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. KINETICS OF·A DENSE CULTURE FERMENTATION 

Lyman Dale Sortland and Charles R. Wilke 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

.June 24, 1968 

ABSTRACT 

A fermentation system vias designed and constructed to study the 

growth characteristics of micro-organisms at low and high cell concentra~ 

tions. The tec~~ique used to develop high cell densities utilized a 

rotating micro-filtration unit to permit the removal of cell-free product 

from the fermenter. The fermenter volQ~e and the filter were contained 

in a single unit composed of a series of concentric cylinders. The 

annuli served as the fermenter volQ~e while the second outermost cylinder 

supported a micro-filtration membrane. Feed to the system was PQ~ped at 

constant rates and the internal pressure built up to a value which would 

effect the required filtration rate. The system iVas operated batchvlise 

and continuously with and vlithout filtration. 

The anaerobic growth characteristics of Streptococcus faecalus 
o 

were determined at 37 C and pH 7.0 for batch, continuous and continuous 

with filtration modes of operation. Cell concentrations 45 times more 

concentrated~ than could be produced in batch culture vlere obtained using 

the filtration technique . 
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I. INTRODUCTION 

Investigators have, in recent years, switched much of their efforts 

from studying the growth of microlorganisms in batch culture to investiga­

ting their growth in continuous culture. Batch culture by its very nature 

yields information on microbial processes which are in a state of flux 

and change. Only crude information as to the effect of various nutri­

tional requirements on the physiology and metabolism of the cell can be 

determined since exhaustion of a necessary nutrient or product inhibition 

causes growth to cease. For these reasons one can only determine whether 

a certain nutrient recipe does or does not support growth and to a certain 

extent, how well. 

The physiological state of micro-organisms grown in batch culture 

can be divided into three main regimes: (1) the lag period after innocula­

tion where metabolic machinery of the cells is being organized to cope 

with the new enVironment, (2) the period of exponential growth or log 

phase where the organism is reproducing at the maximum rate possible 

under the prevailing growth conditions, and (3) finally :Jhe stationary 

phase where an essential nutrient is exhuasted or a metabolic product is 

formed which stops further multiplication. The largest number of cells 

and the largest amount of nutrient consumed occurs in the log phase, 

where the cell is under no restrictions as to growth rate except those 

imposed by its genetic heritage. This contrasts very strongly with the 

'situation of the cell during continuous culture where the organism is 

always grown under conditions of a nutrient limitation (or product 

inhibition) except where the fermenter is operated near washout. Some 

investigators have attempted to use batch data to predict the performance 

of continuous fermenters and have succeeded fairly well with a given 

organism. Luedeking t sl work with Lactobacillus delbruckii showed that 

batch data would indeed predict continuous performance and his results 

have been confirmed by Reilly.2 Contrary results reported by Rosenberger 
'3 

and Elsden for Streptococcus faecalus suggested that the metabolic 

pathways utilized by these bacteria during batch growth were different 

than those used during some conditions of continuous growth. Therefore, 

it would be difficult to predict continous performance from batch data 

alone. 
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Continuous fermentation allows the investigator to study cells 

under a variety of growth conditions and nutrient limitations on a steady 

state basis where the interference by transient behavioral characteristics 

is absent. The dynamic response of cells when subjected to sudden or 

cyclical changes in environment can be studied in a manner which is 

impossible to batch culture. Thus, conti.nuous culture offers advantages 

in studying dynamiCS, nutrition and metabolic pathways in the microbial 

cell. 

One of the main disadvantages of studying continuous. fermentation 

is the time involved in going from one steady state iP the next, a time 

which may stretch into many hours or even days if the dilution rate in 

the fermenter is small. Useful savings in time may be realized by 

employing batch culture for preliminary screening and testing of nutrient 

and growth characteristics. 

The study of continuous fermentation has been in progress for some 

time and the various interactions of microbe and mediQ~ have been investi-

gated by many workers. Few people have investigated the influence of cell 

density upon growth characteristics. Suppose a fermenter is operated 

continuously with two outlet streams, (1) an overflow stream having the 

same composition as the fermenter contents and (2) a cell-free product 

stream. At steady state the growth rates of cells is equal to their rate 

of removal and the concentration of cells is related to the rate of supply 

of the limiting nutrient. At a constant cell removal rate in the over­

flow, the microbial concentration is proportional to the ratio of cell­

free product withdrawal :to cell overflow rate. It should be possible to 

study the effect of cell interaction as a function of cell packing without 

the interference of medium and growth rate changes. From a practical 

point of view, growing micro-organisms in concentrated culture would 

increase the productivity per unit fermenter volQ~e and could be of 

industrial importance if separation of cells from the broth could be 

done economically. 

In order to investigate the continuous fermentation of dense 

bacterial cultures, an experimental fermenter was designed and built in 

which a rotating cylindrical microfilter separated cells from the broth 

• 
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and allowed the removal of a cell-free effluent from the fermenter. 

Using this apparatus an investigation of the growth characteristics of 

Streptococcus faecalus was undertaken. Batch experiments were performed 

to obtain data on nutrient requirements and to obtain preliminary infor­

mation about the conversion yields of substrate (glucose) to new cells. 

Following the development of a satisfactory nutrient recipe, continuous 

fermentation experiments with and without the removal of cell-free 

product were conducted. 

A. A Brief Review of Fermentation Literature 

4 
Early studies of bacterial kinetics were made by Monod. He 

demonstrated that micro-organisms growing with a single limiting 

substrate would utilize the substrate in direct proportion to the rate 

of growth. The growth of micro-organisms is autocatalytic in nature so 

that the growth rate is proportional to the number present multiplied by 

a specific growth rate constant. The second characteristic of microbial 

growth which Monod elucidated was the relation between this specific 

growth rate and the concentration of limiting substrate. He proposed an 

equation for the specific growth rate in terms of substrate concentra­

tion which was similar to that developed for enzyme kinetics by 

Michaelis and Menten. 5 Monod's model can be su~marized by the follow­

ing three equations: 

dN 
!J.N = dt 

(1) 

dN Y dS 
dt = dt (2) 

11M 
S 

11 = ··.K + S s 

where: 

N = cell concentration 

t = time 
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Il = specific growth rate 

~ = maximum specific growth rate 

S = substrate concentration 

K = saturation constant 
s 

y cell yield per unit substrate 

Equation (1) is the expression for autocatalytic growth, Eq. (2) relates 

the substrate consQmption to gr~wth and Eq. (3) is the Michaelis-Menten 

form relating the growth rate to substrate concentration. This model has 

no provision for lags which do occur in microbial systems so that under 

transient growth conditions these equations may not be valid. Monod's 

model has been widely used to interpret microbial growth although it is 

not universally applicable. 
6 

Herbert developed equations for continuous fermentations based 

on the Monod kinetic model. He showed that Aerobacter aerogenes and 

Torulu utilis followed the theoretical predictions fairly closely and 

that a stable steady state with substrate limitation could be established 

in continuous culture. Herbert also demonstrated the presence of an 

endogenous metabolism term for A. aerogenes. Luedeking and Piret7 

demonstrated that steady state conditions could be achieved in a single 

vessel continuous fermenter where toxic products of the fermentation 
8 

limited growth in a particular manner. Northam showed that steady 

state could be maintained under less stringent assumptions concerning 

the mechanism of product limited growth. 

These early developments in continuous culture have been reviewed 

by Malek and Fenci19 following two important symposia in 1960, the first 

in London in April dealing with continuous cultivation of micro-organisms 

and the second in Rome 'Where the First International Fermentation 

Symposium was held in June, A comprehensive review of the mathematical 

models which have been developed to describe microbial processes has 

been compiled more recently by Edwards and Wilke. 10 

I 
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An interesting concept was used by Shull during his development 

of a model to describe product accQ~ulation in microbial processes. He 

incorporated into his model the concept of cell age" the time since the 

cell was formed by division from its parent. Using a series of expon­

ential decay functions to represent the accumulation of product per unit 

weight of cell as a function of cell age, and coupled with a cell age 

distribution function, he developed equations for product accumulation 

for batch and continuous culture. Fredrickson and Tsuchiya12 extended 

ShU's concept of cell age to develop a stochastic (probabilistic) model 

for microbial growth. Their model is, unfortunately, not very well 

suited to practical applications due to the difficulty in obtaining 

experimental values for the constants appearing in the distribution 

functions for growth and product formation. Tsuchiya et al. 13 have 

published a more detailed analysis of microbial dynamics where they 

attempt a number of approaches and models. They classify a model of 

population dynamics as being either distributed or segregated depending 

upon whether the culture is treated as a collection of individuals or 

as a unit of bio-mass. These models can be further divided into cases 

where the cell is assumed to have a structure, e.g. genetic fraction, 

a protein fraction, etc., or to have no structure. Furthermore, the 

models maybe either stochastic (probabilistic) or deterministic. The 

deterministic distributed models have the greater advantage for practical 

application since stochastic and segregated models impose considerable 

experimental difficulties. 

Dynamics of microbial populations was the topic for a Seminar 

held in Japan in October 1965. The full procedings have been published. 14 

B. Previous Work Done on High Density Bacterial Fermentations 

The concentration of micro-organisms grown in batch and 

continuous culture is usually on the order of a few grams dry weight 

per liter of broth. If the bio mass is considered to play the role of 

a catalyst in the conversion of substrate to product, then major 
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advantages in productivity would result from techniques whereby cell-free 

product could be removed from the fermentation system. Growth of micro­

organisms is usually limited by one of two mechanisms; an essential 

nutrient is depleted in the mediQ~ or an inhibitory product of the 

metabolism is increased to a level which halts growth. To increase 

bacterial concentration beyond that possible in batch or continuous 

culture necessitates the continuous feeding of fresh medium and the 

removal of cell-free product from the fermentation system. There are a 

number of techniques to accomplish product removal. A possible method 

for large scale operation would be the continuous centrifugation of broth 

coupled with the recycle of cells to the fermenter. The use of a centri­

fuge for small scale experimentation is not too practical because of the 

large volumes of broth associated with the external lines and the centri­

fuge. Furthermore, an examination of the growth kinetics is made more 

difficult due to the changes undergone by the cells during their trip 

through the centrifuge and back to the fermenter. These changes are in 

response to the changmg conditions of the medium in which they are resid­

ing. During the time spent in the external" loop, the medium would be 

depleted of nutrients, and growth of cells would stop to be started again 

when the cel~s re-entered the fermenter. This cycling of the cell growth 

would hinder the investigation of steady state kinetics. 

Exchange of nutrients and products between a growing culture 

separated from an external reservoir by a dialysis membrane is another 

method of producing dense cultures. Gerhardt and Gallup15 developed a 

dialysis flask to grow high density cultures. Their apparatus consisted 

of a vessel partitioned by a dialysis membrane with fresh mediQ~ on one 

side and a growing culture on the other. The solutes were free to diffuse 

through the membrane while the micro-organisms were restricted to their 

compartment. As far as the cells were concerned, they were grown batch­

wise and the apparatus was baSically a batch fermenter with provis~on to 

exchange a cell-free product with the surroundings. Using this apparatus, 

Gerhardt and Gallup investigated a number of organisms and a variety of 

dialysis membranes. They found considerable increases in cell concentra­

tion when the growing culture was supp~mented with nutrients derived 
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from. the reservo,ir. They investigated the effect of'bacterial concentra­

tion on the yield of cells per unit of substrate by using different ratios 

of fermenter volQ~e to reservoir volume. Using Serratia marcescens, they 

found that, cell concentration increased directly with increasing reservoir 

to fermenter volume ratios up to 10:1. Beyond this point, little increase 

in cell concentration occurred. 

Using a more elaborate fermenter-dialysis system, Gallup and 

Gerhardt16 investigated more fully the relationship between the yield 

constant of cells per unit of substrate and bacterial density. Their 

experimental apparatus consisted of a fermenter and a remote supply 

system which were interconnected using a plate and frame dialyser. Their 

test organism was S. marsescens and by combining various combinations of 

fermenter and reservoir volumes, they showed that conversion of substrate 

to cells was constant. The maximQ~ concentration of cells achieved was 

2 times 1012/ml by total count which corresponded to 50% packed cell 

volume. Compared to batch culture, the concentration factor was 

approximately 10. 

Development and testing of fermenter-dialysis systems has been 

a major effort of Gerhardt et al. 17,18,19,20 since the original work in 

1963. They have developed a sterilizable plate and frame dialyser which 

reduces the holdup of liquid in the apparatus while increasing the fluid 

turbulance next to the membrane in order to increase the rate of mass 

transfer. A theoretical analysis of dialysis culture was made by Schultz 

and Gerhardt21 based on Monod kinetics relating cell growth rate to 

substrate concentrati6n and on simple models for membrane transport. 

Both the reservoir and the fermenter were operated in steady state, i. e. ,_ 

fresh medium from external sources flowed directly into both the fermenter 

and the reservoir. They concluded that at low flow rates ,_ steady state 

concentration levels of cells should be inversely proportIonal to flow . 
rate. Much higher cell production per unit of fermenter volUllle occurred, 

but at the expense of a lower yield of cells per unit of substrate. 

This Imler yield was not due to' changes in cell metabolism resulting 

from a concentration effect. It was caused by the loss of substrate via 

the reservoir effluent when operated at steady state. 
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C. Proposed Micro-filtration Technique 

The use of dialysis poses two major difficulties for the investiga­

tion of high density cultures. The most important limitation is the slow 

rate of mass transfer through a dialysis membrane. Gerhardt and co··, 

workers were restricted to concentration increase factors over batch of 

".' 

10 or less. The mechanism of transfer is by diffusion and each molecular ~ 

species 1n the broth will diffuse at different rates giving rise to 

mediQ~ compositions different than those in corresponding batch or con­

tinuous culture without dialysis. These problems led us to the present 

investigation of micro-filtration to separate cells from the liquid 

mediQ~. The filter membranes which are manufactured by Millipore Corp. 

consist of a cellulose ester sheet with uniform pores comprising a large 

fraction of the filter membrane. The membrane used in the experiments 

was type WH with pore sizes of 0.45 microns. To improve the handling 

characteristics of regular Millipore membranes, type WH had incorpora­

ted in it a mono-filament weave of nylon; The void fraction and flow 

rates of pure water through the membrane are reduced somewhat due to the 

nylon' micro-web. 

If a sample·of cells is filtered through a Millipore membrane, 

a cake of cells is built up next to the surface which rapidly reduces 

the rate of filtration to almost zero. To see if the rate of cake 

build-up could be reduced, an experimental apparatus similar to the 

plate and frame dialyser of Gerhardt et ale was constructed. The membrane 

and a support screen were constrained between two blocks of lucite with 

channels 1 cm.x 1 cm x 100 cm machined into their surfaces. Culture 

medium containing cells was pQ~ped through the channel on one side of 

the membrane at a high velocity and returned to the fermenter. Cell-free 

product passed through the membrane into the correspondi!'g channel in the 

other lucite block and drained into a receiving vessel. A 5 to 10 psi 

pressure drop was maintained in the filter holder by adjusting a valve 

on the broth line down-stream of the filter. Preliminary data showed 

that after an initial large rate of filtration, the buildup of cake 

reduced the flow to a steady state value of approximately 3 ml/cm2 hr. 

.. 
I 
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Apparently further build-up of cake ~as halted by the liquid shear. The 

steady state filtration rate ~as quite small and it became clear that a 

scale-up ·of the plate and frame model to generate sufficient filtration 

capacity for a high density culture ~as not feasible. The broth hold­

up in the filter and associated lines placed a severe restriction on the 

maximum cell concentration possible in the fermenter. Furthermore, the 

pumping rates required to limit cake build-up ~ere quite large and heat­

ing problems ~ere caused by the recycle pump. 

To circumvent the problems caused by an external filtering 

system, a scheme ~as proposed ~hereby filtration and gro~th occurred in 

the same vessel. The proposed apparatus consisted of t~o concentric 

cylinders ~i th a Millipore membrane fastened to the inner cylinder. The 

annulus ~ould serve as the gro~th chamber and the inner cylinder ~ould be 

rotated to supply the shear to reduce cake formation. The filtrate ~ould 

flo~ through the membrane and pass from the system via a hollo~ shaft 

supporting the rotating filter. Calculations, based on the filtration 

rates previously determined, sho~ed that by minimizing the annular gap 

and by reducing the volume at each end of the fermenter, very concentrated 

cultures of micro-organism could be developed. 

One of the restrictions ~hich ~as imposed by the construction of 

the fermenter ~as that fermentations in ~hich gas ~as evolved could be 

very difficult to handle because of high rates of gas evolution in dense 

cultures ~hich ~ould cause excessive carry-over of the broth into the exit 

line by entrainment in the narro~ annular space. 

An experimental investigation of the rates of filtration as a 

function of time and rotational speed ~as carried out by Bhagat and 

Wilke22 using polystyrene spheres ~hich approximated the size and density 

of bacteria. Their results paralleled those obtained by the plate and 

frame filter using micro-organisms. The eqUipment ~as operated at a 

constant pressure in the annulus ~ith the filtrate rate measured as a 

function of time. High ini tial flo~s decrea'sed asymptotically to a 

steady state. Bhagat and Wilke found that the steady state value of the 

filtration rate varied ~ith'square of the rotational speed while the 
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pressure drop across the membrane had little effect. They found that an 

increase in pressure drop caused a momentary flow increase which slowly,';' 

decayed to the previous steady state value. Since the resistance to flow 

through the cake built up on the filter was d-trectly proportional to the 

cake thickness, the cake must have increased in thickness to a point 

proportional to the pressure drop across the membrane. The mechanism 

proposed to explain the filtration characteristics assumed that a con­

centration gradient of particles was present in the near vicinity of the 

cake surface and that dynamic equilibriQ~ was established between the 

drag forces imposed on the particles by the flow of fluid through the cake 

and the back diffusion of particles due to the concentration gradient. 

If the steady state was disturbed by the inc,reased flow due to a pressure 

increase, then more cake would buildup until equilibriQ~ was again 

established. 

D. Review of S. faecalus Literature 

The growth of dense cultures indicated the desirability of study­

ing anaerobic organisms so that the transfer of oxygen would not be 

necessary. The homo-fermentative lactic acid bacteria offered a fairly 

well defined system for investigation since the limiting nutrient, glu­

cose, is metabolized primarily to a single product, lactic acid. A 

disadvantage in working with these organisms is their stringent nutri­

tional requirements. We chose a laboratory strain of Streptococcus 

faecalus obtained from the Department of Bacteriology at the University 

of California, Berkeley. This strain had been originally procurred 

from I. C. Gunsalus of the University of Illinois but had undergone 

several re-isolations during its residence at Berkeley.~ including one 

made by this experimenter. The isolate which was used in this work was 

labeled A5. One of the first investigations of S. faecalus by Gunsalus 

and Niven23 indicated that this organism ferments glucose by the Embden­

Meyerhof pathway to lactic acid with a 90-95% yield. Gibbs, Sokatch and 

Gunsalus24 using C14 - labelled glucose confirmed thi s f" nding. While 

lactate is the major product from the catabolism of glucose, Gunsalus 
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and Ni ven23 sho'Wed that. under pH conditions above 6.5., the yield of 

lactate decreased and the presence of small quantities of formate, 

acetate, ethanol and CO2 'Were detected. Other investigators25 have 

also observed this phenomenon. Beauchop and Elsden,26 using C14~ 
labelled glucose, have sho'Wn that virtually none of the glucose catabol­

ized appears in the cell material. Their studies, 'Which 'Were primarily 

devoted to the gro'Wth of micro-organisms in relation to their energy 

supply, sho'Wed that, for S. faecalus and a number of other organisms 

gro'Wn under conditions of glucose limitation, the production ·of ne'W 

cells 'Was directly proportional to the glucose supplied in the medimn. 

The yield appeared to remain constant for S. faecalus 'When gro'Wn in 

complex as 'Well as defined media. Furthermore, they 'Were able to correl­

ate the cell yield with the kno'Wn path'Ways for the production of energy 

in the various organisms. They found that the rate of synthesis of new 

cells per mole of ATP produced 'Was fairly constant and independent of 

the organism. 

Rosenberger and Elsden3 have studied the yields of S. faecalus 

gro'Wn in continuous culture in a semi-defined medium under conditions 

of glucose and of tryptophan limitation. With glucose acting as the 

limiting substrate, the yield of cells per mole of glucose consQmed 

remained fairly constant 'With gro'Wth rate. When tryptophan 'Was limiting, 

the yield constant 'Was 10'Wer. Furthermore, the yield 'Was not constant, 

but decreased 'With increasing concentrations of glucose until a limiting 

value 'Was reached. With an excess of glucose available, the specific 

consQmption rate of glucose 'Was not dependent upon the gro'Wth rate of 

the organism and, in fact, remained roughly constant. Since some 

organisms are kno'Wn to accumulate large amounts of polysaccharides 'When 

grown at slo'W rates in continuous culture 'With the nitrogen source as 

the limiting factor, Rosenberger and Elsden investigated the possibility 

of such storage in S. faecalus. They estimated the total carbohydrate 

in the cells from cultures of differing cell yield constants and found 

that the differences observed could not explain the large change in the 

yield. The fact that the rate of catabolism is not controlled py the 
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rate of growth led them to postulate the pr~sence of an ATPase which 

disposed of the accumulated high energy phosphate produced from the 

glycolysis pathway. 

A second interesting observation, which appeared from their 

study, concerned the products formed from the fermentation of glucose. 

Previously, Gunsales and Niven23 had observed that at pH levels higher 

than 6.5, the yield of lactate became smaller while ethanol, acetic 

and formic acid made their appearance. Rosenberger and Elsden also 

found that formic and acetic acids were produced but not ethanol. They 

found no dependence on pH but rather a strong dependence on growth rate. 

The conversion of glucose to lactate became much lower as the growth 

rate decreased. An extrapolation of their data indicates that most of 

the glucose would show up in formic and acetic acids as the ra~e of 

growth approached zero. Their material balances accounted for nearly 

100% of glucose at the higher rates and only 90% at lower growth. 

Mahler and Cordes27 in their discussion of the metabolism of 

carbohydrates, point out that in a large nQ~ber of micro-organisms 

growing under anaerobic conditions, pyruvate (the direct precursor of 

lactate in the glycolytic pathway) can be converted to acetate and 

formate. This reaction sequence has not been completely ascertained but 

the steps involved appear to begin with the decarboxylati.on of pyruvate 

t.o acetate with the production of acetyl CoA. This product can ei.ther 

be converted to acetyl phosphate in the "phosphoroclastic" reaction, and 

then to acetate with the production of one mole of ATP or participate 

as acetyl CoA in a large number of reactions leading to incorporation of 

carbon into cell material. That the latter incorporation does not occur 

has been demonstrated by Beauchop and Elsden. 26 The fate of the pairs of 

electrons produced in the above reaction differ. Clostridia transfer 

them to protons and l~berate them as molecular hydrogen. Other bacteria 

transfer them to the CO2 Produced in the decarboxylation step and produce 

formate. This latter reaction appears to occur in S. faecalus since 

formate is produced and the presence of hydrogen has never been reported. 

In any event, each mole undergoing the clastic reaction to formate is 

capable of producing an additional mole of ATP. 
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28 Toennies and Shockman have summarized a number of their 

results dealing with the growth chemistry of S. faecalus. The main 

objective of their investigations was to determine the influence of 

various amino acids and vitamins which are required by the cell. They 

showed that the depletion of essential growth factors required for 

cell wall formation tends to produce cells which are subject to autolysts 

and, therefore, death, while depletion of essential factors which are 

not critically involved in wall synthesis can produce a variety of 

modified forms, which differ from exponentially growing cells by the 

possession of additional wall substance. 
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II. EXPERIMENTAL APPARATUS .AND PROCEDURES 

A schematic diagram of the fermentation system is shown in Fig. 1. 

The system consists of a fermenter designed to remove cell-free product 

via a rotating filter; feed pumps and supply vessels for both sterile 

nutrient and NaOH addition, and a recycle line to an external pH electrode 

holder. The lines were either 1/8" o.d. stainless steel tubing or 1/8" Ld. 

natural rubber tubing. The rubber tubing had a 1/8" wall which would 

withstand pressures in excess of 50 psi. A peristaltic pump was used in 

the recycle line to.circulate broth through the electrode holder. This 

line also contained a glass section with a small rubber serum cap through 

which the experimental samples were withdrawn from the system. 

This experimental set up was used for all modes of operation; 

batch, continuous stirred tank (CST) and continuous stirred tank with 

filtration. During batch and CST operation, the filter was removed and 

replaced by a stirring shaft. During the continuous modes of operation, 

the effluent containing the micro-organisms was removed through the bleed 

line in the top of the fermenter •. This effluent was allowed to flow 

freely during the CST operation and went to drain via exit point A. When 

operating in the filtration mode, cell-containing effluent was pumped in 

controlled amounts through the peristaltic pu.'Up in the bleed line to the 

measuring buret. 

The feed pumps were positive displacement, so that during filtra­

tion the difference in volume flow rate between the bleed and feed rates 

was forced through the filter membrane of the rotor and out to drain via 

the hollow central shaft of the rotor. The pressure in the fermenter 

was allowed to fluctuate to supply the driving force needed to affect 

the filtration. During the initial phases of operation before much of a 

pressure drop through the membrane was built up, the internal pressure 

was maintained above atmospheric by means of a pressure regulator in the 

filtrate exit line. 
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Fig. 1. A schematic diagram of the fermentation system. 
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A. The Fermenter 

Figure 2 shows a photograph of the fermenter with the rotor in 

place. The. "fermenter consisted of a 3 11 Ld. pyrex pipe, 'me foot in 
'- • .1 

length. The heads were constructed of stainless steel with the glass 

pipe fastened to the heads with compression rings and sealed with neo­

prene gaskets. Crane rotory seals with ceramic-carbon faces were used 

to contain the fermentation broth. The heads were machined externally 

to hold the stationary ceramic portion of the seal, a compression ring 

to exert force upon the teflon ring sealing the ceramic face to the head, 

and a bearing housing. The assembly was contained by a gland which 

screwed into threads machined into the head. On the culture side of the 

heads, a cavity for the carbon portion of the seal which rotated with 

the shaft was machined. Liquid connections to the fermenter were 1/8" 
stainless steel tubes welded into the heads, four in the top and one in 

the bottom. Two of the lines into the top head were used to feed 

nutrient medium and NaOH into the system; a third was the return line for 

the recycle. The fourth line, which exited at the extreme top of the 

seal cavity, was used to remove broth from the system during continuous 

operation. The line in the bottom head led to the pH electrode holder 

before returning to the fermenter via the top head. 

B." Filtration" Rotor 

The rotor was designed to fulfil several purposes: (1) to support 

the membrane which would separate the micro-organisms from the broth, 

(2) to remove the filtrate from the fermenter, (3) to serve as an 

agitator to completely mix the culture, and (4) to achieve as high a 

filter area to volume ratio as possible. The ultimate denSity of a 

bacterial culture which can be grown in this type of system is directly 

proportional to the ratio of filter area to culture volume since the 

limiting step is the filtration rate obtainable under conditions of 

moderate pressure drop through the membrane. For this reason, care was 

taken to limit the volume of the fermenter in the end areas without 

'" 
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making assembly of the fermenter too difficult. Clearance at the top and 

bottom was restricted to 1/8" each. To accotn.lJlodate the rotory seals, 

wells were machined into the heads so that as little culture volume as 

possible was added to the system. Another major fermenter volume was 

located in'the amlUlus between the stationary outer cylinder and the 

rotating filter. There is a lower limit to the gap which can be tolera­

ted because mixing of the broth becomes more difficult the smaller the 

gap becomes. In fact, special means had to be devised to assure that 

adequate mixing was achieved in the fermenter. The diameter of the 

filter rotor was chosen to be 2-1/2" which left a 1/4" annulus. 

A Taylor Number of 5,600 was computed for this system using the 

fluid properties of water and a rotational speed of 600 RPM. Turbulent 

conditions normally prevail beyond Taylor Numbers of 400. Experiments 
, 

using dye tracers showed that little or no axial mixing occurred. To 

improve the mixing characteristics of the system, an internal pumping 

arrangement was devised. 

A schematic diagram of the rotor is shown in Fig. 3 and a photo~ 

graph with the membrane attached in Fig. 4. The rotor was composed 

essentially of a series of concentric cylinders with a central cylinder, 

a 1/2" o.d. heavy walled stainless steel tube, forming the power shaft 

connecting the motor to the rotor. On this shaft were attached the 

rotating portions of the Crane seals. The remaining two cylinders with 

their end plates formed the filtrate unit which was connected to the 

central shaft by two shear pins. The bottom shear pin was hollow and 

connected the interior of the filtrate unit to the hollow shaft and 

served as the exit line for the filtrate. The filtrate flowed down the 

shaft, through an external seal and then exited from the system. 

The external surface of the filtration unit was a perforated 

plate support for the filter membrane. The filter membrane was a rec­

tangular sheet of type WH Millipore filter material which was wrapped 

around the support surface and glued along the seam with Silastic 

RTV 891 silicon rubber cement. After the cement had set, the ends were 

gi.ven a light coat of glue and sealed at the ends with "011 rings as 

shown in the diagram. 
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Fig. 3. A schematic diagram of .the fi1tra1;;'ion rotor. 

Compression plate 
II • 

rtng 

Support screen 

M illipore 
membrane 
Fermenter 
volume 

Well for crane 
sea I (not shown) 

XBL685-2656 



-20-

XBB 683-1030 
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Attached to the bottom of the filtrate unit was a set of impeller 

blades which rotated with the filter. These impellers pumped the broth 

up the outside annulus and down through the inner annulus between the 

filtrate unit and the central shaft. This internal pumping action gave 

rise to excellent mixing. Dye tracer experiments showed that complete 

dispersion occurred within three to five seconds, while residence time 

distribution experiments demonstrated that the fermenter was uniformly 

mixed •. 

The area of the filter which was available for filtration was 

about 450 cm. 2 The area would have been larger except for the glued 

areas at the ends and along the seam which took up about 10% of the 

filter membrane. The fermentervolQ~e including recycle lines was 

620 mI. When the system was used for batch and continuous operation, 

the rotor was removed and the volume was 1360 mI. 

C. Media Supply 

Sterile nutrient was PQ~ped into the fermenter by a Sigmamotor 

peristaltic pump from a 110 liter stainless steel supply tank. Approxi­

mate flow rates were set using the speed control box on the pump, and the 

actual rate was calculated from a knowledge of the effl~ent rates from 

the fermenter. Fresh supplies of sterile nutrient were prepared in 

smaller stainless tanks and asceptically transferred via steam sterilized 

high pressure hose to the large storage tank. Nitrogen pressure was 

used to effect the transfer. The smaller preparation tanks were 40 liter 

in volume and were designed to fit into standard vertical autoclaves for 

steam sterilization of the media. These tanks contained coils for rapid 

cooling after sterilization was completed. 

Sodium hydroxide was added to the fermentation broth by means 

of a sma-II piston pump with a variable stroke adjustment supplied by 

the Jaeco Pump Company. The PQ~ was powered by a dc electric motor 

which was used to control the pumping rate to attain pH control. The 

NaOH was supplied from a 60 liter stainless tank. A photograph of the 

nutrient supply system is shown in Fig. 5. 
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D. Instrumentation Systems 

Figure 6 shows a schematic diagram of the control systems used 

with the fermentation unit. The systems consisted of three motor control 

units, a closed loop temperature control unit for the fermenter and a 

closed loop pH control system. A multipoint recorder measured the 

temperature at various points in<the fermenter with thermocouples. 

The motor control units were simple variac controlled, full 

wave rectifying units designed to control the speed of de motors. One 

of these units controlled the rotational speed of the filter while the 

others controlled the recycle pumping rate and the bleed effluent rate. 

Temperature was measured by a copper-constantan thermocouple 

located in a well in the top head of the fermenter. The signal was 

recorded on a Land N Speedomax G recorder equipped with front set 

switches which were used for ON-OFF control of a heating tape wrapped 

around the fermenter. Two heating tapes equipped with variacs were 

used in parallel; one was operated continuously to carry the basic 

heating load while the other was controlledllfthe recorder to supply 

the fine control. Power input to the fermenter by the stirring action 

of the rotor and the friction in the seals necessitated the addition 

of a small cooling coil to the bottom head of the fermenter. This 

coil consisted of a copper tube wrapped around the edge of the head 

and soldered to it to increase the heat transfer. Circulation of tap 

water through the coil gave adequate cooling and resulted in good 

temperature control. By adjusting the voltage applied to the heating 

tapes, temperature. control of ± 1/4 °c was obtained. The cycle time. 

for the temperature fluctuations due to the ON-OFF mode of control was 

approximately ten minutes. 

Since lactic acid was produced continuously by the metabolism 

of the o~ganism studied, continuous pH control on a closed loop basis 

became necessary. Furthermore, an accurate record of the amount and 

rate of base addition was required. 

The pH measuring electrodes were located in the recycle line 

in the fermenter. The signal from the electrodes was measured and 
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displayed on a Beckman Model J Industrial pH Analyser. The Model J 

produced a millivolt signal proportional to the pH and it 'Was recorded 

on a Land N Electronik 18 Recorder Controller. The final control ele­

ment in the system 'Was the NaOH addition pump. The speed of this pump 

'Was controlled by a General Electric Statatrol Drive and dc motor. The 

Statatrol unit 'Was a silicon controlled rectifier 'With a variable poten­

tiometer slide'Wire for adjusting'the motor speed. The interconnection 

bet'Ween the controller and the Statatrol unit 'Was accomplished using a 

Land N re-transmi tting slide'Wire unit equipped 'With an auxiliary slide- ' 

'Wire. This auxilliary slide'Wire 'Was used to control the Statatrol Drive. 

The position of slide'Wire 'Was mechanically linked to the output signal 

of the Controller by the positioning motor in the re-transmitting slide­

'Wire unit. Using this type of control, the addition of sodium hydroxide 

could be varied from zero to the maximum in a continuous fashion. 
I 

One of the major problems 'Which arose 'With the pH system involved 

the electrodes and their position. Insertion of the electrodes directly 

into the fermenter 'Was not possible due to the lack of space. Even if 

sufficient space 'Was made, the proximity of the rotor and its high rate 

of rotation 'Would probably cause signal problems 'With the glass electrode. 

Placing the electrodes in either of the exit lines 'Would not 'Work due 

to the time lag bet'Ween a pH change in the fermenter and the time that 

the electrodes picked up the upset. The only remaining possibility 'Was 

to remove a recycle stream from the fermenter, pump it through an 

external electrode holder and return it to the main fermenter volume. 

Since the fermenter volume 'Was designed to be fairly small, a large 

fluid volume in the recycle had to be avoided. A peristaltic pump 

. 'Which had a lo'W 'Working volQ~e and could 'Withstand 40 psi pressure 

could not be found and one had to be designed and built. The pump 

'Worked by compressing thick 'Walled rubber tubing bet'Ween a rotating 

arm and a fixed semicircular bearing surface. The arm 'Was pivoted 

about tbe center of the circle and 'Was driven by a dc motor 'Whose speed 

could be varied to control the pumping rate. Using 1/8" Ld. tubing, 

PQ~ping rates bet'Ween zero and 75 ml per minute could b(.,attained. 
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The electrode chamber was machined from stainless steel and was 

designed to hold two small electrodes. The fluid volume was as small as 

possible and contained approximately 5 ml of broth. The electrodes were 

sealea into the holders with "0" rings and glands. A major problem 

occurred in the operation of the control system which forced the premature 

termination of many of the continuous runs. Erroneous signals were 

generated by the electrodes which caused the control system to adjust 

the pH to the wrong value, thus ruining the experiment. The problem 

appeared to be in the electrodes which, before the run began, were giving 

accurate pH readings. The symptoms varied from one aborted run to the 

next but in all cases, the culprit appeared to be a malfunctioning 

reference electrode. 

Checking the reference electrode showed that the fiber tip was 

slightly plugged. The electrode operated satisfactorily while measuring 

the pH of a buffer solution in a beaker. However, when that electrode 

was inserted into the holder with the recycle pump running, periodic 

fluctuations occurred in the signal which were in phase with the PQ~ping 

rate of the peristaltic pump. Apparently the liquid junction of the 

reference electrode was not allowing an adequate flow of KCl to enter 

the system. Replacing the electrode would solve the problem for a short 

time but would not allow extended operation of the control system. 

To circQ~vent the plugging problem, a remote reference electrode 

was constructed. The electrode was submerged in a KCl solution contained 

in a pressure tight vessel. An aqueous KCl salt bridge c9nnected the 

electrode to the fermentation system. The orfice of the salt bridge was 

constructed from a piece of glass tubing with the end covered with type 

GS Millipore membrane. The membrane was glued. to the glass with Silastic 

RTV 891 silicon rubber cement. To reduce the flow of electrolyte, the 

surface of the membrane was covered with glue with the exception of a 

very small area. This orifice had sufficient mechanical strength to 

withstand 10 to 15 psi pressure drop; it permitted only a few mls per 

day of electrolyte to flow and it did not get plugged. 

The pressure in the fermenter fluctuated depending upon the 

filtration rate. In order that electrolyte flowed into the system, the 
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reference electrode was pressured'with N2 to a value above that in the 

fermenter. The pressure had no effect upon the measured pH. 

A record of the rate of addition of NaOH into the fermentation 

system was accomplished by measuring and recording the rotational speed 

of the dc motor driving the pump. The motor had a double-ended shaft; 

one end drove the pump while the other was attached to a dc tachometer­

generator manufactured by Servo-Tek Products Company, Inc. The tachometer­

generator produced 2.2vo1ts per 1000 rpm with a linearity of 0.1%. The 

signal from the generator, after passing through a voltage diVider, was 

recorded on a Land N Speedomax G Recorder. The system was designed so 

that full scale on the recorder represented 500 rpm and provision was made 

so that the range could be changed automatically. When the rpm exceeded 

500, the electronics would cause the recorder to return to zero and the 

scale would represent a rpm range of 500 to 1000. Similarly, when the 

rpm became to lOW, the range would automatically be dropped down. The 

use of the scale expansion devise was required because of the wide range 

of NaOH addition rates anticipated. It would be impossible to achieve 

good accuracy at speeds of 0 to 200 rpm if full scale on the recorder 

corresponded to 2000 rpm. 

To achieve a linear relationship between rpm and pUInping rate, 

the original ball check valves which came with the PQ~P had to be re­

placed by "Oil-ring sealed check valves manufactured by the Nupro Co. 

The piston stroke length had to be set at 45% or greater to obtain linear 

rates with speed. Periodic checks of the calibration showed no change 

with time. The calibration showed that a speed of 1000 rpm corresponded 

to a flow rate of 3.04 ml/min. 

E. Sterilization 

A -yariety of methods were used to sterilize the experimental 

apparatus. Where possible, 15 psi steam was used. For the sterile 

nitrogen line and bacterial filters, a mixture of 10% ethylene oxide in 

carbon dioxide was used. The Millipore membrane could not withstand 

steam temperatures and still maintain its mechanical strength. The 
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preparation of the fermenter 'Was done in t'Wo stages. First, the equip­

ment 'Was steam sterilized for several hours 'With the rotor in place but 

without the membrane being attached. The system 'Was allo'Wed to cool 

before the rotor 'Was removed for installation of the membrane. After 

the glue had set, the rotor 'Was replaced and a solution of Z'/o formal­

dehyde 'Was circulated throughout the fermenter and the exit lines. The 

sterilant remained in the system for an hour at 500 C before it 'Was 

removed and the equipment thoroughly flushed 'With sterile 'Water. Steril-
, 

ity checks demonstrated that sterile conditions could be achieved and 

maintained for several days. 

steam has a de1eterious effect on pH electrodes. During steam 

sterilization the electrodes were removed from their holder and replaced 

dUring the formaldehyde flushing step. Since steam only 'Was used in the 

equipment sterilization for CST runs, the electrode holder was bypassed 

during steaming and sterilized separately vii th formaldehyde with the 

electrodes in place. After a sterile water flush, the holder was ascept­

ically connected to the recycle lines. No problems with contamination 

were experienced using the above technique. 

For steam sterilization to be effective, care must be taken to 

have live steam flow through every line and valve. Any dead end must be 

considered not sterile. 

Prior to the installation of high pressure steam supply to the 

apparatus, the ethylene oxide-carbon dioxide mixture 'Was used together 

with low pressure steam supplied by the verticle autoclaves, to sterilize 

the fermenter. This technique was used only for the batch runs. steam 

was passed through the fermenter for several hours and then cooled. A 

vacuum pump was used to remove the air from the system before the gas 

was admitted. The pressure was adjusted to 10 psi, the temperature to 

500 C and the system left to sterilize for at least four hours. The 

sterilant was removed and the system flushed thoroughly with sterile dry 

nitrogen. This technique 'Was adequate but the straight steam steriliza­

tion 'Was much preferable. 
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F. Sampling and Analyses 

Samples of the fermentation broth ~ere removed through a serum 

cap in the recycle line using a sterile syringe and ~ere immediately 

immersed in an ice bath to stop the cells from gro~ing. The cell mass 

~a's determined mdirectly by measuring the optical denSity (OD) of the 

culture. Preliminary experimentssho~ed that OD ~as linear ~ith cell 

mass as long as the OD did not exceed 0.35. The OD ~as measured on a 

Beckman model DBG spectrophotometer at a wave length of 720 mu ~here the 

medium background absorption was minimal. The DBG is a double beam 

instrument and ~ater was used in the reference beam. The OD of the cell 

free media ~as subtracted from the measurements of cell density to give 

a corrected OD. Since most, of the samples had an OD much higher than 

0.35, dilutions using a buffer-formalin solution ~ere made. Samples 

from the continuous stirred tank runs ~ere directly analysed for dry 

~eight as ~ell as OD. Dry ~eights ~ere measured by filtering samples 

through pre-~eighted Millipore filter discs and drying the membrane and 

collected cells overnight at 950 C before ~eighing. From the results 

for continuous runs CG and CJ, one unit of OD corresponded to a 

dry weight of 0.347 mg/ml. 

The amount of NaOH added to the fermentation broth ~as deter­

mined from the record of the addition rate. The trace on the chart 

paper was cut out at 30 minute intervals and ~eighed •. The amount of 

base added in this 30 minute interval ~as determined from the calibra­

tion of flow rate versus rpm. 

Glucose was measured by t~o methods. Initially, the improved 

reducing sugar analysis developed by Kusmierek29 ~as used. This 

technique reacted a known volume of boiling Fehling's solution ~ith 

glucose which reduced cupric ion to cuprous. The remaining cupric 

ion ~as treated ~ith an iodidesolutian ~ith the formation of free 

iodine. The iodine ~as titrated ~ith standard potassium thiosulfate 

to a starch endpoint. The thiosulfate titer ~as maximum ~hen a ~ater 

blank ~as used and decreased with increasing glucose concentration. 

The glucose present was determined from the difference bet~een the blank 

and sample titers. 
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Difficulties were encountered in achieving reproducibility and 

considerable scatter occurred in the data. This method was used for all 

the batch runs and some of the CST runs. For the rest of the experiments, 

an enzymatic preparation for glucose analysis marketed by Worthington 

Biochemical Corp. under the trade name of Glucostat was used. Glucostat 

is a coupled enzyme system suitable for the quantitative and specific 

determination of glucose based on the following simplified scheme of 

reaction: 

1 0 H 0 glucose oxidase H 0 + 1 ' 'd g ucore + 2 + 2 > 2 2 g uCOnJ.C acl. 

H
2

02 + reduced chromogen 
peroxidase 

-----------7) oxidized chromogen. 

Oxidized chromogen absorbs very strongly at 400 m~ and the amount of 

absorption is a measure of the glucose present. 

Lactic acid was determined using the lactate dehydrogenase 

enzyme preparation produced by the Worthington Biochemical Corp. This 

enzyme, in conjunction with a hydrogen acceptor, oxidizes L-lactate to 

pyruvic acid. The acceptor used was potassiQ~ ferricyanide and the rate 

of reduction was followed spectrophotometrically at 420 m~. The absorp­

tion of ferricyanide was a maximum at this wavelength while the absorp­

tion of ferrocyanide was negligible. The decrease in absorption of the 

sample following complete reaction was a direct measure of the lactate 

originally present. 
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III • EXPERIMENTAL RESULTS 

The results from the experimental program are presented in the 

following sections J mainly in graphical form. The numerical data from:' 

the experimental runs are tabulated in the Appendix. The experiments are 

presented in order of increasing operating complexity, beginning with 

batch culture, then continuous culture and finally the continuous opera­

tion with filtration. The mathematical framework describing each mode 

of operation is included at the most convenient positi.on. 

The operating temperature and pH conditions were restricted to 

a single value each and they remained constant throughout the experimental 
. 0 

program. The temperature was set at 37 C and the pH at 7.0. 

A. Batch Fermentation 

1. Experimental Results 

Batch experiments were conducted to determine preliminary growth 

characteristics of S. faecalus and to develop a suitable nutrient medium 

for the continuous cultures. To simplify the interpretation of experi­

mental results, the mediQ~ should be sufficient in all components except 

for one which is chosen to limit growth. Since the pathway of glucose 

metabolism was fairly well known, it was desired to use glucose as the 

limiting substrate. 

The choice of a nutrient medium was made on the basis of cost, 

ease of preparation and future reproducibility of results. A completely 

defined medium for S. faecalus has been published by Toennies and 

Shockman. 28 This recipe contains some 44 components and an estimate of 

the cost for chemicals at the estimated flow rates in continuous culture 

with filtration showed that media costs would be in the thousands of 

dollars for the amount of experimental work envisioned. A semi-defined 

med1um recipe published by Bauchop and Elsden26 contained fewer compon­

ents and replaced pure amino acids with a casein hydrolysate. This 

mediQ~ has the advantage of lower cost while maintaining fairly secure 

control of the nutrient composition since amino acid analyses of casein 
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are available.30 Use of a well defined medium for microbial growth gives 

more control to the experimenter in studying the characteristics of cells 

from one lot of chemicals to the next. Results using a complex nutrient 

such as yeast extract can and do vary when different batches of yeast 

extract are used. 

Preliminary batch experiments were conducted on the Bauchop and 

Elsden semi-defined medium to check the growth characteristics with our 

strain of S. faecalus. The first runs gave poor results with' the log 

phase ending at an OD between 0.5 and 0.6, a point where very little o"f 

the glucose was consumed. Addition of sodium acetate to the medium 

improved the growth but still some component other than the energy source 

limited the growth rate. A series of experiments in which the various 

components of the medium were increased failed to give a "clue to the 

source of the nutrient limitation. The possibility of product inhibition 

was investigated. The broth from Run S was centrifuged and the nutrient 

recipe was made up using the supernatent instead of water. The medium 

was heated briefly at 1000e to kill vegatative organisms before innocu~a­

ting a fresh starter culture to begin the batch run. The growth curve 

was very similar to Run S with the only appreciable difference being a 

slight decrease in the maximQ~ rate of growth. Run S had a doubling time 

of 24 minutes, while Run T doubled every 29 minutes. This experiment 

does not completely rule out product inhibition for a heat labile compon­

ent may have been destroyed in the brief heating step. However, the 

inhibition of growth by low concentrations of lactate, less than 10 to 

15 grams per liter, can be ruled out. 

The experimental results for Run S are presented to illustrate 

the growth of S. faecalus on the semi-defined medium. The composition of 

the medium used is included in':,the Appendix. The mineral solution and 

glucose were sterilized separately from the remaining nutrients and 

asceptically added later. ApprOXimately one liter of nutrient was pre­

pared and asceptically transferred to the sterile fermenter. The pH 

was adjusted from its initial value of 6.6 to 7.0 by the addition of 

NaOH ,from the caustic storage tank. The temperature was adjusted to 

.. 
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37°C before the starter culture was innoculated. The innoculum used was 

20 mls of an early stationary phase culture grown in a medium similar in 

composition to that used in the batch experiment. The initial OD in the 

fermenter after innoculation was between 0.04 and 0.05. 

The experimental data for Run S is contained in Fig. 7 to 12 

while the actual numbers are tabulated in the Appendix. Corrections to 

the raw data were made for the volume of base added and samples withdrawn 

using the scheme outlined by Luedeking. l The data presented are on the 

baSis of one liter of nutrient. 

Figure 7 shows the growth of the culture as a function of time. 

Growth is depicted by two variables, OD which is a measure of the dry 

weight and viable cell count. The log phase of growth is quite short and . 

the greater fraction of growth occurs during the slow decrease in growth 

rate. Growth stops after five hours when the glucose is exhausted in the 

medium. Based on the OD curve, the maximum specific growth rate, ~ , for 

this run is 1. 79 hr -1 which corresponds to a doubling time of 24 min' •. ,. 

The doubling time based on the viable counts in the log phase is smaller 

than that forOD but increases much faster as the culture growth rate 

slows. The size of a. discrete cellular :P8.rticle measured by the plating 

technique is obviously changing as time progresses. This observation will 

be discussed further when the size distribution for Run S as a function 

of time is presented a little later. 

Figures 8, 9, and 10 represent the material balances for the 

batch exp:eriment. According to the matabolic pathway, glucose should be 

converted to lactate almost stoichiometrically in the presence of excess 

glucose as is the case for this run. In Fig. 8 the lactate produced is 

plotted against the glucose remaining in the broth and the slope of the 

line drawn through the data gives the yield of lactate from glucose .. The 

yield for Run S is approxi!nately 9710 and demonstrates thb:t only very 

small amounts of other metabolic end products are produced. 

The lactic acid produced by the cell was neutralized by the addi­

tion of NaOH. Since lactic acid is a relatively strong acid, all of the 

acid produced will be converted to sodium lactate at a pH of 7.0. 
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Therefore, the amount of base added should represent the amount of acid 

produced. Figure 9 shows the relation between NaOH addition and glucose 

consumption. For :·this run, the amount of NaOH added would indicate 

that conversion of glucose to lactate was only 88%. In Fig. 10, the base 

consumed is plotted versus the lactate concentration in the broth and 

shows that the amount of base added is approximately 9% less than the 

amount of lactate produced. The value for base consQ~ption is lower than 

Run S than for other runs and may be due to experimentai~> error. 

The growth of S. faecalus on this mediQ~ appeared to be limited 

not by glucose as desired, but by some other nutrient. The effect of 

glucose consQ~ption and. its utilization to support new growth is demon­

strated in Fig. 11 where the OD of the culture is plotted. 'versus the 

lactate produced. Since the conversion of glucose to lactate is nearly 

stoichiometric, the use of lactate concentration as a measure of the 

amount of glucose consumed was preferred because the glucose analyses 

tended to have considerable experimental scatter. Figure 11 demonstrates 

an interesting phenomenon which was observed in all of the batch runs; 

namely that for a period of time in the initial stages, the production of 

energy represented by lactate formation was-directly proportional to cell 

growth and then was followed by a changing relationship which suggests 

partial dissociation of cell growth and energy production. It is appar­

ent that there is a shift in the utilization of energy by the cell. The 

very large rate of glucose consumption also suggests the possibility of 

dissociation of cell energy production and cell multiplication. The data 

beyond the dissociation point again appears to be linear with cell concen­

tration. Other experiments did not show linearity in the later growth 

period and no systematic relationship could be determined. In fact, for 

some runs a stationary phase was reached before glucose exhaustion and 

the curve became almost vertical. 

Tne rate of base addition is shown in Fig. 12 and is proportional 

to the rate of glucose consumption. This rate demonstrates that during 

the log period of growth, the consumption of NaOH is also exponential. 

However, during the phase of declining rate of cell multiplication, a 

corresponding decline in consumption rate did not occur. The exhaustion 

of glucose was very abrupt. 
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Fig. 7. The growth curve for batch Run S using the semi-defined 
medium. Cell concentration measured by optical density 
and viable count. 
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Fig. 9. The material balance on the glucose consumed in batch Run S; NaOH 
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-38-

- Slope 
1 10 1.094 
0 

x 

'" 
8 /) ) 

~ 
E -
Q) 

6 -0 -u 
0 4 ..J 

2 

2 4 6 8 10 12 14 
No 0 H (m M / I x 10 -I) 

XBL685-2818 

.. 
Fig. 10. The lactate produced versus the NaOH consumed during batch Run S. 



# 

-39-

14 

12 

-
I 

0 10 
)( 

~ 
"'-
~ 8 
E - :-~ c) 
Q) - 6 0 .-u 
0 

-.J 

4 

mM lactatelL 
2 0.0. 

O~----~----~------~----~------~----~ 
2 3 . 4 5 6 

Optical density 

XBL685-2646 

Fig. 11. Glucose consumption (as measured by lactate production) 
versus the bacterial cell concentration during batch Run S. 



-40-

-
~ 

..c: 

....... 
~ 

50 E 2.0 
"-'" 

Q) -0 
40 ~ 1.6 

c 
0 - 30 1.2 "'0 

"'0 
0 

I 20 O.S 
0 
0 
z 10 0.4 

2 3 4 5 
Time ( h ) 

XB L68b'- 2817 

Fig. 12. The NaOH addition rate and the specific growth rate as a 
function of time for batch Run S. 

-
I 
..c: 
"-'" 

Q) -0 
~ 

..c: -3 
0 
~ 

0' 

U 

"I-

u 
Q) 

0-
(f) 



" 

", 

• 

-41-

The data for Run S is shown to demonstrate the growth characteris­

tics observed on the semi-defined mediu.rn. Attempts at determining the 

limiting substrate were unsuccessful. Furthermore, in runs following S, 

growth rates on identical nutrient medium became very poor and erratic. 

After a number of experiments, it was suspected that trace components in 

the casein were responsible for the erratic results. The concentration 

of these traces constituents appeared to vary from lot to lot. Since the 

advantage of a semi-defined medium is in reproducibility of experimental 

results then if slight changes in composition of nutrients do result in 

widely varying results, the use of such a medium is no longer justified. 

Preliminary experiments with a complex medium containing yeast 

extract showed much better growth than was possible on the semi-defined 

recipe. The mediu.rn used is tabulated in the Appendix and the results of 

several experiments designed to establish growth characteristics are 

presented in Fig. 13 to 20. The incorporation of vitamins in addition to 

those present in the yeast extract appeared to be necessary. During a 

continuous run, the vitamins wer,e left out and poor growth occurred. 

Injection Of these vitamins inunediately improved growth. 

Figures 13, 14, 15 and 16 show the growth curves for four runs 

at different glucose and yeast extract concentrations. The medium for 

Run AB contained 20 gm/l yeast extract and 10 gm/l glucose. Since the 

rate of glucose consumption was so much larger than during growth on 

the previous medium, an additional 6 gm/l was added just after the original 

10 gm/l was exhausted" The general characteristics which were observed 

in Run S were present in Run .AlL The complex medium was a better nutrient 

for the micro-organisms since the log phase was ~xtended considerably. 

Furthermore, dissociation of energy production and cell multiplication 

occurred at higher cell concentrations as is shown in Fig, 20 where the 

base consumed is plotted against cell concentration. This extension of 

the linear relation between energy and cell production results in a 
! 

larger cell density in the final sample. 

The material balances for Run AB are shown in Figs. 17, 18, and 

19. In Fig. 17 the lactate concentration is plotted against the glucose 



-42-

10.0 r-----.,----T----,-----,---_._-__ 

5.0 

, , 
~j 

2.0 

1.0 

~ -en 
0.5 c 

Q) 

"0 

0 
U - 0.2 0. 

0 
-' 

0.1 

0.041 I I I I I 
I 2 3 4 5 

Time ( h ) 
X B.L685-2820 
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Fig. 16. The growth curve for batch Run AI using the complex medium 
and 7 gm/l glucose. 
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Fig. 18. ,The material balance on the glucose consumed in batch Run AB; 
NaOH consumed versus glucose remaining in solution. 
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concentration. A linear curve with slope of -2.0 fits the data fairly 

well demonstrating that near stoichiometric conversion of glucose to 

lactate occurs. Figure 18 shows the relation between base consumption 

and glucose concentration. The amount of base added appears to be higher 

than the glucose consumed by approximately 10%. This deviation from 

stoichiometry may be due to giving too much weight to the last two data 

points, for when the lactate concentration is plotted versus the base 

consumed in Fig. 19, a linear curve with slope equal to 1.0 represents 

the data well. 

The medium for Run AC contained 20 gm/l yeast extract and 30 gm/l 

glucose. The growth curve is presented in Fig. 14. A comparison of this 

curve with that for AB in Fig. 13 shows little difference except that the 

growth period is extended due to the additional glucose present. 

Another run, which is not presented, with 10 gm/l yeast extract 

and 10 gm/l glucose showed that the cell concentration at wh~h dissocia­

tion occurred was dependent upon yeast extract concentration. RunAE 

was grown on medium containing 30 grll yeast extract and 30 gm/l glucose 

in order to see if an increased yeast extract concentration would extend 

the linearity between glucose consumption and cell concentration. There 

was little enhancement over 20 gmll yeast extract. The growth curve for 

Run AE was terminated much earlier than any of the other batch experiments 

as is shown by the data presented in Fig. 15. In fact, a stationary phase 

occurred while one third of the glucose remained. This glucose was meta­

bolized at a high rate with little or no increase in cell concentration. 

The only difference in medium composition was a reduced phosphate level 

for Run AE, although the amount present was considerably more than usually 

needed to supply phosphate ion for microbial metabolism. The presence of 

high phosphate levels is usually for buffering purposes. 

From Runs AB, AC and AE, it appeared that a concentration of yeast 

extract of 20 gm/l would support the consumption of 7 gm/l glucose before 

dissociatio n of energy production and growth began. To test this, a run 

was made using these concentrations and the result is shown in Fig. 16. 

The specific growth rate remained constant until just before the glucose. 

was exhausted while a plot of base consll.'llption versus OD showed that only 

a small amount of dissociation occurred. 

·1 

I 
I 
I 

I 
I , 
! 

! 
I 

i 

.1 

I 



-51-

2. Cell Size Distribution 

The size distribution of samples of cells was determined using a 

modified Coulter Particle Counter constructed and described by Edwards 

and Wilke. 10 The device worked by drawing a suspension of particles through 

a small orfice 39 I-l in diameter. A small constant electrical current was 

imposed across the orfice and as a particle passed through, a voltage 

signal proportional to its volume was generated. The signal was sorted by 

a pulse height analyser and stored in a multichannel memory. The channel 

nQ~ber was proportional to particle volume. To calibrate the device, a 

sample of particles of known size was measured. The calibration using 

1.304 I-l polystyrene spheres is shown in Fig. 21. 

The size distribution for samples taken during Run S are shown in 

Figs. 22, 23 and 24 in chronological order. The distributions have been 

normalized in order that comparisons between the samples can be made. 

Each figure contains several curves which are designated by different 

sample numbers. The time interval between samples is 30 ___ "llin. with the 

first sample, Sl, coming 30 minutes after innoculation. The distributions 

display a consistent trend as the fermentation progresses. Initially a 

broad distribution occurs showing a continuous range in particle size. 

The next sample, S2, shows the beginning of two dominant cell sizes, the 

smaller one near channel nQ~ber 35 and the larger at channel number 50. 

As growth continues, the fraction of the cells which have these two sizes 

increases as shown by the increased maxima of the peaks. Furthermore, 

the smaller particles begin to dominate the larger so that by sample s4 

one peak remains with a shoulder representing the larger size. This type 

of distribution continues for the remainder of the batch run with the 

shoulder being more or less pronounced. The primary peak tends to become 

narrower with time and the maximum begins to shift position to higher 

channel number. The distribution in Fig. 24 for the last samples show 

the initial stages of broadening. The peak maximum changes only slightly 

to higher channel number and the height of the peaks begins to decrease. 

After SlO, the glucose was exhausted and growth stopped. 



Fig. 21. The normalized size distribution for the standard 1.304 micron 
polystyrene spheres. The channel number is proportional to 
particle volume. 
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Fig. 22. The normalized size distribution for samples 1 to 4 of batch 
Run S. The sample time interval was 30 minutes. Channel number 
is proportional to particle volume. 
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During the course of the batch run, the average size of a 

discrete cellular particle decreases initially, reaches a minimum and 

then begins to increase as the run approaches termination. S. faecalus, 

during reproduction, passes from the spherical cocci to a dQ~b bell 

shape before splitting into two cocci. The splitting of the cocci does 

not always occur after duplication and short chains of cocci arise. 

During periods of rapid growth, short chains of dumb bells occur. From 

microscopic observation, the predominance of Singlets and doublets was 

not obvious although they appeared in large numbers. The diminishing of 

chains both in nQ~ber and length was noticable. 

These results for .Run S were typical of those .obtained for all 

of the batch experiments. Some variation in the prominence of the peak 

for the larger particle size occurred but the general profile and its 

change with time during the growth cycle was similar for all of the runs. 

3. Mathematics of Batch Growth 

Bacteria reproduce by binary flssion, a process similar to 

autocatalytic chemical reaction. The differential equation describing 

this mechanism is: 

where: N = cell concentration 

t. = time 

~ = specific growth rate. 

(1) 

During the growth of a culture, glucose is catabolized to produce energy 

with the formation of lactate. 

dP 
dt = 

dS 
dt 

where: P = product concentration-lactate 

S = substrate concentration-glucose. 

(4) 
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In this equation, Yp/Sis the yield constant for this process. This yield 

constant, ~hich has been sho~n as the slope of the lines in Figs. 8 and 17, 
approaches the stoichiometric value of 2.0 in the batch runs. The energy 

produced during the conversion.of glucose to lactate is used by the cell 

for reproduction and possibly for cell maintenance. The presence of a 

maintenance energy requi~ement 'in bacteria has been sho~n by Marr et al.3l 

and Dawes and Robbins32 for Escherichia coli, Herbert6 for S. marses~ens 
and by Pirt33 for several other organisms. A discussion of the energy of 

maintenance concept for micro-organisms has been published by Da~es and 

Robbins. 34 Luedeking and Piret36 have sho~n that for L. delbruckii, a 

homofermentive lactic acid bacteria, the rate of lactate production (or 

glucose'consumption) ~as proportional to the rate of gro~th plus a main­

tenance term. However, Rosenberger and Elsden3 have sho~n that for 

S. faecalus, disstpation of energy may occur in the presence of an excess 

of glucose. The.dissociation of energy production ~hich ~as observed in 

the batch runs may be explained by either of·these t~o mechanisms. The 

shape of the curve for lactate production versus cell concentration is 

similar for S. faecalus and for L. de Ibruckii, although the amount of 

lactate produced after the dissociation occurs is much larger for S. faecalus. 

The experimental data derived from the batch runs were examined 

by these two mechanisms to see ~hether a distinction could be made bet~een 

them. 

Luedeking" s model expressing the relation bet~een substrate con­

sumption (or lactate production) and its utilization for gro~th and 

maintenance is expressed in Eq. (5). 

dS 
dt 

=: 

~here a is a constant expressing the amount of glucose required to 

produce ne~ cells and f3 is the maintenance term. Substituting Eq. (1) 

into 5 yields: 

dS 
- dt =: atlN + f3N • (6) 



. Rearranging (6) results in: 

1 dS 
N dt 
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= exJ.l.+t3. 

The left hand side of Eq. (7) is the specific· rate of glucose consumption 

~hich plotted versus J.l. , the specific gro~th rate, should yield a linear 

curve ~ith slope equal to ex and the intercept equal to t3 • 

It has been sho~ in the figures pertaining to the material 

balances that stoichiometric conversion of glucose to lactate is 

approached and that stoichiometric neutralization of lactic acid by 

. NaOH is attained. Since, the rate of base consumption ~as more precisely 

kno~ that either glucose or lactate, Eq. (6) ~as expressed in terms of 

NaOH. 

1 
N 

d(NaOH) 
dt = Yp/

S 
(ex J.l. +~) • (8) 

The rate of base addition to the fermenter ~as measured experimentally 

as described previously. The data ~as plotted on semi-log paper as a 

function of time and a smooth curve dra~ through the points. This 

curve ~as used to determine the base consumption rate at selected times. 

The specific gro~th rate ~as evaluated by graphical differentiation of 

the semi-log plot of OD versus time. Near the end of the gro~th period, 

~here the expo~ential character of the gro~th cycle ended, slopes ~ere 

taken from a linear plot of OD versus time. Agreement bet~een the 

values of J.l. derived ~om these t~o plots ~as good. The use of semi­

log rather than linear plots for the determination of rates ~as due to 

the exponential gro~th characteristics of batch cultures. Experimental 

errors were more readily smoothed. 

A computer program developed and described by Ed~ards and WilkelO 

~hich curve fits a logistic equation to batch data ~as used to check the 

results of the graphical technique and good agreement ~as found. Un­

fortunately, the computer program tended to "blo~ up" during the fitting 

routine so that the time spent for debugging became excl_;sive. Since 

the two techniques gave equally good results, use of the computer ~as 

discontinued. 
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Equation (8) is expressed in graphical form for Runs S, AB, AC 

and AE in the lower portion of Figs. 25, 26, 27 and 28, respectively. 

While the data are somewhat scattered, the linear relation between specific 

base consumption and specific growth rate is apparent leading one to 

believe that Eq. (8) is an accurate representation of the fate of the 

energy produced during glucose catabolism. The values of a and ~. for 

these runs are tabulated in Table I. The values of a and ~ for Runs 

Sand AB are quite close but those for Runs AC and AE are much 

different with the maintenance energy term, ~,being twice as large 

and the value of a being approximately half. The last two data points 

for Run AC do not lie on the curve but are much lower so that the, differ­

ences between the first two runs and AC may be due to errors in deter­

mining the specific rates although such large deviations are unlikely. 

In any event, the maintenance term for these runs is quite large compared 

to the amount of glucose required to produce new cells. Luedeking and 

Piret's data36 for a similar organism, L. delbruckii, yields a ratio of 

~ to a of 0.25, a value much smaller than those determined from the 

present experiments. In fact, for Runs AC and AE, the specific con­

sumption of glucose is almost independent of specific growth rate. 

Table I. The constants for the Luedeking Model. 

Run a-mM Glucose/l/OD ~-mM Glucose/l/OD hr. 

S 5.0 2.6 
AB 5.3 3.0 
AC 3·3 6. 
AE 2.5 5.4 

If the dissociation of energy production from growth is not due 

to the maintenance term but due to di·ssipation of energy, then the rate 

of glucose consumption would be related to the specific growth rate by 

the following equation: 
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Fig. 26. Testing of the batch Run AB data by two different models. Upper 
graph: the energy dissipation model. The fraction of glucose con­
surned which supplies the energy for the production of new cells is 
plotted as a function of specific growth rate. Lower graph: the 
Luedeking et al. maintenance energy model. The specific NaOH 
consumption is plotted as a function of specific growth rate. 
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Fig. 27. Testing of the batch Run AC data by two different models. Upper 
graph: the energy dissipation model. The fraction of glucose con­
s~~ed which supplies the energy for the production of new cells is 
plotted as a function of specific growth rate. Lower graph: the 
Luedeking et al, maintenance energy model. The specific NaOH 
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Fig. 28. Testing of the batch Run AE data by two different models. Upper 
graph: the energy dissipation model. The fraction of glucose 
consumed which supplies the energy for the production of new cells 
is plotted as a function of specific growth rate. Lower graph: 
the Luedeking et al. maintenance energy model. The specific 
NaOH consumption is plotted as a function of specific growth 
rate. 
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~here Yc/
S 

is the fraction of the glucose consQ~ed ~hich is used to 

promote gro~th. The constant, a, has the dimensions mM glucose/OD 

.as in Eq. (5). During the initial stages of batch gro~th, the rate of 

substrate consumption as measured by lactate production or base con­

sumption, ~as directly proportional to the rate of gro~th. If the value 

of YC/ S is taken to be 1.0 during this period, then a is equal to 

the initial slope of the curve in Figs. 11 and 20 divided by the stoich­

iometric constant 2.0. The values of a for Runs S, AB, AC and AE 

are summarized in Table 2. 

Table II .. Constant for the energy dissipation model. 

Run a-mM Glucose/l/OD 

S 6.95 
AB 7.45 
AC 7.15 
AE 6.35 
AI 6.80 

Average 6.94 
standard deviation 5·910 

The values of a for these runs are nearly equal and if Eq. (9) 

represents the true state of affairs, then the amount of energy required 

to produce ne~ cells is fairly independent of the med~3, for Run S used 

the semi-defined medium ~hile the rest used the yeast extract medium. 

Using Eq. (9) and the values for a from Table II, Yc/
s 

values 

~ere calculated for the four batch runs and plotted in the upper portion 

of Figs. 25, 26, 27 and 28. For Eq. (9) to be valid, Yc/ s should 

approach zero as Il goes to zero. For Run AE, Yc/ s . does become zero 

.. 



but for Runs AB and AC, the approach to the origin is less 'Well indicated. 

An extrapolation of the data for Runs S 'Would indicate that Yc/ s does 

not go to zero but information at sufficiently lo'W ~ 'Was not available 

due to the exhaustion of glucose. 

The values of Yc/ s should be equal to 1.0 up to the point 'Where 

dissociation occurs. Fair agreement results during the log phases of 

gro'Wth and, for Runs Sand AB, even 'Well into the declining gro'Wth period. 

In all of the runs, the point of dissociation deduced from Eq. (9) 'Was at 

higher gro'Wth rates than 'Was indicated from the product concentraticn 

versus OD plots. This difference may be due to errors introduced by the 

graphical differentiation necessary for the use of Eq. (9). 
A comparison of the t'Wo models relating gro'Wth and glucose con­

sumption shows that either model could be used. Inconsistencies occur in 

the data 'When analysed using either model and it is not possible to con­

clusively demonstrate 'Which one is correct. Further information taken 

from continuous fermentation experiments where glucose-limited gro'Wth 

occurred sho'Wed that little or no glucose 'Was utilized for maintenance 

purposes and that the energy dissipation model appears to be more nearly 

correct. 

B. Continuous Stirred Tank Fermentation 

Follo'Wing the development of a satisfactory gro'Wth medium, 

continuous fermentation experiments 'Were undertaken to determine if the 

gro'Wth characteristics observed in batch culture remained unchanged 

during continuous gro'Wth. The nutr-Lent composition 'Was the same as 

used for batch Run AI which contained 7 gm/l glucose and 20 gm/l yeast 

extract. The amount of vitamins 'Was reduced 4afo 'With no ef{ect on 

gro'Wth. Complete el~mination of vitamins markedly reduced gro'Wth. At 

high nutr~ent feed rates, precipitation of magnesium ammonium phosphate 

occurred. A reduction of 60% in the amount of mineral solution containing 

the magnesium reduced the precipitation 'With no effect on growth. 

The procedures used to prepare large quantities of medium and to 

sterilize the apparatus have been described previously. The pH of the 
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sterile medium was slightly below 7.0 and adding NaOH at a constant rate 

resulted in a linear change of pH with time. The rate of change of. pH 

per milliliter of NaOH was calculated and used to correct the base addi­

tion rates during continuous fermentation in order that the amount of 

acid produced during the fermentation could be determined from the titra­

tion. 

1. Experimental Results 

Figur.e 29 presents the optical denSity developed in the fermenter 

and the broth glucose concentration as a function of dilution rate. The 

data have been converted to a unit nutrient feed basis by correcting for 

the volume of base added. The curves have the typical form for contin­

uous fermentation with OD being nearly constant at low dilution rates. 

and then decreasing as the rate approaches cell washout. As the cell 

concentration began to decrease sharply, glucose appeared in the effluent 

broth. All of the glucose concentration data at high dilution rates fell 

on the same curve. Only one glucose concentration at the maximum: dilution 

rate is presented although there was a slight variation in feed concentra­

tion from run to run, e.g., 36.5 roM/I for Run CG and 38.9 mM/l for 

RunCJ. 

The runs were conducted at the same conditions so that the OD 

curves for the different runs should pave fallen on top of each other. 

At the lower dilution rates where glucose concentration was zero, the 

data does not coincide while at the higher rates, good agreement was 

found. 

Run CG was completed using one tank of mediQ~ and: the results are 

quite consistent. During Run CJ, the nutrient supply became exhausted 

after sample CJll and had to be repl.eni'shed. Whether some error in 

medium preparation caused the change in OD versus dilution rate curve 

is not known. The growth was glucose limited but the small differences 

in glucose concentration in the feed could not explain the change in the 

maximum cell concentration which occurred when the nutrient was replenished. 

The yield of lactic acid produced durtng the continuous fermenta­

tion differs from that produced during batch culture. Figure 30 presents 
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Fig. 29. The cell concentration and the glucose concentration as a 
function of dilution rate for the continuous stirred tank 
experimental Runs CG and ill. The data are presented on the 
basis of one liter of nutrient medium with corrections made 
for the volume of NaOH added. 
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the lactate concentration per liter of nutrient medium as a function of 

dilution rate. At high dilution rates, the decrease in lactate concentra­

tion is due to 'Washout of the culture and the presence of unconverted 
, -1 

amounts of glucose. Ho'Wever, at dilution rates belo'W 1.2 hr , glucose 

concentration is essentially zero so that the decreasing lactate concentra- , 

tion is due to the partial diversion of the glucose to products other than 

lactate. Further evidence that such a diversion is occurring is illus­

trated in Fig. 31 'Which sho'Ws the rate of NaOH consQ~ption per liter of 

nutrient medium as a function of dilution rate. At high flo'W rates, the 

decrease in base addition is due to 'Washout. At lo'Wer flo'W rates, the 

rate of NaOH consumption does not follo'W the rate of lactate production 

but appears to be a mirror image. The conversion of the pyruvate to 

formate and acetate has been sho'Wn by Rosenberger and Elsden,3 suggesting 

that the increased quantities of NaOH required by the continuous culture 

'Was 'due to these acids being produced. The matabolic path'Way can be 

sQ~rized by the follo'Wing equations. 

1 mole glucose ~ -2 moles pyruvate 

x moles pyruvate ~ x moles lactate 

, (2 - x) mole pyruvate ,~ (2 - x) formate + (2 - x) moles acetate. 

Since the base neutralizes all of the acid produced, the amount of form­

ate plus acetate is equal to the difference bet'Ween the total base added 

and the lactate produced. Therefore, the fraction F of the i~itial 

glucose fed 'Which can be accounted for is given by: 

0.5P + 0.5 [Na~H-p] + 8 

80 
(10) , 

'Where P ,and 8 refer to the concentration of lactate and glucose in 

the broth and 80 is the initial glucose concentration. The approximate 

validity of this material balance is sho'Wn in Fig. 32 over a range of 

specific gro'Wth rates. Three sets of data are presented; t'Wo are the 
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Fig. 30. The lactate concentration as a function of dilution rate for 
the continuous stirred tank experimental Runs CG and OJ. The 
data are presented on the basis of one liter of nutrient 
medium with corrections made for the volume of NaOH added. 
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Fig. 31. The NaOH consumption per liter of nutrient medium for the 
continuous stirred tank experimental Runs CG and CJ. 
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Fig. 32. The fraction of the glucose fed to the fermenter which can 
be accounted for in the effluent (using Eq. 10) for stirred 
tank experimental Runs CG and GJ, and for tl.", steady state 
high denSity experimental Run RDA. 
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steady state, low density data for Runs CG and CJ while the third set is 

for the high density, steady state Run RDA. The other experimental 

results for RDA are presented and discussed in a followi.ng section. 

The value of F was a slight function of specii~c growth rate. 

The shape of the curves for Run CG and CJ are similar but the data for 

CG was consistantly about 7% higher. The lactate analysis for Run CG 

may have been in error,for sample CG9 gave 47.1 mM lactate/l of 

feed while only 40.8 mM NaOR/l of feed were added. If the base added 

to sample CG9. is assumed to give the correct glucose to lactate con­

version, then the value of F is 1.0. 

At high growth rates, all the glucose fed tothe system could be 

accounted for and almost all of it was converted to lactate. The 

lactate yield constants as defined by Eq. (4) were computed for these 

runs and they are shown on Fig. 46. Discussion of these data .is presented 

in a later section dealing specifically with lactate yield constants. 

The fraction of glucose which can be accounted for by the proposed 

material balance, decreases to 0.9 as the specific growth rate approaches 

zero. The data for Runs CJ and RDA agree well except for one sample, 

RDA5, which was about 12% low. The continuous culture data of Rosenberger 

and ElsdenJ for S. faecalus agree well with the results obtained here. At 

low growth rates, 90% of the glucose consmned was converted to lactate, 

formate and acetate, while at higher growth rates, nearly 100% of the 

glucose was converted to these products. 

2. Mathematics of Continuous Fermentation 

For a continuous fermenter operated with no cells entering with 

the feed, Eq. (11) represents the material balance for the cells contained 

in the system. 

where: 

dN 
dt (11) 

= 0 at steady state 



v = rate of overflo~ 

V = fermenter volume. 

Fran Eq. (1) 

-'73-

(1) 

Therefore, during the steady state operation of a continuous fermenter, 

the specific gro~th rate is uniquely defined by the dilution rate. 

v 
= 

V 

The substrate material balance is expressed in Eq. (13). 

~here: 

dS 
dt 

v
f 

= ~f So - (:) - ~ S 
consumed 

= 0 at steady state 

= feed rate 

So = initial substrate concentration. 

(12) 

During the discussion of the batch gro~th results, t~o different models 

for the rate of glucose ~ere examined; the Luedeking maintenance energy. 

model and the energy dissipation mode1. In the continuous fermentation 

experiments, the initial glucose concentration ~as kept lo~ in order 

that gro~th ~ould be glucose limited. If the Luedeking model is assumed, 

then 

- (dS) = a Il N + t3, N • 
. dt consumed 

(6) 

Substituting Eq. (6) into Eq. (13) and re-arranging: 

(14) 
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Equation(14) is plotted (for Runs CG and cr) in Fig. 33 which shows that 

the intercept is equal to zero. Therefore, no apparent maintenance energy 

is required.. Furthermore, the values of a calculated from the slopes 

of the linear curves agree quite we~l with those summarized in Table II 

for the energy dissi~ation model. It can be concluded, then, that Eq. (9) 

is the correct representation of the glucose consumption mechanism with 

Yc/ s = 1.0 for glucose limited growth. 

The data for these continuous runs do not fallon a single curve. 

The differences in growth which were evident in Fig. 29 for the OD 

versus dilution rate data appear in Fig. 33 ·as changes in the yield of 

cells per mole of glucose consumed. S. faecalus has very fastidious 

nutritional requirements and the medium used in these experiments was 

undefined in composition due to<.,the yeast extract. The same batch of 

yeast extract was used for all of the experiments but it is possible that 

alterations in cell metabolism may have occurred giving rise to slight 

changes in cell yield. 

3. Washout Experiment 

A continuous fermenter can be used to experimentally determine 

the maximum growth rate of a micro-organism by increasing the dilution 

rate to a point where washout occurs. Equation (11), after substitution 

of Eq. (1) for (dN/dt)G' becomes: 

dN 
dt = (Il - ~) N 

V (15) 

Assume that at time t = 0, the dilution rate is increased to a value well 

beyond the maximum attainable by the cells. The cell concentration falls 

and the growth rate, which had been nutrient limited, begins to increase 

and after a short transition period, attains the maximum value. For the 

period when Il is constant at the maximum value, Eq. (15) can be 

integrated to give 

(Il - ~)t 
V 

(16) 

.. 
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Fig. 33. The dilution rate (equal to the specific growth rate at steady 
state) versus the specific glucose consumption for the contin­
uous stirred tank experimental Runs CG and CJ. The data shows 
that the maintenance energy term, ~, in the Luedeking et ale 
maintenance energy model is essentially zero. 
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where N = NO when t = O. By plotting the log of the cell concentra­

tion in optical density units versus time, the value of (~-~) can be 

determined directly from the slope. Figure 34 presents the data for a 

washout experiment. At t = 0, the dilution rate was increased to 

2.98 hr-l and cell concentration began to drop. After- a short transi­

tion period of 30 minutes, maximum growth rate was attained and an 

exponential decrease in concentration began. From the slope of the 

linear portion of the semi-log plot, the maxim~~ specific growth rate 
-1 

was calculated to be 1.73 hr ,a value practically identical to that 

obtained in batch culture. 

C. Continuous Fermentation With Filtration 

Preliminary experiments with the filtration rotor in place 

demonstrated that successful operation without an excessive pressure 

drop across the membrane could be maintained for a period of days. 

Considerable difficulties were encountered during the preliminary runs 

in obtaining a cell-free filtrate. A number of sterilization methods 

were tried but most either did not achieve complete sterility or would 

cause the membrane to become brittle. A successful technique using 

a combination of steam and formaldehyde has been presented earlier in 

the section dealing with equipment sterilization. Following the estab­

lishment of procedures to obtain a satisfactory membrane, it was dis- -

covered that slight leaks had developed around the shear pins which 

held the rotor together. These joints were sealed with epoxy glue and 

during repeated steam sterilizations, the glue failed. After the 

source of the leakage was found, another application of epoxy completely 

solved the problem. For example, viables counts of filtrate samples 

taken from Run TI gave counts of 2 times 103jml during the early part 

of the run and lo5jml at the end of the run. These counts were so 

low that they could not be observed visually. The filtrate was per­

fectly clear, just like the nutrient feed. 

Before the leakage problem was solved, a number of experiments 

were done and the amount of leakage corrected for. However, when too 

.. 
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Washout experiment for the determination of the maxim~~ specific 
growth rate. From the slope of the semi-log plot (-1.25 hr- l ), 
the maximum specific growth rate was computed to be 1.73 hr- l . 
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large a cell concentration developed in the filtrate, the run had to be 

terminated. 

Originally, experiments were planned for the study of dense 

cultures under steady state conditions. The time required to reach 

steady state was quite long and flow rates, particularly the bleed rate 

of cells, could not be maintained accurately without constant attention. 

The control mechanism for the nutrient supply pump began to wear out and 

it was impossible to correct by fine adjustments. The control mechanism 

was replaced when it had deteriorated too far. The control of bleed flow 

rates was more critical because slight changes had a large effect upon 

the final cell concentration. By measuring the flow continuously in a 

graduated buret, the amount of effluent could be accurately controlled 

as a function of time but constant attention was required. The poor 

control of bleed rate was caused by the periodic evolution of small 

quantities of gas from the fermentation and, since the bleed was pumped 

out of the system in controlled volumes, the pumping rate had to be 

temporarily increased to compensate. Gas evolution was small in volume, 

a few ml/hr, and was present during only a small part of the run. 

Reduction of liquid volu.'Tle in:the fermenter by collection of gas was not 

significant due to the location of the exit line at the extreme top of 

the fermenter and due to the small amounts of gas involved. Evolution 

of large quantities of gas would have caused a severe problem. 

1. Mathematics and Experimental Results 

Equation (11) for the cell material balance in continuous fermen­

tation can be expanded to account for cells lost due to leakage through 

the filter: 

(17) 

= 0 at steady state 

where: 

'f 
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= bleed flow rate 

VF = filtrate flow rate 

NF = cell concentration in filtrate •. 

Therefore: 

(18) 

Equation (13) for the glucose material balance can also be expanded in a 

similar fashion to account for the filtrate; 

dS 
dt 

= 0 at steady state. 

As has been shown by the results for continuous fermentation: 

~~~)consumed = a ~ N • 

Substituting Eqs. (9) and (18) into (19) results in: 

N = 
V f So - (vB + vF)S 

ex vB 

The concentration of glucose was essentially zero for all samples of 

broth analysed. Therefore: 

N = 

(20) 

(21) 

Equation (~l) can be re-arranged into a form more suitable for graphical 

presentation: 

= 
1 
ex 
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All of the variables contained in Eq. (22) were measured with the excep­

tion of a. A plot of Eq. (22) should be linear with an intercept at 

zero. Figure 35 shows the data for Run RnA.. A linear curve does fit 

the data well except for one point at the highest OD~ The value of a 
calculated from the slope of the curve is 7.05 mM glucose/liOD, a value 

very close to values determined. from batch and continuous growth without 

filtration. 

D. Transient Growth with Filtration 

During the steady state runs, the concentration of glucose was 
-1 negligible for growth rates below 1.2 hr • This observation allowed 

the use of unsteady state experiments to investigate high density growth 

characteristics. The advantage of studying the transient regime lies 

in the greatly increased amounts of information obtained over a shorter 

period of time. 

1. Mathematics and Experimental Results 

The mathematical framework for transient behavior was developed 

using the equations derived for the steady state case. The material 

balance for the micro-organisms is given by Eq. (17) but now the time 

derivative of cell concentration is not equal to zero. 

dN 
dt 

The material balance for substrate is given by: 

dS - -dt 

(17) 

(19) 

Since S is equal to zero, then dS/dt = 0, and Eq. (19) can be solved . 
for the specific growth rate: 
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Fig. 35. The determination of the value of ~ for the steady state high 
density experimental Run RDA. 
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Substituting Eq. (23) into Eq. (17) results in a differential equation 

'With N as the only dependent variable, a'sstiming thattheflo'W rates:;. ,feed 

':,concentrations .. 'and' a:.remain'constant • 

dN 
dt = 

This equation can be solved 'With the initial condition that N = NO 

'When t = o. 

N = A - (A - NO) exp ( -: ~ 
'Where: 

A -

(24) 

(25) 

A plot of N versus exp(- vB t/V) should be linear.'With slope equal 

to ·A - NO and intercept equal to A as time becomes very large. The 

value of A defines the maximum cell concentration 'Which can be developed. 

The experimental procedure for all the transient runs 'Was very 

similar. The fermenter 'Was operated at steady state 'With the feed and 

bleed rates adjusted so that an OD around 10 'Was developed. At the 

start of the transient period, the bleed rate 'Was adjusted to a pre­

determined value and the flo'W rate of feed increased to approximately 

1 l.hr. This flo'W rate of nutrient 'Was near the maximu.rn 'Which could be 

filtered for extended periods of time 'Without excessive pressure buildup 

in the system. The volume of filtrate collected during the time interval 

bet'Ween samples 'Was measured. The bleed volume 'Was collected and measured 

continuously in a graduated buret. By checking the volume collected as 

a function of time, very accurate bleed flo'W rates could be maintained •. 

Samples of'the broth 'Were removed from the recycle line of the fermenter. 

The bleed flo'W 'Was stopped at the sampling time and remained off until 

the sample volume removed from the fermenter 'Was accounted for .. 
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The experimental results for a s:eries of transient runs are shown 

in Fig. 36 through 42 inclusive. TWo curves are presented on each figure, 

one for the OD and the other for the lactate concentration. Before a 

detailed discussion of the results is presented, several general observa­

tions which were co~~on to all of the experiments can be made. It is 

quite clear that the linear relationship expressed by Eq. (25) is valid. 

However, during most of the runs, a single straight line does not repre­

sent the data and a series of linear curves is required. Since the slope 

of the curves is uniquely defined by the value of A in Eq. (25), ,then 

one of the variables incorporated in A is changing. Furthermore .. it 

appears as if an abrupt change occurs. All of the variables except ex 

were measured and remained constant. Therefore, it must be concluded 

that{',the value of ex is abruptly changing during the course of the run, 

indicating an alteration in the metabolic pathway scheme. Further 

proof that such pathway alterations ~ather than measurement errors) are 

actually happening is given by the changes in lactate concentration at 

the point of change. 

At the beginning of a run, the feed was increased stepwise from 

a low value to a much higher one. The cells had to increase their 

growth rate to utilize the additional substrate and their reaction was 

not instantaneous; a transition period was required. Adjustment to the 

increased feed rate was quite rapid and by the time that the first sample 

was taken after 30 minutes or an hour, the linear relation predicted by 

Eq. (25) was followed. 

The yield of lactate from glucose catabolism was proportional to 

the specific growth re,te. The growth rate prior to the initiation of the 

transient run was much lower than the rate after the run began. There­

fore during the first part of the experiment, the lactate concentration 

increased due to increased yield of lactate per mole of glucose and 

began to 'decrease as the specific growth rate began to decrease. This is 

the reason for the maximum which appears in the lactate concentration 

during the initial period of the run. 
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The nutrient feed rate and bleed rate for Run TB were 950 ml/hr 

and 55 ml/hr respectively and the experimental results are shown in 

Fig. 36. The technique of controling bleed flow rates had not been per­

fected and some fluctuation occurred. The run was terminated before 

steady state was reached because leakage of broth through the membrane 

became quite large just after the data pOints shown were taken. The data 

follow Eq. (25) quite well and the value of a computed from the slope 

was 6-.24 mM gl'ucose/l/OD, a value close to those determined from the pre­

vious experiments. The maximum in lactate concentration is present. 

Since the initial OD was quite large, the specific growth rate computed 
-1 . 

using Eq. (23) for t = 0 was only 0.259 hr and the yield of lactate 

at the maximum was much smaller than the stoichiometric value. The 

lactate concentration appeared to approach a constant value as the run 

progressed. 

Figures 37. and 38 show the results for Runs AC and AD respectively. 

These experiments were conducted at the sa~e flow conditions with the 

bleed rate equal to 28 ml/hr and the feed rate equal to 850 and 1100 ml/hr 

respectively. Figure 37 for Run AC definitely shows that the value of a 
abruptly changed! The data for Run AD shows no corresponding change. The' 

non-linearity evident in this run was due to a progressive decrease in 

the nutrient feed rat'e' caused by a deterioration in the speed control 

mechanism of the pump. To demonstrate that the value of a remained a 

constant fo~ Run AD, a general equation was developed to calculate the 

value of N under conditions where flow rates are changing. The course 

of the transient run was broken up into a series of discrete intervals 

corresponding to the sampling times and the average flow rate values for 

each interval used, together with Eq. (25), to predict the value of N 

at the end of each interval as a function of the initial cell concentration 

and the time interval. By combining the expressions for each interval, 

the value 'of N at the end of any time interval, n, could be expressed 

as a function of the average interval flow rates and the cell concentra­

tion at t = 0 by: 

I 
'f 
! 

I 
'j 
i 
I 
! 
! 

I 
I 
I 

I 
I 
I 

~" ! 
! 
1 
l 

! 

I 
1 

i 



.. 

90 

80 

:>. 70 -en 
C 
Q) 

'"0 

o 
u 

60 

0. 50 o 

40 

30 

-85-

. a = 6.24 

80 

Stoichiometric 
lactate concentration - '. 60 

40 

. 20 

0.2 0.4 0.6 0.8 1.0 
t.r 

Ex p (- VB t ) 
XBL685"'2812 

Fig. 36. The growth curve and the lactate concentration for the transient 
high density experimental Run TB. 
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Fig. 37. The growth curve and the lactate concentration for the transient 
high density experimental Run Te.· 
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Fig. 38. The growth curve and the lactate concentration for the transient 
high density experimental Run TD. 
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n-l n 

D 

2: D i (1 - exp ( - Dl A t i) ) II exp ( -D j A t j) + 
1=1 o=i+l 

exp(-D At) n n 

A 

(26) 

In this expression, the variables, A and D, take on their average 
n n 

values during the time interval At = t - t l' n n n-
The application o~ Eq. (26) to the data ~or Run AD 'Was simpli~ied 

because the time intervals and pleed rate 'Were constant. The only vari­

able not directly measured experimentally 'Was a and it 'Was evaluated 

from the slope o~ the initial portion o~ the curve in 'Fig. 38 'Where the 

~eed rate 'Was not changUg very much. The initial calculated value at 

t = 0 'Was lo'Wer than the experimental value due to the lag 'Which occurred 

in the gro'Wth process 'When the ~eed rate 'Was abruptly increased at 

t = O. This initial calculated value 'Was determined ~rom an extrapolation 

o~ the curve in Fig. 38 to zero time and 'Was used as the starting point 

~or the calculated OD projection. To ,suII'unarize the computational 

procedure, Eq. (26) 'Was used together 'With the initial extrapolated 

OD 8.6 at t = 0, the value o~ a = 6.86 computed ~om the initial 
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slope and the average flow rates between sample intervals, to calculate 

the cell concentration at the sampling times. A comparison between the 

calculated and experimental values is summarized in Table III. 

The computed and experimental values agree 'very 'lJ.osely with the 

exception of sample TD6. The graphical presentationoi' the data shown 

in Fig. 38 indicates that the experimental value for the OD was in 

error. Excluding sample TOO, the standard percent deviation is 2.1% and 

clearly demonstrates the applicability of the mathematical formulation 

and that a: was a constant. 

Table III. Comparison of experimental and calculated cell concentrations 

for Run TD. 

Sample Number' Experimental OD calculated OD 

0 10.7 8.6 

1 18.2 17.6 

2 27.0 26.7 

3 35.8 34.9 

4 43.0 42.9 

5 50.4 50.2 

6 54.4 57.1 

7 62.8 63.6 

8 68.0 69.3 

Standard % deviation = 2.1% (does not include sample 0) 

The experimental lactate concentrations for Runs TC and TD are 

similar and follow the general pattern with a maximQ~ shortly after the 

experiment commenced. The change in a: for Run TC is accompanied by 

a slight increase in lactate concentration. In general, the lactate 

concentration decreased with specific growth rate. Since the initial cell 

concentration vias low, the initial specific growth rate was larger than 
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in Run AB. Correspondingly, the fraction of glucose converted to lactate 

is larger'. The shape of the lactate concentration curve for Run AD is 

different than for AC since the feed rates are different:~ 

Both experiments had to be terminated prematurely because of 

mechanical problems with the filtration mechanism. 

Runs TE and TF were again duplicate experiments and the 

results are shown in Figs. 39 and 40. The bleed rate was 90 ml/hr and 

the nutrient feed rates were 1050 and 770 ml/hr respectively. In both 

of these experiments, sudden changes in a were observed but the sequence 

of change was reversed. During the initial stages of Run TE, a was small 

and then became larger while for Run TF, the reverse was true. Run TE 

was started at an OD similar to Run TF but an experimental error ruined 

the first few data pOints so that the maximum in lactate concentration 

was missed. The first lactate value for Run TF appears to be in. error 

since the measured amount is greater than the stoichiometric value. In 

neither experiment did there appear to be a change in the lactate concentra­

tion profile as a result of changes in a. 
Run TF continued until steady state was almost reached. The maxi­

mum cell concentration which could be developed was slightly less than 

50 OD. In order to investigate high concentrations, Run TI was done using 

the same bleed rate as in Runs TC and TD. The experimental results, 

shown in Fig. 41 and 42 exhibit a considerably more complex spectrQ~ than 

any of the previous runs. No fewer than five changes in a occur during 

the experiment! The value of a, given in the figures, begins'initially 

at 6.77, increases to 10.2, decreases to 5.34 and then increases to 10.47 

before decreasing again. The last value of a was not calculated be­

cause too few data points were available. The changes in a were 

parallelled by changes in lactate concentrations and seem to be closely 

linked. While several changes in a were evident, the average value 

over the c'ourse of the run'W3.S near those obtained in the steady state 

experiments. 

Run '1'1 was terminated after 38 hours. The pressure in the system 

had increased gradually during the course of the run until 11 ps:i, was 
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Fig. 39. The growth curve and the lactate concentration for .the transient 
high density experimental Run TE. 
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Fig. 40. The gro~th curve and the lactate concentration for the transient 
high density experimental Run TF. 
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centration for the transient high density experimental Run TI. 
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Fig. 42. The growth curve and the lactate concentration for the transient 
high density experimental Run TI. 
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\ ' 
'.~J 

reached. The run could have been continued further 'but Iittl~ added in­

formation would have been gathered since the cellular concentration was 

changing quite slowly with time. The bleed stream was then stopped and 

the nutrient feed rate reduced to 540 ml/hr in order to reduce the system 

pressure. Growth of cells continued. Very small samples of the culture 

were removed, just enough for OD readings. The results of this experi­

ment are shown in Fig. 43 where the cell concentration is plotted' against 

time. The filtrate was perfectly clear so that NF = O. The solution 

of Eq. (24) becomes straight forward when vB is zero. 

v f So 
N = NO + t. (27) o:v 

Two straight lines have been drawn through the data for Run TJ and 

they appear to fit fairly well except for the last two points. The 

values of 0: calculated from the slopes are indicated on the figure. 

For the first line 0: is 7.3 and is within the range observed for the 

previous runs. The second value of 0: was 15 and is larger than those 

previously encountered. Furthermore, the data appear to be approaching 

a limit. In other words, there appears to be a maximQ~ cell concentra­

tion which can be developed with the medium employed. 

Samples of the broth taken during Run TI had to be centrifuged 

before the supernatent was stored for chemical analysis. This super­

natent was clear for all sa~ples taken for Run TI but when the broth 

taken from the fermenter following the termination of Run TJ was centri­

fuged, a clear supernatent did not result. Microscopic examinatton 

indicated the presence of many "ghosts", the remnants of lysed cells. 

Apparently, the fall-off in the rate of cell concentration increase was 

due to cell death although this has not been proven. 

The filtrate from the fermenter ''las as clear as the nutrient 

feed so that the cellular remnants which would not centrifuge out could 

not pass through the membrane. How much influence these remnants had 

upon the OD is not known but it was probably small • 
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Fig. 43. The growth curve ~or the transient high density experimental Run TJ. 

I 
.! 
t 

I 
• I 

I 
I 

I 
! 
I 

I 

I 
!. 

I 
I , .. 
, 
I 

\ 
. ! 

I 

l 
\ 

f 
. i 

r 
f· 

f , 

i 



-97-

The run was terminated after two days. A sample of the broth 

was centrifuged at 16,000 g's for an hour and the packed cell volume was 

determined to be 40%. Figure 44 is a photograph of the broth before and 

after centrifugation together with a sample of the filtrate. 

2. Lactate Yield Constant 

The amount of glucose which was converted to lactate during the 

transient experiments could not be determined directly. The lactate 

concentration was time dependent and was influenced by the prevtous 

concentration history. However, during any time interval, the average 

lactate yield constant could be evaluated. 

The product material balance is given by: 

dP 
dt = CdP) dt Produced 

The rate of lactate production is related to the rate of glucose con­

sumption by a yield constant: 

(~~)produced = - Yp/ S (~~) • 
consumed 

(28) 

(4)' ) 

The rate of substrate consumption is given by Eg. (19) with dS/dt = ° 
and S = 0, then Eg. (19) becomes: 

(~~) cons umed 
= 

Substitution of Egs. (4) and (29) into (28) yields, after rearrangement: 

(30) 

For each time interval, the flow rates were known. If Yp/ s is asswned 

to be constant for the time interval, I:::. t t - t 1 -,j then Eg. (30) 
n n n-

can be integrated: 
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XB B 683-1029 

Fig. 44. A photograph of the sample 8 taken from high density 
transient Run T J. From left to right: the filtrate, the bacterial 
culture and a sample centrifuged at 16,000 gl S for one hour 
which shows the packed cell volume attained. 
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(31) 

vf So 

vF+vB 

vF+vB ---
V 

Since the values of P are known from experimental measurement, the 

average value of the yield constant can be computed. 

Run TI 

To illustrate the results obtained,the values of 

are presented in Fig. 45 as a functton of time. 

Yp/ s for 

Since the yield 

constants "Were average values, they were plotted at the median of the 

time interval when the time between samples was small. In Eq. (31), the 

exponential term for t:,. t's larger than two hours was small so that the 

initial lactate concentration had little influence on the terminal value. 

For samples "Where the time interval "Was greater than t"Wo hours, the yield 

constants "Were plotted at the end of the time period. 

The yield constant curve closely follo"Ws the lactate' concentration 

profile. The yield constant for the system just prior to the start of 

the transient run "Was 0.54 and is plotted at t = O. The yield constant 

data for the initial portion of the run "When extrapolated back to the 

t = 0 axis, gives a value for the initial yield very close to the 

stoichiometric one of 2.0. This observation was consistant for Runs TC, 

TD and TF where the initial cell concentration was small. Runs TE 

and TB displayed a similar shape but the t = 0 intercept was less than 

2.0 because the initial cell concentration "Was larger causing a smaller 

ini tial specific gro"Wth rate. Apparently, just following the step change 

in feed rate, and therefore growth rate, an abrupt increase in yield occurs. 

The points "Where the value of a changed have been indicated by 

arro"Ws. Changes in a appear to correspond to alterations in'· Ghe metabol­

ism of the organisms, for after each change in a, the yield constant is 

qui te drast:ically altered. 
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E. Lactate Yield Constant as a Function of Specific Growth Rate 

For all of the data for continuous fermentation, the decrease in 

lactate yield appeared to correspond to a decreasing specific growth rate 

as long as ex was constant. Tpe yield data for all the continuous runs 

were plotted as a function of specific growth rate to see if a unique 

relation existed. 

Figure 46 contains the data for Runs CG, OJ and RDA. The values 

of Yp/
S 

were calculated from the steady state concentrations. The 

specific growth rate, defined by Eq. (12) and (18), was equal to the cell 

dilution rate. The same general form is displayed for these runs; the 

yield constant is close to the stoichiometric value at high growth rates 

and becomes smaller as the growth rate decreases. At low growth rates, 

the yield constant decreases very Fapidly. The data for Run OJ is quite 

consistent and forms a smooth curve, linear at high growth rates with a 

slow change of yield with ~ and then decreasing abruptly. More scatter 

is present for Run CG. Although both have the ~ame form, the two curves 

do not coincide, particularly at the high yield range. At low growth, 

they seem to approach a co~~on asymptote. The high density run, RDA, had 

a much lower yield of lactate than the other two runs when compared at 

similar growth rates. The range of growth rates investigated was too 

small to see a distinct trend. 

Also included in Fig. 46 are a few data points taken from the 

continuous fermentation studies of Rosenberger and Elsden3 on S. faecalus. 

The range of dilution rates covered in their work was small but the same 

trend of decreasing lactate yield constant with decreasing dilution rate 

is evident. 

The specific growth rates for the transient experiments were calcula­

ted from Eq. (23) and the yield and growth rate data are presented in 

Figs. 47, 48.and 49. Two characteristics are immediately apparent: first, 

the general shape of the curves are similar to those shown in the previous 

figure for the steady state experiments, and during the period of any run 

where ex is unchanged, the data falls on a smooth curve which becomes 

linear at low growth rates. Second, all of the data, when extrapolated to 

the ordinate, intersect at a COlTL~on value of specific growth rate. 
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Fig. 46. The lactate yield constant plotted as a function of the specific growth 
rate for continuous stirred tank experimental Runs CG and CJ, the steady 
state high density Run HDA and the continuous stirred tank data of 
Rosenberger and Elsden3 for S. faecalus. 
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'\ 
Figure 47 contains the data for Runs TB, TE and TF. During the 

course of Run TB, no alteration in a occurred and a single curve re­

sulted. Run TF contained a well defined change in a and two distinct 

yield curves resulted with the curve at higher a having a lower slope. 

Not enough data were collected during Run TE before the a change 

occurred to show whether two distinct curves would have resulted. 

Figure ltB contains the results for Run TC and TD. Again, when 

a increases during Run TC; a new curve is formed with a much lower slope. 

Two data points for Run TC which lie between the curves were taken during 

the transition period and show the course of the transition. 

The results for Run TI with its complex growth spectrum are 

plotted in Fig 49. The data for the different a regimes have been 

fitted with individual curves. The same type of behavior as encountered 

with the previous runs occurs. For the last part of the experiment where 

a = 10.4, the data lie below the intercept value for ~ It is 

possible that the extrapolations which have been made and show that 
-1 

Yp/ s = 0 when ~ = 0.07 hr ,is not correct. Whether Yp/ s goes 

to zero is not known but evidence to show that it does not is given by 

the lactate yield determined from the final broth of Run TJ. The specific 
-1 

growth rate was about 0.007 hr and the value of Yp/ s was 0.25; it 

would appear that even at such low growth rates some lactate is produced. 

F. Viscosity of Dense Cultures 

To determine the effect of the cell volume on Viscosity, samples 

from Run TJ were diluted with a buffer solution and analysed in a 

Couette Viscosimeter. Not only were the viscosities of culture samples 

measured but also the supernatent of a centrifuged sample, the nutrient 

feed and a sample of the cells which were washed twice with buffer and 

resuspended in buffer to the same OD as the original. The results of 

these measurements are presented in Fig. 50 where the viscosity is 

plotted as a function of shear rate. The curves are deSignated by 
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Fig. 47. The lactate yield constant plotted as a function of the specific 
gro~th rate for the transient high density Runs TB, TE and TF. 
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Fig. 48. The lactate yield constant plotted as a function of the specific 
growth rate for the transient high density Runs TC and TD. 
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Fig. 49. The lactate yield constant ~lotted as a function of the specific 
growth rate for the transient high density Run TI and sam~le 8 
of Run TJ. 
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Fig. 50. Viscosity as a function of shear rate for sample 8 of the transient 
high denSity Run TJ. Curve A - no dilution. Curve B - sample 
~ashed t~ice and re-suspended in buffer. Curve C - 2:1 dilution 
after trreversible changes had occurred due to excessive shear rate. 
Curve D - 2:1 dilution. Curve E - supernatent of a centrifuged 
sample. Curve F - 5: ,1 dilution. Curve G - 10:1 dilution. Curve H -
nutrient medium. 
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-.... 
letters in order of decreasing viscosity. Curve A depicts the viscosity 

of the original sa~p1e and exhibits pseudo-plastic or shear thinning 

behavior. As the shear rate increases, the viscosity becomes less. Curves 

D, F, and G show the ,data for samples of broth which have been diluted 

2:1, 5:1 and 10:1 respectively with buffer. The amount of viscosity 

decrease with dilution is not constant and the initial 2:1 dilution re­

sulted in the largest reduction, from 5-6 cpo to 2-2.4 cpo 'The next 

dilution,. 5:1, caused a further reduction of only 0.6 cpo while the 10:1 

dilution reduced the viscosity additionally by only 0.2 cpo 

Not only does dilution cause a drastic viscosity decrease but the 

functional relation with shear rate is reversed and the samples show a 

slight shear thickening, just the reverse of the undiluted sample. The 

same shear thickening behavior is also present in the nutrient feed 

shown by curve H. 

During the measurements taken on the 2:1 dilution sample, the rate 

of shear was increased so far that irreversible changes occurred to the 

sample and the viscosity increased. The data for the 2:1 sample is given 

by curve D while the data for the same sample after the changes occurred 

is given by Curve C. The profile of curves C and D are similar but 

the presence of the irreversible changes due to shear are clearly evident. 

Measurements on a fresh 2:1 diluted sample were made and curve D was 

reproduced. 

Viscosity measurements were made upon the supernate.nt of a centri­

fuged broth sample and they are shown by curve E. Some shear thickening 

is present but not to any large extent. The absolute value of the viscos­

ity is approximately 40% greater than' the nutrient feed and is assumed 

due to the remnants of dead cells which were not removed during centri­

fugation. The supernatent had a translucent appearance, not clear li.ke 

the feed, and microscopic examinat.i.on showed the presence of cellular 

debris as has been mentioned in a previous section. To elimtnate the 

influence of this debris upon the viscosity, a sample of the culture was 

centrifuged, washed twice with buffer and resuspended in buffer to the 
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same OD as the original. The data are shown in curve B. The effect 

of washing and resuspension is clearly evident for the viscosity has 

been decreased by approximately 1.5 cpo or 30-35% .. The same profile is 

retained although the amount of shear thinning has been reduced. 

The presence of the cells appear to be responsible for the shear 

thinning although there is an effect of the debris upon the degree of 

shear thinning. The reason for reversal of the shear rate functionality 

with dilution is not readily apparent. The nutrient does have some shear 

thickening characteristics but it seems improbable that the predominance 

of the thickening action following dilution with buffer is due to the 

nutrient. The presence of cell debris may have an effect since there 

appears to be some interaction with intact cells. The difference between 

the data for washed and unwashed cell samples, Curves B and A, cannot be 

caused solely by the viscosity differences of the suspending fluid. 

Although the presence of the cells at 40% packed cell volQ~e does 

increase the viscosity of the broth by a factor of 5 or 6, the effect 

upon power input to the rotating filter was small. 

G. Other Measurements of Bacterial Concentrations 

L Dry Weight Measurements 

Optical density measurEments were employed for determining cell 

concentration. The technique was rapid and the samples were adjusted by 

dilution to the range where optical density was shown to be linear with 

cell concentration. The decrease in the incident light intensity as it 

passes through the culture sample is caused by dispersion of the light 

beam by the individual microbial cells. 

pended particles does influence the OD. 

The shape and size of the sus­

To check the OD-dry weight 

relationship, broth samples from most of the steady state runs were taken 

for dry weight measurements. The procedure for the determination has 

been described in Section II.F. The results of these measurements are 

suwnarized in Table IV where the dry weight/OD ratio and the specific 

growth rate for each sample is recorded. 
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Table IV. Dry ~eight measurements. 

Run 

CG 

CJ· 

HDA 

Sample Number 

5 

7 
8 

9 

3 
4 

·5 

6 

7 
8 

9 
10 

11 

12 

13 

14 

la 

2 

3 
4 

5 
6 

Average 

Dry Weight (mg/ml)/OD 

0.348 

0·373 

0.383 

0·330 

0.346 

0.348 

0.345 

0.344 

0.346 

0.342 

0.318 

0·337 
0.401 

0·321 

0.326 

0·395 

0·320 

0.333 

0.345 

0.318 

0·375 

0.353 

Standard deviation 0.025 

Specific Gro~th 
Rate, hr-1 

lJ 

0.222 

0.106 

0. 469 
1.49 

0.196 

0·351 

1.26 

0.209 

1.10 

1.31 

1.55 

0.222 

0.061 

0.621 

0.837 

1.09 

0.195 

0.179 

0.174 

0.234 

0.095 

0.216 
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The data ~ere scattered about the average value of 0.347 mg/ml/OD 

but the standard deviation ~as fairly small, 0.025 mg/ml/OD. No consistent 

trend ~ith specific gro~th rate ~as evident although the dry ~eight/OD 

ratio appeared to increase ~ith decreasing growth rate. For example, 

samples CG7, CJll and HDA5 had small I-L values and large dry ~eight/OD· 

ratios, 0.37-0.40, ~hile samples CG9 and CJ9 ~ere rapidly gro~ing and 

had dry weight/OD values around 0.32. Scatter in the data was too large 

to definitely demonstrate a trend. 

2. Viable and Total Counts 

Viable counts .were determined for batch Run S and are shown in 

Fig. 7. The reasons ~or the variation in viable count per unit of 

optical density has been discussed in the section dealing with the batch 

growth experiments. The viable count/OD ratio was computed for each 

sample and they are s~~arized in Table V. The change in the average 

size of the discrete cellular particle is reflected in the change in 

viable count/OD. The results appear in agreement with the size distribu­

tion d~ta (Figs. 22, 23 and 24) which showed that the cell size went 

through a minimum, as the fermentation progressed. 

It is of interest to know ~hat fraction of the cells present are 
16 

viable in dense cultures. Gallup and Gerhardt have measured the total 

and viable count for their dialysis system with results indicating that 

most of the cells were viable. In order to see if nonviable cells 

represented a large fraction in the present system, samples were taken 

from Run RDA for viable and total count and a few from Runs TI and TJ 

for viable count. The percent viability, the viable count/OD ratios and·,':; 

total count/OD ratios were computed and they are sun1marized in Table V 

~ith the results from Run S. The fraction of viable cells for Run HDA 

was betwe~n 80 and 90% with the exception of sample RDA5. The total 

count appeared to be too large by a factor of two for both samples HDA5 

and RDA6 for the computed total count/OD values were about twice those 

for the other samples. Probably an error in dilution was responsible. 

The viable count per unit of optical denSity was larger for the 

high d.ensity runs than for the batch run. This was due to the increased 
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Table V~. Viable and total counts. 

Run Sample Number Viable Count/OD % Viable Total cgunt/OD Specific Growth 
X 10-8 X 10- Rate hr-1 . .. 

S 1 2.30 1. 79 
2 2.46 1.79 
3 3.17 1. 73 
4 3.29 1.34 

5 2.42 ·95 
6 2.22 .61 

7 .1.62 .34 
8 1.65 .28 

9 1.93 .25 
10 1. 70 .22 

RDA 1 7.0 .195 
2 4.17 77 5.4 . .179 
3 8.22 90 9.1 .174 
4 5.35 .87 6.1 .234 ' 

5 7.18 57 12.5 .094 
6 12.7 .216 

TI 19 6.65 .069 

TJ 6 7.75 .008 
7 8.07 .008 
8 7.77 .. 007 

.. 

, 
.~./ 
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nQ~ber of singlet cells present in the high density culture. This is 

illustrated by the photomicrographs shown in Fig. 51. The upper picture 

shows a sa~ple taken from a continuous fermentation run and the lower is 

a photograph of a 50:1 dilution of sample TJ8. There was a striki.ng 

increase in the nQ~b~r of single cells in the high density experiment. 

The size distribution of cell samples taken from continuous 

nonfiltration runs showed.amuch broader profile than did those taken 

from the batch experiments. The distribution was similar to that for 

sample 81 shown in Fig. 22. Photomicrographs of log phase betchcultures dis­

played cell aggregates midway between the two cases shown in Fig. 51. 

The singlet and dumbbell forms were ~uite numerous in the batch experi-

ment but there were longer chains present also. Chains were almost 

completely absent in the high density sample TJ8. 

r 
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Fig. 51a. A sample of S. faecalus from continuous stirred tank 
experiment: phase contrast X 1600. 

XBB 685-2582 

Fig. 51 b. S. faecalus from sample 8 of transient high density 
Run T J: phase contrast X 1600. 
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IV. GENERAL DISCUSSION 

One of the primary objectives of this research program was to 

develop an experimental apparatus for the production of a cellular con­

centration much higher than can be obtained in simple batch growth. The 

fermentation system for this purpose using the micro-filtration technique 

has been described thus far with primary emphasis on the bacterial 

kinetics. Little information pertaining to the operating characteristics 

of the filter have been presented as yet. In the following section, the 

fermentation system and its operating characteristics are discussed in 

some detaiL 

The data from the experimental program have been presented in the 

previous section. Each mode of operating the fermenter resulted in 

different information. A section of this General Discussion is devoted 

to surrmlarizing these findings and to interpretation of the results. 

A. The Experimental Apparatus 

The fermenter system for this study was developed primarily for 

the continuous growth of micro-organisms to concentrations many ttmes 

larger than those which could be obtained by the usual techniques of 

stirred tank or batch fermentations. The fermenter accomplished this 

objective successfully with a maximum concentration factor of 45 over 

batch culture. The investigation of dense cultures at specific growth 

rates larger than those obtained was prevented by the upper lim-a on the 

filtration rate which could be achieved and maintained for long periods 

of time without development of excessive pressures. The eqUipment was 

designed to withstand 30 tb 40 psi but the maximum pressure used did not 

exceed 20 to 25 psi and was usually much less. 

1. The Filter Membranes 

Millipore membranes are fairly fragile and care had to be employed 

in handling them. Several types of membrane materials are produced by 

Milliporej of these, the teflon and ny~on materials appear to have much 

better physical and chemical properties than the Microweb type emp~oyed 
./ 
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here. Unfortunately, the pore diameters available in the former types 

are not small enough to remove the cells from the filtrate. One type 

of membrane material which had excellent chemical resistance and ('ould 

have been steam sterilized in place was much too fragile and was aL~ost 

impossible to handle. 

The Microweb membranes had quite good handling characteristics 

although some lots were better than others. With care and experience, 

filter membranes could be attached to the support screen, sealed tight 

and sterilized in a reproducible fashion. The technique employed was 

quite important to success. The glue had to be flexible so that the 

membrane would not crack along the joint. The ends sealed by the "0" 

rings had to have a layer of glue to give mechanical strength to pre­

vent development of cracks in the membrane. 

The membrane had to be assembled dry for the glue to stick and 

since it expands when wet, the filter did not adhere very tightly to its 

support screen. When the filter was rotated with little or no pressure 

drop, flapping occurred like a flag in the wind. At high'initial rota­

tional speeds with a new membrane, such flapping caused membrane failure. 

To minimize this problem, the membrane was supported by 5 or 6 elastic 

bands distributed along its length and the initial rotational speed was 

kept as low as possible, about 600 rpm. The torque characteristics of 

the filter motor were poor at low speeds and 600 rpm was the smallest 

which could be maintained. 

After a pressure drop had developed across the membrane, flapping 

became no problem and the speed could be increased. As previously 

mentioned, the effect of rotational speed on filtering characteristics 

was small and the lowest possible speed 'Was used. The rotor had been 

operated briefly at 1800 rpm without membrane failure. 

2. FiltrationCharacteristics 

A thorough study of the filtration as a function of time, rbta­

tional speed and cell concentration was not made but data taken during 

the runs revealed the general characteristics. The results of Bhagat 

and Wilke
22 

showed that, for small polystyrene spheres, the steady mate 

," 
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rate offiltration was almost inde~endent of ~ressure dro~ and was ~ro~or­

tional to the square of the rotational s~eed. The experimental configura­

tion, the ~rticles and the mode of o~eration used by Bhagat were quite 

different from those encountered here. Bhagat employed a constant 

pressure dro~ through the membrane and filtration rate was the dependent 

variable. A cake of particles was very ra~idly built up until an equili­

brium condition resulted where the rate of attrition of particles 

equalled their rate of transporttDtiemembrane by flow of filtrate. In 

the present work, flow rate was fixed and pressure drop was the de~endent 

variable. Cake was formed very slowly and the pressure increased gradually 

and a steady state ~ressure ap~eared to be reaehed so long as the cell 

density did not change. This was observed during the HDA run where opera­

tion continued for many hours at constant cell concentrations with no 

pressure( increase with time. The maximu.1'Jl filtration rate employed 'Was 

ap~roximately 3 ml/hr/cm2 at a cell concentration of 43 OD and a 

pressure of 7 psi. At a filtration rate of about 1.8 ml/hr/cm2 and an 

OD of 42, the pressure 'Was app~ately 4 psi. From these two 

examples, it 'Would appear that the steady state filtration rate is a 

function of pressure drop for the ~resent system rather than independent 

of it as observed in Bhagat's system. 

A further deviation from the results of Bhagat was found in the 

filtration rate increase 'With rotational speed. He found that the filtra­

tion rate varied 'With the square of the rotational speed. However, in 

the bacterial filtration increases im'flow rate")'due to an increase in 

roto~ speed were fairly small. 

A possibly important difference between the present system and 

that used by Bhagat is that the organism layer formed during the filtra­

tion was slimy and not particulate like the layers formed by the plastic 

particles. 

The'bacterial filtration rate was somewhat time dependent as 

small particles penetrated the pores and gradual~y blinded the membrane . 

This effeet was not very noticeable over time per:Lods of several days. 

The effect of cell eoncentratton bad a larger effect on the pressure 
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required to affect a fixed filtration rate. To illustrate the behavio~, 

observed, the pressure and OD for Run TI will.be described. The rota­

tional speed of the filter was 650 rpm and the filtration rate was 

980 ml/hr. The initial pressure was very small and gradually increased 

to 3 psi and the cell concentration grew to 128 OD at sample TI-15. 

During the five hour time period between TI-15 and TI-16, the OD 

did not change while the pressure increased by 6 or 7 psi. The rpm was 

increased to 1100 and the pressure decreased by 1 or 2 psi. From this 

time to the end of the run, the OD increased to 146 and the pressure 

increased by only 1 or 2 psi. Following the termination of the runs with 

this filter membrane, the system was thoroughly cleaned with detergent 

to remove cells from the surface of the membrane but the filtration rates 

wi th pure "Tater could not be returned to the "new membrane" state. Exam­

ination of the membrane showed that no visible layer remained but the 

disc~16red appearance suggested that the pores were partially plugged. 

The influence, then, of OD on filtration rate was small until 

cell concentrations of 125 OD were reached. The pressure increase 

noticed at this time could have been caused directly by the cell concen­

tration but the progressive partial plugging of the pores could also 

have been responsible. 

3. The Control Systems 

The control systems worked very well once they had been debugged. 

Control of pH was better than. ±0.05 pH units and the electrode drift 

was negligible. Grab samples were periodically taken to insure against 

deviations from the pH meter reading but corrections to the ascentric 

potential on the analyser were seldom necessary. 

Reactor temperature control_:' using the heating tapes wrapped 

around the outside of the fermenter gave excellent temperature control 

as measured, by the thermocouple. To keep the broth at a uniform temp­

erature, stirring was required to increase the heat transfer from the 
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glass walls and to keep the thermowell in contact with the fluld during 

batch growth where the fermenter volume was not ,completely filled with 

broth. 

The control of nutrient feed rates in some runs was not as 

accurate as desired because the speed control mechanism on the pUInp was 

wearing out. Once it had been replaced, long term stability within a 

few percent was achieved. Peristaltic PQ~PS are not the best type for 

long term operation or for accurate setting of predetermined flow rates. 

The nutrient pQ~ping system, as originally deSigned, had a positive 

displacement piston pUmp with a manual motor speed control similar to 

that employed for the NaOH supply. The speed was measured using a 

tachometer-generator and millivolt recorder in a manner identical to 

the NaOH system. Flow rates could be very accurately set and fine 

adjustments made. Unfortunately, thtscpump could not be successfuily 

sterilized and had to be replaced by the peristaltic pump. 

The control of the bleed flow rate was a problem solved with 

difficulty. Originally, a combination pressure-regular and fine metering 

valve built by the Milliflow Corp. was employed but with no success. 

Flow rates could not be controlled at all. During the development 

stages of the pH control system, a peristaltic PQ~p had to be designed 

to recirculate broth through the external pH electrode holder. This 

pump worked so well that a second one was built and employed to meter 

broth from the system. The volume PQ~ped was quite independent of the 

system pressure because of the heavy walled rubber tubing used in the 

device. The pumping rate could be varied over a very wide range by 

using a DC motor with a variable voltage power supply and a combination 

of gear reduction boxes. This pump, together with a buret to collect 

the cell effluent, provided accurate metering of the flow of bleed from 

the system. As mentioned in a previous section, continuous attention had 

to be paid 'to the effluent volume collected versus time because some gas 

was evolved from time to time and because the setting of the motor speed 

to the correct value was difficult at the low PQ~ping rates used. Small 

adjustments had to be ~de periodically to ensure that the pumped volume 
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accurately adhered to,.the predetermined rate. At no time did the amount 

of effluent deviate more1;than a milliliter from the desired volume versus 

time profile. 

4. Batch and Continuous Stirred Tank Operation 

The fermentation system, though specifically designed for high 

density operation, was equally suited for batch and continuous stirred 

tank cultures. The external recycle line was convenient for sample 

removal and addition of small quantities of liquid, like the seed 

culture. The diameter to height ratio was much smaller than usually 

used for regular fermentation but the use of a stirring shaft with 

several impellers spaced along its length gave excellent mixing. 

Residence time distribution measurements showed that complete mixing 

was closely adhered to. In fact, the fermenter volume calculated using 

residence time distribution data agreed with the direct measurement to 

within less than 1%. 
5. Uses of Filtratian-Fermenter Combinations 

This type of apparatus has been shown by the experimental program 

described here to be uniquely suited to the investigation of microbial 

growth characteristics. The advantage of the high density device over 

continuous stirred tank fermentation as a research tool is due mainly to 

the differing modes of operation. Continuous culture yields steady state 

data a~d the amount of information derived per unit time is small, for 

4 to 6 residence times are required to change steady states. With filtra­

tion,. the fermenter can be operated so that cell concentration is in a 

transient state while tre limi ting substrate concentration is essentially 

zero. Changes in the cell yield are readily apparent, particularly in 

instances where diversion of substrate to cell maintenance is neglig5.ble •. 

With a maintenance energy reqUirement, this mode of operation is still 

applicable although the graphical presentation Ls not as descriptive and 

changes in cell yield and maintenance energy constants are not as evident. 

The Luedeking maintenance energy model given by Eq. (5) can be 

used in the substrate material balance, Eq. (19), to express the rate of 

glucose consumption. 
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WithS and- as/dt equal to zero, Eq. (32) can be solved for ~. 

= 
vf So 

avN - f3/a • 

Equation (33) can be comb:Lned with the cell material balance expressed 

by Eq. 0.7). 

dN 
-" = dt 

_(VB + ~ ') N + 
V a./ 

V
F 

- - N V F (34) 

Assuming that the flow conditions remain constant, Eq. (34) can be solved 

to give the cell concentration as a function of time. 

C 

As time becomes large, the cell concentration approaches the value C, 

the steady state cell concentration. Because the ratio of f3/a enters 

into the exponential, a plot of exp(- ~ t) versus N would not be 

linear but would bend towards the N axis and asymptotically approach 

the steady state cell concentration. Once the steady state value is 

known, a suitable rearrangement of the mathematics results in a linear 

curve when in (N steady state - N) is plotted as a function of time. 

where: 

in(Nsteady state - N) = in (N - N ) - (V VB + ~) t steady state 0 ~ 

N steady state = C.The slope of this curve is 

(36) 

_ (VB + ~) 
- V a 

From the experimentally determined steady state cell concentration and 

this slope, the values of a and f3 can be readily computed. 

' ..... 1 
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Applications for the filtration-fermenter in the fermentation 

industry are probably very limited. Almost all of the major industrial 

fermentations are conducted batchwise ~ith only limited use of continuous 

culture. Use of high density culture with its much more complex operat­

ing reqUirements, would necessitate the presence of special conditions. 

For example, the removal of a cell-free effluent could be advantageous 

in those instances where the cell material interferes with product 

recovery. 

The productivity of a continuous fermenter normally increases 

with dilution rate until the cell and product concentration begin to 

decrease due to washout. For a continuous stirred tank fermenter (CST),' 

the rate of cell formation per unit fermenter volume (Productivity, CST) 

can be expressed by the following relationship. 

, 
Producti vi ty , CST v 

N = 
V (37) 

where: v = effluent flow rate 

N = cell concentration 

V = fermenter', volume. 

Since 
v 

= iJ. V 

from Eq. (12) , then: 

Producti vi ty, CST = iJ. N. 

For the high density system (HD) , 

Producti vi ty, HD 
vB 

N = 
V 

where: 

= bleed flow rate. 

) , 
• t 
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From Eq. (18), 

assuming that no cells are lost in the filtrate. At the sa.me specific 

gro~th rate, the ratio of the productivity for the high density ~ith 

filtration to the productivity of the continuous stirred tank ~ith no 

filtration is: 

'Produc ti vi ty Ratio (PR) :::: (40) 

The cell concentration for the eST is given by Eqs. (9) and (13) and is' 

equal to the follo~ing expression assQming no substrate is present in 

the effluent. 

~here vf :::: the feed flo~ rate. From the material balance on the 

flo~ rates, 

v • 

(41) 

The amount of base added to the system is proportional to the feed rate. 

vNaOH 
:::: k vf (42) 

Therefore, 

v vf 
:::: 

1 + k 

And, 

NeST 
v So 1 So 

:::: - a(l+k) V Q}.1 1 + k (44) 
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The cell concentration for the high density case is given by Eq. (21) 

assuming that no cells are lost in the filtrate. 

~D := 

In this case, the material balance on the flow rates gives, 

V
f 

+ vNaOH 

(21) 

(45) 

Using Eqs. (42) and (45), the following expression for the cell concentra­

tion in the high density case results: 

Assuming that the cell concentration does not influence 0:, the sub­

stitution of Eq. (44) and (46) into (40) for the productivity ratio 

gives: 

PR 

Since 

then 

:= 

PR -

\ , 
'-.J 

(46) 

(47) 

(lJ8) 

The productivity ratio depends strongly on the filtrate rate 

per unit fermenter volume and on the specific growth rate at which the . 
system is operated. If the present high density system is operated at 

low bleed rates such as in Run TI, the productivity ratio at steady 

state will be approximately 34. 



-125-

( 

For a continuous stirred tank fermenter, the maximQ~ productivity 

occurs near washout where the increase due to increasing flow rates is 

counteracted by decreasing cell concentrations. For S. faecalus the 

optimum specific growth rate for maximum productivity in a continuous 

stirred tank was found to be near 1.25 hr- l • Therefore, the productivity 

ratio for S. faecalus grown in the experimental apparatus at the optimum 

specific growth rate and at the maximum obtainable filtration rate of 1 

liter per hour, was computed to be 2.3. 

S. faecalus grows much faster than. most organisms and the 

improvement in productivity is not large. Very much larger increases 

are possible with slow growing organisms for which this type of apparatus 

may be particularly useful. 

The productivity of a filtration-fermenter is proportional to the 

limiting rate of filtration which can be achieved. WHh the Millipore 

membranes,flow rates are small so that a large filter area is r~quired 

per unit fermenter volume. The required mechanical design is complicated 

and the equipment is expensive. Also thepow.er consumption could be 

considerable depending upon the fluid viscosity and the size and rota­

tional speed of the filters. 

The handling characteristics of the Millipore membrane are poor 

for this purpose; they are fragile and some types cannot be steam 

sterilized. The membrane material is costly, $4.50 per square foot for 

the least expensive. Amicon Corp. produces another type of membrane for 

micro-filtration which is claimed to be superior to Millipore in handling 

and long term filtrati'on characteristics, with plugging not a problem 

if the system is well agitated. The filtration rates claimed by Amicon 

are much higher than those found for Millipore. The filtration condi­

tions were quite different for the Amicon tests used water rather than 

fermentation broth. How much difference in filtration rates would occur 

when a thick bacterial suspension was used is not known but the rates 

could be considerably reduced. The Amicon membrane costs as presently 

quoted would seem prohibitive. 
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Further research seems necessary to determine the feasibility of 

applying high density filtration culture to industrial fermentations. 

Availability of low cost--high filtration rate membranes could make>the 

increased productivity which is possible with this technique economically 

attractive, particularly for systems employing very slow growing organisms. 

Art important factor is the.power requirement for this type of 

device. In the present system power requirements estimated from existing 

correlations were on the order of 500 horsepower per thousand gallons, 

an excessive value for industrial practice. However, it seems likely 

that alternate designs might be possible for large scale systems which 

would reduce the volumetric power input. This remains an important 

variable for future investigation. 

B. Experimental Results 

1. Growth Characteristics 

Streptococcus faecalus is an anaerobic, supposealy homo-fermentive, 

lactic acid bacteriQ~ with strict nutritional requirements. The complex­

ity of these requirements was a~ply illustrated by the batch experiments. 

The semi-defined medium with its many components was still deficient in 

that the log period of growth was not adequately reproducible in ei.ther 

rate or duration. A trace.constituent in casein, the amino acid source, 

appeared to be responsible for the nonreproducibility. The casei_n which 

was an enzyme hydrolysate, was not vitamin-free. Use of a vitamin-free 

casein product would have been prohibitive in cost and the nutritional 

studies required to determine the trace component in the casein which had 

such a vast influence on growth, would have required a considerable 

investment in time. The principle purpose of the batch experiments was 

to develop a nutrient medium which would support good growth in a re­

producible, fashion with a known component, glucose, as the growth limiting 

constituent. The complex medium containing yeast extract appeared to 
I 

satisfy these requirements. 

The batch growth characteristics of S. faecalus were very similar 

for the semL-defined and complex media. The main difference between the 

,. 
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t'Wo 'W.as the presence of a lag phase with the complex mediUl'll 'While none was 

observed with the semi-defined recipe. The seed culture used for the 

complex nutrient growth experiments contained yeast extract, buffer and 

glucose but not the 'vitamins. Subsequent experiments during continuous 

growth runs showed that these vitamins had a beneficial influence on 

growth and the lack of them in the seed culture medium was probably the 

cause of this lag phase. The effect· of the added vitamins 'Was rather 

surprising for one 'Would assume that yeast extract at 20 gil should 

supply ample quantities of gro'Wth factors. 

The size distributions for samples taken during batch experiments 

shows the presence of two distinct particle sizes. This is a surprising 

phenomenon and is undoubtedly due to the. propensity of the organism to 

form small cocci chains. For cultures in the stationary phase or growing 

at 10'W rates, the distribution was broad with a maximum near the doublet 

size. As the culture begins to gro'W at the maximum rate, the chains 

begin to decrease in nQ~ber and in length until the vast majority approach 

the singlet size. The doublet peak al~ost disappears and remains as a 

shoulder on the singlet peak. It must be emphasized that the terms 

"singlet" and "doublet" are used by analogy to the standard calibrating 

spheres 'Where genuine singlets and doublets are present. The bacterial 

singlets and doublets do not refer to single cells and two-cell. chains 

for the cells under the singlet peak are undoubtedly dQ~bbell in shape 

sho'Wing the beginning of duplication while the doublet peak represents 

tvlO finished daughter cells which may also sho'W the beginnings of duplica­

tion. In any event, during the initial stages of batch growth, the 

posi tion of the doublet peak displays a cell volume approxi mately t'Wice 

that of the singlet. As growth proceeds, the increasing volume of the 

singlet maximum demonstrates that the dumbbell shaped ceJls begin to 

predominate. 

T'Wo batch experiments were conducted to determine the absolute 

glucose requirement for gro'Wthj one 'With the semi-defined medium and one 

with yeast extract. Both experiments involved the incubation of nutrient 

media without glucose for a period of time followed by the addition of 

glucose. No growth occurred with the semi-defined medium until glucose 

vIas added. Following the addition of glucose, growth began and the normal 
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batch curve resulted although the specific rate ,was lower than normal. 

With yeast extract, some growth resulted without glucose. After a 

stationary phase was reached, glucose was added and growth was again 

observed but at a much lower rate than usually occurred with this 

mediQ~. It is not known whether an important nutrient was consumed 

during the incubation without glucose and was not available when the 

glucose was added or whether the cells underwent some change during 

this period which affected their performance. 

The continuous stirred tank experiments grown on the complex 

medium with 7 gil glucose displays the usual dependence of cell concentra­

tion on dilution rate. The cell concentration was limited by the avail-

able glucose until the dilution rate approached washout where the 

concentration decreased rapidly. For dilution rates below 1.2 hr-l, 
the measured glucose was zero by the Glucostat analysis which could 

detect less than O:~l mg/ml glucose. During this period when all the 

glucose was being consumed, the cell concentration profile sbowed a 

slight increase of OD with decreasing dilution rate. This increase 

was too small to influence the graphical determination of a from 

Eq. (14). Some utilization of nutrient components other than glucose 

for energy may have occurred since the yeast extract medium would 

sup~ort some growth in the absence of glucose. 

2. Cell Yield 

The rate of consumption glucose to provide the energy for the 

increase in cellular mass was found to be directly proportional to the 

rate of cell growth as long as glucose was present in limiting amounts. 

Evidence to support this statement is contained in the steady state 

data for both normal and high density continuous experiments. There 

was no apparent effect of cell concentration on the specific rate 'of 

glucose consumption. During the batch experiments where an excess 'Was 

present,glucose catabolism became uncoupled from cell growth and the 

energy derived therefrom was diSSipated. The Luedeking et al. 36 main­

tenance model fitted the batch data but gave widely differing maintenance 

energy terms from one experiment to the next. For steady state contin­

uous experiments, it failed completely. 

! 
I 
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, It was stated in the section dealing with batch results., that the 

cell relationship between cell concentration and glucose consumption (or 

product formation under conditions of stoichiometric conversion) could 

be explained by either the maintenance energy concept or by energy 

dissipation. To illustrate the general form obtained, refer to Fig. 11 

which contains the data for Run S. The curve is linear at low cell 

concentrations and begins to increase after an OD near 3.5 is reached. 

This linear region can be accounted for by the Luedeking model if, and 

only if, the specific growth rate is constant. During this period, the 

glucose consumed is linear with OD: 

So - S = K N • 

D~fferentiatingwith respect to time, 

dS dN 
- dt = K dt 

Luedeking's model is given by Eq. (5): 

dS - -dt 
= ex ~ + ~'N 

dt 

Substituting Eq. (50) into (5), 

Now, from Eq. (1), 

Therefore,' 

or, 

dN dN 
K dt = ex dt + .~ N. 

dN 
dt = Il N • 

(50) 

(51) 

(1) 

(52) 
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K = a + f3/1l • (53) 

For this equation to hold, as long as K is a constant, the speci.fic 

gro"Wth rate, 11 , must also be unchanging. Therefore .. foi·Jthe Luedeking 

model to be valid, the dissociation of energy production must coincide 

"With a change in gro"Wth rate. With the sole exception of Run AI, the 

ratio of OD at the end of the log phase to the OD "Where dissociation 

occurred "Was 0.7 or less. 

The amount of glucose consQ~ed "Which "Went to support ne"W gro"Wth 

"Was subject to abrupt changes. These changes "Were not evident from the 

batch and steady state experiments for fluctuations in a from run to 

run "Were quite small. The only exception to this occurred during the 

last fe"W data points for Run GJ. All of the a values determined from 

the experimental results reported here, are summarized in Table VI. 

These values have been grouped into four catagoriesj the first group 

includes all the values for the batch and steady state runs (except for 

a2 of Run c..r) together with those from the transient experiments "Which 

"Were in the same neighborhood. The average value is 6.77 roM glucose/l/OD 

"With a standard deviation of 6.3%. The second group contains the larger 

values from the transient runs "While group three contains only the 

smallest value, a 3 for Run TI. Grcup four includes those values 

intermediate to groups one and t"Wo. The groupings "Were somewhat 

arbitrary, particularly group four "Which could possibly be distributed 

bet"Ween one and t"Wo although there seems to be a gap separating group 

fOl~ from either one or two. The separation of group three from group 

one appeared to be justified due to the large gap bet"Ween them. The 

average value for each group did bear a simple relationship from group 

to group. The ratios of groups 3:1:4:2 "Were approximately 4:5:6:8. 
The reason "Why a values fell into these groupings could not be 

determined from the experimental data. 

Without the transient growth experiments, the conclusion must 

be that a isa constant, for the 6.3% standard deviation found for 

group one is quite reasonable considering the possible experimental 
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Table VI. Surmnary of values. 

Run roM Glucose/l/0D 

S 6.95 (1) 

AS 7.45 (1) 

AC 7.15 (1) 

AE 6.35 (1) 

AI 6.80 (1) 
CG 7.46 (1) 
CJ ex 1 7.25 (1) 

ex2 8.40 (4) 
RDA 7.05 (1) 
TB 6.24 (1) 
TC ex 1 6.25 (1) 

ex2 7.89 (4) 
TD 6.86 (1) 
TE ex 1 7.09 (1) 

'ex 2 10.4 (2) 
TF ex 1 9·0 (4) 

ex2 6.61 (1) 
TI ex 1 6.77 (1) 

ex 2 10.2 (2) 
ex3 5.34 (3 ) 
ex 4 10.4 (2) 

TJ ex 1 7.3 (1) 
ex 2 15. * 

Group (1) - Average ex = 6.77 
Standard Deviation = 0.43 

= 6.3% 
Grrup (2) - Average ex = 10.4 
Group (3) ex = 5.34 
Group (4) - Average ex = 8.42 
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errors. The a 2 value for Run CJ could be accepted as resulting from 

differences in medium following the preparation of more nutrient after 

sample CJll, for the organisms have complex requirements and the mediQ~ 

was undefined due to the presenceeof yeast extract. However, it became 

clear during the transient experiments that a could and did quite 

abruptly change. These changes werenot caused by fluctuations in operat­

ing variables or nutrient composition for flow rates and the other system 

variables were monitered continuously and the nutrient was withdrawn from 

a single, well agitated vessel. Furthermore, the lactate yield. constant 

also indicated that a metabolic pathway alteration had been made. 

The reason for the pathway shift was not apparent from the experi- , 

mental data obtained. No effect of cell concentration was found, for in 

a duplicate set of experiments, Runs TE and TF, a change in a occurred 

but the values before and after were completely reversed. In another set 

of duplicate runs, a change occurred in one, Run TC, but not in the 

other, Run TD. 

3. Product Yield 

The pathway alteration signified by the a changes seem to be 

tied to the product formation but the a - Yp/ s variation is super­

imposed on the ~ - Yp/ s relationship and complicates interpretation. 

The material balances for all of the batch experiments showed near ' 

stoichiometric conversion of glucose to lactate. In these runs, glucose 

was present in excess. When glucose was limiting, the conversion of 

glucose to lactic acid was a strong fUnction of specific growth rate, 

particularly at low rates. The lactate yield constant curves extrapolate 

to a single specific growth rate values at ~ = 0, of 0.07 hr- l and 

at high rates, the yield asymptotically approaches the stoichiometric 

value of 2.0. The slope of the linear portion of the Yp/ s curve 

varied from run to run as well as with changes in a during a run. 

There was no consistent correlation between this slope and a when all 

runs were considered. During anyone run, a decrease in a resulted 

in a new curve "li th increased slope, and visa versa. 
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The metabolic pathway for the catabolism of glucose has been 

presented in the introductory section dealing with the published informa­

tion on S. faecalus. In order to understand more fully the results found 

in this experimental program, a brief sQ~~ary of the glycolytic pathway 

is presented here. 

Glucose is converted via a series of enzymatically catalized 

steps to pyruvate. 
+ + Glucose + 2 ADP + 2 Pi + 2 NAD -7 2 pyruvate + 2 ATP + 2 NADH + 2 H • 

In this se~uence of steps, two moles of ATP and 2 moles of NADH are 

produced per mole of glucose. ATP is the co~~on energy currency for the 
+ biosynthetic pathways, while NAn is a hydrogen acceptor re~uired during 

the glycolytic se~uence. During the conversion of pyruvate to lactate, 

the NADH is oxidized and recycled. 

+ + pyruvate + NAnH + H -7 lactate + NAn 

Since NAn+ is present in minute quantities, this co-factor must be 

regenerated. If pyruvate is converted to formate plus acetate, one mole 

of ATP is formed, but no NADH is oxidized. 

pyruvate + ADP + Pi -7 formate + acetate + ATP 

Therefore, to ensure that the glycolytic sequence does not stop due to 
+ a lack of NAD , some other means of oxidizing NADH must occur. There 

are two possibilities. The first one involves the conversion of pyruvate 

to ethanol which would use a mole of NADH. Rosenberger and Elsden3 

found only formate and acetate when they grew S. faecalus in continuous 

culture. Almost identical results were found when the data of Rosenberger 

and Elsden were compared to those found here for the fraction of glucose 

which could be accounted for in the samples taken from the present 

steady state runs. Rosenberger and Elsden analysed for formate and 

acetate directly "Ihile in the present study the titration for total acid 

production vias used together with the measured lactate concentration to 
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compute the other acids produced. Several samples from a hi@ densi ty 

transient run ~ere analysed on a gas chromatograph and considerable 

quantities of ethanol ~ere present. Unfortunately, the samples ~ere 

old and the results ~ere erratic. For these transient runs, the titra­

tion method for estimating the acid production was inaccurate due to 

the rapid changes in lactate production. Ho~ever, the same type of 

relation ~as found between the NaOH consumed and the lactate produced, 

i.e., a decreased yield of lactate corresponded to an increase in the 

total base consumed. At very lo~ lactate yields, only about 70-75% of 

the glucose could be accounted for and the remaining amount may be 

appearing as. alcohol. The appearance of more than 2 moles of acid per 

mole of glucose indicates that some acetate and formate ~as produced 

so that NADH must be oxidized by some other means. 

The second possibiE ty aSSll.'lles that the NADH is oxidized by 

a component .i.n the nutrient medium. With 20 gm/l yeast extract in the 

medill.'ll, it is quite possible that sufficient material is available to 

act as a hydrogen acceptor. During the anaerobic fermention of ~ 

faecalus using glycerol as substrate, Gunsalus35 has demonstrated that 

yeast extract does contain a hydrogen acceptor. Although no dtrect 

evidence for a similar regeneration of NAD+ ~as obtained here, such 

a reaction sequence is quite possible. 

While the excess NADH appears to be accounted for, the 

additional energy produced during the formation of acetate and formate 

from pyruvate has not been. In fact, from the experimental data, no 

consumption of this ATP is evident for the amount of ne~ cells 

produced per glucose consumed remains unchanging during periods ~here 

the lactate yield constant is drastically altered. Although changes 

in cell yield per mole of glucose do occur and they appear to be 

someho~ connected ~ith alterations in lactate yields, no direct correla­

tion between them is evident. To illustrate this point, consider the 

results for Run TI ~hich are shown in Fig. 46. At least four changes 

in a occur and they are accompanied by alterations in the lactate 

yield profile but there is no consistent relation between them. When 
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a increases frcm 6.77 to 10.2, a maximum in Yp/ s results. A similar 

maximQ~ occurs when a decreases from 10.2 tp 5.34. It would appear, 

therefore, that whatever relationship exists, it must be rather tenuous. 

Since the changes in a do not appear to be caused by changes 

in the distribution of metabolic end products of glucose catabolism, a 

complex interaction of the cell with its environment must be responsible. 

Whether the cell density has an effect is not known for no consistent 

correlation exists. To investigate the complicated interrelation of it he 

catabolic and anabolic pathways, a much more intensive investigation 

using a completely defined medium would have to be undettaken with 

particular attention being paid to the analysis of the fermentation 

products. 
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SUMMARY· 

An experimental filtration-fermenter combination was designed and 

constructed for the investigation of microbial growth characteristics' in 

batch, continuous and high cell density cultures. The micro-filtration 

technique for removal of cell-free product from the fermenter was success­

ful. Filtration rates in excess of a liter per hour (2.2 ml/cm2 ~) were 

maintained for several days with cell concentrations up to 20% packed 

cell volQ~e. The maximum cell density obtained was 40% packed cell 

volume, a factor of 45 larger than could'be obtained in the usual batch 

culture. Excellent filtration efficiency was achieved; the concentration 

of cells in the filtrate was six orders of magni.tude smaller than in the 

fermenter. 

The filtration-fermenter combination has a larger productivity 

per Unit volume than a continuous stirred tank fermenterwhen both are 

operated at the same specific growth rate. The advantage of the filtration­

fermenter over the continuous stirred tank increases with decreasing 

specific growth rate and with increasing filtration:,-rate. Very large 

increases in productivity are possible at low specific growth rates. 

The application of high density fermentation to industrial processes will 

depend largely on the cost of filtration membranes which are expensive 

at present. The presence of a cell-free effluent is advantageous when 

product recovery systems require the separation of cells from the fermenta­

tion broth. The filtration equipment is more complex than a stirred ta.nk 

but the added cost is offset by the smaller size required for the same 

throughout. 

The anaerobicigrowth characteristics of S. faecalus were investi-
o 

gated at 37 C and pH 7.0. In batch culture, glucose was converted 

almost stoichiometrically to lactic acid. When an excess of glucose was 

present, dissociation of the rate of glucose consumption and growth rate 

occurred as the culture entered stationary phase. In continuous culture 

with glucose limitation, the fraction of glucose going to lactate 

decreased with dilution rate. The consumption of glucose for cell main­

tenance vias negligible. Results in terms of substrate conversion. yields. 

viability, etc., from steady state high densHy experiments were sim·i.lar 

to those obtained from low denSity continuous culture. 
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The transient high density experiments showed ·that the yield of 

cells per mole of glucose changed quite abruptly as a run progressed. 

Complex interactions between the cell and its enviro~~ent were probably 

responsible. No consistent correlation between these yield changes and 

cell density was evident. The changes in cell yield were usually 

accompanied by alteration in the lactate yield constant but no correla­

tion could be developed. 

The transient technique of operating the filtration-fermenter and 

the plotting methods employed for the data obtained, can be used for the 

rapid determination of changes in metabolic pathways which affect cell 

and product yield constants • 
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PROPOSALS FOR FUTURE WORK 

1. A definitive study of the filtration rate as a function of time, cell 

concentration and pressure drop should be undertaken. 

2. The filtration of mycelial cultures using the rotating filter shouitd;," 

be investigated. The viscosity of such cultures is primarily due to the 

inter-connecting mycelial strands. Little breakage of these strands should 

occur with the filter and a hieP flow rate may be possible without 

excessive power conswnption. 

3. Other filter membranes such as those produced by the Amicon Corp. 

should be tested. Greatly increased filtration rates may be possible. 

4. The Amicon membranes can be used to separate macro-molecules such as 

proteins. A rotary filtration device may prove to have application in 

the large scale preparation of protein fractions. 

5. The high density transient growth of S. faecalus should be continued 

using a completely defined mediQ~ in order that the inter-relationship 

between cell yield and lactate yield can be elucidated. These studies 

should also determine if the changes in cell yield still occur using the 

defined mediwn. 



/ 

-139,. 

. t) 

ACKNOWLEDGMENTS 

Contributions to this study were made by many individuals and 

it is possible to mention only a few. The authors extend special thanks 

to Gene Powers for his assistance in the design and installation of the 

electronic equipment, to G. G. Young for his aid in solving the many 

mechanical problems which arose, to Ronald O'Der for his assistance 

with several phases of the experimental program, and to S. Shapiro for 

. performing the viscosity measurements. 

This work was performed under the auspices of the United States 

Atomic Energy Co~~ission. 



-140-

REFERENCES 

1. Robert Luedeking, The Lactic Acid Fermentation at Controlled pRj 

Kinetics of the Batch Process and Continuous Flo~ Theory and Experi­

ments. (Ph.D. thesis) Univ. of Minnesota, September 1956. 

2. Peter J. Reilly, Kinetics of Lactic Acid and ,Gluconic Add Fermentations 

(Ph.D. thesis) University of Pennsylvania, 1964. 

3. R. F. Rosenberger and S. R. Elsden, The Yields of S. faecalus Gro~n in 

Continuous Culture, J. Gen. Microbio. 22, 457 (1960). 

4. J. Monod, La Technique de Culture Continue; Theorie et Applications. 

Ann. Inst. Pasteur 79, 330 (1950). 

5. L. Michaelis and M. L. Menten, Biochem. Z. ~, 333 (1913). 

6. D,. Herbert, Continuous Culture of Micro-organisms; Some Theoretical 

Aspects, in Continuous Culture of Micro-organisms, edited by 

I. Malek, Academy of Science, Prague, (1958) p. 45. 

7. Robert Luedeking and Edgar L. Piret, Transient and Steady states in 

Continuous Fermentation, Theory and Experiment, J. Biochem Microbiol. 

Tech. Eng. 1, 431 (1959). 

8. Jack 1. Northam, A Course of Bacterial Population Gro~th in Batch and 

Co~tinuous Culture According to the Theory of Monod, J. Biochem. 

Microbiol.Tech. Eng. 1, 349 (1959). 

9. 1. Malek and Z. Fencil, Continuous Culture of Micro-organisms, a 

Revie~, Folia Microbiologica, £ 192 (1961) 

10. Victor Henry Ed~ards and C. R. Wilke, Analytical Methods in Bacterial 

Kinetics, UCRL-16398, January 1967. 

11. Ping Shu, Mathematical Models for the Product Accumulation in Micro­

biological Processes, J. Biochem. Microbiol. Tech. Eng. 2" 95 (1961). 

12. A. G. Fredrickson and H. M. Tsuchiya, Continuous Propagatton of 

Micro-organisms, A. 1. Ch. E. J. ,2, 459 (1963). 

13. H. M. Tsuchiya, A. G. Fredrickson and R. Aris, Dynami.cs of Microbtal 

Cell Populations, Adv. Chem. Eng. £, 125 (1966). 

14. Proceedings of the U. S. - Japan Seminar on Dynamics of Microbial 

Populations, J. Ferm. Tech. 44 (1966). 

15. Philipp Gerhardt and D. M. Gallup, Dialysis Flask for Concentrated 

Cultures of Micro-organisms, J. Bacteriol. 86, 919 (1963). 



-141-

, 
16. D. M. Gallup and Philipp Gerhardt, Dialysis Fermentation Systems for 

Concentrated Culture of Micro-organisms, Appl. Microbiol. 11, 506 (1963). 

17. Philipp Gerhardt and Jerome S. Schultz, Dialysis Culture, J. Ferm. 

Technol. 44, 349 (1966). 

18. Philipp Gerhardt, J. U. Pedersen, H. E. B. Humphrey, Jr., and J. S. 

Schultz, The Biodialyser; A Multiple-Plate Exchanger for Dialysis 

Fermentations, 152nd Meeting of the American Chemical Society 

(Division of Microbial Chemical and Technology) New York, New York, 

September 1966. 

19. H. E. B. Humphrey, Jr. and Philipp Gerhardt, Performance Character­

istics of a Prototype Biodialyser, Ibid. 

20. J. Downs Herold, J. S. Schultz Phil.ipp Gerhardt, Differential 

Dialysis CUlture for Separation and Concentration of Cells and 

Macro-molecular Products, Ibid. 

21. J. S. Schultz and Phil.ipp Gerhardt, Kinetics of Dialysis Culture, ibid. 

22. Ashok Kumar Bhagat and C.R. Wilke, Filtration Studies wtth Ultra-

fine Particles, UCRL-16574, September 1966. 'cJ 

23. I. C. Gusalus and C. F. Niven, The Effect of pH on the Lactic 

Acid Fermentation, J. BioI. Chem. 145, 131 (1942). 

24. M. Gibbs, J. T. Sokatch and I. C. Gunsalus, Product Labeling of 

GIUcOSe-1-c14 Fermentation by Homo-fermentative and Hetero­

fermentative Lactic Acid Bacteria, J. Bact. 70, 572 (1955). 

25. T. B. Platt and E. M. Foster, J. Bact. 75, 453 (1958). 

26. T. Bauchop and S. R. Elsden, The Growth of Micro-organisms in 

Relation to Their Energy Supply, J. Gen. Microbiol. 23, 457 (1960). 

27. Henry R. Mahler and Eugene H. Cordes, Biological Chemistry (Harper 

and Row, 1966) 

28. G. Toennies and G. D. Shockman, Growth Chemistry of S. faecalus, 

Proc. Intern. Congo Biochem. 4th Vienna, l2,,365 (1959). 

29. Boguslaw Wojciech Kusmierek, The Transient Response of a Continuous 

Fermentation (M.S. thesis) Massachusetts Institute of Technology, 

August 1959. 



-142-

30. B. E. Baber and N. A. Khan, Quantitative Determination of Amino 

Acids in Undesalted Hydrolysates by Buffer Filter Paper Chromato­

graphy, J. Sci. Food Agri. ~, 217 (1957). 
31. Allen G. Marr, E. H. Nilson and D. J. Clark, The Maintenance R~quire­

ment of Escherichia coli, Ann. New York Acad. Sci. 102, 536 (1963). 
32. E. A. Dawes and D. W. Ribbons, Studies on the Endogenous Metabolism 

of Escherichia coli, Biochem. J. 95, 332 (1965). 
33. s. J. Pirt, The Maintenance Energy of Bacteria in Growing Cultures, 

Pr,oc. Roy. Soc., Ser. B 163, (991) 224 (1995). 
34. E. A. Dawes and D. W. Ribbons, Bact. Rev. 28, 126 (1964). 
35. I. C. Gunsalus, Products of Anaerobic Glycerol Fermentation by 

S. faecalus, J. Bact. 54, 239 (1947). 
36. Robert Luedeking and Edgar L. Piret, A Kinetic Study of the Lactic 

Acid Fermentation: Batch Process at Controlled pH. J. Biochem. 

Microbiol. Tech. Eng. 1, 393 (1959). 

tJ 

., 



NOMENCLATURE 

Variables 

k proportionality constant 

K proportionality constant 

N bacterial density, optical density units 

P product concentration, mM/l. 

PR productivity ratio 

S substrate concentration, mM/l. 

t time, hours 

V fermenter volume, liters 

v flow rate, liters/hour 

Y yield constant 

Subscripts. 

F filtrate 

f feed 

B bleed 

0 initial quantity 

pis product from substrate 

G growth 

cis cells from substrate 

Greek Letters 

~ specific/growth rate, houril 

ex substrate conswl1ed/yield of new cells, mM/l/OD 

~ maintenance term, mM/l/OD hr . 

.. 
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APPENDIX 

Nutrient Composition 

, , 
~.J 

The nutrient mediQ~ contained many components. To simplify 

formulation, the constituents were divided into several groups so that 

those present in small amounts could be made up in high concentration 

and then added to the nutrient mediQ~ in small aliquots. The vitamin 

solution, also called.the trace component solution, TCS, and the 

mineral solution were used for both ~he semi-defined and the complex 

media. In the following section where the nQ~erical data are presented, 

alterations, if any, to the standard nutrient recipe for each run is 

given. 

Tables I and II contain the vitamin and mineral solution 

compositions respectively. Table III contains the recipe for the semi­

defined mediQ~ and Table IV shows the composition of the complex mediQ~. 

The sources for the chemicals were: 

1. Yeast Extract - Difco Labs, Detroit, Michigan 

2. Minerals and Salts - B & A Quality, General Chemical Div., Allied 

Chemical Co. 

3. Glucose (Anhydrous Dextrose) - Mallinckrodt Chemical Works, St. LoUiS, 

Mo. 

4. Vitamins and other biological chemicals - calbiochem, Los Angeles, 

Calif. 



Table A-I. Trace Component Recipe. 

Component. mg/liter final medium 

Nicotinamide l. 

Ca Pantothanate l. 

Riboflavin l. 

Pyrodoxin . HG£ 2. 

Folic Acid 0.1 

·.Biotin 0.1 

This recipe was made up in a 1/2 normal HCl solution to a 

concentration 400 times that in the final medium and added to the nutrient 

at the rate of 2.5 ml/liter. 
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Table A-II. Mineral Solution 

Component gm./li ter of Stock Solution • 

MgO 10.75 

CaC0
3 

2.0 

FeS04·'7H2O 4.5 

ZnS04· 7H20 1.44 

MnS04·H2O •. RO 
';~j 

CuS04· 5H20 0.25 

CoS04·'7H20 0.28 

H3B03 0.06 

HC1, Concentrated 51.3 m1. 

This solution is added to the final medium at the rate of 5.0 ml/1. 

1.-
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Table A-III. Semi-defined Medium. 

Component 

Enzymatic Hydrolysed Casein 

Cysteine . HC:-£ 

Tryptophan 

Asparagine.H
2

0 

Adenine 

Uracil 

Guanine 

SodiQ~ Acetate, Anhydrous 

A~~onium Sulfate 

Postassium Monohydrogen Phosphate . 3 H
2

0 

PostassiQ~ Dihydrogen Phosphate 

Vitamin Solution 

Mineral Solution 

Glucose 

gm/liter final mediQ~ 

10.0 

0.2 

0.2 

0.2 

0.03 

0.03 

0.03 

4.0 

2.0 

2.5 ml. 

5.0 ml. 

15.0 

, , 
'_J 
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Table A-IV. Complex Medium. 

Component gm./li ter f.inal, mediu.'1l 

Yeast Extract 

Sodium Acetate,Anhydrous 

A'1lmoniQ'1l Sulfate 

PotassiQ'1l Monohydrogen Phosphate • 3H20 

Potassium Dihydrogen Phosphate 

Vitamin Solution 

Mineral Solution 

Glucose 

20.0 

4.0 

2.0 

6.0 

1.5 

1.5 ml 

2.0 ml 

, , 
'_J 

i.:" 
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Numerical Data 

Batch Experiments. The batch experiments were conduc~ed using slightly 

differing medium compositions. The details for the different runs are 

described below with the alterations in composition as noted . 

Run S: semi-defined medium. 

Run AB: complex medium with 3 gm/l dihydrogen phosphate, 

15 gm/l monohydrogen phosphate respectively, 10 gm/l 

glucose, initially. .6 gm/ £ glucose added later. 

Run AC: complex mediQ~ with 3 gm/l dihydrogen phosphate, 12 gm/l 

monohydrogen phosphate and 30 gm/l glucose. 

Run AE: complex medium with 30 gm/l yeast extract, 1 gm/l 

dihydrogen phosphate, 4 gm/l monohydrogen phosphate 

and 30 gm/l glucose. 

Run AI: complex mediQ~. 

The substrate and product concentrations and the amount of NaOH 

added to the broth are tabulated in Tables 5 through 9 on the basis of 

1 liter-of nutrient mediQ~. 



'Za:'le AwV. Batch txperl:neDtal Run S. 

&!.~ple t!~e cell Viable count glucose lactate !~0g added Total HaOH add1 tion 
(1) 

specific £rovth (2) 
;tu:::ber concentration vcr"]' concentrat1on concentration betvee!l sa=1ple times !:'OR added rate, d(llaOH)/dt rate, 1.1 

(!':r.) (OD) (mM/l) (mM/l) (';'c/1) (m!~/1) (","/1 hr.) (hr. -I) 

·5 .094 2.16 x 107 75.2 2.1 0 1.8 1.79 

2 1. .234 5.77 x 1f)7 70.5 4.0 1.5 1.5 5.4 1.79 

3 1.5 .583 1.86 x 108 72.1 8.8 4.7 6.2 13.9 I."/} 

2. 1.22 4.01 x lOS 65.' 16.2 9.6 15.8 23.2 1.34 I 

5.41 x 108 ~ 
2·5 2.24 57.2 32.8 13.8 29.6 29.8 .95 \J1 

7.39 x 108 0 
6 3. 3.32· 48.6 46.8 15.4 45.0 33.8 .61 I 

3.5 4.17 6.77 x 108 36.5 72.3 IS.l 63.1 36.8 .34 

4. 4.85 8.02 x lOS 26.9 89.3 21.4 84.5 39.3. .28 

9 4.5 5.34 1.03 x 109 13.9 116.4 16.8 103.3 41.4 .25 

10 5. 6.19 1.05 x 109 4.1 139.6 21.3 124.6 43.2 .22 

(1) d("aeH)/ot vas deter!n:.ned frO!ll a smoothed semi-log plot. 

(2) " .as cetEr::::ined fro:n the slope of e. se:ti.-log plot. 

t .. & 
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Tarle A-VI. !-et(-h Expe!".:.-.e::tal S:;.:;, AE. 

r.e.:::ple ti:-.e ~'ell fh~t'ose la,.tate 
nn:7!::e:- '"'cnte:-.t!'stt.:on concentration coneentratton 

(hr.) (OD) ,="/1) h:·'/l) 

0 0 0.051 49. 4 0 

1 0.5 0.053 52.5 2.2 

2 1. 0.106 50.2 

1.5 0.218 48.5 4.8 

2. 0.546 46.9 11.5 

2.5 1.26 39.1 18.6 

3. 2.63 30.8 39·1 

3.5 4.81 18.3 70.7 

8 (3) 4. 6.43 2.2 98.3 

9 4.5 8.27 

10 5. 9.07 

(1) d{n~O~)/dt \:as eeter!'11ined :-ro~. a s::.oothed se:ni-log plot. 

(2) ~ .,las ceter:r.i.r-:ed f'ro:~, H.e slo:;>e 0:' e se:ni·log plot. 

0) 6 rs:/l glu':ose 2.c.D:ed to fer-::;enter. 

• 

Ke.OH added 'i'otal j,aOH ad~ition (1) spec\ fie (7'ovth (2) 
betveen sa!'!'lple ti!r.es NaOH f-c.ced rate, d(r:aOH)/dt rete, II 

(rnH/l) (m:.!jl) (m:.ljl hr.) (hr. -1) 

0 0 

0 0 2.36 

0 0 4.32 1.38 

4.5 4.5 7·9 1.73 

6.0 10.5 14.4 1.73 I 
I-' 

9.6 20.1 26.2 1.58 VI 
I-' 
I 

18.2 38.3 47.6 1.31 

32·3 70.6 72.8 .84 

35.8 106.4 78.5 .52 

42.0 148.4 75·0 .}2 

34.7 183.1 60. .12 

\,--



Ttl'tle A~Vlt.· ratch Extleri:7:ental Run AC. 

~e.-:pl~ time cell glu('ose la,:te.te NaOH added Total RaOH addition (1) spec I no erovth(2) 
nu::-.l'er ('once:ltrstioJl ccncentratiC'.l] ccn:::entratioJl bet'Ween sample t l:nes I~aOH added rete. d(HaOH)/dt rate, 1.1. 

(hr.) (00) (:0:1/1) (",'1/1) (m.'l/l) (,,),1/1) (mH/l hr.) (hr. -1) 

0 0 .045 161. 0 0 0 

.5 .052 141.5 2.1 0 0 .9 

2 1. .088 159. 1.2 1.2 1.85 1.~2 

1.5 .197 159. 5.0 1.5 2.7 4.55 1. 70 

2. .508 160.5 8.8 ~.6 6., 11.2 1. 70 
I 

2., 1.14 150. 16., 8.5 14.8 25.2 1.70 I-' 
\.J1 
(\) 

3. 2.34 122. ~5.0 17.6 ~2.4 49.5 1.41 I 

,.5 4.49 129. 69. 4 ,1.8 64'.2 8,. 1.10 

8 4. 7.17 95.7 108. 49.0 113.2 125. .73 

9 4.5 9.87 75.0 162. 71. 184. 146. .50 

10 5. 11.7 '9.6 2~0. 73· 257. 152. .}7 

11 5.5 14.4 6.5 28} n. ;,4. 158. .25 

(1) d(li.Oil)/at vas deter.nined hOOl a s!!lootned se::l.l-1og plot. 

(2) ~ was deter:;dned f'rtY.:!: the slope of a se=::i-log ·plot. 

\; c • 
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Te::l'" . -'\'11 I • :2at('h Exper L:::ental Run AE. 

:=:s ~1e time cell glucose !laOH added Total l;aOH addition (1) specific grovth(2) 
nu::;ter con 'e;1tration concentration bet",een sa~ple t b,es NnOH added rate, d(NaOH)/dt rate, JJ. 

(ex.) (OD) (r.~.~/1) (mM/l) (mM/l) (rru\1/1 hr.) (hr. -1) 

" 0 0.05 0.0 0.0 

1 0.5 0.057 155. 1.7 1.7 1.1 

2 1. 0.097 155. 3.4 5.1 2.2 1.44 

3 1.5 0.259 156. 4.8 9.9 4.5 1.44 

4 2. 0·521 152. 6.7 16.6 9·0 1.44 

I 
5 2.5 1.06 147. 7·3 23·9 17·9 1.44 I-' 

~ 
6 3. 2.24 126. 12.8 36.7 36.3 1.42 I 

7 3·5 4.16 128. 25.8 62.5 69.0 1.15 

8 4. 6.79 105. 42.1 104.6 96.0 0.68 

9 4.5 8·58 ?9.6 52.8 157.4 110. 0.3? 

10 5· 9·87 50.5 55·9 213·3 110. 0.1? 

11 5·5 10·3 52.4 265.7 98·5 0.0 

12 5·92 10.1 3.4 37.? 303·4 80. 0.0 

(1) d(NaOH)/dt "las deter~ined fro~ a s;,.o·~thed se:ni-log plot. 

(2) 11 i-:as determined from ti,e slope of a se:ni ... log plot. 



Table A-IX. Batch Experimental Run AI. 

Sample - ti!ne cell NaOH added Total NaOH addition (1) specific growth (2) 
number concentration between sample times NaOH added rate, d(NaOH)/dt rate, J.l 

(hr.) (on) (ml~/l) (mM/1) (mM/1 hr.) (hr.- l ) 

0 0 0.055 0.0 0.0 

1 0·5 0.068 0.0 0.0 1.05 

2 1. 0.111 1.1 1.1 2.25 1. 26 

3 1.5 0.226 1.1 2.2 4.8 1.52 

I 
4 2. 0.482 3.6 5.8 10·5 1.52 I-' 

\.n 
.j::"' 

5 2·5 1.074 7.7 13·5 21.8 1.52 
I 

6 3. 2·31 15.8 29·3 44.5 1.52 

7 3.5 4.41 29.8 59·1 68. 1.05 

8 3·7 4·99 14.2 73·3 

(1) d(NaOH)/dt was determined from a s~oothed semi-log plot. 

(2) J.l ,las determined from the slope of a semi-log plot. 

Note: Initial glucose concentration "Was 38.0 mM/l. 

• C • 
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Continuous Stirred Tank Numerical Data 

The nutrient for the continuous experiments was the complex 

medium shown in Table IV. The numerical data for these runs are 

presented in Tables 10 and 11 • 



'I'a't-le A-X .• c......,:-:,:.'!'" • .:.~.:.s S:irred '.?"8!lk Exper!:r.ent.&.l Run ce. 

Sa"ple !:-:"L~,;: ~1....., !"!l:e Pilut:'OD Cl;,:.cose lactate l:aOH(l) Cell Cell Drv lIeiFht Lactate yi.eld Ac etatp. ... fc rmflte Frar ti on of O1ut'oae 
n".:.-'r,~er !;,;~:-:e-::: :"":,;'1.' :-e.-:;e rate~ v/v c:'l!:.C'e::tratl:':-!J cont'entration e.dditi:':-D coneentretlon concentration OD C'onstant. Yp/s (by t-itratton fed !lec~untetj for 

-::et}1od) in the efflueDt 

("/"r) (t.r •• 1) (::.~/l) (",.1/1) ("'~/l) (OD) (dry .eight (ng/"J,.OD) (,,;.\ laotate/ 
~.gfml) m:.: gluc'!se) ("H/l) (rrom Eq. 10) 

1.091 0.222 O. 65.3 87;1 4.52 1.54 0.348 1.95 15·9 1.08 

1.0=4 0.809 O. 67.5 79·0 4.42 2.01' 5.8 1.04 

I 
f-J 

1.101 0.~06 o. 44.0 96·5 4.60 1.·71 0.373 1.33 48.1 0·99 \Jl 
0\ 
I 

1.0;;1 0.469 o. 59.5 86.3 4.50 1.73 0·383 1.78 20·9 1.04 

1.045 1. 49 15.3 45.0 40.8 2.90 0·96 0·330 1.99(2) O. 1.14 

(1) ~e.O?, ac:l:~, .. ~ic::. ~ liter of nutrient feed. 

(2) Ea'!ed o::l :!ia"2 ""ced. 

TIcte: Gluco:e c:'!:':e::.u-atbn in the nutrient !'eed ,"'as 36.5 !!l.'-I:/l. 

t· . 

c • 



..- " 

'I'::.ble A-~::r. ('c::::',-"c..::! ;: ..... :.:-!'\;.: J:3..:1~: E:-.?c=l: e:;tal :l1.l..'"i CJ. 

&:.:'.;-:~ ~.: _':..: ... :::,: '. :'. !"'~-~C :2i2.t.:tio!1 GluC"cs(' Ls.ct·:;.!e H!10R(l) Cell Cell Dry(~~)ght 
:rll.:...-:::er- ":.:-:-: 1~:,".: : ::'': :'s:'e -=-s.tc, .... /V ccncent:-a:'icn ccncc:'!t:-",ti :-!l aculti::n c':::lC"e;<t!"aticn concentration 

('.-;. .. ) ('.r, -1) (."/1) (,,",'/1) (,-",/l) (on) (dry "Weight 
og/:n1) 

(mghl'On) 

~. :,::; 0.195 0, k5.7 100,0 ~.}1 1.8. 0.}46 

l. (I:~.~ 0.351 o. 45.6 95·3 5. 41 1.88 0.348 

1.O:~ 1.26 0.6 61. 7 78.7 4.87 1.68 0.345 

1.012 0.209 o. 45.8 91·5 5·39 1.85 0.344 

1.0':1 1.10 O. 61.0 78.8 4·97 1.72 0.346 

8 1.0-:.3 1.31 3.5 58.8 65·3 4.45 1.52 0.342 

1.0;'2 1.55 22.1 31.7 27.9 2.17 .69 0.318 

10 1. D99 0.222 O. 43.6 94.5 5·43 1.83 0.337 

11 1.110 0.061 o. 27.5 109.2 4·09 1.64 0.401 

12 1.0:>2 0.621 o. 51.8 89.3 4.23 1.36 0.321 

13 1.0:'3 0.837 O. 57.2 36.0 4.17 1.36 0.326 

14 1. oS:" 1.09 O. £1.1 81.8 4.17 1.65 0.395 

(1) I:~C3 e;:dlti-::l per liter of nllt:r-1ent feed. 

Ibte: Gluc:.:;e c,;",c-:::t!"ati-J!') i!l the nlltrie::lt feed "'as 38.9 ;.:·~/1 f::>r za':':p1es 3 t::> II end 37.8 ~-I/l for se.:np!es 12 to 14. 

," 
'--

lactate yield 
constant, Yp/ s 

(!)'Ill, lacta te ~ 
~.! glucose 

1.30 

1.31 

1.75 

1.29 

1.69 

1.78 

2.03 

1.23 

0.78 

1.50 

1.64 

1.75 

. ', • 

Acetate + for:::ste Fraction of Glucose 
(ty titration :ted accounted for 
!net-hod) in the effluent 

(.';/1) (from Eq. 10) 

49. 6 0.9"08 

43.8 0.940 

19.9 1.01 

41.5 0·910 

12·9 0·932 

2.5 0.920 

o. 1.00 

46.6 0·917 

76· 7 0.900 

32.7 0.956 

23.8 0.980 

15.6 0.978 

I 
\-' 
\Jl 
-.J 

I 
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Continuous Stirred Tank Experiments with Filtration 

The data for the steady state fermentation with filtration are shown 

in Table 12. The data for the transient high density experiments are 

summarized in Tables 13 to 19 inclusive. The nutrient for these runs 

was the complex mediQ~ presented in Table 4. The glucose concentration 

in the effluent of all of the high density experiments was essentially 

zero. 

The concentration of the NaOH was 1.03 normal and 2.4 m£ was. 

required to adjust a liter of nutrient feed to 7.0 pH. 



l <: _ .. ill 

( 

Table X.1I. !::·t~nj:y State :::'g-:-l ~-:::::;-! ty Ex:;e!"i::..c::rtal RUo" REA. 

S~-:;pJe Fi1tra~e flc"! :C:eec Lc· ... 1;8.0:1 fb" ;i;.:.t!'ie:-.t ~.::-... Dl.lutl';:.n rate, gluc'.)::.:e ccncentration lactate naOH(l) cell concentration 
nu.":l.:er rr:.te :-ate rate !"'3.:e Vp,/V in nutr lent feed concentration addition in bleed 

(::-.l/hr) ("':'/'=) (=.l/LT) (c~j;=) (hr- l ) ("M/l) (nM/l) (mH/l) (OD) 

la 144 121 21.4 244 0.195 38.9 53.4 88.0 11.0 

2 314 III 41.4 444 0.179 38.9 39.0 93.1 22.1 

803 108 14.3 331 0.174 39·3 48.2 89.1 42.6 

1330 145 125 1350 0.234 39·3 44.9 93·1 42.8 

5 342 58·3 31.8 362 0.094 39·3 16.4 105·2 32.8 

6 181 154 30.0 285 0.216 38.1 30.1 106 11.8 

Sa~ple cell CC'Dccn· cell ccncen- cell cen- eel! c,:n- percent viable dry ~eig)1t/OD lactate yield fOl"!nate + fraction of glucose fed I 
nu."l1oer trat1,;,n in trc.ti:.n in cent!"s:tlcn cent::atlon constant, Yp /s acetate{by accounted for in the I-' fn trate bleed in bleed in "!):eed titration effluent \Jl 

method) \.0 
(OD) (dr,- ;;eight (viable (total (mg/ml) (!!lH lactate/ I 

~.gf=l) "ount/~,l) cou:>t/o.l) !:!l·1 glucose) (ml-\jl) (fran Eq. 10) 

la 0.81 3.52 1.7 x 109 0·320 0.145 30.0 0.938 

0.61 1.36 9.22xl09 1.2 x 1010 
17 0·333 0.546 51.1 0.816 

3 0.01 14.1 3. 5QxlOl0 3.9 x 1010 
90 0.345 0.669 36.6 0.S02 

0.41 13.6 2. 28xl010 2.5 x 1010 81 0.518 0.625 44.1 0·903 
* 

0.04 12.3 2.35xlO10 4.1 x 1010 
57 0.3'15 0.231 87.1 0.785 

1.5 x 1010 C 
6 0.0 4.16 0·353 0.430 13·0 0·901 

(1) !I'OH addlticn per lite!' of nuU'ie:lt feed. 

* A dilution error ;:.ay ha~.'-,? OCC'.l..'I'"!'cti, for this ".-a.h;e e;;-e3rs t'J be too large by a factor of two. 



Tutle XIII. Transient High Density Experl;.'1ental Run TB. 

S9.~ple tbe filtrate bleed flow NaOH flo\! nutrient lactate NaOH (1) cell concentration a opecine grovth(2) lactate yield (}) 
nu:~,'ber flo .... rate rate rate flO'W rate concentration addition In bleed rate, )J. constant, Yp/ s 

(hr.) (~l!hr ) (ml!hr) (~/hr) (!!Il/hr) (!:l!{/l) (,1M/I) (OD) (!!I'{/l glucose (hr- l ) (mJ.l 1actate/ 
/OD) !tIM glucose) 

0 0 36.6 0.259 1.19 

1 0.5 972 55.7 92.3 936 32.7 99·2 38.0 6.24 0.239 1.15 

2 1. 953 55.7 91.8 917 36.4 100.7 40.2 6.24 0.222 loll 

2. 953 49.0 90·9 911 38.0 100.6 46.0 ·6.24 0.203 1.093 

3. 947 54.3 92.6 908 35.7 102.8 50.0 6.24 0.180 0·93 I 
I-' 

5 4. 950 58.4 95.0 913 31.8 104.7 55.4 6.24 0.163 0.81 ~ 
6 5. 952 55.1 95.8 911 27.5 105.9 60.4 6.24 0.154 

I 
0.71 

7 6. 962 56.9 96.3 923 27.4 105. 66.8 6.24 0.144 0.64 

7. 960 54.7 98.2 917 22.6 107.8 66.0 6.24 0.138 0.59 

9 9· 960 57·9 95. 4 923 25.2 104. 73.6 6.24 0.125 0.49 

note: a) Glucose concentrati:JD in the nutrient feed was 38 .. 7 rrM/l. 

b) Cell conce:-:tratl::.n in f'iltrate 'Was essentIally zero. 

(1) UaOR addition per lIter of' nutrient f'eed. 

(2) Calculated using Eq. (23). 

(3) Ta}.-.en from s:!:Jothed curve of' Yp!s (calculated from Eq. (31)) versus t1=e. 

(-
'" 

.: c ... 
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Tab:!.e XIV. 

S2-::-;:le 
nu.:::'te:o 

0 

1 

2 

5 

6 

~a::=i.en"t. :iig!1 D'Jnsi";:y Experi:nental Run Te. 

ti::-.c ~"'i 1 t.r!'ite bleed floW' NaOH flo\.' n'.ltrient 
flc'~' rate rate rate f::o· .. · rate 

(J-:.) k~!J1l") hl!hr) (ml/hr) (ml!hr) 

0 

1.0 872. 28. 78.1 822. 

2. 867. 28. 82.9 812. 

3. 863. 28. 82.9 SoB. 

4. 854. 28. 82.0 800. 

5. 848. 28. 82.0 794. 

6. 853. 28. 82.0 797. 

Note: a) Gluc:=;se concentration in the nutrient feed ~as 38.7 r!'14/1. 

b) Cell c0ncentratioD in the filtrate ",as essentlelly zero. 

(1) IiaOH addition per liter at nutrient feed. 

(2) Calculated usip~ Eq. (23). 

lactate 
concentration 

(~.!/1) 

56.5 

42.5 

33·2 

31.0 

35.0 

31.0 

(3) Ta/.cn i'rro sc..oothcd curve of Yp/ s (~alculated by Eq. (31») versus time. 

([ 

Ii.OB(l) cell concentrati~D " 
(2) 

specif'ic gI'O\Jth 
(3) 

lactate yield 
addition in bleed ratc, 1.1 canstent. Yp /s 
(~!.J!l) (OD) (mM/l glucose (br- l ) (~·t lactate~ 

/OD) :n!'4 gluco!:e 

ll.8 6.25 0.682 2.0 

106. 18.7 6.25 0.430 1.28 

103· 25.8 6.25 0.312 0·91 
I 

I-' 
103. 32.4 6.25 0.248 0.79 0\ 

I-' 
I 

103. 37.4 7.89 0.170 0.89 

104. 42.0 7.89 0.152 0.89 

104. 46.4 7.89 0.137 0.70 

r-,. 
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Table XV. Trs.!1sient High Density E.xperi:nental Run TD. 

Sa..'tlple t1;,e filtrate bleed 1'10'« NaOH now nutrient lactate 
nu.'noer fl·:;" rate rate rate flo'W rnte concentration 

(hr.) hl/hr) (::J./hr) (::J./hr} (ml/hr) 

0 0 

1- 1125 28.0 88. 1065 

2 2. 1123 28.0 100 1051 

1116 28.0 107 10}7 

1110 28.0 109 1029 

1094 28.0 111 1011 

6 6 1069 28.0 110 987 

1061 28.0 110 979 

8 1052 28.0 107 973 

H~te: Gluc';lse c::;oncentrat1on in the nutrient feed ~as 37.9 rt'JA/l. 

(I) HaOR !;I.dditi~n per liter of nutrient feed. 

(2) Calculated U51ng Eq. (2}). 

(m14/1) 

4}.2 

62.3 

49.0 

}4.1 

2}.6 

17.1 

13·9 

11.0 

9.6 

(:;i) Tak~n fto:;-, s:::.oothed curve of Yp/ s (calcula.ted by Eq.(3l~ versus t1:ne. 

r:: 

lIaOH(l) cell concen- cell concen .. a specific gr".t*2) lactate yield (}) 
addition tration in tration in rate, ~ constant, Yp/ s bleed filtrate 

(mI.1/1) (00) (00) (~"/1 glucose (hr-1 ) (m!,1 lactate/ 
100) m..~ glucose} 

10·7 o. 6.86 0.857 2. 

82.7 18.2 o. 6.86 0.504 1.64 

94.2 27.0 o. 6.86 0·340 1.15 

104. 35.8 o. 6.86 0.249 0.96 
I 

107. 43.0 o. 6.86 0.206 0.54 I--' 
0\ 
I\) 

111. 50.4 o. 6.86 0.173 0.42 I 

112. 54.4 o. 6.86 0.156 0.35 

113· 62.8 0.04 6.86 0.134 0.29 

111. 68.0 0.24 6.86 0.123 0.25 

c 

(' 
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Table XVI. Trl.ln:.!cn .... Hith Dcn!l!.ty Expcr:'r.:cntnl nWl TE. 

::::u!'n~)lc tIme. !'ll~!"".1t'C ulc('d ,:,'10\.' tiu.O!1 nov nutr1ent l..'l.C~r\tc lIaou(l) eell conccn· cell CO!lccn- a Gp"cific erovth(2) lactate y!eldf:» 
nur.:lft:>r n(·\,1 I"ale rt.t.c rate rh·\.! ro.te ccnccnt:-utlon al1U!tlon trntien in trn"tion in r&.te, t.t conctant, Yp/ s bleed fl1tre.te 

(hr.) (,,)/1.1') ("l/llr) (..J./hr) (I'Il/hr) (",'1/1) (~M/l) (OD) (OD) k' /1 glucose (hr-1) (T~ lact.ate{ 
/OD) ,!,_,,~ gluc<?::e 

2 0 lO~~J 90 ?C.5 10'51 G~.4 92·1 20.2 .13 7.09 0.440 . 1.Go 

10:,0 90 sG.5 10~} ~7.0 92.8 26.2 .05 7.09 0.342 1.52 

4 2 lC~ll 90 97.2 10'» 52.8 94.4 28.8 .05 10.4 0.208 1.43 
I 

I-' 
0'\ 

5 lOll} 90 ')'1.2 10}G 49.5 ?!'.2 30.4 .05 10.4 0.197 1.}4 \..N 
I 

G 10'..,2 90 ')tl.2 lO!~JI 44.G 1)1-1-./' }2.2 .05 10.4 0.187 1.26 

~ IO!!l 90 100. 1031 4}.2 97·5 }}.G .05 10.4 0.179 1.17 

8 102(, 90 100. 1026 35.} 9'3.1 35.4 .20 10.4 0.lG8 1.0 

note: Cluc'·'~c CflllL'Crlt.r:Jtton In the nutrient !"ccu \'/U!J }7.9 ~·~/1. 

(1) Nu(j:1 H,hl1tlon per l!tcr' of nu~rlcnt feed. 

(2) Cz..:.:!.cult.tctl u::lng,~. (23). 

(3) Tuten !'ro:l, :;U,Qot!:cd curve of Yp/ s (-::ulculutf,;>d lty Eq. (31)) ve!":iU~ tIme. 



T2.o1e XV'll. Tranr.lcnt HlSh Density Experi~ental Run 'l'F. 

Sa::,ple '"'ti:':le filtrate bleed flow N.OH flO'ol nutrient lactate NaOH (1) cell cone en- cell concen- a specific gro;n;J2) lactate Yield(3) 
nu.,,::'t:er flo .... rate rate rate nO\l rate concen tia ticn add! tioD tration in tratlon in rate, j.L constant, Yp/

S bleed filtrate 

(hr.) (m1/hr) (ml/hr) (ml/hr) (!tl/hr) (,aM/1) (mM/1) (OD) (OD) (mMjl glucose (hr-l ) (0lM lact.te{ 
JOD) !:",0\1 glucose 

---0 0 8.0 9·00 0.657 2.0 

772 90 7}.6 ?88 75·1 93.8 13·2 0.17 9.00 0·399 1.86 

770 90 71.8 ?88 61.6 91.5 18.9 0.05 9·00 0.278 1.58 

769 90 72.7 786 55·0 92.8 21. 7 0.04 9·00 0.242 1.45 I 
I-' 
~ 
.j::"" 

4 5 763 90 72.7 780 50·2 93·2 23·3 0.03 9·00 0.226 1.33 I 

5 8 775 90 78.1 787 37.5 99.8 30·3 0.03 6.61 0.233 1.07 

6 13·3 768 90 82.7 775 21.4 107.5 40.4 0.02 6.61 0.174 0.61 

25. 7}6 90 81.8 747 18.6 110·3 46.2 0.01 6.61 0.152 0·51 

Rate: Gluc,'~::;e concentration in the nutrient feed ..... as 38.4 '!rk"1/1. 

(1) llaOH addition per liter of nutrient feed .. 

(2) Calculated using Eq. (23). 

(3) Taken fro::! c!Iloothed CllI'Ve of Yp/
s 

(calculated by Eq. CU» versus time. 

( c J ( 
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Ts.'t>::e XVIII. ?:'!.n"i€:-,t ::it:~ !Je~sit:-· Ex:;,e::-i:r.ental RQ'l TI. 

~e::,.?le ti::e. ;il".::·e~e t-leec :'1C'0i' :;am-l !'lov nutrient lactate IIaOH(l) cell concentration a specific grOvth(2) lactate Yleld~ 
n~ber "!'lo-.: :-a:,e rate rs.te flo .. rfi~,-e con<.'~ntration addition in bleed rate, 1.1. constant, Yp/ s 

. (~",.) (,.1/,.:-) (c.l/k) rel/t-,r ) ("'ihr) ('~~/1) (:.11/1) (OD) (rrJ.~/l glucose (hr'l) (",'I lactate{ 
10D) ~·1 glucose 

0 19·9 9·90 0.881 2.0 

1 ~3 23 77.3 899 53.5 86.3 16.5 6.77 0.528 1.68 
2 ?66 28 64.5 909 57.1 93. 4 24.0 6.77 0.364 1. 43 

973 28 8-9.2 913 49·9 97.1 30.8 6.77 0.284 1.20 

976 28 91.0 913 41.9 100 39.6 6.77 0.220 0·97 

5 5 930 28 94.0 914 32.4 104 44.0 6.77 0.198 0.83 
6 6 933 28 95.4 916 30·9 105 50·0 10.2 0.115 0·97 
7 977 28 89.2 916 39.8 98· 54·0 10.2 0.107 1.31 
3 968 28 85.0 911 48.4 93.7 58.4 10.2 0.099 1.27 

9 9 ;fi1- 28 &3.0 911 37·9 97.3 62.2 10.2 0.093 0.94 
I 

10 11 ~JO 28 97.3 911 30.9 103. 78.8 5.34 0.140 0·57 I-' 
11 1.2 950 28 96.5 911 21.2 107· 86.8 5.34 0.127 0.48 0'.. 

\Jl 
12 13 j!lg 28 93.2 919 16.8 103. 93.6 5.34 0.118 0.42 I 

13 14 939 28 97·5 919 15.0 107. 96·8 5.34 0.114 0.40 
14 15 9;;0 28 97.5 920 15.4 107. 103. 5.34 0.102 0.45 

15 19 9;;0 28 95. 4 920 25.7 104. 128. 5.34 0.036 0.71 

16 24 99'J 28 95·0 920 19·7 104. 128. 10.4 0.045 0.47 

17 25 988 28 95.0 921 13·0 104. 123· 10.4 0.046 0.36 

13 26 983 28 95·0 921 12.4 104. 125· 10.4 0.046 0·33 

19 28 ~.-8 28 95·0 921 10·3 104. 127· 0.069 0·30 

20 33 933 28 95·0 921 9·9 104. 140. 0.063 0.25 

21 38 995 28 102.0 921 7.1 112. 146. 0.060 0.20 

!:ote: a) Gluc-;t.e c(,n~entraticn in th~ nutrient :~eed ""as 40.0 =N/l. 

b) Cell conce::l'tration in the filtrate \,'as eSfOent1aliy zero. 

(1) NeOR i?cdition ;.er liter of nutrient feed. , ....... 
"-.. 

(2) Calculated uo1r .. E'!. (23). 

() Tal-.en fro::: ::c::oothe;l {'u!'"le of' Yp/ s (calculated by Eq. ta» versus ti!:l.!?:. 
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Table XIX. ?re.."'~ier::: ii.ig:-: !)z.!1S-1ty Experim.ental Run TJ. 

Sa::Jple ti:.:e !'iltrate bleed flo...: NaOH flo," nutrient lactate 
nU.':lbe!" flo",,' ::-ate rate rate flc ... !"ate coneen-

tration 

(hr.) (:01/1""') ("l/hr) ('ll/hr) (",1/!".:-) (!:l!·!j1) 

0 5'11 60. 531 7.1 

6 591' 4. 60. 535 

II 600 1.6 60. 540 

17 591 1.4 60. 537 

23 6)() 1.8 60. 540 

28.7 5'?8 2. 60. 540 

6 35 5P 2. 61. 531 

41 5'i} 1.4 60. 5}3 

8 47 5:;4 60. 534 9·2 

note: a) Glj,;,cose c:mcentratlon in the nutrient feed ' .. 'as Uo.O clt/l. 

b) C~11 c:':ice:-.tl"ation 1n the filtrate .. as eHentlally zero. 

(1) UaCti ed.dition per liter of nutri':!nt feed. 

(2) Ca1cu1ateo using Eq (2}). 

!laOh~l) 
addl ticn 

(!nl~/l) 

ll4 

ll} 

112 

ll3 

112 

112 

ll7 

ll3 

113 

(3) Ta?:en fro::. z::::..;::;t:-.ed curve of Yp/ s (calculated by E:::,. (;1») versus ti:ne. 

:(. 

cell cone en- cell concen- viable a specific gI"O'olth(2} lactate Yie1i}) 
tratlon in tratlon count/ rate, ~ constant, Yp/ s bleed OD 

(OD) (viable cOUIlt! ('TI~"'/l glucose (hr-1 ) (!:l!~ lactate! 
1:11) !OD) !l'1·1 glucose) 

146 7.} 0.0}5 0.2 

172 7.} 0.030 

201 7·3 0.025 

217 7.3 0.009 

226 15. 0.009 I 
I-' 

242 15_ 0.008 0'\ 
0'\ 

257 1.99 x lOll 7.75xJJl 15. o.ooS I 

265 2.14 x lOll 8.Q1x108 0.008 

270 2.10 x lOll 7.13x108 0.007 .25 

,.;-
'\.. .. ' 

:. ( 
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';'~l.!e ),:')(. Vi f"',l<'! ~ ,. ~··~s.;,:u!"~,('nt') ('It ::'.·'.':o.nle TJA. 

::\1 ~:nUCl"n. 0:" '" ?"."t,) 

!'i~l("~r rrJte- ,.! :~ ... ·o;;l ty 

("°0.1 x lC·~) ('·.r,tJpol"') 

:)·3~ 
.,.\7 
".M 

11.2 
)~.O 
11.0 
q.~'l 

·i.~? 

5·~tl 
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This report was prepared a~ an account of Government 
sponsored work. Neiiher the United States, nor the Com­
m1SS10n, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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