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ABSTRACT 
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A fermentation system was designed and constructed to study the growt'h 

characteristic~ of micro-organisms at low and high cell concentrations. The 

technique used to develop high cell densities utilized a rotating micro~filtra-

tion unit to permit the removal of cell-free product from the fermenter. The 

fermenter volume and the filter were contained in a single unit composed of a 

series of concentric cylinders. Annuli contained the fermenter volume while 

the second outermost cylinder supported a micro-filtration membrane. Feed to 

the system was pumped at constant rates, and the internal pressure built up to 

a value which would effect the required filtration rate. The system was operated 

batchwise and continuously with and without filtration. 

The anaerobic growth characteristics of Steptococcus faecalus were deter-

mined at 379 C and pH 7.0 for batch, continuous and continuous with filtration 

modes of operation. The growth characteristics were unchanged when the cell 

i density was increased. Changes in cell yield per mole of glucose consumed were 

clearly illustrated during the course qf a single run by operating the fermenter 

in the unsteady state with filtration. No consumption of glucose for maintenance 

* Present address: Bellcomm Inc., Washington, D.C. 
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purposes was 'apparent for these organisms. The ~ximum cell density developed 

was 40% packed cell volume, a value 45 times larger than could be grown in 

simple batch culture. 
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I. INTRODUCTION 

Investigators have, in recent years, switched much of their effort from 

studying the growth of micro-organisms in batch culture to investigating their 

,. growth in continuous culture. Batch culture by its very nature yields informa-

I'I 

tion on microbial processes which are in a state of flux and change. Only crude 

information as to the effect of various nutritional requirements on the physiology 

and metabolism of the cell can be determined since exhau.stion of a necessary 

nutrient causes growth to cease. 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 behaviorial character­

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

cyclical changes in environment can be studied, something which is impossible in 

batch culture. 

One of the main disadvantages of studying continuous culture is the time 

involved in going from one steady state to the next, a time which may stretch 

into many hours or even days if the dilution rate in the fermenter is small. 

For this reason of efficiency in time utilization, the study of batch culture is 

very necessary for preliminary screening and testing of nutrient requirements and 

growth characteristics. 

The study of continuous fermentation has been in progress for some time 

and the various interactions of microbe and medium have been investigated by many 

workers, but few have investigated the influence of cell density upon growth 

characteristics. The concentration of micro-organisms grown in batch and con­

tinuous 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 
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I 
conversion of substrate to product, then major increases in productivity would 

result from techniques whereby cell concentration could be increased. Growth • 
of micro-prganisms is usually limited by one of two mechanisms: an essential 

nutrient is depleted in the medium or an inhibitory product of the metabolism 
if 

is increase,d to a level which halts growth. To increase bacterial concentration 

beyond that possible in batch or continuous culture necessitates the continuous 

feeding of fre~h medium and the removal of cell..,.free product from the fermenta-
I ' 

I r ," 

'tion system. There 'are a number of techniques to accomplish product removal. 

A possible method for large-scale operation would be the continuous centrifuga-

tion of broth coupled with the, recycle of cells to the fermenter.' The use of a 

centrifuge for small scale experimentation is not ~oo practical because of the 

large volumes of broth associated with the external lines and the centrifuge. 

Exchange of nutrients and products between a gro.ring culture separated 

from an ext,ernal reservoir by a dialysis membrane is another method of producing 

dense cultures. 
" 1 

Gerhardt ,and Gallup 'developed a dialys·is flask to grow high 

density cultures batchwise with provision to exchange a cell-free product with 

a nutrient reservoir. Using this apparatus, Gerhardt and Gallup investigated 

a number of organisms and a variety of dialysis membranes . They found considerable 

increases in cell concentration when the growing culture was supplemented wit~ 

nutrients derived from the reservoir. They investigated the effect of bacterial 

concentration on the yield of cells per unit of substrate by using different 

ratios offermenter volume 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. 
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These early high density batch culture·· investigations have been con-

2 3 4 5 6 tinued by Gallup and Gerhardt, and Gerhardt e~ al. ' , ,. Since dialysis was 

used to transfer material, nutrient concentrations were unknown since the 

mechanism of the transport was by diffusion and the driving force was concentra-

tion differences. To circumvent the problems of dialysis in the present study, 

a filtration device was proposed where a pressure driving force would cause the 

transfer of material. An experimental fermenter was designed and built in which 

a rotating cylindrical microfilter separated cells from the broth and allowed 

the removal of a cell-free effluent from the fermenter. Using this apparatus, 

an investigation of the anaerobic growth characteristics of Streptococcus 

faecalus at 37°C and 7.0 pH was undertaken. 

S. faecalus converts glucose primarily to lactic acid via the Embden­

Meyerhof pathway. 7 ,8 Some investigators 7 have shown that at high pH, diversion 

of glucose to other products (ethanol, acetic and formic acids) occurs, while 

others9 have found no depenq.ence on pH but instead a strong dependence on the 

specific growth rate with only formate and acetate being formed, and no ethanol. 

These latter experimenters employed a continuous fermenter for their studies and 

showed that in instances where growth was limited by nutrients other than glucose, 

dissociation of glucose catabolism and growth rate occurred. Bauchop and 

10 14 
~ Elsden used C -labelled glucose to show that almost none of the glucose was 

incorporated into cell material but served only as an energy source. 

The nutritional requirements for S. faecalus are very strict. The 

presence of most amino acids together with a number of vitamins and minerals 

in the media are essential for growth. 
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II. EXPERIMENTAL APP~TUS AND PROCEDURES 

Figure I shows a simplified flow diagram for the filtration-fermenter 

combination. The flow rates, v, and the concentrations of cells, N, and sub-

strate (glucose), S, have been indicated. The fermenter was a 12-inch section 
, 

of 3" ID pyrex pipe which contained i3. rotating filter designed to remove cell-

free product. Positive displacement feed pumps and supply vessels for both 

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

holder and closed loop pH control and fermenter temperatUre control' completed 

the system. This experiment at set-up was used for all modes of operation: 

batch, continuous stirred tank and continuous stirred tank with filtration. A 

stirring shaft replaced the filter during batch and continuous, non-filtration 

experiments. ,When operating in the filtration mode, cell-containing effluent 

was removed in controlled amounts by means of a peristaltic pump in the bleed 

;'line and collected ,in a buret. Since the feed pumps were positive displacement, 

, the differ"ence in volume flow rate between the bleed and feed rates vas forced 

through the filter membrane of the rotor and the pressure in the fermenter was 

allowed to fluctuate to supply the driving force needed to effect the filtration. 

The ~iltration rotor was designed to fulfill 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 com-

pletely 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 
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to limit the volume of the fermenterin the end areas without making the assem­

bly of the fermenter too difficult. Clearance at the top and bottom was restric­

ted to 1/8" each. To accommodate the rotory seals, wells were machined into the 

heads so that as little culture v~lume as possible was added to the system. An­

other major" fermenter volume was located in the annulus between the stationary 

outer cylinder and the rotating filter. There is a lower limit to the gap which 

can be tolerated 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 cho­

sen 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 pro­

perties of water and 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. 2. The rotor was composed; 

essentially of a series of concentric cylinders with a central cylinder, a 1/2" di­

ameter 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 

I~ Crane seals. The remaining two cylinders with their end plates formed the fi1-

trate unit which was connected to the central shaft by two shear pins. The bot­

I tom 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 
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for the filter membrane. The filter membrane was a rectangular sheet of type 

WH Millipore filter material which was wrapped around the support surface and 

.. glued along the seam with silicon rubber cement. After the cement had set, the 

ends were given a light coat of glue and sealed at the ends with "0" rings as 

shown in the diagram. 

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 cen­

tral shaft. This internal pumping action gave rise to excellent mixing. Dye tra­

cer experiments showed that complete di~ersion occurred within three to five se­

Gonds, while residence time distribution experiments demonstrated· that the fer­

menter was uniformly mixed. 

The area of. the filter which was available for filtration was about 450 cm. 2 

and the fermenter volume including recycle lines was 620 ml~ When the system was 

used for batch and continuous stirred tank operation, the rotor was removed and 

the volume was 1360 ml. 

Since lactic acid was produced by the organism studied, continuous pH control 

on a closed-loop basis was necessary. The control system consisted of a pH ana­

lyser, a recorder-controller and a piston pump driven by a DC motor for.sdding 

NaOH at controlled rates to the system. The RPM of the motor was measured by 

means of a tachometer-generator and a record of the motor speed as a :function of 

time was used to determine the rate of base addition to the system. 

The fiber junction of the pH reference electrode was easily plugged by 

the bacterial su~ension and an insufficient flow of electrolyte resulted. To 

circumvent this problem, a remote reference electrode was constructed and 

connected via an aqueous KCl salt bridge to the fermentation system. 

>t 
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The pressure in the fermenter fluctuated depending upon the filtration 

rate. In order that electrolyte flowed into the system, the reference electrode 

was pressured with N2 to a value above that in the fermenter. The pressure had 

no effect upon the measured pH. 

Samples of the fermentation broth were removed through a serum cap in the 

recycle line using a sterile syringe and were immediately immersed in an ice bath 

to stop the cells from growing. The cell mass was determined indirectly by meas­

uring the optical density (O.D.) of the culture. At a wave length of 720 mu where 

the medium background absorption was minimal, preiiminary experiments showed that 

O.D. was linear with cell mass as long as the O.D. did not exceed 0.35. Since 

most of the samples had an O.D. much higher than 0.35, dilutions using a buffer­

formalin soltitionwere made. Samples from the steady state runs were analyzed 

for dry weight. One unit of O.D. corresponded to a dry weight of 0.347 mg/ml, 

with a standard deviation of 0.025 mg/ml. 

Glucose was measured by two methods. Initially, the improved reducing 

sugar analysis developed by Kusmierekll was used. Difficulties were encountered 

in achieving reproducibility and considerable scatter occurred in the data. 

This method was used for all the batch and some of the continuous stirred tank 

runs. For the rest of the experiments, an enzymatic preparation for glucose 

analysis (Glucostat, Worthington Biochemical Corp.) was used. 

Lactic acid was determined using a.lactate dehydrogenase enzyme prepara­

tion (Worthington Biochemical Corp.) in conjunction with a hydrogen acceptor 

potassium ferrocyanide. 
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III. EXPERIMENTAL RESULTS 

The results from 'the experimental program are presented in order of 

increasing operating complexity, beginning with catch culture, then continuous 

culture and finally the continuous operation with filtration. The mathematical 

framework describing each mode of operation is included at the most convenient 

position. The operating temperature and pH conditions were restricted to a 

,single value each of 37°C and pH 7.0 respectively, and they remained constant 

throughout the experimental program. 

A. Batch Fermentation 

1. Experimental Results 

Batch experiments were conducted to determine preliminary growth char-

acteristics of S. faecalus and to develop a suitable nutrient medium for the 

continuous cultures. To simplify the interpretation of experimental results, 

the medium 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. 

Preliminary experiments with a semi-defined medium published by Bauchop 

10 ' 
and Elsden using hydrolysed casein to supply the amino acids required for 

growth, did not give reproducible growth curves or maximum specific growth rates. 

A complex nutrient recipe containing yeast extract was developed which did yield 

reproducible results. The nutrient medium had the following composition. 

Difco yeast extract: 20 gm/l, anhydrous sodium acetate: 4gm/l, ammonium 

sulfate: 2 gm/:L, potassium monohydrogen phosphate· 3 H
2

0: 6 gm/l, potassium di­

hydrogen phosphate: 1.5 gm/l , vitamin solution: 1.5 ml/l, mineral solution: 2 ml/l, 
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glucose: 7 gm/l. The vitamin solution had the following composition: nicotinamide: 

400mg/l, calcium patothanate: 400 mg/l, riboflavin: 400 mg/l, pyrodoxin . HC1: 

800 mg/l, folic acid: 40 mg/l, and biotin: 40 mg/i. The mineral solution had the 

following composition: magnesium oxide: 10.75 gm/l, calcium carbonate: 2 gm/l, 

ferrous sulfate • 7 H20: 4.5 gm/l, zinc sulfate . 7 H20: 1.44 gm/l, manganese sul­

fate· H20: 0.80 gm/l, copper sulfate· 5 H20: 0.25 gm/l,cobalt sulfate· 7 H
2
0: 

0.28' gm/l, boric acid: 0.06 gm/l and concentrated hydrochloric acid: 51.3 ml/l. 

The batch groWth curves using this medium had 'a, typical profile with a 

brief lag period followed by exponential growth. With 7 gm/l glucose present 

initially, the lag period abruptly entered the stationary phase with the exhaus-

tion of the glucose. When more glucose was present, another component in the me-
. . . . . 

dium became limiting and a long transitionary phase occurred before growth termi-

nated. The maximum doubling time for s. faecalus grown on this medium was approx­, 
imately 24 minutes. 

The conversion of glucose to lactic acid was almost .stoichiometric for all 

of the batch experiments conducted. Plots of the glucose remaining in solution 

versus the lactic acid produced were linear with a slope very close to the stoi-

chiometric value of -2.0. Plots of the lactic acid produced versus the NaOH 

consumed were also linear with a slope approaching 1.0 The relationship between 

glucose consumption and cell yield was more compliCated and is illustrated in 

Fig. 3 where the glucose consumption (§tS measured by NaOH consumption) is plotted 

" 
versus the bacterial'cell concentration in optical density units. During the ini-

tial stages of growth, the amount of cell growth is directly proportional to the 

amount of energy released from the catabolism of glucose. However, this linear-

ity ceases and is followed by a changing relationship where the amount of glucose 
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catabolised per unit of new· cells produced increases greatly. Two possible 

models may account for this "dissociation" of energy production from cell 

growth. The first model assumes that the additional energy is used for 

cell maintenance while the second postulates that energy production and 

the biosynthetic pathways become uncoupled and the additional energy is 

wasted by some mechanism, possibly by means of an ATPase. 

The presence of a maintenance energy requirement in bacteria has 

been shown by Marr ~t al.
12 

and Dawes and Robbins13 for Escherichia coli, 

Herbert14 for S. marsescens and by Pirtl5 for several organisms. A 

discussion of the energy of maintenance concept for micro-organisms has 

. 16 17 
been published by Dawes and Robbins. Luedking and Piret have 

shown that for L. delbruckii, a homofermentive lactic acid bacteria, 

the rate of lactate production (or glucose consumption) was proportional 

to the rate of growth plus a maintenance term. However, Rosenberger and 

9 Elsden have. show'n t hgt for S. faecalus, dissipation of energy may occur 

.in the presence of an excess of glucose. The shape of the curve for 

lactate production versus cell concentration is similar for S. faecalus 

and for L. delbruckii, although the amount of lactate produced after 

the dissociation occurs is much larger for S. faecalus. 

2. Mathematics of Batch Growth 

Bacteria reproduce by binary fission, a process similar to auto-

catalytic chemical reaction. The differential equation describing this 

mechanism is: 

" 

.' 
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where: N = cell concentration 

t = time 

~ = specific growth rate. 

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

the formation of lactate. 

dP 
--- = dt (2) 

where: P = product concentration-lactate 

S = substrate concentration-glucose. 

In this equation, Yp / S is the yield constant for this process. This yield con­

stant approaches the stoichiometric value of 2~O in the batch runs. 

Luedking's model expressing the relation between substrate consumption (or 

lactate production) and its utilization for growth and maintenance is expressed 

in Eq. (3). 

dS 
dt 

where a is a constant expressing the amount of glucose reuqiredto produce new 

cells and 13 is the maintenance term. Substituting Eq. (1) into (3) and re-

arranging yields: 

The left-hand side of Eq. (4) is the specific rate of glucose consumption and 

(3) 

(4) 

~ when plotted versus~, the specific growth rate, should yield a linear curve with 

slope equal to a and the intercept equal to 13. 

As previously mentioned, stoichiometric conversion of glucose to lactate 

was approached and stoichiometric neutralization of lactic acid by 

NaOR was closely approximated. Since the rate of base consumption was more 
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precisely known than either glucose or lactate, Eq. (4) was expressed in terms 

of NaOH. 

! d(NaOH) 
N dt = 

The graphical expression of Eq. (5) is illustrated in the lower portion of Fig. (4) .. 

A linear relation between specific base consumption and specific growth rate is 

apparent, leading one to believe that Eq. (3) isan accurate representation of 

the fate of the energy produced during glucose catabolism. However, the values 

of a and ~ for a number of experimental runs were not constant with variations 

of 100% occurring. Also the maintenance term was quite large for these experi-

ments when compared with the results of Luedking and Piret's data (17) for a 

similar organism, L. delbruckii. In fact for some of the runs, the specific 

consumption of glucose was almost independent of specific growth rate. 

If the dissociation of energy production frbm growth resulted not from the 

maintenance term but rather from dissipation of en~rgy, then the rate of glucose 

consumption would be related to the. specific growth rate by the following equa-

tion: 

dS a IJ.N 
- dt = Yc/ s 

(6) 

where tySiS the fraction of the glucose consumed which is used to promote growth. 

The constant,.a, has the dimensions mM glucose/£/OD as in Eq. (3). During the ini-

tial stages of batch growth, the rate of substrate consumption, as measured by-base 

consumption, was directly proportional to the rate of growth.· 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 Fig. (3) divided by the stoichiometric constant 2.0. 

The average value of a for five batch runs was 6.94 mM glucose/£/OD with 

.' 
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a standard deviation of 5.gfo. Using Eq. (6) and the value of a determined by the 

above procedure, Yc/ s values were calculated and an example of the results is 

shown in the upper portion of Fig. 4. For Eq. (6) to be valid, Yc/ s should ap­

proach zero as ~ goes to zero. For the experiment shown, YC/ S does appear to 

approach the origin. 

The values of YC/ s should be equal to 1.0 up to the point where dissociation 

occurs. Fair agreement resulted during the lag phases of growth and, for some 

runs, even well into the declining growth period. In all of the runs, the point 

of dissociation deduced from Eq. (6) was at higher growth rates than was indicated 

from the NaOH consumption versus aD plot, as shown in Fig. 3. This difference may 

result from errors introduced by the graphical differentiation necessary for the 

use of· Eq. (6). 

A comparison of the two models relating growth and glucose consumption shows 

that either model could be used. Further information taken from continuous fer-

mentation experiments where glucose-limited growth occurred showed 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 

Following the development of a satisfactory growth medium, cont.inuous fer-

mentation experiments were undertaken to determine if the growth characteristics 

observed in batch culture remained unchanged during continuous growth. ThepH 

of the sterile medium was slightly below 7.0 and adding NaOH at a constant rate 

re sulted in a linear change of pH with time. The rate of change of pH per milli-

liter of NaOH was calculated and used to correct the base addition rates during 

continuous fermentation in order that the amount of acid produced during the fer-

mentation could be determined from thetHration. 



":14- UCRL~·18372-Rev . 

1. Experimental Results 

Figure (5) prepents the optical density developed in ,the fermenter and the 

broth glucose concentration as a function of diiution 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 continuous fermentation with OD being nearly 

constant at low dilution rates and then decreasing as the rate approaches cell 

washout. As the dceJ.l conceritration 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 glu~ose concentration at the maximum di­

lution rate is presented although there was a slight variation in feed concentra­

tion from run to run, e.g., 36.5 mM/l for Run CG and 38.9 mM/I for Run CJ. 

The runs were conducted at the same conditions so that the ODcurves for the 

different runs should have 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 medium and the results are quite 

consistent. During Run CJ, the, nutrient supply became exhausted after sample 

CJll and had to be replenished. 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 c!?ncentration in the feed could not 

explain the change in the maximum cell concentration which occurred when the nu­

trient was replenished. 

The yield of lactic acid produced during the continuous fermentation differs 

from that produced during batch culture. Figure (6) presents the lactate concen­

tration per liter of nutrient medium as a function of dilution rate. At high 
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dilution rates, the decrease in lactate concentration is caused by washout of the 

culture and the presence of unconverted amounts of glucose. However, at dilution 

rates below 1.2 hr-l , glucose concentration was essentially zero so that the de-

creasing lactate concentration was. the result of partial diversion of the glucose 

to products other than lactate. Further evidence that such a diversion was oc-

curring was shown by the rate of NaOH consumption per liter of nutrient medium 

which increased as the dilution rate decreased. At lower flow rates, the rate of 

NaOH consumption appeared to be a mirror image of lactate production. The conver­

sion. of the pyruvate to formate and acetate has been shown by Rosenberger and Elsden; 

suggesting that the production of these acids required increased quantities of 

NaOH. The metabolic pathway can be summarized by the following equations; 

1 mole glucose ~ 2 moles pyruvate 

x moles pyruvate ~ x moles lactate 

(2 - x) mole pyruvate ~ (2- x) formate 4- (2 - x) moles acetate. 

Since the base neutralized all of the acid produced, the amount of formate plus 

acetate was equal to the difference between the total base added and the lactate 

produced. Therefore, the fraction, F, of the initial glucose fed which can be 

accounted for is given by: 

F = 
0.5P + 0.5 [Nao~-pl ... S 

So 

where P and S refer to the concentration of lactate and glucose in the broth 

and So is the initial glucose concentration. The approximate validity of this 

material balance is shown in Fig. 7 over a range of specific growth rates •. 

Three sets of data are presented; two are the steady state, low density data for 
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Runs CG and CJ while the third set is for the high density, steady state Run 

RnA. The other experimental results for HDA. a~e presented and discussed in a 

following section. 

The value of F was a slight function of specific growth rate. The shape of 

the curves for Run CG and CJ are similar but the data for CG was consistently 

about 7% higher. At high growth rates, all the glucose fed to the system could 

be accounted for and almost all of it was converted to lactate. The lactate 

yield constants as defined by Eq. (2) were computed for these runs and they are 

shown on Fig. 11. Discussion of these data is presented in a later section deal­

ing 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 RunsCj and HDA agree well except for one sample which was about 12% low. 

The continuous culture data of Rosenberger and Elsden9 for S. faecalus agree well 

with the results obtained here. At low growth rates, 90% of the glucose consumed 

was converted to lactate, formate and acetate, while at higher growth rates, near­

ly 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. ,.(8) represents the material balance for the cells contained in the system. 

: = (:)G -V N 
= 0 at a steady state 

where: 

v . rate of overflow 

V fermellter volume. 

(8) 
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where: 

dS 
dt = v f SO·-(~~) 

V consumed 

= 0 at steady state 

feed rate 

initial substrate concentration. 

"!S 
V 
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During the discussion of the batch growth results, two different models for the 

rate of glucose were examined; the Luedking maintenance energy model and the 

energy dissipation model. In the continuous fermentation experiments, the ini-

tial glucose concentration was kept low in order that growth would be glucose­

limited. If the Luedking J;l1odel is assumed, then upon substituting Eq. (1) and 

(3)'into Eq. (9) and re-arranging: 

(
Vf ) 1 

0: V + 13 = V So - V S N' (10) 

Equation (10) is plotted (for Rtms CGand CJ) in Fig. 8 which shows that the inter-

cept 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 well with those obtained from the batch experiments for the energy dissi­

pation model. It can be concluded, then, that Eq. (6) is the correct representa ... 

tion of the glucose consumption mechanism with Yc/ S = l.0 for glucose limited 

growth. 

The data for these continuous runs do not fallon a single curve. The dif-

ferences in growth which were evident in Fig. 5 for the OD versus dilution rate 

appear in Fig. 8 as changes in the yield of cells per mole of glucose consumed. 

S. faecalus has very fastidious nutritional requirements and the medium used in 
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these experiments was undefined in composition because of the yeast extract. The 

same batch of yeast extract was used for all of the experiments but it is pos-

sible that alterations in cell metabolism may have occurred giving rise to slight 

changes in cell yield. 

C. Continuous Fermentation With Filtration 

Preliminary experiments with the filtration rotor in place demonst~ated 

that successful operation without an excessive pressure drop across the mem-

brane could be maintained for a period of days. Considerable difficulties were 
. . 

encountered during the preliminary runs in obtaining a cell-free filtrate. A 

numbe:r: of sterilization methods were tried but most either did~not achieve com­

plete sterility or would cause the membrane to become brittle. A successful 

technique was developed using a preliminarY steam sterilization without the mem-

brane attached followed by a formaldehyde sterilization after the membrane was 

installed. 

early part 

Filtrate viable counts taken during Run TI gave counts of 2xI03/ml in 

of the run and 105 at the end of the run. These counts were so low 

that they could not be observed visually. The filtrate was perfectly clear, just 

as the nutrient feed. 

Originally, experiments were planned for the study of dense cultures under 

steady state conditions. The time required to reach steady state was quite 

the 

long and flow rates, particularly the bleed rate of cells, could not be maintained 

accurately without constant attention. The control of bleed flow rates was quite 

critical because slight changes had a large effect upon the final cell concentra-

tion. By measuring the flow continuously in a graduated buret, the amount of 

effluent could be accurately controlled as a function of time but ,constant atten­

tionwas required. The poor control of bleed rate was caused by the periodic eyo-

luti on of small quant:i.ties of gas from the fermentation and, since the bleed was 

.. 



" 
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pumped out of the system in controlled volumes, the pumping rate had to be tem- . 

porarily increased to compensate. Gas evolution was small; a few 

ml/hr, and was present during only a small part of the run. Reduction of liquid 

volume in the fermenter by collection of gas was not significant because of the 

location of the exit line at the extreme top of the fermenter and the small 

amounts of gas involved. Evolution of large quantities of gas would have caused 

a severe problem 

1. Mathematics and Experimental Results 

. Equation (8) for the' cell material balance in continuous fermentation can be 

expanded to account for cells lost due to leakage through the filter: 

where: 

V : 

~N 
V 

= 0 at steady state 

= bleed flow rate 

filtrate flow rate 

= cell concentration in filtrate. 

(11) 

Equation (9) for the glucose material balance can also be expanded in a similar 

fashion to account tor the filtrate. 

dS 
dt 

= 0 at steady state. 

Substituting Eqs. (6) and (11)' into (12) results in: 

N = 
vfSO- (vB + vF)S 

(12) 

(13) 
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The concentration of glucose was essentially zero for all samples of broth 

analyzed. Therefore: 

N = (14) 

Equation (14) can be re-arranged into a form more suitable for graphical pre-

sentation: 

All of the variables contained in Eq. (15) were measured with the exception of 

a. One high density, steady state exper1ment, RooRDA, was conducted with 

cell concentrations ranging from two to eight times those obtained in batch 

culture using the, same initial glucose concentration of 7 gm/l. 'When the 

data were plotted using Eq. (15), 'a linear curve resulted and the value of a 

calculated from the slope of the curve was 7.05 mM glucose/l/OD, a value very 

close to those determined from batch and continuous culture without filtration. 

D. 'Transient Growth with Filtration 

During the steady state runs, the concentration of glucose was negligible 

-1 for growth rates below 1. 2 hr . This observation (together with the experimentally 

determined form of the cell yield constant) allowed the use of unsteady state 

experiments to investigate high density growth characteristics without assuming 

any specific kinetic model. The advantage of studying the transient regime 

:lies in the greatly increased amounts of information obtained over a shorter 

period of time. 
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1. Mathematics and Experimental Results 

The mathematical framework for transient behavior was developed using 

the cell and substrate material balance equations derived for the steady state 

case .. Since S is equal to zero, then dS/dt = 0, and Eq. (12) can be solved 

for the specific growth rate: 

Substituting Eq. (16) into Eq. (11) results in a differential equation with 

N as the only dependent variable, assuming that the flow rates, feed 

concentrations and a, remain constant. 

This equation can be solved with the initial condition that N = NO when 

t = o. 

where: 

A -

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 maximmn cell concentration which can be developed. 
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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 O.D. around 10 was established. At the start of the transient 

period, the bleed rate was adjusted to a pre-determined value and the flow 

rate of feed increased to approximately I liter/hr. This flow rate of nutrient 

was near the maximum which could be filtered for extended periods of time 

without excessive pressure buildup in the system. The flow rates of the 

filtrate and bleed streams were measured. 
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An example of the experimental results obtained is shown in Fig. 9 for 

RunTI. For this run, the bleed rate of c~lls was 28 ml/hr while the nutrient 

feed rate was 915 ml/hr. Curves are presented for the optical density, and 

for the lactate concentration. Several general observations were common to 

all of the transient experiment s.' It wa s quite clear that the linear relation­

ship expressed by Eq. 18 was valid. However, it was found that during most of 

the runs, a single straight line did not represent the date and a series of li­

near curves was required. Since the slope of the curves was uniquely def:Lned 

by the value of A inEq. (18), then one of the variables incorporated in A was 

changing. Furthermore, it appeared as if an abrupt change occurred. All of the 

variables except ex were measured and remained constant. Therefore, it must be 

concluded that the value of ex was abruptly changing dur:tng the cour$e of the run, 

indicating an alteration in the metabolic pathway scheme. Further proof that 

such pathway alterations (rather than measurement errors) were actually happening 

was 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 Clr an hour, the linear re­

lation predicted by Eq. (18) was followed. 

The yield of lactate from glucose catabolism was a function of the specific 

growth rate. The growth rate prior to the initiation of the transient run was 

mu'ch lower than the rate after the run began. Therefore during the first part 

of the experiment, the lactate concentrati'Jn increased because of increased yield 
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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. 

The experimental results shown in Fig. 9 exhibit'a complex spectrum. No 

fewer than five changes in a occur red during the experiment! The values of a 

given in the figure, begin initially at 6.77, increasetCl: 10:2, decrease to 

5.34 and then increase to 10.4 before decreasing again. The last value 'Jf a 

was not computed becau.se too few data paints were available alth:)ugh the value 

appeared to be between 7 and 7.5. The change s in a were paralleled by changes 

in lactate concentrations and seemed to be closely linked. While several changes 

in a were evident, the average value over the course of the rUn was near those 

obtained in the steady state experiments. 

The run described above was terminated after 38 hours. The pressure in the 

system had increased gradually during the cO,Urse of the run until 11 psi was 

reached. While the run could have been continued further, little added infor-

mation 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 for optical density 

measurements. The filtrate was perfectly clear so that NF = O. The s-:>lution 

of Eq. (17) becomes straight-forward when VB is zero. 

N = 

During the initial stages of the experiment, RLm TJ" the linear dependence of 

cell coneentration with time predicted by Eq. (19) held. However, as t'.me and 

the cell cl.mcentration increased, the rate of grClwth decreased and 8 maximum 
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in cell concentration was approached. In other words, there appeared t~ be a 

maximum cell concentration which could be developed with the medium employed. 

A sample of the final broth, when centrifuged, did not give a clear supernatent 

as in samples taken from the other high density runs and microscopic examination 

revealed the presence of many Ughosts", the remnants of dead cells. Apparently, 

the fall-off in the rate, of cell concentration increase was caused by cell death, 

although this has not been proven. The specific growth rate during the latter 

part of' the experimental run wa s very low, approximately 0.007 hr -1, and may 

have contributed to cell death. 

The maximum cell concentration attained had an optical density of 270, 

a value 45 times that obtainable in batch culture using the same nutrient 

composition. A sample of the broth, centrifuged at 16,000 g's for an hour, had. 

a packed cell volume of 40%. 

The viscosity of the final broth exhibited pseudoplasttc or "shear thinning" 

characteristics. 
-1 

As the shear rate increased from 5320 seconds to 12,600 

seconds~l, the viscosity decreased from 6.34 centipoise to 4.90 centipoise. 

From viable and total counts made during the course of the run, apprIJximately 

80% to 90% of the cells present were viable. 

2. Lactate Yield Constant 

The amount of glucose which was converted to lactate durlng the translent 

experiments could not be determined directly. The lactate concentratlon was time-

dependent and was influenced by the previous concentration history. HIJwever, 

durlng any time interval, the average lactat,e yield constant ,could be evaluated. 

The product material balance is given by: 

dP (dP) vF ' 
at = \a.t '- V P 

'Produced ' 
(?o) 
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Substituting Eq. (2) and (12) into Eq. (20) with the assumption that Sand dS/dt=O 

yields, after re-arrangement: 

dP _ p(VF + VB) ._ 
dt . V V 

For each time interval, the flow rates were known. If Yp/ S is assumed to be 

constant for the time interval, b. t :::: t - t l' then Eq. (.21) can be· n n n-

integrated: 

I 

where: 

Since the values of P are known from experimental measurement, the average value 

of the yield constant can be computed. 

To illustrate the results obtained the values of Yp/ S for Run TI are 

presented in Fig. 10 as a fUnction of time. Since the yield constants were ave-

rage values, they were plotted at the median of the time interval when the time 

between samples was small. In Eq. (22), the exponential term for ~ t' s larger 

than two hours was small so that the initial lactate concentration had little 

(21) 

(22) 

influence on the terminal value. For samples where the· time interval was greater 

than two hours, the yield constants were plotted at the end of the time period. 

The yield constant· curve closely foliows the lactate concentration pro-

file. The yield constant for the system just prior to the start of the tran-

sient 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 
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value for the initial yield very close to the stoichiometric ohe of 2.0. This 

observation was consistent for those runs where the initial cell concentration was 

small. A similar shape we s obtained for those runs with a higher initial cell 

concentration but the t = O·intercept was less than 2.0 due to a smaller initial 

specific growth 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 arrows. 

Changes in a appear to correspond to alterations in the metabolism of the organisms, 

for after each change in a, the yield constant is quite drastically altered .. 

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 a 

was constant. The yield data for all the continuous runs were plotted as a fUnction 

of specific growth rate to see if a unique relation existed. 

Fig. 11 contains the data for Runs CG, CJ and HDA. The values of Yp/ s were 

calculated from the steady state concentrations. The same general f:.nw is di splayed 

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 rapidly. The data for Run CJ 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 same form, the two cUrves do not coincide, particularly at the high 

growth rates. At low growth, they seem to approach a common asymptote. The high 

density run, HDA; 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. 
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Also included in Fig. 11 are a few data points taken from the continuous fer­

mentation studies of Rosenberger and Elsden9 on S. faecalus. The range Qf dilu-

tion 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 calculated from 

Eq. (16) and, as an example, the specific growth rate versus iactate yield data 

for Run TI is presented in Fig~ 12. Two cha:bacteristics were immediately apparent: 

:first, the general shape of the curves were similar to thQse shown in Fig. 11 fQr 

the steady state experiments, and during the period of any rtm where a was unchanged, 

the data fell on a smooth curve which became linear at low growth rates. Second, 

most of the data, when extrapolated to the ordinate, appeared to intersect ata 

. common value of the specific growth rate. 

The results for Run TI are plotted in Fig. 12, and the data for the different 

a regimes have been fitted with individual curves. For the last part of the ex-

periment where a = 10.4, the data lie below the intercept value for~. It is 

possible that the extrapolations which have been made shOWing that Yp/s = 0 

-1 when ~ = 0.07 hr" -are 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 growth rate was about 0.007 ~-l and 

the value of ~/S was 0.25. It would appear that even at such low growth rates 

some lactate is produced. 
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IV. DISCUSSION. 

A. The Experimental Apparatus . 

The ~ermenter system ~or this study was developed primarily ~or the continu-

ous growth o~ micro-organisms to concentrations many times larger than those which 

could be obtained by the usual techniques of' stirred tank or batch ~ermentations. 

The ~ermenter accomplished this objective successfully with a maximum concentra-

tion ~actor o~ 45 over batch culture. The investigation o~ dense cultures at spe-

cinc growth rates larger than those obtained was prevented by the upper limit 

on the ~iltration rate wh:tch could be achieved and maintained ~or long periods 

o~ time without development o~excessive pressures. The equipment was designed 

to withstand 30 to 40 psi but the maximum pressure used did not exceed 20 to 25 

psi and was usually much less. 

A thorough study o~ the ~iltration as a function o~ time, rotational speed 

and cell concentration was not made but data taken during the experimental program 

revealed the general characteristics. Using a similar type o~ apparatus, Bhagat 
. 18 . 

and Wilke showed that, ~or small pOlystyrene spheres, the steady state rate o~ 

~iltration was almost independent o~ pressure drop and was proportional to the 

square o~ the rotational speed. The dimensions o~ the apparatus, the particles 

and the mode o~ operation used by Bhagat were di~~erent ~rom those encountered 

here. Bhagat employed a constant pressure drop through the membrane and ~iltra-

tion rate was the dependent variable. A cake o~ particles was very rapidly built 

up on the membrane until an equilibirumcondition resulted where the rate o~ attri-

tion o~ the particles ~rom the cake due to shear and back di~fusion equaled 

their rate o~ transport to the membrane by ~loW o~ ~iltrate. An increase in 

pressure resulted in a momentary increase in ~iltration rate until additional .cake 



-30- UC:WL-18372-Rev. 

was built up and equilibrium was again established. 

In the present work, flow rate was fixed and pressure drop was .the 

dependent variable. Cake was formed very slowly and the pressure increased 

gradually and a steady state pressure appeared to be reached so long as 

the cell density did not change. This was observed during the steady 

state, high density run where operation continued for many hours at 

constant cell concentrations with little pressure increase with time. 

. ···2 
The maximum filtration rate employed was approximately 3 ml/hr/cm 

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 approximately 

4 psi. From these two examples, it would appear that the steady state 

filtration rate is a function of pressure drop for the present 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 

filtration rate varied with the square of the rotational speed. However; 

in the bacterial filtration, increases inflow rate due to an increase 

in rotor speed were fairly small over the range employed of 600 to 1100 

RPM. A possibly important difference between the present system and that 

used by Bhagatis that the organism layer formed during the filtration 

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 gradually blinded the membrane. 

This effect was not very noticeable over time periods of several days. 
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The effect of cell concentration had a larger effect on the pressure 

required to effect a fixed filtration rate and was particularly 

noticeable when the packed cell volume exceeded 15 to 20%. 

Uses of Filtration 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 is mainly the opportunity bf 

operating a fermenter system with essentially zero concentration of 

limiting 'substrate while the cell concentration is changing in a pre­

dictable manner. Changes in cell yield are readily apparent. Furthermore, 

the amOunt of information obtained per unit time is much larger than 

in continuous culture where 4 to 6 residence times are required to change 

steady states. 

Applications for the filtration-fermenter in the fermentation 

industry are probably very limited. Almost all of the major industrial 

fermentations are conducted batchwise with only limited use of continuous 

culture. Use of high density culture with its much more complex operating 

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 or, in 

those fermentations with low growth rates, the increased productivity per 

unit fermehter volume may offset the added cost involved. 

The productivity of a continuous fermenter normally increases 

with dilution rate until the cell and product concentration begin to 
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decrease because of 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. 

Productivity, CST 

Similarly, for the high density system (HD), 

vB 
Productivity, HD = V- NHD 

(24) 

assuming that no cells are lost in the filtrate. At the same specific 

growth rate, the ratio of the productivity ·for the high density with 

filtration to the productivity of the continuous stirred tank with no 

filtration is: 

NHD 
Productivity Ratio (PR) - ---­

- NCST 

The cell concentration for the CST is given by combining Eqs. (6) and 

(9) and is squal to the following expression assuming no substrate is 

present in the effluent. 

y S 
N . f 0 

CST = V- Cljl 
(26) 

The cell concentration for the high density case is given by Eg. (14). 
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Substituting these expressions for the cell concentrations into Eq. (25) 

and making use of the flow rate material balances, the productivity 

ratio reduces to the following form assuming there is no loss of cells 

in the filtrate. 

PR 

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. For the present high density system, if operated 

at the flow rates such as in Run Tl, the productivity ratio at steady 

state would be approximately 34. 

For a continuous stirred tank fermenter, the maximum 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 

-1 stirred tank was found to be near 1.25 hr . Therefore, the productivity 

ratio was computed to be 2.3 for S. faecalus grown in the experimental 

apparatus at the optimum specific growth rate and at a filtration rate 

of one liter per hour. 

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. 
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An 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. Cell Yield 

The rate of consumption of 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 Luedking et al. 17 

maintenance model fitted the batch data but gave widely differing 

maintenance energy terms from one experiment to the next. 

The amount of glucose consumed which went to support new growth 

. was subject to abrupt changes. These changes were not evident from the 

batch and steady state experiments for fluctuations in ~ from run to 

run were quite small. The only exception to this occurred during the 

last few data points for Run CJ. Without the transient growth experiments" 

.. 

II . 
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the conclusion must be that a i.s a constant for the average value was 

7.05 mM glucose/l/hr with a standard deviation of 4.4% for five batch 

experiments, two continuous stirred tank runs and one high density, 

, steady state run. The a 2 value for Run CJ was not included in the 

average and could be' accepted as resulting from differences in medium 

composition following the preparation of more nutrient after sample 

CJ 11, for the organisms have complex requirements and the medium was 

undefined because of the presence of yeast extract. However, it became 

clear during the transient experiments that a could and did quite 

abruptly change. These changes were not caused by fluctuations in operating 

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 shift in metabolic pathway had been 

made. 

2. 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 j1 - Yp/Srelationship 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 appeared to extrapolate to a 

-1 ,.single specific growth rate value of 0.07 hr and at high rates, the 

yield asymptotically approached the stoichiometric value of 2.0. 
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Glucose is converted via the glycolytic pathway in a series of 

enzymatically catalyzed steps to pyruvate With two moles of ATP and 

2 moles of NADH produced per mole of glucose. During the conversion 

of pyruvate to lactate, the N.ADH is oxidized and recycled. If pyruvate 

is converted to formate plus acetate, one mole of ATP is formed, but 

no NADH is oxidized. 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 ethanoiwhich would use a mole of NADH. 

Rosenberger and Eisden9 found only formate and acetate when they grew 

s. faecalus in continuous culture. Almost identical results were found 

when the data of Rosenberger ahd 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 

analyzed for formate and acetate directly while in the present study the 

titration for total acid production was used together with the measured 

lactate concentration to compute the other acids produced. 

The second possibility assumes that the NADH is oxidized by a 

component in the nutrient medium. With 20 gm/l yeast extract in the 

medium,it is quite possible that sufficient material is available to 

act as a hydrogen acceptor. During the anaerobic fermentation of ~ 

faecalus using glycerol as substrate, Gunsalus l9 has demonstrated that 

yeast extract does contain a hydrogen acceptor. Although no direct 

evidence for a similar regeneration of NAD+ was obtained here, such a 

reaction sequence is quite possible. 

I 
i ! 
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Additional energy should be produced during the formation of 

acetate for formate from pyruvate. However, from the experimental data, 

no consumption of this ATP was evident, for the mass of new cells produced 

per glucose consumed remained unchanged during periods where the lactate 

yield constarit was drastically altered. Although changes in cell-yield 
.' ' 

per mole of glucose did occur and they appeared to be somehow connected 

with alterations in lactate yield, no direct correlation between them 

was evident. 

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 may be responsible. 

The cell density did not appear to have an effect upon the metabolism of 

the cell, particularly in the steady state experiments. No consistent 

correlation could be developed to show that during the transient 

experiments, the high density of the culture had any influence upon the 

growth characteristics of S. faecalus. 
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V. SUMMARY 

An experimental filtration-fermenter combination was designed and construct­

ed for the investigation of microbial growtb characteristics in batch, continuous 

and high cell density cultures. The micro-filt~ation technique for removal 

of cell-free product from the fermenter was successful. Filtration rates in ex­

cess of a liter per hour (2.2 ml/cm2 hrY were maintained for several a.ays with 

cell concentrations up to 20% packed cell volume. The maximum cell density ob°;" 

tained was 40% packed cell volume, a factor of 45 larger tha~ could be obtained 

in the usual batch culture. Excellent filtration efficiency was achieved; the 

concentration of cell in the filtratOe was six orders of magnitude smaller than 

in the fermenter. 

The filtration-fermenter combination has a larger productivity per unit 

volume than a continuous stirred tank fermenter when both are operated at the same 

specific growth rate. The advantage of the filtration-fermenter over the conti­

nuous stirred tank increases with decreasing specific growth rate and with increas­

ing filtration rate. Very large increases in productivity are possible at low 

specific growth rates. The application of high density fermentation to indus­

trial 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 fermentation 

broth. The filtration equipment is more complex than a stirred tank but the 

added cost is offset by the smaller size required for the same throughout. 

The anaerobic growth characteristics of S. faecalus were investigated at 

37°C and pH 7.0. _In batch culture, glucose was converted almost stoichiometri­

cally to lactic acid. When an excess of glucose was present, dissociation of 

the rate of glucose consumption and g~owth rate occurred as the culture entered 

• 
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stationary phase. In continuous culture with glucose limitation, the fraction of 

glucose going to lactate decreased with dilution rate. The consUmption of glu­

cose for cell maintenance was negligible. Results in terms of substrate conver­

sion, yields, viability, etc., from steady state high ~ensity experiments were 

similar to those obtained from low density continuous culture. 

The transient high density experiments shoWed that the yield of cells per 

mole of glucose changed quite abruptly as a run progressed. Complex interactions 

betwe~n the cell and its environment were probably responsible. No consistent 

correlation between these yield changes and cell density was evident. The c~nges 

in cell yield were usually accompanied by alteration in the lactate yield constant 

but no correlation could be developed. 

The transient technique of operating the filtration-fermenter and the plot­

ting methods employed for the data obtained, can be used for the rapid determi­

nation of changes in metabolic pathways which affect cell and product yield con­

stants. 

More detailed description of the experiments and tabUlations of data are 

availSble in the original report. 20 
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VI. NOMENCLATURE 

Variables 

N bacterial density, optical density units 

P product concentration, mM/l. 

PR productivity ratio 

S substrate concentration, rrlM/l. 

t time, hr 

Vfermenter volume, ml/hr 

v flow rate, mm/hr 

Y yield constant 

Subscripts 

B bleed 

f feed 

F filtrate 

G growth 

0 initial quantity 

cis cells from substrate 

pis product from substrate 

Greek Letters 

a substrate consumed/Yield ()f new cells, rrlM/l/OD 

~maintenance term, mM/l/OD. 

~specific/growth rate, hr-l 

UCRL:"'18372.,..Rev. 
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FIGURE CAPrIONS 

Fig'. No. 

1 A simplified flow schematic of the fermenter system. 

2 A schematic diagram of the fermenter and the filtration rotor. 

3 Glucose consumption (as measured by NaOR consumption) versus the 

bacterial cell concentration during a batch run. 

4 Testing of the batch 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 ale 

maintenance energy model. The specific glucose consumption is plotted 

as a function of specific growth rate. The value of the constants in 

Eq. (3) are: 

a = 5.3 roM glucose/l/OD ~ = 3.0 mM glucose/l/OD.hr. 

5 The cell concentration and the glucose 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 NaOR added. 

6 The lactate concentration as a function of dilution rate for the con­

tinuous stirred tank experimental Runs· CG and CJ. The data are pre­

sented on the basis of one liter of nutrient medium with corrections 

made. for the volume of NaOR added. 

7· The fraction of the glucose fed to the fermenter which can be accounted 

for in the effluent (using Eq. (7)) for stirred tank eXperimental Runs 

CG and CJ. 
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8 The dilution rate (equal to the specific growth rate at steady state) 

versus the specific glucose consumption for the continuous stirred 

tank experimental Runs CG and CJ. The data show that the maintenance 

energy term, ~, in the Luedeking et al.17 maintenance energy model 

is essentially zero. 

9 The, growth curve and the lactate concentration for the transient high 

density expe!imental Run TI. 

10 The lactate yield constant calculated from Eq. 22 for the high density 

experimental Run TI. 

11 The specific growth rate versus the lactate yield constant for the 

continuous stirred tank experimental Runs CG and CJ, the steady state 

high density Run HDA and the continuous stirred tank data of Rosen­

berger and Elsden9 for S. faecalus. 

12 The specific growth rate versus the lactate yield constant for the 

transient high density Run TI and for sample TJ 8, the final sample 

of Run TJ. 



.. -45';' 

~ 

- 1 I 

Nutrient 

S vf o. 

NaOH ., 

Fig. 1 

UCRL-18372 

Bleed '13, N, S 

Fermen ter 

S V, N, 

Filtrate 

vF , NF, S 

XBL 687-1318 



Thermocou pie 

3
11 

I. D. glass 
pipe 

Impeller blades 

Recycle exit 

well 

-46-

Flg. 2 

UCRL-18372 

Bleed line 

Feed line 

Compression plate 
"0" ring 

Support screen 

Millipore 
membrane 
Fermenter 
volume 

Well for Crone 
sea I (not shown) 

XBL685-2656 

,.' 



-41- UCRL-18312 

20 

--
I 

0 
)( 

16 

........... 
~ 

E 12 -
I 
0 
0 8 
z 

mM No OHI I 
4 

OD 

o 2 4 6 8 10 12 

Opt i c a Ide n sit y 

X BL685- 2827 

Fig. 3 



1.2 

0·6 

0.4 

0.2 

-0 
0 
• 28 L:. 
• 

......... 
24 ~ 

E - 20 -"'0 
:"'- 16 .-;-
:r: 
0 12 
0 
z 8 -
"'0 

Z 4 
......... 

--

-48- UCRt-18372 

• • 
• 

0.2 0.6 1.0 1:4 1.8 
Specific growth rate (h- I ) -

XSL685- 2831 

Fig. 4 

" " 



-49- UCRL-18372 

6 40 

• 

5 
~ 

0 * * 30 ...... 
~ 

>- 4 E +-
I/) 

c: 
Q) • CJ3-CJII Q) 
"U 3 20 I/) 

a 

CJI2-CJI4 
0 

0 • ::J 

0 (9 
+- 2 
Q. • CG 0 10 

• Wash out 

0 

Dilution rate ( h- ' ) 

XBL685-2649 
.<> 

• Fig. 5 



-50- UCRL-18372 

120 

CG • 
100 

·CJ3-11. 

~ 
....... 

80 CJ 12-146 
~. 

E 
60 

<l> ..... 
0 ..... 40 u 
0 

.....J 

20 

1.8 

Dilution rate (h- I
) 

X BL685-2648 

. Fig. 6 



-51- UCRL-18372 

• 

• • • • • 1.0 

~ • • • • • • • 
0.8 6 

0.6 • CG 

F • CJ 

0.4 
6. HDA 

0.2 

0.2 0.4 0.6 0.8 1.0 1.4 

Dilution rate (h- I ) 

XBL685- 2652 

• 
Fig. 7 



-52- UCRL-18372 

Q) - 0.8 0 
~ 

c 
0 - 0.6 ::I 

0-
a 

0.4 

0.2 . ;-.' 

2 4 6 8 10 12 

Specific glucose consumption 

XBL685- 2651 

FIg. 8 



;; 

.' . 

• 

140 

120 

>,100 -(/) 

c:: 
Q) 

"'0 

o 
u -

80 

g 60 

40 

20 

-53-

0, = 6·77 

··0 -.... 2- 10.2 

(13= 5.34 

(14= 10.4 

Sto i c h iometri c 
lactate ~ 
concentration 

o 

0.2 0.4 0.6 0·8 1.0 
- VB ,Ex p ( t ) 

v 

XBL685-2654' 

Fig. 9 

UCRL-18372, 

80 

70 
~ 

60 "-
~ 

50 
E 

40 Q) -0 -30 u 
0 
...J 

20 

10 



2.0 

1.6 

1.2 

Yp/ s 

0.8 

0.4 

a=6.77 

a=IO.2 

4 8 12 

. -54-

a = 5.34 

16 

Time· (h) 

Fig. 10 . 

20 

UCRL-18372 

a= 10.4 

24 28 32 

XBL685-2655 



-55- UCRL-18372 

• 1.5 • -tG 

• C J 

A HDA 

• Rosen berger -- 8 Elsden I 
.s= - 1.0 
Q) -tJ 
~ 

.s= - " 3' 
0 
~ 

Cl 

U .-....... 
u 0.5 • Q) 

Cl. • (f) 

A A • • AA 

'" • 
• 0.4 0.8 1.2 1.6 2.0 

Y PIS 

XBL685-2833 

Fig. 11 



-56- UCRL-18372 
! 

, . .. 

a= 6.77 . • 
0.8 a = 10.2 • 

a = 5.34 • 
a = 10·4 • 
Sample T J 8 <> 

-
I 
.c 0.5 -
Q) ..... 
0 

0.4 ~ 

..c: ..... 
~ 
0 
~ 

Ol 0.3 
u .--u 
Q) 0.2 0.. 
(f) 

0.1 • ~ at. • 
,.. 

0.4 0.8 1.2 1.6 2.0 
~ 

Yp!s 
x BL685-2653 

Fig. 12 



.. 

LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, 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 informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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