exam;i.ned by 

preparing an analysis of variance such as that.shown in 

Table VII and calculating the ratio of the variance con-

tributed by the slope to the residual variance. This 

value is distributed according to an F-distribution and 

the significance of the slope of the line may be e:sti-

mated by comparing the F-ratio to unity. For the biolog

ical solids yield versus velocity gradient data, the 

F-ratio is sufficiently large (107) to demonstrate sig

nificance at the 99% confidence level. 

The adequacy of the linear·model chosen was also 

determined.from the values shown in Table VII. This was 

accomplished by computing the F-ratio of the term for lack 

·of fit to the term for experimental error. It should be 

noted that experimental error, as used here, implies c;mly 

the failure of tlle syst.em to give identical behavior under 

identical conditions and therefore includes both popula

tiontand analytical variatibn. · Determination of the 

F-ratio for these data indicated that no real lack of fit 

exists in the linear model at the 99% confidence level.· 

Therefore, the biological solids; yield obtained at all 

velocity gradients below G = 1000 sec-l may best be 
I 

represented by the composite relationship of Figure 45. 
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'l'ABLE VII 

ANAJ.,YSIS OF VAJUANCE FQR BIOLOGICAL SQLIDS YIELD DA'l'A FROM 
; HETEROG:ENE.OUS. POPULATION - G ~- iooo sec-1 

Degrees of Sum of .. Mean 
Source of Variation Freedom Squares · Square F 

Total 15 . 20 1 622 1,.3'75 

. Due to Intercept I 191874 19Jij74 

Due to.Slope -
9.4* Given Intercept 1 314 314 

Residual 13 ' 434 33 

E.x:pel'.'imental 8 332 42 Error 

Lack of Fit 5 102 20 o. 5)1<* 

*Magnitude indicates a significant difference.between the 
slope of the least squares line and a lin.e of zero 
slope (P = 0. 99%) 

**Magnitude indicates,~hat no significant deviation exists 
from tll.e: linear· mpdel (P ·· = O. 75%) 
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Application.of the· same techniques-of data analysis to 

the other cellular parameters·. which were followed in these 

experiments :revealed add;i tional .;information about the 

hete:rogeneous population system. First,·-· the variations in 

the protein and RNA yields were shown not to be significant 

at any reasonable confidence level. Secondly, a small but 

real (P' = O. 95). increase in the DNA. yield was ob13erved as 

the amount of turbulence was increased.from 300. to 1000 
-1 sec • Thirdly, a rather large decrease in the amount of 

cellular carbohydrate occurred as· the velocity gradient was 

increased (P' = o.95) up to a velocity gradient of 1000 
-1 sec The linear model was·aga;i.n tested for lack of fit 

on these data, and ,11 variance could be attributed to 

experimental error at the 139% confidence level. The least 

squares-lines of best fit.for the DNA and cellular carbo

hydrate yields are·. shown in Figure 46. Com.par is on. of the 

relationships between. the cellular-carbohydrate and biolog

ical solids yields versus the velocity gradient indicated 

that . aJ?proxima tely_ 75% of the reduction i.n biological 

solids is ~ttributable to loss of carbohydrate. 

Derivation of the l_east squares eguation of best fit 

for the cell composition data obtained at velocity gradi-
... 1 ' 

ents in excess of 1000 sec showed that.the values 

obtained do in fact.increase with the velocity gradient. 

However, a test for significanve of these data shows.that 

_the relationship may equally well be expressed as a.line of 

zero slope (P' = 0.75 -0.95 ). Thus, the simplest 
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statistical representation of the biological solids and 

cell composition yields ie:; that shown in Figure 47. 
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Ap~lication of least squares regression and analysis 

of variance.to the o::x:ygen uptake rate data obta;i.ned from 

the heterogeneous population studies (Figure 22) indicated 

tbat unlike the qther parameters·· in this system,. a signif

icant difference exist~d in the intercept of the lines of 

best fit obtained at the various growth rates. No real 

difference, however, could be detected in the slopes of the 

lines. These results are not unexpected, since equation 11 

shows that.the growth rate.of the system should affect the 

oxygen uptake rate independently.of the velocity gradient. 

Figure 48 shows the least squares lines of best fit for the 

data using the slope of the composite curve and the inter

cept derived independently·for each growth rate. 

If the mechanisms presented earlier are now compared 

with the results of this study, con~iderable information on 

the causation of the effects which have been demonstrated 

can be obtained. These mechanisms are summarized as 

follows: 

1. Contact between cells and dissolved oxygen con

trols oxygen uptake. 

2. Contact between cells and substrate controls suJ:>

strate utilization. 

3. Fl,oc size varies with the amount of ;fluid shear 

provided, thus improving uptake of both·oxygen and 

substrate. 
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4. Variations occur in th.e predominating organisms 

contained in the unit in response to changing fluid shear 

or dissolved oxygen, i.e., agitation and/or n. o. exert a 

selective pressure. 

5. Transport of oxygen across the cell membrane con

trols oxygen uptake and the resistance to tram;fer is 

lowered as agitation is increased. 

It will be recalled from equation 14 that if mech~n.ism 

1 controls, the oxygen uptake rate must then be a function 

of the dissolved oxygen concentration. Therefore, this 

mechanism may be~:easily tested by determining the signif i

cance of any relationship existing between the dissolved 

oxygen concentration.and the oxygen uptake rate at a given 

·velocity gradient. Application of analysis of variance to 

the data shown in Figure 26 shows that no such relationship 

existed. On this basts, mechanism 1 may be rejected. 

Mechanism 2 has been shown to require that the uptake 

of substrate be a function of velo~ity gradient (equation 

15). Inspection of Table II, however, indicates that.this 

definitely is riot the case, since no decline in substrate 

removal occurred as the amount of agitation was reduced. 

Therefore,. it is felt that t t is unl:i.kely that mechanism 2 

is rate-controlling in this system. 

Mechanism 3, which considers oxygen transport into the 

floe particles present, has been shown in equations 16 

through 19 to require that oxygen uptake rate again vary as 

a direct function of dissolved oxygen concentration. 
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Therefore, this mechanism may be el,iminated from consider-

ation on the same basis as mechanism 1. 

If predominance changes are considered to be a pos-

sible factor in causing the decrease in yield -ith increas-

ing amounts of mixing energy, it is obvious that.if this 

·were the only factor acting, the yield and oxygen uptake 

of a pure culture system should be unaffected by the amount 

of turbulence provided. Application of analysis of var-

iance to the least squares line of best fit for the data 

shown in Figure 36 indicated, however, that the variation 

in yield with velocity gradient was significant for the 

SE-4 isolate. In addition, the oxygen uptake data obtained 

from this system exhibited the same type of variation with 

velocity gradient as did the data for the heterogeneous 

population. Therefore, although ecological considerations 

can never be eliminated entirely from data obtained.from 

natural populations, it is highly unlikely that predominance 

changes alone were responsible for the oxygen uptake or 

biological solids yield variations observed with agitation 

.at velocity gradients belowG .. 1000 sec-1 • 

Comparison.of equation·24 with the data shown in. 

Figures 13 and 38 indicates that mechanism 5 may provide 

an adequate kinetic description of the behavior of both 

the heterogeneous population and the pure culture isolate 

·SE-4. This mechanism requires· that the oxygen uptake of 

the system increase-as the amount of agitation.is increased 

because of additional oxygen transport across the cell 
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membrane. This· is in turn .reflected_ in a ... lower biological 

solids yield (according to equation,24) since any·increase 

in the amount o:f; substrate being_oxidized·must be.accom

panied by a decrease in .. :the amount of cell synthesis. 

Unfortunately, examination of the. oxygen upta-e character

istics-of the E.coli system (Figµre 42) shows that the -·--
behavior of this system cannot be adequately ex~lained on 

the basis of oxygen transfer across the cell membrane. 

From.these c;:fata it l:\ppears that the metabolic efficiency of 

E. ~ was an inverse function.of the amount-of mixing 

energy provid~d. It should be:noted, however, that the 

highly unusual behavior of this system requires.that it be 

viewed with caution. It is felt.that, until additional 

data are obtained on other·systems, mechanism 5cannot be 

fully rejected from con~ideration. 



CHAPTER VII 

DISCUSSION 

In the preceding chapters of tbis report, studies on 

the effects of agitation and dissolved oxygen tension on 

the behavior of completely mixed microbial systems have been 

described. It has been shown tnat none of the mechanisms 

proposed in the literature exp).ains adequately the behavior 

of all of the systems studied. In this chapter the sig

nificance of these findings will be discussed along with 

other ways in which agitation might have affected behavior 

at both the ecological and biochemical levels. 

Effect of Oxygen Tension·on the Growth of Completely Mixed 

Systems 

Swilley, Brant, and Busch (42) theorized that a stag

nation layer might exist around the bacterial cell which 

could result in the rate of oxygen uptake being.a function 

of the amount of dissolved oxygen present. Heukelekian (17) 

found that the dissolved oxygen level of a culture contain

ing a heterogeneous population could affect the viable 

count yield by causing changes in the predominating organ

ism. In addi tio1-1, both of the mechanisms proposed by 

Rincke (38) and Pasveer (35)(39) (40) (41) to explain the 

effect of agitation on the behavior of activated sludge 

l~O 
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processes required that the oxygen uptake rate of a bac

terial system be a direct function of the oxygen tension. 

On the basis of these considerations it was thought neces-

sary in. the present study to determine whether the oxygen 

tension of a bacterial medium above tbe critical D. o. had 

an effect on the oxygen uptake or biological solids,yield 

of this type of system. This wasaccomplishedby operating 

a completely mixed, steady.;..state reactor containing a het-

erogeneous population under conditions of constant growth 

rate and agitation and varying the amount of oxygen con-

tained.in the aerating gas. These experiments clearly 

·. demonstrated that dissolved. oxygen had no effect on either 

the oxygen uptake rate or the biological solids yield. In 

.light o;f these findings and from the considerable body of 

information available attest;i.ng to the existence of a 

critical D. o. in d:l,verse experimental systems, it may be 

concluded that stagnation layers are not an important fac

tor in completely mixed systems. In addition, it is highly 

unlikely that·the size of the floe particle or the amount 

of contact occurring between the cells •nd the oxygen 

present .. in the medium is limiting in systems having a 

. velocity gradient equal to or above those· employed. in this 

,study. Further, it is. probable that tpe above statement 

may be extended to include most, if not all, aerobic 

;t!l!!:icrob:i,al systems. Although there· is a possibility that 
. '.tj 

any· of the above mec.hanisms could be rate controlling in 

systems receiving very small amourits·of agitation, it is 
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unlikely that the organisms.in such a system could be under-

going aerobic metabolism, since all currently ui:;ed methods 
\ 

of aeration also involve agi ta.tion of the me .. dium. 

In spite of the absence·of any correlation between 

the oxygen tension.and the :r;ate of oxygen uptake or the 

biological solids yield, there was a definite tertdency for 

the amount of carbohydrate produced by the cells to 

decrease as the dissolved oxygen concentration was increas-

ed. This variation was of comparable magnitude to that 

seen, for the same change in dissolved.oxygen, when the 

the amount of agitation provided to the system was varied. 

Since no change in the amount of cellular protein·or 

nucleic acids was observed to accompany the decrease in 

cellular carbohydrate, it is probable that the cells grown 

at the high.dissolved oxygen concentration contained more 

lipid than did those grown at low D. O. 

It is conceivable that this variation in carbohydrate 

production arose as a direct result of oxygen tension on 

the metabolic fate of the substrate. However, in the 

absence of variation in any of the other cellular para-

meters examined .. and in light of the considerable body of 

evidence which indicates that the metabolism of bacteria:is 

unaffected by variations in oxygen tension above the 

critical D. o., it is felt that such an explanation is 

unjustified. In any study of heterogeneous populations the 

possibility of changes in the predominating species present 

cannot be ignored as a causative factor for observations 
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of this type. Therefore, it is felt that additional data 

on the carbohydrate production of bacterial systems under 

cond;i.tions of varying oxygen. tension is necessary before an 

explanation o! the behavior of th.is parameter can be 

advanced. 

One very important fact remains, however. The changes 

observed in tbe biological solids yield and the oxygen 

uptaJt.,e rate accompanying changes in the amount of agitation 

did not occur when the dissolved oxygen concentration was 

varied independently. Therefore, it is clear that these 

variations arose·as·a result of agitation rather than 

oxygen tension. 

The· Effect of Agitation on the Growth of Completely Mixed 

Systems 

The variation,in bi~logical solids yield with velocity 

gradient may be of considerable importance since, as has 

·been pointed out, one of the largest economic problems 

associated with the operation of an activated sludge:plant 

is the disposal of the considerable quantities of sludge 

produced. Thus, any. process modification .. which can reduce 

sludg~ production without causing any. deterioration.in 

effluent quality is of considerable interest to the waste· 

.treatment engineer. The use of supplemental agitation 

provides a possible means by which this may be accomplished. 

Two problems arise, however, wbich must be considered 

.before the use of mixing energy in this fashion can be 

reco.mmended. The first is that the amount of agitation 
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provided must be carefully controlled in order that.the 

system is operated in the area of maximum respiration and 

.minimum synthesis. In.the work reported here, minimum 

yields·were·obtained.when the velocity. gradient.wai;; approx-
. -1 imately,1000 sec ~ Unfortunately, there is no assurance 

that this figure will be optimal in every case. Therefore, 

considerablymore·experience is needed with different.waste 
' 

: streams before it. is possible to predict: the optimum amount 

of energy that should be furnished.to a given system. 

Secondly, the cost of furnishing this additional agitation 

must .be carefully bala:p.ced against the cost.of sludge dis ... 

posal. Only after these data are available can the optimum 

design solution be obtained. 

The results of the cell composition analysis indicated 

that.the reduction•in biol.ogical solids·yield achieved as 

t~e velocity gradient was inc~eased from 300 to 1000 sec-l 

was accompanied.by a nearly equal .decrease in.carbohydrate 

· production. Al thol,lgh t:tle same type of variation in carbo

hydrate was observed when only oxygen tension was varied, 

the absence of significant reduction.in any of the other 

cellular. components makes the conclusion. that the decreased 

biological $Olids yield occurred primarily at the expense 

of cellular carboh,ydrate inescapable. Nor can the vari

ations noted in yield and oxygen uptake rate be ascribed 

·to predominance changes:in the system since the same type 

of variation :was observed to occur in the pure culture 

isolate'SE-4·as ;in the heterogeneous populations. This 
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-1 the velocity gradient was increased towar.d 1000 sec be 
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sought at the metabolic rather tpan the ecological level. 

The same statement· cannot be m,aqe about tbE;:i behavior 

of the heterogeneous population at velocity gradients above 
-1 

·1000 sec Inth;is case, the behavior of the heterogen-

eou.s population was ~ot mirrored by ·the pure· culture 

~solate and therefor~ cotild have been an ecolo,i~al shift 

in response to an unfavorable environment. 

Some evidence that high agitation may indeed bedetri-

mental to the survival of certain organisms is shown by the 

behavior of tbe !· .co;li system. The results obtained here 

clearly show. that increased agitation was harmful to effi

cient growth and substrate utilization. The failure of the 

· SE-4 isolate to follow tb,e same behavior indicates that 

ej,ther the Sf;!nsitivity of E.coli to agitation was a 

~pecial case or that resistance to the effect is specific 

for various organisms. 

Although no unequivocal mechanism can be proposed.at 

this time to explain the behavior of both the heterogeneous 

·population.and the p~re culture systems, it is·interesting 

· to speculate, on the ~asis of the data obtained, concerning 

the effeet·of agitation on the· metabolism of the organisms 

examined • 

. All of the data except that obtained on !· .££!.! can be 

said to be compatible· with t.he mechanism prol?osed by Tsao 

and Kempe (21) • Therefore 1 if !· coli repres-e-nts a special 
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case of some factor·which was not operative :in .the other 

systems, then this mechanism explains adequately the effect 

of agitation on the oxygen uptake rate of the SE-4 isolate 

and the heterogeneous population at velocity gradients 

below lOOO sec-1 • The failur~of the yield data to vary 
) 

with the growth rate as predicted in equatiQn 24 is not in 

serious disagreement with this view since the variation 

over the range. of detention times·. studied is. quite small as 

compared with the effect of velocity gradient. 

Alternately, the behavior•· of the· E. col:i,. system may be - -
interpreted as an indication that the primary action of 

agitation.is n.ot the improvement of oxygen transfer across 

the cell membrane but that agitation acts by placing a 
\ 

greater challenge for survi:val on the cell. According to 

this view, the maximum energy at which!· coli would be 

able to grow efficiently would be in .the neighborhood of 
-1 600 sec • At velocity gradients above this the cells were 

· unable to utilize the substra·te efficiently, and COD in the 

form of acetate was lost to the effluent. At velocity 

-1 gradients above.900 sec the cells were damaged to the 

priint that the culture was no longer substrate-limited and 

free glucose oegan to appear· in the efflueri.t in signifi

cant q1.,1antities. The lowered oxygen uptake of this system, 

then, simply reflected the reduced substrate utilization 

as first acetate and then glucose was lost to the effluent • 

. If this view is correct, it must be assumed that the 

S--4 isolate was better able to withstand the effects of 
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turbulence and was therefol:'e capable of survival over· the 

entire range tested. This organism, as-well as the heter

ogeneous population, appeal:'ed.to respond to the increased 

agitation by channeling grea.ter amounts· o:I; su.bstrate into 

energy production. · This, in turn, led.to greater·rates of 

oxygen uptake. Since,tt,.e total amount of exogenous sub-

strate available was constant, the additional energy 

utilization was accomplished by lowered synthesis of non

essential carbohydrate which led to a lowered yield. The 

· tendency for the oxygen uptake rate and yield of the SE.;..4 

isolate to level out at high velocity gradients follows 

·this view. At this point the level of non-essential carbo

.. hydrate was reduced to a minimum, as . shown by the. absence· of 

capsular-material, and any further increase in oxygen .up

take rate would have had to be obtained at the expense of 

vital cellular components. If the above analysis is 

correct, as the velocity gradient was further increased the 

effluent quality of the SE~4 system should have begun a 

progressive deterioration. The substra.te removal data for 

this organism ·(Table IV)· pro:vides some evidence that'- this 

may have been occurring at the highest velocity gradient 

examined as the substrate removal during this run·was 

somewhat retarded. 

It should be noted that:it agitation does exert.its 

,effect by disruption of cell function, the release-of. COD 

by heterogeneous populations of the type encountered in 

waste treatment systems would not be expected to create 
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difficulties. This is true because the constant influx of 

new microorganisms would allow the development.of. a popula

tion which was well adapted to the conditions present. 

The question now arises.· as to the need. for· additional 

oxidative utilization of substrate by the cells at high 

velocity gradients. Here there are two possibilities. If 

the effect of turbulence involved a.reduction of the effi

ciency of oxidative phosphorylation, the cells:would be 

required.to channel more glucose into oxidative metabolism 

in order to attain.the same amount of metabolic energy for 

synthesis of required cellular components. This would, at 
\., 

the same time, require an increase in the oxygen uptake 

rate.of the· system. An alteraate possibility is that high 

.turbulence in the· medium makes it more difficult for the 

cells to maintain their integrity, t~us requiring the 

expenditure of.greater amounts of energy to ma:i,J;J.tain 

·viability • 

. Effect.of Agitation on the·Response of a Heterogeneous 

Population to Qua~titative Shock Loading 
I • 

The results of the shock load study performed at a 
. -1 

velocity gradient of 300 sec . provides an interesting 

documentation of the effect of a sustained quantitative 

·shock· 1oad which re.sul ts ;in o;xygen limitation in a com-

pletely mixed, steady~state system. Although the sub

strate removal response of the system in.terms of COP 

removal was seve;rely impaired by oxygen limitation, the 

same was not· true in terms of glucose. This illustrates a 
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very important point about oxygen-l:l.mited systems, namely, 

that their ab;i.lity to util:l.ze the· prima11y substrate niay not 

be.impaired by anaerobiosisbut, owing to the accumulation 

of fermentation products, the overall capacity of the sys

tem as a waste treatment unit is effectively destroyed. 

The effect of oxygen limitation on the cellular com-

position may easily·beascertained by comparison of the 

data shown i:h Figure .27 with those shown in Figures· 30 

through 33. The retardation of synthesis of most of the 

cellular components·under conditions of oxygen limitation 

.represents another potential problem :in the control of the 

effects of shock loading. If the amount of oxygen entering 

the system had been increased in rirder to offset the:oxygen 
\_ . 

· limitation.at some time after the shock lead.had entered 

.the· \lnit, immediate improvement of treatment efficiency 

would most probably not .have resulted. This is believed to· 

· be the case because the oxygen limitation which had already 

occurred would h,ave prevented the :µormal increase in cell 

m1;tss, i.e., number necessary to assimilate the additional 

substrate present. Also, time might be required ;in order 

for the existing cells to acclimate to the organ:i,c material 

.accumulated during the an.aerobic period. If such.accli

mation. did not o.ccur. readily, treatment efficiency would 

n,ot feturn to the pre-shock level until these materials 

were diluted.out of the system. 

The behavior of.the substrate removal capacity as the 

velocity gradient was increased is of considerable 
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importance •. Figure 36 indicates that. the p!_'oduction of 

non-glucose COD dur;ing the early stages of the shock load 

was an inverse function.of the amount of agitation. Unfor-

tunately, this effect cannot be attributed solely to agita

tion on the basis ofnthe data available, since the 

· dissolved oxygen concentration also varied with velocity 

gradient (Figure 30). The results obtained do indicate, 

however, that mixing energy is a factor in.the response of 

completely mixed systems .to quantitative. Sihock · h>ac:ling. 

Therefore, it is believed that additional investigation on 

.the effect of agitation on the response of completely mixed 

systems to shock loading is warranted. 

· It is interesting to note that although the substrate 

removal characteristics of the non-oxygen-limited shock 

system varied with.the velocity gradient, no significant 

difference could be detected in the oxygen uptake or eel~ 

· lular parameters. This is most probably caused by the 

brief period during which acetate was excreted. Even at 

the lowest velocity gradient used in these experiments 

(680 sec ·l) the production. of acetate was l:i,mi ted. to ~bout 

three hours. 
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CONCLUSIONS 

A study o;t; tne effect of agitation.on the behavior of 

a heterogeneous population and two pure cultures under com-

pletely mixed, steady .... state condition$ allows the following 

conclusions to be drawn: 

1. The solids.yield, protein yield, and RNA. yield of 

a heterogeneous population are not affected by changes in 

the dissolved oxygen concentration from 1.5 to 7 .5 mg/1. 

2. Oxygen uptake rate is not affected by changes in 

D. o. in this range. 

3. Carbohydrate yield tends to be higher at low oxy-

gen tension but this is not reflected . in totEi.l solids ,yield • 

. Jn addition, the amount of DNA produced appeared to be 

· somewhat reduced at a. D. o. of l. 5 mg/1. 

4. No significant change in effluent quality occurred· 

as a result of changes ih D. o. in the above range for the 

qilution rates herein employed. 

5. A significant decrease in solids yield occurred in 

all systems as the velocity gradfent was increased from 300 

to 1000 sec-1• This reduction.was accomplished with no 

deterioration in effluent quality in the heterogeneous 

population and one of the pure cultures. 

131 
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6. · Seventy-five per cent of the reduction in solids 

·yield could be attributed to reduced carbohydrate synthe

sis in the lleterogeneous population. No change in protein 

or !\NA yield was observed to apcompany the s;olids·reduction 

for either the heterogeneous populatton or the sewage 

.isolate. A minor increase in DNA.yield was noted in the 

heterogeneous population as the velocity gradient was 

increase(!. 

7. Oxygen uptake rates of the heterogeneous population 

and the sewage isolate were found to vary. direct).y with· the 

velocity gradient whereas a declining trend was observed in 

the oxygen uptake rate of E~ coli as the velocity gradient 
~·~ 

was increased. 

8. All of the above effects except oxygen uptake rate 

were found to be independent of the growth rate (from t = 5 

to 12 hours). In the case of ·the ·oxygen uptake rate, the 

slope o;f the least squares.line-o;f best fit was independent 

.of· the velocity gradient but the oxygen uptake at any given 

velocity gradient-varied inversely. with the detention.time. 

9. · At velocity gradientsabovelOOO sec-la cJiscon

tinuity existed in.the-soliqs and cell composition data 

obtained from the heterogeneous population. A linear model 
. . 

fits all of the cellular parameters above the 95% confi
-1 .· dence level Qelow G =. 1000 sec • Above this value no 

correlation was obtained. 

10. . Examination of the literature· showed that no 

mechanism previously proposed served adequately to explain 
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the effects observed in this study. 

11. The substxwate :removal capability of a completely 
I 

mixed system containing:a heterogeneous population during 

a quantitative shock load was fo'l\nd to be :i.inpl;'oved at high 

velocity g;radients. No variation·in the oxygen uptake or 

· cell. concentration. was observed. to accompany this· vari-

· a t:i.on • 

.... . •.. ~:. 



CHAPTER. IX 

SUGGESTIONS FOR FUTURE WORK 

Based on the findings·of this investigation, the fol

lowing suggesti?ns are made for future worlc 

1. Information on the behavior of systems utilizing 

whole wastes is essential to demonstrate the generality of 

the findings of this work and the concepts thereby sug-

gested. Such work would also provide information on the 

economic benefit of supplemental,.a~itation. 

2. Additional work on the effect of agitation on the 

behavior of .pure culture systems would be of benefit in 

confirming the explanations proposed here for the effects 

of agitation. 

3. More information on the effect of agitation and 

oxygen tension on the beh,avior of shock load .systems is 

definitely needed. A thorough study of the problem of 

oxygen depletion.of completely mixed systems during shock 

loading would provide valuabl~ information·. on· the oper ... 
l 

ation and control of activated sludge plants. Additional 

work is also needed on the effect of agitation on the 

· substrate removal characteristics· o;f non-oxygen limited 

· shock load. systems. 

4. Additional investigation of the behavior of 

134 
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hete~ogeneous populations at very high velocity gradients 

(in exceijs of 1000 sec-1) is needed to explain the unusual 

benavior of these systems. 
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TABLE VIII 

DATA SUMMARY FROM VARIABLE AGITATION STUDIES--HETEROGENEOUS POPULATION 

COD Solids Protein Carbohydrate RNA 

Run Average Mean Yield Mean Yield Mean Yield Mean Yield 
t G No. Influent Effluent Difference 9-12* 13 9-12 14 9-12 15 9-12 16 

300 16 970 60 910 417 46 215 24 51 5.6 42 4.5 

300 24 982 52 930 372 40 152 16 98 10.5 76 8.2 

600 23 970 31 939 393 42 206 22 58 6.2 52 5.5 

680 17 918 88 930 289 31 145 16 52 5.4 36 3.9 

5 900 22 970 32 938 369 39 206 22 46 4.9 45 4.6 
-,----

1140 18 1020 83 937 209 22 98 10 48 5.1 30 3,2 

1200 21 ~20. 44 776 367 48 182 19 49 6.3 58 7.5 

1500 20 780 65 715 381 53 198 28 58 8.1 57 8.0 

1750 19 860 77 783 420 54 192 25 76 9.7 56 7.1 

300 30 · 961 73 888 387• 44 195 22 74 8.3 28 3.2 

600 31 961 65 896 421 4'1 217 24 54 6.0 21 2.3 

6l 900 32 1085 92 993 371 37 226 23 30 3.0 32 3.2 -
1200 33 728 52 676 349 52 176 26 22 3.3 26 3.8 

1500 J 34 992 49 943 403 43 219 23 51 5.3 41 4.4 

450 I 11 974 34 940 369 39 181 19 77 8,2 80 8,5 

680. 6 1040 50 990 318 33 156 16 44 4,5 48 4,9 

8 800 I 10 961 28 933 275 29 157 17 50 5.3 24 2.6 

~1 7 970 75 895 244 27 117 13 12 1,3 33 I 3.7 

1200 9 890 18 872 279 32 155 18 25 2,9 21 2.4 

1350 8 1126 66 1060 270 25 132 12 26 2,5 57 5.4 

I 300 29 
J 

1090 52 1038 381 37 168 16 63 j 6,1 19 1,8 

600 28 1090 

H 
1032 349 34 160 16 55 5.3 20 I 1.9 

12 900 27 1428 8 1370 289 21 156 11 50 3.6 19 1.4 
- - -
1200 26 1094 0 1064 403 39 212 20 58 5.4 26 2.4 

1500 25 980 5 955 338 35 188 20 44 4.6 41 4.3 
I 

* Numbers refer to Figures in Which Data Appear '----

DNA 

Mean Yield 
9-12 17 

5 0.55 

7 0.75 

10 1.1 

2 0.21 

7 0.75 

2 0.21 

8 1.0 

8 1.1 

10 1.3 

9 1.0 

7 0.78 

14 1.4 

12 1.7 

14 1.5 

10 1.1 

15 1.5 

9 1.0 

- -
6 0,7 

11 r.o 
5 0,5 

7 0,7 

9 0.7 

12 l,l 

9 0.9 

Oxygen 
Uptake· 

Rate m/L/hr 
22 

81.3 

61.l 

81.9 
91.2 . 

80.6 
-

97.2 

89,0 

98.9 

76.7 

68,5 

85.6 

66,2 
-

77.l 

68.5 

54,3 

57,2 

66.3 

75,8 
-

67,6 

64.5 

33,l 

·34,l 

33,5 
-

40,l 

52,8 

I-' 
~ 
l'v 



D.O. 

7.1 

7.1 

I 3 • 6. 

I L4 

Run 
No. Influent 

12 970 

. 13 1115 

14 980 

15 991 

TABLE IX 

DATA SUMMARY FROM VARIABLE D.O. STUDIES - HETEROGENEOUS POPULATION 

Velocity Gradient= 1000 Sec-I 

COD Solids Protein · Carbohy. RNA 

Mean Yield Mean Yield Mean Yield Mean Yield 
Effluent Difference 24* 25 24 25 24 25 . 24 25 

41 929 401 43 207 22 57 6.1 69 7.4 

49 1036 353 34 144 14 62 6.0 60 5.8 

85 895 346 39 173 19 93 10.4 69 7.7 

101 890 350 39 155 17 152 17.0 67" 7.5 

*Numbers refer to figures in which data appear 

DNA 

Mean Yield 
24 25 

6 o.6 

6 o.6 

5 0.6 · 

4 0.4 

Oxygen.Up-
take Rate 
mg/1/hr 

26 

61.1 

58.2 

68.7 

61.7 

I-' 
~ 
c,., 



TABLE X 

DATA SUMMARY FROM VARIABLE AGITATION STUDIES - PURE CULTURES 

COD Solids Protein Carbohy. RNA 

Run Mean Difference Ille an Yield Mean Yield Mean Yield Mean Yield 
Organisn G No. lnfl'?int 37~0 41 ~1871° 38&43 3J:J£ 38&43 3Jtn 38&43 3Jtn 38&43 mg mg 

300 37 1132 47 1085 540 50 313 28.8 109 10.0 87 8.0 
600 38 1130 1.18 1012 570 56 313 30.9 107 10.6 95 9.3 

900 39 1128 324 804 370 46 220 27.3 44 5.5 70 8.7 

E. coli 1200 40 1112 465 647 300 46 225 34.0 50 7.7 75 11.6 
-K-~ 

1500 41 1325 524 801 275 34 225 28.0 26 3.2 95 11.8 

800 47 1110 287 823 386 47 - - - - - -
l.200 48 

I 

1255 512 743 334 45 - - - - - -
l750 49 1325 728 298 141 47 - - - - - -

300 42 1302 47 1255 557 44 299 2:-t.8 220 17.5 133 10.6 

600 43 1089 50 1039 517 50 274 26.4 174 16.7 118 11.3 

SE-4 900 44 1160 43 1117 454 41 266 23.8 125 11.2 101 9.0 

IJ.200 45 1289 46 1193 469 39 272 22.8 98 8.2 100 8.4 

11500 46 1097 107 990 436 42 271 26.0 89 8.5 93 8.9 

DNA 

Mean Yield 
3Jtn 38&43 

2.0 0.18 

2.0 0.20 

1.0 0.12 

2.0 o.31 

1.6 0.20 

- -
- -
- -

3.0 0~24 

3.0 0.28 

3.0 0.27 

3.0 0.25 

3.0 0.29 

Oxygen Up-
take Rate 

iJft1*r 
6.24 

71.7 

53.7 

56.0 

34.4 

65.0 

56.0 

34.4 

53.9 

59.5 

64.9 

72.5 

66.2 

1--' 
~ 
~ 



A 

b 
0 

.bl 

Cd 

c1 
·D 

d 

d' and 
d" 

F 

fo 

fs 

G 

H; 

K" 

APPENDIX B 

LIST OF SYMBOLS 

- agitator area 

- least squares intercept 

- least squares slope 

- drag coefficient 

- oxygen uptake at zero velocity gradient 

- dilution rate 

- fluid density 

diameter of particles in suspension 

- ratio following an F distribution 

~.fraction of effective c,ollisions between cells 
and oxygen molecules· 

- fraction of effective collisions between cells 
and substrate molecules 

·-· velocity gradient 

-·depth 

- a constant reliting oxygen uptake rate to oxygen 
tension assuming diffusion. into floe is rate 

· controlling 

- Monod constant - substrate concentration at 
whichµ= 0.5/Jm 

- a cortstant relating substrate concent~ation to 
oxygen uptake 

- rea~ration coefficient 

- ~nit mass of an oxygen molecule 

145 
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k' - diffusion constant of oxygen in water 

N - number of collisions occurring between two 

No 

NS 

n' and 
n" 
p 

pt 

Qa 

R 

r 

s 
s 

0 

s 

Sb 
2 

0 

Sb 
1 

2 

T 

T 
m 

T p 

T' 

t 

t' 

t 

u 

discrete classes of suspended particles per 
.unit time per unit volume 

-· number of collisions per unit time per unit 
volume occurring between cells and oxygen 

.. number of collisions per unit time per unit 
volume occurring between cells and substrate 

- concentrations of p~rticles undergoing collision 

- power consumed 

- probability le~el 

- air flow rate 

- agitator speed 

- floe radius 

- concentration of rate-limiting nutrient 

concentration of rate-limiting nutrient in feed 

- surf~ce tension 

- variance of least squares intercept 

- variance of least squares wlope 

- oxygen tension 

~ oxygen concentration at floc~water interface 

- oxygen concentration at center of floe particle 

- Student's T 

- time 

- hypothetical time. in.seconds of subsistence of 
static water-floe interfacial surface 

- reactor detention time 

- oxygen uptake rate 



u 

u' 

v 

v 

·x 
,x 

0 

:.xn 

y 
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- absolute viscosity 

- kinematic viscosity 

..,. volum~ 

- linear velocity of peripbery of agitator blades 

- reactor biological solids concentration 

- feed biological solids concentration 

- viable count in reactor 

- cell mass yield 

- viable count yield 

~ fi~st order growth rate constant 

- maximum first order growth rate coristant 



APPENDIX C 

EXAMPLE CALCULATION OF OXYGEN UPTAKE 
Instrument Range.= 10 - 21% 
Galvonmeter Readtng = 97.5 

Reactor Volume = 3 .81 L 
Aerating Gas - 21% Oxygen 

Qa = 1.0 L/min 

Galvanometer Scale 97.5 100 

f I 

%0 

% O = 1-0 + lJ. x 97 • 5 = 10 + 10. 7 = 20. 70% 2 100 
Difference between influent and effluent gas 

. 0 = 21.00 - 20~70 = 0.3% 
· Den.si ty of oxygen at O C and 760 MM Hg = 1. 429 gm/L 
Density of oxygen at·so0 c and 760·MM Hg= 1.287 gm/L 
Weight of oxygen in one liter of air at 3o0 c and 760 MM Hg 

= 0.21 x 1.287 = 0.27027 gm= 270.27 mg/1 
Oxygen consumed mg/min= oxygen in~ oxygen out 

o2 consumed = · 

02 consumed = 

Qa = 

02 consumed = 

mgo2 
1287 ·""E'"1) x 0.21 

2 

L ~ mg .o2 
L Air - 1287 . L 02 

LO 
x0.207 ·2 Q , L 'Air a 

1287 (0.21-0.207)Qa~(l287x0.3)Qa=3.86Q~ 

1.0 

3.86 mg/min. 
o2 consumed/minx 50 min/hr 

Oxygen UP. take mg/1/hr = v Reactor · olume ~· L 

= 3.86 x 60 
3.81 

Oxygen uptake r.a te ~ 50. 8 mg/1/hr 
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TABLE Xi 

. . . * 
CONVERSION TABLE FOR .BECKMAN !dODEL E-2 GASEOUS OXYGEN ANALYZER 

IGalvonmeter Oxygen Galvonmeter Oxygen Galvonmeter · Oxygen Galvonmeter Oxygen 
Reading Consumed Reading Consumed Reading Consumed Reading · . Consuinec 

% of Scale -mg/min % of Scale mg/min % of Scale mg/min % of Scale mg/min 

92.0 11.326 94.0 8.494 96.0 5.663 

90.0 14.157 1 11.184 1 8.353 1 5~521 

1 14.015 2 11,042 2 8.2ll 2 5.380 

2 13.874 3 10. 901 3 8.069 ·. 3 5.238 

3 13.732 4 10.759 ·4 7.928 4 5.097 

4 13.591 .5 10 .618 5 7.786 5 4.955 

5 13.449 6 10.476 6 7.645 6 4.813 

6 13.308 . 7 10.335 7 7.503 7 4.672 

7 13.166. 8 10.193 8 7.362 8 4.530 

8 13.024 9 10.051 9 7.220 9 4.38~ 

9 12.883 93.0 9.910· 95.0 7~078 97.0 4.247 
. 91.0 12.741 1 9.768 1 6,937 1 4.106 

1 12.600 2 9.627 2 6.795 2 3,964 

2 12~458 3 ·9.485 3 6.6.54 3 3.822 

3 · 12.317 4 9.344 4 6.512 4 3.681 

4 12.175 5 9.202 5 6.371 5· 3.539 
5 12.033 6 9.060 6 6.229 6 3,398 

6 11.892 7 8.919 7 6,088 7 3.256 

7 ll.750 8 8.777 8 5.946 8 3.li5 

8 ll.609 9 8.636 9 5.804 9 2,973 

9 ll.467 

·* Range 10 - 21%, Qa == 1.0 L/min 

IGalvonmeter 
Reading 

% of Scale 

~8.o 

1 

2 

3 

4 

5 

6 

7 

8 

9 

. 99.0 

1 

2 

3 

4 

5 
.. 

6 

7 

8 

9 

Oxygen 
Consumed 

mg/min 

2.831 
. 2.690 . 

2.548 

2.,407 

.2.265 

2.124 

1.982 

1.840 

1.699 

1.556 

1~416 

. 1.2.74 

1.133 
. 0.991 

. 0~849 

0.70R 
0~566 

·.· o.425 
.· 0.283 

_ 0~142_ 

I-' 
~ 
«> 



APPENDIX D 

DERIVATION OF FORMULATIONS FOR SUBSTRATE UTILIZATION AND 
OXYGEN UPTAKE RATE OF COMPLETELY MIXED ~EACTOR ASSUMING 

MIXING IS· RATE-CONTROLJ.,ING 

Case 1 - Assuming Contact between Oxygen and Cells is 
Rate-Controlling 

. t· n'n''(d' -~ .d'')- 3J . 
. · U = f · K N = . 6 Gf K 

0 0 0 0 0 
. . . 

I -3 ml . 1 mo le x . 1023 n' = T mg 1 x 10 g mg x ~ ~ x 6.02 

n' = 1.88 x 1019 T molecules/L 

(d' + d 11 ) 3 = 8 x 10""" 12. cm3 = 8 x 10""' 15 L 

K = 1 x 32 x 103 = 5.34 x 10""".19 mg/molecule 
0 6.02 x -1023 

1.88 1019 xx 103 x 8 · -15 5.34 x lo""' 19Gf x x x 10 x 
·U n = 6 

·U = 1.34 x 10-11 f GX T o n 

f~ = Fraction of Effective Collisions 

n' :;::;. Numbel;' of oxygen,Molecules/L 

d' = Diameter of Oxygen Molecule = 0 

d" = Diameter· of Cell = 2 Microns 

150 

0 



151 

Case 2 - Assuming Contact between Substrate and Cells is 
Rate-Controlling 

D ( s - s) = f K N = r n I n II ( d y + d II) 3 1 Gf K 
O s s s t= 6 j s s 

. tn'n"(d' + d 11 ) 3 j · (S - S) = ~ GD Gf K O S S 

1 mole x 180 gm x 103 ~ 
23 mole mole 6;02 :x 10 molecules 

10-19 mg · 
Ks::;: 2 • 99 x molecule 

(d' + d") 3 8 x 10-15 L 

n '=S/K . s 

S = M s 

S/S S 0 - sTlr -

l - S/S = 1 -
0 

% Removal= 100 

% Removal 100 

100-

S + M 
0 

1 
l + M/S 

1 

• • 

n' no. of substrate 
molecules/L 

diameter of substrate 
molecule= 0 

l/S = 1 
o· ~+M 

X t G)J· n s 
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