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SCOPE AND CONTENTS : 

A completely-mixed biochemical reactor was used 

t o study a mixed microbial c u lture using so l uble organ ic 

c arbon in the form of glucose as a growth limiting nutrient. 

The effect of various flow rates and feed concentrations 

was deterrnined by evaluating the corresponding variations 

in unit organism grm·1th rate, yield and effluent carbon 

concentration. 

The effluent carbon conce ntration was independent 

of flow rate and feed concentrations for the range studied. 

The unit growth rate was similarly independent of the feed 

concentration but varied directly as the flow rate. No 

trend indicated that yield varied with either flow rate or 

feed concentration. Large variations in yield often 

occurred at any one condition due to changes in the mixed 

microbial population. However, the reason for this 

microbial variation was not determined. 
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CIIAPTE::< 1 

INTRODUCTION 

In the aerobic biological treatment of a waste, 

organ isms using the waste a s food are separated from the liquid, 

thus purifying the carrier liquid. To operate this biological 

treatment process, it is necessary to know which variables affect 

t he growth of the organisms . In addition, it is convenient 

to know the quantity of organisms which will be produced 

(yie ld). The purity o f t he liquid after treatment should be 

controlled by the variables affecting the organisms. 

Previous studies h ave considered quite extensively 

t he effect of detention time on the concentration of waste in 

the effluent and on the growth rate of org-ani sms. However, 

the corresponding effect of different feed concentrations of 

a waste on these parameters has not been co~sidered. There 

is a similar lack of information relating feed concentrations 

to other parameters such as yield and effluent waste concentration . 

• r:.,. study, designed to vary both detention time (flmv r ate) and 

feed concentration would give further information in this 

regard. Such a study would also reveal the possibility of 

optimization with respect to flow rate and feed concentration. 

Many studies have used pure cultures of bacteria 

where only one species is permitted to grow. One justifies 

working with a pure culture by stating that this species is 

present in the organisms used in waste treatment and all 
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orga n i sms are bas ically similar . Although the s e le c t ion of 

one s pe c ies reduces t he pos s ib i li t y of fluctu a tions, it doe s 

no t neces s a rily r ep r esen t wha t occurs in a competitive 

environmen t with ma ny s pecie s, i. e . a mi xed culture. It 

wo u ld s eem r easonab le that mixe d cu l tures may sive significantly 

different r e sults than p u r e cultures because the organisms 

wh ich can best ad apt themselves to a given environment will 

p redominate. Since a mixed culture predominates in the 

biological treatment of a waste, factors effecting this culture 

should be k nown. 

In the ope r ation of a continuous process , the concept 

of steady state is used to simplify the analysis of the system. 

In addition, the achievement of steady state indicates that 

organisms can operate in balance with one another. The 
. 

parameter usually measured to indicate equilibrium is either 

the biological or chemical oxygen de~and of the effluent waste 

concentration . The oxygen demand has been traditionally used 

since it indicates how much oxygen the receiving body of water 

must supply to the waste for complete stabilization. However, 

the oxygen demand changes depending on the waste . Modern 

e q uipment now permits the measurement of a parameter whi ch is 

conserved throughout , i . e. organic carbon, rather than an 

indirect parameter like oxygen demand. This modern method is 

both simple and accurate and therefore should provide additional 

information in understanding the biological process. 
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A study was therefore performed using a mixed c u lture 

with the purpose of showing the effect of both fl ow rate and 

feed concentration on known parameters using the advantages 

o f rapid organic carbon measurements . 



C:fU~PTER 2 

LITERl\TURE REVIE\v 

Bio l o g ical treatment faciliti e s designed for continuous 

fl ow had been in operation for many years before the first 

l aboratory study was reported . This study, by Garrett and 

Sawyer (19 5 2), included the deve l o pmen t of a kinematic theory 

and experimentation using an activated sludge culture. In 

the biological field, Novi c k and Szilard (1950) and Monod (1950) 

used identical kinetic developments to describe the steady 

state kinetics of continuous culture devices. Even earlier, 

the mathematical simplicity of the completely mixed continuous 

flov7 apparatus for the s·tudy of steady state systems \vas 

shown by Denbigh (1947) in considering the kinetics of steady 

state polymerization. Since this time, both discussion and 

expe rimentation have been promoted ~y the question whether 

the theory of the complete ly-mixed continuous flow system, 

as developed for a chemical reaction, will also describe the 

kine tics of biological culture . 

2.1 THEORETICAL DEVELOPMENT 

In many chemical reactions, an equation is written to 

r epresent how chemicals combine on a molar basis, This is 

known as a stoichiometric equation and can be expressed as 

aA + rR + sS 

when a moles of A disappear to form r moles of R and s moles 

of S. When one studies the chemical kinetics of this reaction 

one studies the factors that influence the rate of reaction 

4 
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and. the explanations for the rate of reaction, Levenspiel (1965) . 

A few of the variables which influence the rate of 

reaction are temperature, concentration, rate o f mas s transfe r 

and possibly rate of heat transfer . If the reaction i nvolves 

a number of steps in s er i es , it i s the slowes t step o f the 

series that exerts the greatest i nfluence and c an be said to 

control. The problem is t hen to find out whi ch variables 

affect each of these steps and to what degree. 

Referring again to the above single reaction, the 

r a te of c hange in the number of moles of component A per 

unit volume is 

If the rate of disappearance of A is a linear function of 

the concentration of A, then the rate c an be expressed as 

with k the rate constant. \AJhen the number of moles of A is 

uniform throughout the s y stem a nd the reaction does not change 

·the volume of the system, then 

1 d NA dCA 
kCA r A = - v dt = dt = 

Another single reaction could have a stoichiometric 

equation of 

A + B -+ R 

If one postulated that the mechanism which controlled its 

rate of reaction involved the co llision of a single molecule 

of A with a single molecu le of B , then the number of collision s 



of molecules A and B wou ld be proportional to the rate of 

reaction. Since ·the number of collisions i~ proportional to 

the concentration, the rate of disappearance of A is given 

by 

rA = kCACB 

Similar postulates of mechanisms are made for 

reactions in series. The rate constants are then evaluated 

6 

and the expression tested by experimental data. If the rate 

equation derived from the postulated mechanism predicts all 

experimental data, then the equation is considered satisfactory 

and is used for design and operational control. 

In a biological reaction, a corresponding express ion 

is desirable whi ch will stipulate how the feed rate, feed 

concentration, temperature and other system variables affect 

the rate of reaction~ When compared to a chemical reaction 

the problem is much more difficult because of the variability of 

a living system. Bacteria can change reactant A into a final 

product along a network of possible reaction paths. The unique 

path may depend on the species of bacteria, the physical environment 

(temperature), the chemical environment (concentration, pH) 

as well as the composition of A. Thus any proposed mechanics 

will be complex. 

In experimentation, the concentration of each of these 

sp~cies of bacteria must be determined to calculate the net 

rate of reaction. With a pure culture only one type of 

organism is present and therefore experimental determination 

and possible variations are greatly reduced as compared to a 
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mixed c ulture . In a mixed c ulture, it i s presently i mpossib le 

t o s tate the exact c onditions of experime n t ation . Therefore, 

in repeating an experiment, the reaction r ate could be ei ther 

reproduceab le o r vastly d i ffere n t d epending o n the culture 

used. Reproduce a b l e r esults cou l d be obtained f or t h r e e 

r easons: i dentical conditions, a complex network where more 

than one reaction path will g ive the same resultant information, 

or sufficient restrictions on t he system to sitpulate only one 

r e sult. 

The e xpression for t h e overall kinetics of any system 

c a n be derived by formulating a mass balance. In a mass balance, 

t h e mathematical equation for the r a te of mass change (growth 

of organisms) in a completely-mi xed continuous flow system with 

no return flow is e xpressed as follmvs: 

dM 
dt- = 

Q 

K M - Q_ H 
m V 

VOLUME V 

Q 
M 

whe re M = mass con c entration o f materia l reacting (amount 

of o rganisms) 

(1) 
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dM dt = r ate of mass change (growth of organisms ) 

Km = reaction rate (growth r ate) for a unit mass 

v = volume of the vessel 

Q = hydraulic flow rate into and out of the vessel 

v 
Q 

= mean residence time 

This expression states that the rate of mass change is the 

difference between the amount of growth (K M) and the amount 
m 

of wash-out (~ M) in a unit time . When steady state is 

h d h f h dM . 
reac e , t e rate o mass c ange dt lS zero . Then the 

growth rate, K , is wholly a function of the hydraulic rate 
m 

of flmv, Q. That is Km equals ~ or Km is equal to the 

reciprocal of the detention time. 

Spice r (1955) showed that the system can only be stable 

if the growth rate, K , decreases as the concentration of 
m 

organisms increases. This fact applie s to an organism 

dependent on a nutrient factor which is present in such a 
(• 

limiting quantity that s mall variations in concentration can 

cause corresponding variations in the growth rate. In this 

case K , the growth rate, is some function of the limiting m 

nutrient concentrat ion. 

The net rate of change of nutrient concentration is 

obtained by another balance. This balance, initially presented 

by Monod (1950) and also derived by $picer (1955) and Herbert 

et al (1956) is represented in the equation 



dC = dt 
0 c _ g_ C-K 
v 0 v c 

where dC rate of change in dt = 

limiting nutrient 

Q 
c 

concentration of 
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( 2) 

the 

c = concentration of nutrient in the influent 
0 

c = concentration of nutrient in the vessel 

and effluent 

Kc = function describing 

the nutrient by 

The term KC can be expressed as 

K M 
rn 

KC = -y = KCM 

the 

the removal rate 

organisms 

withY the yield consta.t . The y~eld constant is that 

fraction of the total nutrient concentration which is 

synthesized to become the organism mass, M. 

o f 

When the steady state is attained with r e spect to 

dC the nutrient concentration, then dt will equal zero to 



1 0 

giv e 

( 3) 

Theoretically, ~~ and ~~wi l l e qual ze ro at t he s ame time, 

so t h at K m 
Q 

equals v· M M 
Then (C

0 
- C) equals y or Y equa ls c _ c· 

0 

Therefore, three terms c a n be calcula ted: the yield constant, 

Y, by knowing M,C and C a t s teady sta te; the growth constant 
0 

Km ' at steady state by knowing the flow rate, Q, and volume 

o f vessel, V; and K , the nutrient removal rate for a unit c 

mass of organisms. 

As previously me n tioned, the g rowth constantr Km' 

s hould be some function of the limi t ing nutrient C. The 

r e lationship between Km and C can be experimentally determined 

by evaluating C a t d ifferent steady states selected by the 

0 /V value. A series of yield constant s will also result. Thus, 

it is possible using equat ions (1) and (2) to calculate the 

condition at any other steady state by the relationship for 

K andY. 
m 

This development has assumed that the growth rate and 

unit carbon removal rate are directly related by the yield . 

'rh is restriction may be i ncorre ct. In addition, the theory 

h a s been developed using the p remis e th a t steady state can 

b e attained. The limits of v a ri a tion used to define steady 

s tate e xpe rimentally is t he r e fore i mportant. 

2 .2 REPORTED STUDIES 

Monod (1949) r eported extens i v e studies of the growth 

of bacter i a (E .coli a nd B . subtil i s) unde r ae r obi c conditions ----
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in a simple media containing a s ingle c arbohydrate in 

concentrations of 25 - 300 ppm . These studies were 

carried out unde r batch conditions. the rate of 

growth, studied in r e lation to t he c o nce ntra tion of 

nutrients, was found under a number of conditions to be 

correlated by he rela tionship 

Km = k -=--c--:---=-o c1 + c 

where k = the maximum rate of grmvth at infinite concentration 
0 

C = concentration of nutrient remaining 

c
1 

= a constant with the dimensions of concentration 

and equal to the concentration of nutrient when 

the actual rate is 1/2 k 
0 

It was stated that several mathematically different formulations 

could be made t o fit the data . However, it was both ''convenient 

and logical" to adopt the above _hyperbolic eql..lation since it 

was similar to the Michaelis equation for enzyme reaction. 

With pure cultures of bacteria, end-products of 

organic matter may form which stil l have a BOD but do not 

serve as food for further growth of this culture. In a 

mixed culture, it is possible that there will be organisms 

present that can utilize the end-products of other organisms 

so that when growth ceases, there will be very little organic 

matter remaining other than the organisms. ~vith this idea, 

Garrett and Sawyer (1952) conducted experiments to determine 

"Whether or not the kinetics of t h e removal of 

BOD by mixed cultures follows the same re lationship 

that h a ve been found to apply to the uti lization of 

individual substances by pure c ulture s of bacteria". 
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Batch studies were performed which indicated that 

the rate of growth was a constant for the synthetic waste when 

the ~limitinguorganic nutrient was present in an excess 

concentration. The organic nutrient was one of glucose , 

peptone, or a combination with equal parts of each. Identical 

rates were obtained when measuring the soluble BOD remaining 

or the oxygen utilized. 

In the continuous study only peptone at one concentration 

was used. The apparatus was operated continuously for three 

days at each of three detention times ranging from 6 to 20 

hours . The relation between _the rate of growth (calculated 

by taking the reciprocal of the detention time) and the 

soluble BOD remaining (ranging from 30 to 80 ppm) was assumed 

to be linear. The validity of steady state being obtained 

within three days may be questioned when considering 

the resul ts of ~ater research, Busch and Myri ck (1960) . 

As continuous flow theory became known, researchers 

conducted experiments to test its validy and range of 

applicability. Herbert et al (1956) described in detail the 

theory of Monod and Novick and Szilard and applied this 

theory to pure culture work with Aerobacter cloacae using 

glycerol as the sole carbon source and growth-limiting 

nutrient . Quantitative data was obtained on steady state 

bacterial and substrate concentrations at twenty-one different 

flow rates for one glycerol concentration. They were able to 

operate a pure culture system for months without any detectable 

contamination from mutation. Steady state conditions in 
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b a cterial concentra tions we re wi th i n the r~nge of 95 perc e n t 

c onfide nce limits in t ests run for as long as 34 hours . Wh en 

the flow rate wa s ch a nged , a 24 - hour period was allowed for 

stabilization before taking samp les for bacterial concentrat ion . 

Using the v alues of growth rate and yield constant 

obtained in batc h culture experiments, theoretical and 

experi~ental comp a r ison s were made for the continuous flow 

studies . There was a definite deviatio n with t he bacterial 

concentration being higher and substrate concentrat ion being 

lower in the continuous than the values expected based on 

the b atc h experiments. Steady state conditions were achieved 

a t flow rates which s h ould have c aused "wash- out". The 

growth r ate of batch and continuous cultures may be different 

or the wash- out rate may be less than p redicted . Also, the 

yield constant (Y) which at low dilution rates had the same 

value as was found in batch culture experiiTlentation, sho'!:7ed 

a definite tendency to decrease at higher dilution rate s . 

A n umber o f experimenters (Monod, Novick and Szilard , 

Spicer, Herbert) have r egarded t he growth rate (K ) of a m 

bacterial culture growing under conditions of nutrient 

limitations as a function only of the concentration of the 

limiting nutrient. Contois (1959 ) from studie s of continuous 

culture of Aerobacter aero_genes indicated that the grmvth r ate 

was a function of bacterial density as we ll as the concentrat ion of 

t h e limiting nutrient. He also reported the yield constant (Y) 

to be inde pendent o f the growth rate (reciprocal of the de t ention 

time at steady sta te) . It should be noted that his d e tention times 
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were always less than six hours. 

A possible reason given for the growth rate expression 

was an inhibition of the growth process by end-products of 

that process. Since the yield constant was independent of the 

gro\vth rate, then the concentration of end-products of the 

growth process probably was related to the bacterial density . 

Thus, the appearance of bacterial density in the growth 

rate expression may be due to what is primarily an effec t 

of concentration of end-products. 

Stack and Conway {1959) studied the degradation of a 

dextrose solution using a mixed culture in a completely­

mixed, continuously-fed, oxygen utilometer. They reported 

that as the detention period was shortened, the amount · o f 

work accomplished per unit volume of aeration capacity 

increased. Also, the amount of nutrient oxidation bec ame 

less significant with the net result of the production o f 

more solids and the consumption of less oxygen per unit o f 

organic waste removed. 

Gaudy et al {1960) reported the results from a completely­

mixed unit with recycle. The unit was operated at o ne 

detention time (24 hours) and one feed concentration 

(1000 mg/1 glucose) for three months. The time between 

analyses varied from one to fifteen days. The soluble 

effluent concentration as COD varied from 125 to 205 mg/ 1 

while the biological solids, measured· using a membrane filter , 

ranged from 820 to 1170 mg/1 . With a removal efficiency of 

80 to 88 per cent they concluded tha t the unit provided a 



"fairly constant biological sys·tem based on organic removal 

efficiency". 

The work reported by Busch and Myrick (1960) using a 

glucose waste found that no food-population equilibrium using 

a mixed culture could be attained in a continuous system after 

operation at one organic loading for as long as 103 days . 

Washington and Symons (1962) repor ed studies on a completely­

mixed system operating on an extended- aeration cycle (24 

hours detention). They stated that the "active mass" attained 

steady- state in two to five weeks while the "endogeneous 

15 

mass" continued to increase through the fifteen weeks of study 

without any indication of becoming steady . Based on preliminary 

studies Hetling, Washington and Rao (1964) felt that steady 

state could not be maintained using a mixed population 

similar to activated sludge, however, no data was presented . 

Similar observations on population dynamics and selection 

in continuous mixed cultures were reported by Cassell, 

Sulzer and Lamb (1966). Their experiments revealed that 

mixed culture systems are very dynamic and that the 

phenomena of selection and predomination strongly influence 

the microbial behaviour. 

In addition to studying the possibility of steady state 

a number of researchers have reported work and postulated 

reasons for variations in solids production both on batch 

and continuous systems. Rao and Gaudy (1965) presented an 

extensive summary of studies on carbohydrate wastes concerned 

with the prediction of sludge yield. Their review of the 



literature found that even for the simple carbohydrate glucose, 

a considerable range of cell yields had been reported (28 to 

64 per cent). In order to gain further insight into the 

constancy of the cell yield they performed a long mixed 

culture study .under "highly controlled operational conditions" 

using glucose as the only carbon source. This study was 

carried out using three batch systems which ~ere fed a 

constant concentration of glucose daily . 

Results of this work indicated a statistical range of 

yields from 48 to 82 per cent from which they concluded that 

variations in yields were most probably the result of 

variations in predominance of the microbial populations. These 

changes in predominance were considered random and were brought 

about solely by interaction between the organisms (sinc e 

conditions were controlled) . Further it was stated that to 

expect the cell yield to be s6lely a function of the structure 

of the substrate or the free energy of the substrate was a 

"totally gross simplification". (A discussion which rela ted 

the free energy content and cell yield wa~ presented by 

Servizi and Bogan (1963)). 

The relationship between solids yield and detention time 

was traditionally cons idered a constant . Reports of pure 

culture studies by Hetling, Washington and Rao (196 4) and 

mixed culture studies by Reynolds and Yang (1966) indicated 

a straight line relationshi~ for yield with detention time. 

A non-linear decrease of yield with shorter detention times 
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was noted by Schulze (1964). However, Martin and Washington (1965) 



using pure cultures wi t h detention times from 1.67 to 2.5 

hours observed a maximu. yield at the 2 hour detention time . 

Genetelli and He ukele ki an (196 4 ) experimenting with different 

substrates noted that sludge yields \vere influenced by the 

chemical composition of the substrate but that sludge yields 

were essentially constant regardl ess of loading for the 

same substrate. A fundamental consideration as stated by 

Hetling, Washington and Rae {1964) is that 

"Yield will vary with .different substrates and 

organisms o r even with the same substrate and 

organism depending on the metabolic pathway b y 

whic h the substrate is degraded". 

17 



CH.i\PTER 3 

EXPERP. ENTATI ON 

3.1 DES CRIPT ION OF APPAR~7US 

Th e main componen t of the a ppar a tus wa s the conical 

reaction vessel. Feed so l ution s were pumped from storage 

bottles into the top of t h e reactor at a constant rate . 

Aeration was used to completely mix the constant volume 

reactor and to supply t h e culture with oxygen. The reactor 

effluent was wasted c onti nuou s ly. The reaction vessel and 

associated equipment are sho"Ym in Figure 1, and represented 

schematically in Figure 2. 

The reaction vessel consiste d of an 8 litre capacity 

glass percolator which was modified by the addition of a 350 ml 

fritted - glass disc Buchne r funnel to the tapered end. The 

fri tted-glass disc, through which air ~1as supplied, was of 

medium porosity, giving both a resistance to the downflow of 

liquid and a good distribution of small bubbles for mixing . 

A 12 rnrn diameter glass spout for the effluent flow was 

attached at the six litre level. A plastic funnel with the 

interior coated with teflon was mounted in an inverted position 

to form a cover. A detailed drawing of the reactor is 

presented in Figure 3. 

Air from a compressed air line was filtered through a 

tube packed with glass wool and was saturated by diffusion 

through water contained in a plexiglass cylinder. A pressure 

gauge was attached to t h e cylinder., The air flow to the 

reaction vessel was contr olled by a Swagelok valve and 

measured by a RGI flovnneter. 

18 
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The liquid feed was pumped to the reactor by a combination 

of a model T-8 sigmamotor pump, a model DC - F Brailsford 

effluent sample , and an electrolytic pump as described by 

Symons (1963). An air gap existed between the supply lines 

and the reactor culture t o prevent ~ e backgrowth of organisms 

into the feed lines. 

The effluent from the reactor flowed through a "Y" piece, 

made of 12 mm diameter glass tubing inse~ted in the effluent 

spout , which served to keep the. liquid at a constant level 

and to prevent syphoning while withdrawing from below the 

liquid surface. 

3.2 ANALYTIC TECHNIQUES 

During the experimentation the concentration of dissolved 

organic carbon and non-filterable solids, and the pH level 

were measured twice daily on the reactor liquid. A microscopic 

examination was performed approximately o nce every two days 

to determine the general types and relative numbers of 

organisms present. 

Microscop ic examinations were made using an Olympus 

microscope with a phase con trast attac hment . Sufficient 

resolution was available to permit the observation of different 

stages in floc formation and the determination of different 

types of organisms present. 

For the o ther determinations a 50 ml 'Volume was withdrawn 

us ing suction, from approximately 15 em below the liquid surface 

of the reactor. Of t is, a 10 ml volume, sampled using a 
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broken tip pipette, was used for e ach de termination. This 

volume was filtered t hro ugh a 47 mm diameter Gellman membrane 

filter of 0.45 micron pore size usin g a vacuum pump. The 

filtrate was collected for c a rbon analyses and the solids 

retained on the filter \'las used for the solids determination . 

The pH level was measured o n the liquid remaining in the 

beaker using a mode l 76 Beckman pH meter and then the liquid 

was poured back into the reactor. 

Before filtration each wembrane filter was washed with 

a 100 ml of distilled water to remove any soluble carbon and 

dried in an aluminum weighing dish at 45°C for an hour before 

storage in a desiccator un til weighing and filtration. Afte r 

filtration, the filter plus retained solids was replaced in 

the aluminum dish, dried at 45°C for an hour, and cooled 
,, 

in a desiccator until weighing. All weighings were performed 

on a Mettler balance (Type Hl5) \<lhich could be read to the 

nearest 0.1 milligram . Solids determinations were done in 

triplicate . 

The standard method for measuring total solids is to dry 

the material at 103°C for an hour instead of 45 °C (Standard 

Methods 1965) . A 45°C temperature was used because of the 

fact that a 103°C oven was not always accessible. A 

comparison bet~veen total solids measured at 45°C and 103°C 

~s give n in Appendix A. A decrease in weight of 0.81 per cent 

for 103°C c onditions, plus or minus 0.63 per cent at a 99 per 

cent confidence level is i ndicated for the samples tested. 

A decrease in the we i gh t of the membrane filter of 16 hundredths 
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of a milligram was t aken into a ccoun t in the c alcuJ.at ions. 

The filt rate f rom filtrati on wa s p otrcd in t o a t est tube 

a nd tit ra ted wi th two d r ops of c onc entra ted hydro chloric acid 

\,,hich r educ ed the pH to l es s th an 2 . 0. The decre a se in pH 

converted a ny inorganic c arbon i nto carb on dioxide which was 

stripped from the liq uid b y bubb ling throuqh the liq uid an 

i nert gas of argon or helium for a pproximately five minutes. 

The total organic carbon remain i ng in the liauid v1as measured 

by injecting a 20 u l s ample into a model IR315 Beckman infra-red 

carbonaceous analyzer and recording the magnitude of the 

resulting output siqnal. The corresp onding carbon concentration 

in milligrams per litre wa s determined by injecting samples of 

sodium oleate of known carbon concentration to give output 

signals on both sides of the unknown, and linearly interpolating 

to get the carbon concentration. This standardization of the 

an~lyzer was done for each analysis. Three injections were made 

for each sample. Samples collected in the evening were capped , 

stored in a 4°C refrigerator, and analyzed with the samples 

collected the following morning. The glassware used for 

the carbon analyses was soaked in chromic a cid solution 

(Standard Method 1965), rinsed in tao water and distilled 

water and oven dried. 

3. 3 NU'l'RI ENT SOLUTION 

The nutrient solution was pumped to the reactor using 

two tygon feed lines. One feed l ine supplied tap water 

supple~ented with ferric c hloride, maqnesium sulp h a t e and 

p otassium phospha te so l u tions, and the other line s upplied 
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demineralized distilled water supplemented with dextrose and 

ammonium phosphate. The ratio bet\>1een tap water and distilled 

water was 10: 1 or larger. The exact amount of chemicals 

added is given in Appendix B. Dextrose used as the carbon 

source was the limiting substance for growth. 

A number of methods of supplying the feed solutions were 

tried before it was decided to pump the two solutions 

mentioned. The first involved the use of gravity feed with 

flow rate controlled by a valve but the collection of air 

in the valve prevented a constant flow rate. When all 

chemicals were mixed in one container the growth of bacteria 

caused a blockage in the feed line and a reduction in the 

c arbon concentration being fed. An attempt to cool the feed 

using a copper coil did not significantly retard the growth 

of bacteria to make this method suitable. The pumping of 

two solutions seemed the only method without the sterilization 

of all equipment and solutions. 

In preliminary work, it was assumed that sufficient trace 

elements were available in the tap water so that only the 

addition of ammonium phosphate \vould be necessary . The 

limited degradation of carbon that resulted indicated a 

deficiency of at least one element. Chemical analyses of 

the tap water revealed a limited concentration of iron and 

potassium, and to a lesser extent, of magnesium. The 

addition of the chemicals previously mentioned remedied 

this situation. The results of the chemical analyses of the 

tap water are given in Appendix C. 



3.4 OPE~~TING CONDITIONS 

In the control and analysis of a system, the terms ­

variables and parameters- are used to describe the system. 

2 6 

A variable is a factor which can be externally controlled 

by adjusting valves, i.e. flow rate. A parameter is a term 

used to de scribe a factor which results after a variable has 

been changed, i.e. detention time, turbulence, effluent 

carbon concentration. 

In this study, the reactor was operated with the feed 

rate and carbon feed concentration being the only two 

variables. The feed rate to the reactor was varied to give 

a range in deten~ion times from 5.6 to 20.0 hours based on 

the influent flow. The carbon feed concentration ranged 

from 400 to 1025 milligrams per litre. 

The temperature fluctuated between 23°C and 27°C with 

a maximum change in any given day of two degrees. The air 

flow through the reactor was approximately 9000 ml/min or 

1.5 litres per minute per litre of volume. This flow was 

maintained throughout and was sufficient to give a saturated 

dissolved oxygen condition. The pH level of the culture 

was never adjusted throughout the experiment . The pH range 

for all conditions was from 4 .85 to 8.05 (wash- out) with the 

pH level normally 6.5 ± 0.5. 

3.5 I NOCULUM FOR CULTURE 

Initially, the rea ctor was i noculated with raw sewage 

which had been · fi lter ed through a Watman No. 2 filter. Later 
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the reactor was inoculated using the effluent from a reactor 

which was operating favourably. No method was used to favour 

the growth of a specific type of organism. If fungi 

predominated the reactor was emptied and reinoculated . The 

growth of all forms of bacteria and protozoa was considered 

permissible. 



CHAPT ER 4 

ESULTS 

4 ll INITIAL EXPERHIENTI'..':.:'ION 

I 
Initial laboratory work involved refining tre control 

of flows to the system and modifying the feed media until a 

suitable solution was developed. The schedule of ekperimentation 

vrhich followed this initial work, is outlined in Figure 4. 

The first series of experiments determined the range 

of flmvs and feed concentrations, and the effect these 

variables had on measured parameters . ·The data from all the 

experimental conditions is presented in a tabulated and 

graphical form in Appendix D. 

Feed concentrations of 1025 and 600 mg/1 carbon were 

run at a 12 hour detention time. The difference in effluent 

carbon or carbon removal rate for the change in feed 

concentration was slight. With the change in feed concentration 

the organism mass decrease to adjust to the decrease in 

carbon feed. This resulted in the same unit carbon removal 

rate existing for both feed concentrations. This would 

indicate that a given unit carbon removal rate is defined by 

a 12 hour detention period. 

Experimentation at a 3.5 hour detention period was 

only run for approximately 8 detention times. It was then 

concluded that washout wa s occurring, so the detention time 

was adjus ted to 20.5 ho.urs. Results of analyses revraled 

that the effluent carbon concentration was no lower a 

20.5 hours than at 12 hours. Similar results we re obtained 

at a 9 hour detention time until organi sms producing a 

28 
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F.GURE 4 

EX PER If'·:E f' lT p,L SCHEDULE 

REACTOR # 2 

12 hour , 10 25 mg/ 1 c a r bon 

I 
12 hour , 600 mg/ 1 c arb on 

I 
3 .5 h our , 600 mg/ 1 c arbon 

20.5 hour, 600 mg/ 1 c arbo n , 

9 hour, 60 0 mg/1 c arbon 

REACTOR # 1 REACTOR # 2 
7 hour, 600 mg/ 1 c arbon 7 hour , 600 mg/1 c a rbon 

I I 
5.6 hour, 400 mg/ 1 c arbon 5. 6 hour , 800 mg/ 1 c arbon 

8 . 4 ho u r , 400 mg/ 1 carbon 8. 4 hour , 800 mg/ 1 c a rbon 

I 
7 hour, 600 mg/1 c arbon 

I 
7 hour , 600 mg/1 c arbon 
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water soluble, coloured pigment predominated . The results 

of these orcranisms "'ill be discus sed later, under "Effec t of 

Pigment Production". 

It s hould be noted that the effluent c arbon at the 

9 hour detention was even less than the 12 or 20.5 hour 

pe riods . Thus , detention ti~es as short as 9 hours had no 

limiting effect on the effluent c arbon . 

4 .2 PAR~LLEL RUNS 

With the knowledge that detentions of 3 . 5 hours 

would cause washout and 9 hours had no adverse effect, an 

experimental desiqn known as a "central composite rotatable 

de sign" t.•.Tas set- up using 7 hours·, 600 mq/l feed as the c entre . 

Detention times of 5.6 and 8 .4 hours were the quarte r p oints 

at feed c oncentrations of 400 and 800 mg/ 1 . Experi~ents 

were not performed for all conditions i n the design bec a use 

the variation in r epeating a c ondition was at least a s 

grea t as the v ariation bet\•Jeen c onditions . Th i s made t h e 

res u lts unsuitable for statistical analysis. 

A typ ical plot , similar t o those in Appendix D, of 

variations o f t hree parameters - effluent carbo n, orqanism 

mass and c arbon removal rate - is presented i n Figure 5 for 

the conditions of 8 . 4 hours, 400 mg/1 feed . The method 

used to calculate the c arbon removal rate is c on t ained in 

Appendix E. 

From the experimental s chedule, it is noteo th3t 5 . 6 

hou r, 800 mq/1 was the conditions previous to this run . Thus , 
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with an increase in detention time and decrease in feed 

concentration one would expect a decrease in effluent carbon. 

However, there was an increase in effluent carbon before 

equilibrium resulted. This may possibly indicate that a 

change in influent conditions can stimulate a change in 

metabolic activity. This change may give adverse results 

as indicated by the graph. 

Since influent conditions are maintained constant 

for a given run, the terms from equation (3), as previously 

presented in the theory, can be rearranged to give a linear 

• 
equation for organism mass, Appendix F. This equation 

M = (- 1 - K 
c 

g_) c + 1 
V K c 

9.c v 0 

expresses mass (M) as a function of effluent carbon concentration 

(C) for given experimental conditions (Q and C ) and rates of unit 
0 

c arbon removal (K ) • The relationship for 7 hours, 600 mg/ 1 . c 

feed is graphically presented in Figure 6. 

When experimental data is plotted on this graph, a 

number of qualitative effects can be determined by observation . 

(1) When the organism mass increases at the same 

effluent carbon concentration, then the yield 

has increased to decrease the unit carbon removal 

rate . 

(2) When the path of change between data points is 

parallel to the lines of ·constant carbon removal 

rate, then some "internal" factor is effecting 

the rate si~ce the unit rate is not d e pendent 

on ·the "limiting" c arbon concentration. 
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(3) "Steady s tat e " is when all the data is at one 

point. 

Using the above cowments, t he resu l ts of v a rious 

runs are considered by o b serving the data as plotted 

according to the method described. The first parallel run 

at 7.0 hours, 600 mg/1 feed is presented in Figure 7. The 

variation in effluent carbon is small compared to the feed 

carbon concentration. Most of the variation in rate is due 

to a change in yield with the yield approximately doubling 

betv1een the extremes. 

The results of a second parallel run at these same 

conditions of detention time and feed concentration are plotted 

in Figure 8. The variations in effluent carbon and organism 

mass are a result of "internal" effects since the locus of 

change is along the lines of constant unit carbon removal 

rate. In this parallel run, the path of variations for the 

two reactors was very similar even though' the range in the 

magnitude of the parameters was large. The final effluent 

carbon concentration and unit carbon removal rate for this 

run are comparable to the previous run at 7.0 hours, 600 mg/1 

feed condition. 

It was noted that there was considerable foaming of 

the reactor contents at the higher effluent carbon conc entration . 

This foaming condition is thought to be a result of the 

organi s ms present rather than the carbon concentration. 
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Ef fluen t c arbon concentra tion s a t 7, 9, 12, and 20.5 

ours were very simila r. Equal ly low c arDon con c e ntrations 

were obtained at the 5.6 hour detention time. Thu s, detention 

time seems to have little e ffect on the effluent carbon 

concentration over the range .studied. 

Parallel runs at 8. 4 hours but with different feed 

concentrations, 400 and 800 mg/1, are presented in Figures 9 

and 10 respectively. These runs h ad a duration in excess of 

200 hours. In contrast to the parallel runs at 7.0 hours , 

these runs did not follow a similar locus. This may be a 

result of differences in feed concentration but is probably 

due to a change in predominance of a s pecies of organisms . 

This predominance howe ver, may have occurred because of the 

difference in feed concentration. 

4 .3 EFFECT OF PIGMENT PRODUCTION 

During early experimentation with the reactors , the 

culture changed from the tradional yellow- white colour to 

tan, orange, and red . The intensity of colour and predominance 

of any one colour varied with time. This culture was 

discarded and the reactors were reinoculated with a new 

culture for the study described under Initial Experimentation. 

During the latter part of the 9 hour, 600 mg/1 feed run , 

"pigment" producing organisms again predominated. A plo t of 

organism mass and effluent organic carbon with elapsed time is 

presented in Figure 11. It is no t e d that the effect of the 

p igment, or else the surviving orga n isms resu lt in a lesser 
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carbon reduction . 

A review of the literature (Kluyver 1956) indicated 

that these pigment producing organisms are a rare Pseudomonad 

species known as Pseudomonas aureo~aciens . It is noted that 

pigment p rodu ced from these organisms was water- soluble . The 

work of Cassell, Sulzer and Lamb (1966) also indicated the 

production of v a rious colours ; however, these pigments were 

only alcohol - soluble . 

4 . 4 I'liCROSCOPIC OBS:CRVJI.TIONS 

Sufficient information was not obtained from 

mi croscopic studies to determine any trend in predominance 

of organisms. It is thought that chanqes in predorrinanc e 

of the species may c ause the variations in yield and 

effluent organic carbon . 

The or~anirns were mainly disn~rsed r ather than 

in clumps of f~oc. Variation in results of organism mas s 

and e ffl uent organi c carbon did not seem related to the 

amount of dispersion of the organisms . 
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DISCUS SIO~'! 

cm~CEPT 

The \·Tor~: repo1:-tcd b~l no nod ( 19 Ll9) , l;ase(l on batch 

studies, g~ve a fun c tion2l relatio~ship between the unit 

<]rmvth rate and the lim.i.ti.:1g nutrient concentration (cc:1rbon 

~n this study). The rel3tionship i n the form of o hynerbolic 

equatio:1 st.:1ted that there \·.'as a naximum growth rate when 

the lirr.i tirg nutrient \-,'as no longer limi tin<}. \•!hen the 

nutrient was limiting, the unit growth rate was controlled 

by thi s limiting concentration . The hyperbolic form was 

based on a correlation r athe r than some postulated me chanisms 

as used in chemical rea ct i ons . 

tvhen equations were developed to express the overall 

reactions in a complete l y - mixed reactor, a unit growth rate 

te rm was used. These equations when solved for the steady 

state cond ition indicated that the unit growth rate was 

equal to the reciprocal of the detent ion tine. 

Experimental wor k, aimed to determine the relationship 

for the growth rate as a function of the limitino nutrient, 

was then performed by setting the d etention, whi c h gave the 

g rowth rate, and evaluating the limiting nutrient which 

resulted. This was the me thod used by Gar rett and Sawyer 

(1952) , for mixed c ulture, and by Herbert et al {1956) and 

Schulze (1964) for pure c uJtures. 

The results of these experinentors ~ave b asi c al ly a 

li~ear relationship for unit growth at low nutrient levels 
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evaluated at steady state. For studies conductee to short 

detention times (one hour) the nutrient concentration increased 

in a hy?crbolic manner. 

The results of this study, as p esented in Firure 12, 

sucgcst that there is no specific relationship for the 

conditions tested. Although a range of 5.6 to 20.5 hours 

w2s studied, which gave a res'"lcctive range in groHth rates 

from 0.179 to 0.053 hours - 1 , the effluent carbon remained 

essentially constant. High effluent carbon concentrations 

were more a result of adverse conditions for organism growth 

than the feed carbon concentration. 

If the bacterial grov7th \>Tas controlled as a result 

of a limiting nutrient concentration, then mass transfer theory 

should explain the results. With an increased concentration 

of limiting nutrient, the transfer of nutrient would increase 

permitting a hig~er growth rate. This statement describes the 

results from most studies. The results of this study indicated 

the growth rate to be independent of the effluent carbon 

(limiting nutrient) . Therefore, it was not the mass transfer 

rate of carbon which controlled the reaction, but some other 

factors. 

Since the effluent carbon is basically constant with 

growth rate (except for two conditions) this suggests that 

there will always be a residual carbon concentration (approximately) 

15 - 20 mq/1 carbon for this study) . Until the detertion time 

is less than 5.6 hours, there is sufficient time to reduce all 

~vail able carbon (e~:cept ":or the t\•70 "adverse'' conci tions) . The 

fact that growth rate increases is a result of it beinry equal to 
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the reciprocal of the detention time a t steadv state. As the 

detention time is shortened to less than 5.6 hours, a ooint 

will be reached where time does not permit organis~s to be 

roproducec in sufficient quantities to reduce the ~arhon to 

~he re sidual level. This condition reay he co~trollec by the 

92neration time of the orq2nisres, by the limitations of 

transfer of nutrients, or ~ossibly both . 

5.2 DEPE~DENCE OF EFFLUEKT NUTRIE~T (CARBON) CONCr~TRATIO~ . 
-------·--- --··--Y 

The eff luent nutrient, as ciscussed under "Unit 

GroHth Rate", is basically controlled by the flmv rate 

(de tention time) provided conditions are satisfactory for 

gorwth. The concentration of nut!:"icnt being fed, hov1ever, 

only affects the effluent nutrient until conditions come to 

equilibrium . At eauilibrium the effluent nutrient will be 

dictated by the detention time, provided the nutrient c oncentration 

is above some residual level. The effect caused by various 

feed concentrations is to change the ~ass of organisDs to a 

number sufficient to re~uce the nutrient to a concentration 

specified by the detention time. These statements are 

stipulated by t . . e equations presented in the Theoretical 

Development, Section 2.1. 

This dependence of effluent nutrient and or0anism mass 

on flow rate and fee~ concentr ation is in agreement with the unit 

rate concept. A unit rate is determined by the flow rate . The 

orau.nis:-.1 ~ass then ad-~sts u~til the mass actina at some 
' -

unit rate can decrease the nutrient feed to the conccnt ation 
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~eterrnincd hy ~he detention time. 

Although there are many studies which report the 

relationship of effluent nutrient co~centration with ~etention 

time , the effects of various fee d concentrations is very 

limited . The results of this study, using the data as 

plotted in Figure 12, indicate that the effluent concentration 

is.not dependent on the feed concentration. This is in 

agreement with the theory, The effect of detention time, 

as discussed previously, was not significant over the range 

studied. 

5.3 CONCEPT OF YIELD 

The yield factor Y is given as the r ati o of the 

weight of organism mass produced to t~c weight of nutri ent 

removed . The i mportance of knowi~g and optimizinq the yield 

has been emphasized with industrial fermentation processes . 

In waste treatment a minimum yield is desirable since this 

results in lower cos ts for solids disposal. Experi~entation 

using pure cultures has resulted in smooth curves while those 

wi th mixed cul tures have shown considerable variation in 

results. 

Herbert et al (1956) found the yield to de c rease 

~ith a decrease in detention time as did the work reported 

by Schulze (1964). Both studies were with pure cultures. 

Other pure cultures studies such as Contois (1959) ~~ich 

observed the yield to be independent of detention tiMe 

or Martin and \~ashington (1965) which reported a m2xi~um 



yield, indicate a non-uniformity of effects. 

l'lixed culture studies have been fev1er in number. 

The "highly controlleO." study by Rao and Gaudy (1965) found 

a range of yields fro~ 48 to 82 per cent. The results of 

Reynolds and Yang (1966) indicated a straight line 

relationship for yield with detention time. Genete lli 

and IIeukelekian (1964) felt that sludge yields for one 

substrate were constant regardless of loading. All their 

studies were done at a detention of six hours. 

Reported studies indica·i:e a mLl1ber of rela·tionships 

to seemingly exist. In considering what may effect the 

yield, different approaches can be followed. If t he 
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reaction was strictly a chemical reaction a stoichiometric 

relationship would exist to give a constant yield independent 

of detention time. 

With a biologica l system, it was stated by Hetling, 

Washington and· Rao (196 4) that the yield will vary "depending 

on the metabolic path".vay by vlhich the substrate is degraded". 

This statement appears f undamentally correct for more or less 

energy is produced depending on the series of reactions from 

reactant to product. The species of organism and enzymes 

it uses may further effect the yield. 

Rao and Gaudy (1965) considered it a gross simplification 

to expect the cell yield t o be solely a function of the 

structure of the subs trate or the free energy of t~e substrate . 

Th is "thermodynamic " approach by correlating free energy to 

yield pre - concludes t hat only one metabolic pat~way will be 
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follmved; that is, the work done in reducing the substrate is 

only related to the free energy (a state function) by 

following one path of reactions. 

Relating yield with detention time may give a unique 

correlation because of a "sorting" process due to detention 

time. As the detention time is decreased , organisms of short 

generation time will be in an advantageous situation. These 

organisms may have a unique reaction path for growth, giving 

a different yield. There may also be an influence due to an 

increase in concentration of limiting nutrient or decrease of 

organism mass permitting a less restricted environment for 

growth. 

A graphical representation of the yields with 

detention time for this study is presented in Figure 13 . There 

is considerable variation of yield both at one detention time 

and with detention time. These variations suggest that 

conditions within the reactor, i.e. organisms, have more 

i~fluence in determining the yield of a mixed culture than a 

c ntrolled variable such as detention time. Experimentation 

a two different feed concentrations at three detention times 

g~ve no trend to suggest that yield was dependent on feed 

c 4ncentration. 

5.4 K:l\SS OF NUTRIENT REMOVAL PER UNIT VOLUME OF REACTOR 

I In formulating equations to describe the overal l 

p ocess in the reactor, mass balances .were used for organism 

m~s s and nutrients . The mass of nutrients removed involved 

both the flow r ate and the feed concentration. Stack and 
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Gonway (1959) in studying the de~radation of a synthetic 

ccxtrose waste stated that as the detention period was 

~
hortenee the asount of work accomplished per unit volume of 

era~ion capacity increased. In this study, it has been 

oted that the same lm·! effluent carbon concentration 

be obtained for short as well as for longer detention 

even at the same feed concentration . This means that 

he mass of nutrient (carbon) removal has increased per unit 

volume of reactor since the detention time has decreased. 

I This effect may be partially explained by repeating 

1 previous statement, that only when the detention period is 

sufficiently short to affect the effluent nutrient will there 

be a limiting condition possible such as to make the mas s 

of nutrient removal constant as the detention'time is 

d creased. In this work as well as that of Stack and Conway, 

a condition of this limiting nature was not experienced. 

5.5 STEADY STATE CONDITION 

Steady state for a continuous flovl system has been 

r leported to be both obtainable and unobtainable \,ri th the 

mlajori ty of studies using pure cultures of organism a chieving 

t e steady state condition. The longest.run by Busch and 

rick (1960) was for 103 days; during this period no 

c uilibrium could be attained. Cassell, Sulzer and Lamb (1966), 

w'th runs from 40 to 101 days in length, observed tha t all 

rameters \vhi c h reflected biological activity fluctuated 

c ntinuously . All of these studies were with mixed cultures. The 

MILLS. MEMORIAL LIBRARY 
McMASTER UNIVERSITY 
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r e sults of this study have also exhibited fluctuations in 

t e parameters measured. Not all runs had the same extremes 

i fluctuations and most runs had some period (30 hours or 

m re} during which the variation was slight. However, if the 

r n was performed for a sufficient period, it is felt that 

p onounced fluctuation would occur. 

The population dynamics in the work by Cassell , 

S lzer and Lamb (1966) was indicated b y the colour of 

a l cohol - s o luble pigments. Four different pigments were 

oBserved during the study and each exhibited a chara cteristic 

a , sorption peak on a spectrophotometer. The absorbance peak s 

o j a c ulture were compared t o each d i fferent pigment absorption 

t es~ima~e the concentration of each pigment. From 

q ant1tat1ve analyses o f pigment composition, it was indicated 

t detention times (4 .5 t o 76.5 hours) the pigment 

c ncentrations was subj ect to daily fluctuation. Two 

different types of fluc tuations occurred: one or t\•70 pigments 

p ledominated continuously, but fluctuated in concentrations 

f om day to day; and several pigments appeared and disappeared 

irregular fashion, in addition to showing fluctuations in 

centration. They also noticed tha t detention time was 

a elective factor in determining the dominant pigment. At 

rter detent ion times certa in pigments were not observed. 

Fluctuations in bio logical parameters (absorp tion 

microscopic analysis) were l argely non-random in time. 
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I~ was assumed, therefore, that the fluc tuations were the 

of various microbial interactions occur,ing in mixed 

The fl u ctuations in performance parameters {organism 

ss and soluble COD) were less pronounced; however, the 

rformance was closely associated with the behaviour of the 

m crobial populations. 

In the work of Cassell, Sulzer and Lamb, the dynamics 

w,ic~ were evident, were considered to occur due to mi c robial 

s~ec1es competing with each other for the available nutrients . 

v species had advantageous conditions during the run 

thus predominated. The certain species that predominated 

m have been determined by predatory bac teria which holds the 

p pulations of organisms in check. 

Shilo {1966) provided a summary bf the discove r y 

o f the Bdellovibrio bacteria (1962) and its various charac teristi c s . 

llovibrio bacteria are totally dependent for their ex i stence 

other ba~terial species, of which they are parasites . The 

teria can attack and lyse (dissolve) other species o f bac teria 

have a world- wide distribution. They are present in soil , 

se r water and especially prevalent in sewage . One very u nique 

prr perty is that they are active against certain groups o f 

bar teria and completely inert against others. Als o , 

Bd llovibrio bacteria can exist for several months in a 

ho \ t - fr ee media. 

The time required to comple te a parasitic cycle from 

atuacking a host to lysing of the hos t, depends o n the previous 
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activity of the parasite. The parasitic cycle has been 

reported by Starr and Baigent (1966) to be as short as 5 

hours. Therefore, in the population dynamics of this study, 

Bde llovibrio bacteria may have been responsible for the 

fluctuations. The parasite could attack a predominant 

spe c ies causing a cessation o f growth, which would result in 

an i ncrease in effluent carbon until o ther bacterial species 

predominated . During o ther periods of a r un , no specifi c 

parasite would be available to attack the predominant bacteria 

and thus a period of relatively "s teady state" Hould result . 



6 .l CONCLUSIO!~S 

(a) The unit qrowth rate of ornanism was 

i:1depen~ent of ( i) f~ecl carbon concentration 

(ii) ef~lucnt carbon concentration 

over +-;w ranqe of detention and feed ca::-bon concentrations. 

'l'his unit grOi·.'th rate Has during a "s teady-staJce" condition. 

(b) The yield of organisms did not chanoe in 

any specific manner to indicate a dependence of yield on 

(i) flm.,r rate 

(ii) feed carbon concentration 

(iii) effluent carbon concentration 

The variation in v alues at one experimental condition could 

be 0reater than the vari ation hetv1cen t ·m different conditions. 

(c) The effluent carbon concentration was 

independent of ( i) flow 

(ii) feed carbon concentration 

fo r the conditions studied. This effluent carbon concentration 

•11as C.urir:g a 11 steady- state 11 conch tion. Effluent concentration, 

when greater than normal, were a result of conditions within 

the biological system rather than experimentally controlled 

conch tions. 

(d) The mass of carbon reduced per unit volume of 

reactor increased as the detention time decreased for the 

same feed carbon concent~ation. This was a result of the 

effluent carbon concentration not being limited for the 

~etentio~ ti~cs studied. 
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(c) 'l'h~ co·-.dition of "si:eady- st<J.tc" rt7as annroa chcd 

during some experimental conditions. Fluctuations whi ch 

occurred could res tlt from 

(i) v ariations in the predominance of 

species competing for existence 

(ii) predominant species being attacked 

by parasitic bacteria, i.e . 

Bdellovibrio, causing changes in 

the predominant species. 

6 . 2 RECm-'!J.1ENDA'riONS 

(a) This study has indicated that in order to 

comprehensively study a mixed biological system, it is 

necessary to knm'' as early as possible, when fluctuations 

are occurring. It is, therefore, recoiT~ended that some 

technia ue be developed whereby a rapid measurement will 

determine a change in composit ion of the biological 

population. A spectophometric technique as used by Cassell, 

Sulzer and Lamb may be suitable. The continuous monitoring 

of pH should also be considered. 

(b) During periods of fluctuation, the c arbon 

reduction was a function of biological mass and was 

independent of external v a riables (flow rate, feed concentration). 

To study this biological mass it is recommended that 

techniques be developed to determine 

(i) types of organis~s present during 

fluctuations 

(ii) c hanges in predominance of orqar:sms 
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(iii) possible effect of parasitic bacteria 

(c) Since glucose is rapidly assimilated by organisms , 

further studies to determine the effect of flow rate on 

effluent carbon concent~~tion should be confined to short 

detention tirees (less than 5 . 6 hours) . 
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APPENDIX A 

DIFFEnENCES IN WEIGHT FOR DRYING AT 45 °C AND 103°C 

The membrane filter paper was dried and weighed ·at 

both, 45°C and 103°C. These are the results: 

filter paper after filter paper after dif fere ce 
45°C l03°C f or 70 min . 

(grams) (grams) (grams) 

1.4506 1 . 4503 0.0003 

1.4596 1.4596 0 . 0000 

1.43105 1.4310 0 . 00005 

1.4829 1.4828 0.0001 

1.45925 1.4592 0.00005 

1.4524 1.45235 0 . 00005 

1.47315 1.4730 O. v0015 

1.4714 1.47125 0.00015 

Average difference 0 .00016 gm . 

After filtrations, 12 filters were dried and weighed 

at both 45°C and l03°C . These are the results : 

Sample 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

(1) (2) 

Filter paper + 
solids after 
45°C 

(grams ) 

1. 47105 

1.4619 

1 . 4469 

1.4559 

1.45865 

1 . 4526 

1.46455 

1.47695 

1 . 4663 5 

1.4547 

1. 4699 

1. 4686 

Filter paper + 
solids after 
103°C 

(grams) 

1. 4709 

1. 4617 

1.4 467 

1.4556 

1.45835 

1 . 4524 

1.46 43 

1.47675 

1.4662 

1.45 44 

1.4697 

1.46845 

(1) - (2} 100000 
((1} - (2) 
-. 00016) 

y' y 

0 . 00015 - 1 

0 . 00020 4 

0 . 00020 4 

0 . 00030 14 

0.00030 14 

0.00020 4 

0 . 00025 9 

0.00020 4 

0 . 00015 - 1 

0.00030 1 4 

0.00020 

0.00015 - 1 
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n = 12 ry2 = 752 s2(y) = 24.2 40 

Ey = 68 r•y2 = 752 - 5.667 X 68 s2(y) = 2.020 

y = 5.667 = 266.644 s(y) = 1. 422 

y'= 5.667 X 10 - 5 S (y I)= 1. 4 22 X 10- 5 

. 
The variation at the 99 per cent confider.ce level is 

± 3.16 x 1. 422 x 10-s = ± 4.38 x 10 - 5
• The average weight 

of the 12 samples used was 0.00697 grams. Therefore, a 

decrease in weight 0.81 per cent for 103°C conditions, plus 

or minus 0.63 per cent at a 99 per cent confidence level, 

Volk (1958). 



P..PPENDIX B 

NUTRIENT MEDIA 

For adequate nutrition of bacteria a C:N:P ratio 

of 40 :S:l is sufficient (Eckenfelder and O'Connor, 1961). 

By ensuring that nitrogen and phosphorus in any nutrient 

med ium are far in excess of this requirement, carbon is made 

the limiting nutrient. 
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Dibasic ammonium phosphate, (NH 4 ) 2HP0 4 , was used to 

provide a source of nitrogen and phosphorous, and dextrose, 

c 6H12o6 , was used as the organic carbon source. Dextrose has 

been reported to be used by all bacteria {Kendall, 1928). By 

mixing dextrose and a~~onium phosphate in a 3:1 ratio by 

weight ensured that the carbon was in a limiting concentration. 

This solution was made up in distilled water to form the feed 

stream. 

The following stock solutions were used to provide 

iron, potassium, and magnesium nutrients which \vere not in 

sufficient concentrations in the tap water . 

{1) Ferric chloride, FeC1 3 ·6H2o 

solution concentration 1.0 mg/ml. 

(2) Potassium phosphate, K2HP0 4 

solution concentration SO rng/ml . 

(3) Magnesium sulphate, MgS0 4 ·7H2o 

solution concentration SO mg/ml . 

'I'hese solutions were proportioned to the dextrose-ammonium 

phosphate feed according to the following a~bitrary formulae. 

{1) 1/2 ml Fec~ 3 solution/200 mg c arbon/litre of feed 



(2) 1 ml K2HP04 solution/200 mg carbon/litre of f eed 

(3) 1 ml Mgso4 solution/200 mg carbon/litre of feed 

These chemicals were added to tap water to form the dilution 

water stream. The ratio of flow of the dilution water stream 

to the feed stream was at least 10:1. 

The required concentration of carbon in the feed 

stream was calculated based on a total flow o f liquid. vmen 

measuring flow rates and carbon concentration of the inlet 

stream, determinations were made on the liquid mixture 

rather than the individual solutions. 



APPENDIX C 

CHEMICAL ANALYSIS OF TAP WATER 

The fol l ov1ing i s a list of analyses results of a 

sample of ~ap water used to make up the dilution water. 

Hardness as caco
3 142 ppm 

Alkalinity as Caco
3 

93 ppm 

.Iron as Fe 0.08 ppm 

Potassium as K 1.6 ppm 

Magnesium as Mg 16 ppm 

Calcium as Ca 30 ppm 

Sodium as Na 13 ppm 

Sulphate as so 4 28 ppm 

Chloride as Cl 29 ppm 

Fluoride as F 0.1 ppm 

65 
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APPENDI X D 

RESULTS - TABULATED AND PLOTTED 



EJa nsed 
'J' ·i mc 

(hr ) 

Organism 
Hass 

(mg/1 ) 

12 hour detention , 

0 172 5 

9 1 7 10 

2 4 1665 

47 1 515 

70 1 545 

9 3 1 600 

12 hour detention , 

0 1 600 

1 1 545 

2 1 420 

3 1 41 0 

4 13 65 

6 130 0 

8 118 0 

1 3 1070 

6 89 0 

37 85 0 

5 2 710 

60 670 

73 6 25 

8/l 805 

97 895 

104 770 

Effluent 
Carbon 

(mg / 1 ) 

pH 

10 25 mg/1 c arbon feed 

22 6 . 55 

2 8 6.52 

2 4 '6. 41 

2 5 6 .17 

2 4 6.0 4 

19 --

600 mg/ 1 c arbo n f eed 

1 9 --
17 --
2 1 ---
19 --
23 - -q 

21 - -
20 - -
22 --

29 - -
2 9 --
43 - -
32 --
5 5 --
19 --

1 6 - -
1 6 - ·- -··-

-- -· -------------- ------------· ~-,·----

Temperature 
oc 

REACTOR # 2 

REACTOR # 2 

Carbon Remova l 
Rate 

mq;l c arbon 
mg}T-mass~hr . 

0 . 0 48 

0 . 0 46 

0 . 0 48 

0 .0 5 2 

0 . 0 54 

0 . 0 5 2 

0 .030 

0 .033 

0 .031 

0. 036 

0.0 32 

0.0 36 

0.0 42 

0.0 45 

0. 04 4 

0.0 56 

0.0 64 

0 . 0 72 

0 .070 

0 .06 4 

0.0 511 

0 . 063 
---

Yield 

mg;l mass 
mg / f-carbon 

1. 72 

1. 80 

1. 7 5 

1.6 1 

1. 54 

1. 59 

· 2.7 5 

2.65 

2. 46 

2. 43 

2 .J7 

2.25 

2 . 0 4 

1. 85 

1. 53 

1. 49 

1. 27 

1.18 

1. ] 5 

1. 39 

1. 53 

1.3 

0\ 
-....! 



Elapsed Or90nism Effluent pH Tempe rature Carbo n Remova) Yield 
'l' imc Mass Carbon oc Rate 
(h r ) (mg/1 ) (mg /1) mg /1 c arbon mrr /J m&ss 

mg / l mass -hr :- me]7f-·cai:bo11 
----- ------ --- -·---~--· ·----- ·-------- --- -----------· ---------- ·-

3.5 h our detention, 600 mg/1 c arbon f eed REACTOR # 2 

2 6 07 1 48 6 .94 0 .115 1.35 

4 515 2 37 7 .22 0.116 1. 42 

6 415 27 2 7. 4 3 0 .174 1 . 32 . 
16 290 5 21 7. 99 - 0 .033 5.1 8 

21 210 536 . 7. 95 0 . 0 17 9.13 

28 172 5 38 8 . 0 5 0. 135 2.78 

20.5 hour detention, 60 0 mg/ 1 c arbon feed REACTOR # 2 

0 17 0 5 38 8.05 2 . 7 4 

13 3 85 486 7. 6 7 0 .025 3. 38 

3 7 5 80 119 5.70 0 . 0 67 1.20 

47 705 1 8 6 .69 0 . 0 55 1 .21 

60 76 0 22 6 .95 0.0 37 1.31 

85 780 26 6 .96 0.0 36 1.36 

9.0 h our detent i on , 600 mg/1 c arbon feed REACTOR # 2 

10 920 13 6.30 0.070 1 .5 7 

20 957 11 6.50 0 . 072 1. 62 

36 925 15 6.56 0.0 69 1. 54 

4 4 985 18 6.65 0.071 1. 69 

58 970 16 6.6 9 0.0 6 5 1 .66 

6 4 920 19 6.70 0.0 68 1 .58 

81 930 35 6.52 0.070 1. 64 

113 7 40 10 5 6.3 8 0 . 0 80 1. 50 0'1 
00 

130 750 73 6. 48 0.0 78 1.42 
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Elapsed 
Time 
(hr) 

Organism 
Mass 

(mg/1) 

1 . 7.0 hour detention, 

0 650 

21 58 2 

47 608 

68 660 

92 715 

102 708 

116 772 

128 . 600 

140 590 

150 500 

162 560 

5.6 hour detention, 

6 500 

27 470 

52 550 

72 495 

82 230 

96 160 

Effluent 
Carbon 

(mg/ 1 ) 

pH Temperature 
oc 

60 0 mg/1 c arbon feed REACTOR # 1 

24 6.00 -

62 5.60 -

35 6.32 -

33 6.35 -

38 6.61 26 

32 6.38 25.5 

54 6.13 27 

63 6.13 26.5 

60 6.11 -

65 5.90 26.5 

40 6.29 --

400 mg/1 carbon feed REACTOR # 1 

25 6.54 27 

66 - -
15 6.74 25 

23 6.73 23 

220 7.48 25 

-- 7.73 23.5 

Carbon Remova l 
Rate 

mg /1 c arbon 
mg/ 1 mas s-hr. 

0. 12 9 

0.13 4 

0.123 

0.092 

0.115 

0.101 

0.122 

0.131 

0.148 

0.140 

0.130 

0.122 

0.121 

0.126 

0.054 

Yield 

mg /1 mass 
mg/1 c arbon 

1. 13 

1 . 0 8 

1.08 

. 1 ·. 16 

1.25 

1.25 

1.39 

1. 15 

1.09 

0.9 6 

1.0 5 

1.33 

1.37 

1.53 

1.41 

1.29 

-..J 
...... 



Elapse d Organism 
Time Hass 
(h r ) (mg / 1 ) 

8 . 4 hour detentio n , 

5 6 12 
20 513 
30 430 
43 3 70 
54 400 
70 3 95 
9 2 495 

116 5 35 
127 51 5 
1 40 475 
1 51 500 
164 515 
17 4 51 0 
1 88 50 0 
199 530 
21 2 5 45 
2 40 585 

2. 7.0 hour detention , 

14 495 
24 510 
34 370 
48 315 
58 300 
74 475 
82 770 
96 860 

. ----- ---- - -~~-

Effluent pii Temperature 
Carbon oc 

(mg/1 ) 

400 mg/1 c arb on f eed REACTOR # 1 

12 6.71 25.5 
15 6.7 1 23.5 
43 6.7 3 25.5 
61 6 .60 24 
2 8 6.5 4 26 
43 6.6 2 24. 5 
19 ,6. 72 --
1 4 6 . 77 24 . 5 
16 6. 89 26. 5 
44 6.5 4 25 . 5 
18 6.91 - -
16 6.8 8 - -
16 6.8 8 27 . 5 
16 6 .86 --
15 6. 85 26.5 
15 6.75 24 .5 
12 6.56 24 

600 mg/1 c arbon f eed REACTOR # 1 

135 6.00 23 
67 6.14 23.5 

-- 6.92 
353 7.19 24 
452 , 7.34 23 
251 5.30 22 

21 6.32 23 
19 6.37 23.5 

--- - _ _,.. ____ ·- - --------
Carbon Remova l Yield 

Rate 
mq / 1 carbon mg/ 1 mass 
mg/T-rilass-hr . mg/1 c arlJon 

0.0 79 1.58 
0 .0 83 1. 42 
0 .092 1.2 0 
0 .103 1 . 0 9 
0 .103 1 . 08 
0 .105 1 .11 
0.0 89 1.30 
0 . 0 87 1.3 8 
0 .088 1 .3 4 
0 . 084 1 .3 4 
0 .0 86 1 .3 1 
0 . 088 1.3 4 
0 . 0 89 1.33 
0 . 091 1.30 
0 . 0 86 1 . 38 
0.0 84 1 .41 
0.07 9 1 .51 

1.0 6 
0.162 0.9 6 

0.07 4 1.28 
0.038 2.01 
0.132 1.36 
0.142 1 . 33 
0.096 1.4 8 

-...] 

IV 
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----- --- ~----.,--.- --------- -------------· ----
Elapsed 
'l'ime 
(hr ) 

Organism 
Mass 

(mg / 1 ) 

1. 7 hour detention , 

0 7 45 

21 7 80 

28 --
47 815 

5 6 8 85 

80 9 02 

9 2 9 94 

1 05 890 

1 1 7 81 8 

1 29 856 

140 860 

153 800 

5.6 hour deten t ion , 

6 890 

27 887 

52 1015 

72 1210 

82 1210 

96 1210 

Efflue~nt 

Carbon 
(mg/ 1 ) 

pH 

600 mg / 1 c arbon f eed 

35 3 .90 

37 4.85 

- 5.95 

22 5 .55 

32 6 .21 

2 8 6 .39 

16 6 .31 

2 0 6 .38 

22 6.3 4 

22 6. 42 

23 6.2 8 

18 6.37 

Temperature 
oc 

REACTOR # 2 

-
-- . 
--
-
-
2 3 

26 

25.5 

27 

26.5 

-
26 . 5 

800 mg /1 c arbon f eed REACTOR # 2 

36 6.18 27 

100 - -
75 5.35 25 

16 6.11 23 

16 6.18 25 

17 6.20 23.5 

Carbon Removal 
Rate 

mq/ 1 c arbon 
mg/ 1 m---;,-lss -hr-: 

---
0. 103 

- --

0 . 1 04 

0 . 09 0 

0 .091 

0 .08 5 

0 .0 9 3 

0.0 99 

0.0 95 

0.0 92 

0. 10 0 

0.150 

0.138 

0.128 

0.118 

0.116 

0.11 6 

~----·· ·----

Yi eld 

mq/1 mass 
mg/fcarbon 

1.3 2 

1.3 8 

1 . 38 

1.5 6 

1.5 8 

1 . 70 

1.53 

1.4 4 

1 .51 

1. 5 6 

1.4 4 

1.17 

1.27 

1. 40 

1 . 5 4 

1.5 4 

1.5 4 

--._J 

lJ1 



--~---------------- --~--------------·-

Elapsed Organism Ef fluent pH Temperature Carbon Removu.l Yield 
'rime Mass Carbon oc Rate 
(h r ) (mg/1 ) (mg/ 1 ) mg/1 c a rbon mg / 1 mass 

mg /i-mas·s--=-11 r. mg/f-carbor1 
------~- - --~------------- --- ·- ------ ---·-- -- ~ -----------

8 . 4 hour detention , 8 00 mg/1 c arbon feed REACTOR # 2 

6 1 1 90 1 6 6.19 25 .5 0 .07 9 1.52 . 
2 0 1035 1 4 5 . 7 5 23.5 0.0 9 0 1. 32 

31 910 7 3 .s. 9 5 25 . 5 0.0 89 1.25 

45 7 00 220 5. 4 0 2 4 0 . 0 83 1 .20 

5 4 7 8 5 19 5 5.60 26 0 . 0 95 1 .30 

70 7 90 210 5 . 70 2 4. 5 0 . 0 88 1. 34 

94 650 22 1 5. 8 0 -- 0.114 1.03 

95 added 15 ml o f b oth FeC 1
3 

and K2HP0 4 solutions 

99 873 77 5 . 9 5 - - 0 .130 1 . 2 1 

1 1 7 9 05 46 6 .10 2 4 . 5 0 .101 1.20 

1 2 8 7 65 59 5.7 5 26.5 0 .114 1 . 0 3' 

1 4 0 71 5 80 6.2 4 2 5 . 5 0. 117 0 .99 

152 825 56 5.90 - - 0.110 1 .11 

165 7 4 0 47 6 . 06 -- 0.122 0.9 8 

1 74 755 47 5.75 27.5 0. 1 19 1. 0 0 

1 89 710 60 6.16 --- 0.1 2 3 0. 96 

200 7 5 0 47 5.80 26 .5 0.1 2 2 1.0 0 

213 735 4 9 6.01 24.5 0. 122 0. 98 

216 670 110 6.32 2 4 0.0 9 7 0. 9 7 

-...; 
m 

- - - - -- --



Ela pse d 
Tirne 
(h r ) 

Orga ni s m 
Mass 

(mg/1 ) 

Ef f luent 
Ca r bon 

(mg/ 1 ) 

------ -
pH 

---- --------·---------· 

2 . 7 hour dete ntio n , 600 mg/1 c arbon feed 

0 480 129 6.11 

10 530 150 6.43 

24 495 200 6.43 

34 410 279 6 .89 

47 355 415 7 .24 

60 7 55 40 6.00 

72 840 18 5 . 75 

82 860 17 6 .13 

96 880 15 6.21 

Tempe r ature 
oc 

Ca r bon Removal 
Ra t e 

Yie l d 

mg / 1 c arbon mg/1 mass 
mgllr11as ;s-.;_-h i-: mg I ic-arbc)n-

------- ·-------·------------ ----

REAC'I'OR # 2 

--- - -- 1. 0 2 

23 0 .10 6 1.25 

23.5 0.112 1.2 4 

- - 0.094 1.27 

24 · o.o45 1 . 92 

23 0 .145 1.35 

2 2 0 .101 . 1. 44 

2 3 0 .097 1. 4 8 

23.5 0.0 95 1.50 

......, 

......, 
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APPENDIX E 

CALCULATION OF CARBON REMOVAL RATE 

Using equation (2) 

dC 
dt = 

and changing it from a differential f o rm t o time increments, 

then 

Cz - cl Q 
(Co = - C) - Kc v 

tz - tl 

Q (C C) c2 - c l or Kc = K M = - -c v 0 
tz - tl 

Therefore, the c arbo n (nutrient ) remova l r ate for a unit 

mass c an be calculated by substi tut i ng the effluent carbon 

concentration C1 at time t 1 and c 2 a t time t 2 into the 

fol lowing equation : 

The carbon concentration C , and o rganism mass M, can be 

the values determined at time t 2 • For small changes in 

Cz - c1 carbon concentration, - - becomes negligible and 

the expression for K is that of APPENDIX F. 
c 
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APPEND IX F 

DERIVATION OF EQUATION FOR ORGANISH MASS AS A 

FUNCTION OF EFFLUENT CARBON 

From equation (3) 

or 

K = K I-1 c c 
= Q 

v (C - C) 
0 

K c 
= ~ ( co - c ) 

M 

By rearranging 

or 

Th is 

: or a 

Thus, 

M = l 9_ (C - C ) 
I< v 0 c 

M = 1 
K c 

Q 1 Q 
v c +I< v co 

c 

equation is of the same f o rm 

straight line y = rnx + b i f 

it is possible to plot t he 

as the standard equation 

K and Q are constant. c 

o rganism mass, M, as a 

f unction of effluent c arbon , C, f or various unit carbon 

removal rates, K . 
c 
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