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ABSTRACT

This research investigated the metabolism change from respiration 
to fermentation of both aerobic batch and aerobic continuous culture of 
Saccharomyces cerevisiae at 25°C. Evidence of a fermenting metabolism 
was observed at initial glucose concentrations above 0.4 g/1 and a spe-

_icific growth rate above 0.3 hr- .
A mycelial form of yeast was observed at dilution rates above

0.25 hr \  resulting in extensive formation of wall growth in the fer-
mentor, and producing a lower specific growth rate of the cells and a

—  1respiring metabolism up to a dilution rate of 0.6 hr" . A model of cell 
wall growth was combined with a varying yield model to demonstrate the 
effects of the extent of wall growth on the observed metabolism of a 
cell culture for different inlet substrate concentrations.

From the experimental results, a mechanism was suggested by 
which the onset of this mycelial form of yeast changed the mechanism of 
dispersion of the yeast cells in the fermentor, affecting the dilution 
fate at which the metabolism change occurred.

Mass balance studies of these experiments indicated that the pre
sence of non-glucose carbon affected the determination of the Monod cell 
growth kinetics parameters, particularly in batch cultures, and that 
glucose was taken up preferentially to other carbon sources.



CHAPTER 1

INTRODUCTION

In recent years, an increasing world food shortage and insuffi
cient protein in diets of people in some countries has spurred the search 
for new sources of protein. One such source is yeast single cell protein 
(SCP). Investigation into this method of large-scale protein production 
has brought modem chemical engineering applications of reactor engi
neering to the age-old process of fermentation.

Fermentation is a process in which cells are grown in a tank 
reactor that may be operated in either batch or continuous mode. The 
cells are grown on a nutrient solution or substrate that is either con
tinuously supplied to the reactor operating in a CSTR fashion or initially 
charged to the reactor to which cells are inoculated for the batch case.

The.fermentor may be operated aerobically (the usual case for 
cell production) by passing air or oxygen through the vessel, or 
anaerobically by either not passing any gas through the vessel or 
sparging with an inert gas such as nitrogen.

Chemical reactor engineering is defined as that engineering 
activity concerned with the exploitation of chemical reactions on a 
commercial scale.

This may be accomplished by applying known chemical kinetics to a 
model involving the.mixing or flow patterns, mass, and energy transfer 
occurring within a reactor. The behavior of the reactor may then be

1



2
predicted accurately enough to accomplish the goals of successful design 
and operation of chemical reactors. ' .

Application of chemical reactor engineering principles to fermen
tation is a unique case where the kinetics are not simple chemical reac
tions but the complex system of biochemical and other enzymatic reactions 
and physical phenomena that result in the formation of new cells.

This, research is a part of the High Protein Project at The 
University of Arizona, an investigation of the complete process involving 
the conversion of cellulosic wastes into high protein for animal feed and 
food for human consumption. The overall process involves hydrolyzing 
ponderosa pine sawdust with dilute sulfuric acid at high temperatures and 
pressures to form glucose. Baker* s yeast or Saccharomyces cerevisiae 
would then be grown On this glucose substrate, harvested, and then pro
cessed for protein content. Baker * s yeast was chosen because of a better 
initial acceptability by the public for the SCP product. Also, a large 
amount of baker's yeast is already available oh a commercial scale for 
the baking industry, resulting in a large amount of information being 
available on this specific yeast strain.

1>1 Objectives of Research

As the first thesis in this area in the Department of Chemical 
Engineering at The University of Arizona, the following objectives were 
established.

The first objective was to determine laboratory equipment and 
experimental techniques of yeast culture systems in sufficient detail to 
appreciate the factors necessary to carry out reactor engineering studies



of continuous fermentors. This information was to be used to operate a 
continuous culture of baker's yeast and to analyze the results from a 
reactor engineering standpoint.

The second objective was to make a critical analysis of the 
literature on baker's yeast to determine the operating conditions and any 
possible ndn*ideal behavior which might adversely affect the industrial 
production of baker 's yeast as a' SCP source. This investigation deter
mined that the productivity of the aerobic growth of baker's yeast was 
limited by a metabolism change from respiration to fermentation. The 
experimental research was directed at determining the conditions at which 
this metabolism change occurred, and investigating some factors which 
might affect the metabolism change advantageously to increase the produc
tivity of this fermentation. Some simple but advanced models were applied 
to demonstrate the effect of some factors on this metabolism change.

In summary, this study involved: experimental work upon both
batch and continuous culture systems, use and analysis of literature 
data, and some preliminary reactor engineering analysis and modeling.



CHAPTER 2 

THEORY -

2.1 Classical Cell Growth Kinetics 
To provide the background of what the accepted cell growth . 

kinetics are, definitions of terms and a detailed discussion of the 
classical cell growth kinetics developed by Monod (1950) are given in 
Appendix A. This description includes the application of these kinetics 
to a CSTR model and a discussion of the limitations of this model. Some 
of the limitations of the kinetics included non-ideal CSfR behavior, 
inability to model transient behavior, mass transfer effects, and micro
biological effects such as wall growth.

2.2 The Crabtree Effect 
It has been known for some time that the aerobic growth of 

Baker’s yeast changed from a respiring to a fermentative metabolism at 
high initial glucose concentrations. This effect is known as the anti- 
Pasteur or Crabtree effect, after Crabtree (1929) who first observed it. 
It was reported that a diauxic growth of Baker’s yeast occurred in 
aerobic batch cultures containing high initial glucose concentrations. 
The cells were observed to ferment on the available glucose in the first 
exponential growth phase and then respire on the accumulated ethanol 
after all the glucose was consumed in the second exponential growth

4



phase. The overall stoichiometry of respiration is shown below 
(Lipinsky and Litchfield, 1970):

G6H 06 + 602 ^ 6C02 + 6H20 (-688 Kcal/mole)

In comparison to the fermenting metabolism stoichiometry shown 
below, much more energy is produced which results in a greater cell yield 
of 0.5 g-cel1/g-glucose, five times the quantity of the yield obtained by 
fermentation. The stoichiometry of fermentation takes the following 
form (Rose and Harrison, 1972):

C6H12°6 ^ 2C02 + 2C2H50H C-56 Kcal/mole)

The reason for the decreased yield is due to the quantity of the 
incomplete metabolite product (ethanol) that is produced by this 
metabolism. This metabolism required 5 times the quantity of glucose to 
form a cell than respiration. However, the rate of the formation of 
these cells must be faster than respiration since the fermentative 
metabolism occurs at the highest specific growth rates.

A number of other researchers have confirmed that this metabolism 
change occurs at high initial glucose concentrations in batch fermenta
tions (De Deken, 19665 Wilt, Kronau, and Holzer, 1966; Akbar, Rickard, 
and Moss, 1974; Peringer et al., 1974).

One of the few batch studies which attempted to quantify the 
glucose concentrations at which the fermentative metabolism was observed 
to occur was done by Jain (1970). He investigated the effect of the 
metabolism change on the Monod relationship between specific growth rate 
and glucose concentration at 30°C.. The relationship was obtained by the 
method described by Luedeking and Piret (1959), which consisted of
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measuring the initial specific growth rates of a series of cultures, each 
with a different initial glucose concentration; both properties were then 
used in the Monod relationship. This method is widely used and accepted 
in the fermentation literature and is alluded to in several general 
introductory chapters on fermentation kinetics (Aiba, Humphrey, and 
Millis, 1973; Kubitschek, 1970; Herbert, Elsworth, and Telling, 1956).

A corrected glucose concentration was used in the Monod relation
ship to account for the presence of carbon in the yeast extract. The 
correction took the form of:

Sgeff ~ Sgo * ^go^y.e. C2-1)

where was the effective glucose concentration in the medium due
both to glucose and the yeast extract carbon, (Sg^Dy @ was the equiva
lent concentration of glucose with respect to the specific growth rate 
due to the yeast extract carbon, and S was the initial glucose concen
tration. This equivalent glucose concentration due to the yeast extract 
carbon was determined by extrapolating the Monod plot to a zero Specific 
growth rate. No basis was given for the use of this additive type rela
tionship used in calculating the effective glucose concentrations.

A biphasic behavior was observed in the Lineweaver-Burk plot 
obtained from this data. Two linear regions composed this plot, the 
first region over the low values of 1/s or high glucose concentrations. 
This region had a steeper slope and a lower intercept than the second

e»

linear region. This lower intercept reflected a higher maximum specific 
growth rate for the fermentative metabolism which was purported to occur 
over this range of glucose concentrations. For the second region, a



lower maximum specific growth rate would appear due to the lower.slope 
and intercept of this linear region. This behavior was attributed to the 
respiring metabolism that was to predominate over this region. No 
attempts were made to demonstrate directly that the metabolism change had 
actually occurred at the glucose concentration where the two straight- 
line regions intercepted as was suggested by this Lineweaver-Burk plot, 
nor that the metabolism change was as sharp as suggested by the intercept 
of the two linear regions.

2.3 The Behavior of Continuous Cultures 
of Baker* s Yeast

A few investigations have been carried out on the effect of the 
metabolism change on the continuous culture of baker's yeast (Von 
Meyenburg, 1968; Beck and Von Meyenburg, 1968; Fiechter and Ettiinger, 
1965; Leuenburger, 1972). It had been concluded that the metabolism 
change resulted in non-*ideal behavior of the continuous cultures. At 
medium to high dilution rates, 0.2 to 0.5 hr-*, the cell yields were 
observed to decrease from values of 0.5 to 0.1 g-cell/g-glucose upon 
initiation of the fermentative metabolism. It was also observed, from 
the plots of cell concentration vs. dilution rate, that complete washout 
of the cells from the vessels was not obtained, even at the highest dilu
tion rates investigated by the researchers —  this was not mentioned or 
discussed by the researchers. Table 2.1 is a list of the specific growth 
rates at which these metabolism changes were observed, and other informa
tion concerning the cultures used in the research.



Table 2.1 Conditions under which metabolism change was observed in continuous cultures of 
baker's yeast.

Metabolism
change

Researcher

dilution
rate
(hr-1)

Inlet glucose 
concentration 

(g/1)

Vessel
size
(1) RPM

Temperature
(°C)

Yeast
strain

U * m
(hr-1)

Beck and Von 
Meyenburg (1968) 0.2 3 900 30 LBH 1022 0.42

Leuenburger (1972) 0.3-0.5 1.8 0.5 30 211 0.65
Gilley and Bungay 
(1967) 0.4** 2.0 - - - . -' :

Fiechter and 
Ettlinger (1965) 0.2 10.0 . — - - LBH 1022 -

Von Meyenburg 
(1968) 0.25 30 - - 30 LBH 1022 0.55
♦Determined by an independent technique, normally batch growth.
**Was assumed by researchers to be maximum specific growth rate when cell concentration began to 
fall; higher dilution rates were not investigated.
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Several reasons were developed by the authors to account for the 

metabolism change. -Most of the theories involved a glucose inhibition or 
repression of the respiratory enzymes.

Von Meyenburg (1968) was the first to suggest a more complex 
relationship for the metabolism change. From work with continuous phased 
cultures of baker's yeast, he concluded that the metabolism change could 
result from a regulatory mechanism in the cell reproductive cycle. It 
was reported that the single cell phase respired on the glucose and that 
biomass was observed to accumulate during this phase of growth. At 
initiation of budding, a brief period of very rapid fermentative activity 
was reported with a corresponding decrease in the biomass in the culture. 
This behavior was observed regardless of the glucose concentration of the 
culture and the specific growth rate of the cells. As was reported in 
other articles (Rose and Harrison, 1972), the budding phase was observed 
to remain relatively constant in length of time regardless of the 
specific growth rate and the glucose concentration of the culture. This 
led Von Meyenburg (1968) to suggest that the fermenting budding pha,se 
occurred under an endogenous metabolism.

Von Meyenburg (1968) concluded that the observed behavior of non
phased continuous cultures was a reflection of the state that the 
majority of the cells in the culture were in. Since the length of time 
the cell remained in the budding phase was relatively constant, the 
period of time the cell remained in the single cell phase varied greatly 
with the specific growth rate.
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Thus, at high dilution rates, the fermentor would have a fermen

tative yield since the cells would spend the. majority of the time in the 
fermenting budding phase. At low dilution rates, the fermentor would 
have a respiring behavior since the largest fraction of time would be 
spent by the cells in the respiring single cell phase. This type of 
mechanism has been supported by other researchers such Regan and Roper 
(1971) mid Jain (1970) , who proposed a possible regulatory mechanism by 
which the metabolism changed during the cycle.

As discussed in detail in Appendix A, optimum biomass production 
is achieved by operating an industrial fermentor at a dilution rate 
Slightly below the maximum output dilution rate and at the highest practi
cal inlet substrate concentration. These conditions allow the highest 
productivity and the most complete consumption of the available glucose. 
Normally, the maximum output dilution rate occurs close to the maximum 
specific growth rate.

For production of baker's yeast as a SCP source by continuous 
fermentation, this metabolism change has an adverse effect on achieving 
an acceptable productivity. At dilution rates above the level where the 
metabolism change occurred, the cell concentration was reduced to approxi
mately 1/5 the previous value due to the lower yield. Researchers have 
found that the metabolism change occurs at dilution rates between 0.2 and
0.4 hr while the maximum specific growth rates reported by the same 
researchers using independent techniques varied from 0.4 to 0.65 hr" , as 
demonstrated in Table 2.1. To achieve the maximum productivity of cells 

for Baker*s yeast, the fermentor must be operated at a dilution rate



below the level at which the metabolism change occurs. This dilution 
rate is much lower than the. maximum output dilution rates that would be 
predicted by Monod kinetics.

Therefore, the conditions, such -as the specific growth rate and
the glucose concentrations, at which these metabolism changes occur are ■
very important parameters for the successful operation of an industrial
fermentor. As shown in the data of Table 2.1, these conditions are
inconclusive as to at what specific growth rate the metabolism change
occurs. The data of Leuenbtirger (1972) indicated that the maximum pro-
ductivity of the fermentor would occur at a dilution rate near 0.4 hr- .
However, the data of Beck and Von Meyenburg (1968) demonstrated quite
different conditions; those results predicted a maximum productivity at a

-1dilution rate below 0.2 hr . The reasons for these different dilution 
rates at which the metabolism change occurred were not discussed by the 
researchers, nor were any possible reasons available in the mechanisms 
suggested by the authors for the metabolism change.

There were two possible reasons, other than biological factors, 
for the different dilution rates at which the metabolism change occurred. 
The first reason might involve the mechanism by which the metabolism 
change occurred. It was possible that the cells might be capable of two 
different metabolisms over the same range of specific growth rates. If 
so, a transition to a different metabolism might easily result during a 
transient response of the fermentor to new operating conditions. For 
example, the dilution rates at which the metabolism changes occurred may 
have merely been the random transition from one steady state to another.
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which was brought about by the mariner in which the fermentor was 
operated. Although it was not specifically mentioned by any of the 
researchers, the Standard method of changing the dilution rate in such 
studies was by a step change. Herbert et al. (1956) had described the 
transient behavior of a continuous fermentor for such conditions. 
Following this rapid change in the flow rate through the fermentor, an 
immediate decrease in the concentration of cells in the culture would 
occur since the cells would continue to grow at the old specific growth 
rate after the rate of removal of cells from the vessel had been 
increased. The glucose concentration in the vessel would then rise 
temporarily to levels much higher than the steady-state values due 

to the lower cell concentration and the increased rate of addition to the 
fermentor of glucose by the higher flow rate. With the increased glucose 
concentration the specific growth rate of the cells would increase to 
levels high enough to increase the cell concentration and return to the 
new steady state.

The magnitude of the temporary increase in the glucose concentra
tion would have to depend on the size of the step change in flow rate and 
the concentration of glucose in the inlet stream. A larger step change 
would result in a larger ups et.from s teady-s tate conditions and a 

higher temporary increase in the glucose concentrations. A higher inlet 
glucose concentration would also result in a greater increase in the 
temporary glucose concentration since the rate of addition of glucose 
would be higher.
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It was possible that.the transient levels of glucose had reached 

levels high enough to trigger the metabolism change in the cultures at 
dilution rates lower than the levels that the metabolism change would 
have been observed at if steady-state conditions had always prevailed in 
the fermentor. . Once the change to fermentation had occurred, a new steady 
state could have been reached if the steady-state glucose concentration 
which supported the fermenting specific growth rate was higher than the 
glucose concentration required to support the same respiring specific 
growth rate. This type of mechanism would have permitted the fermenting 
steady state to be reached without a transition back to the respiring 
metabolism conditions. These different observed dilution rates would 
have then resulted from different operating techniques used by the 
researchers to reach the new dilution rates. This mechanism could not be 
confirmed from the literature data since only the steady-state conditions 
were reported.

The second possible reason for the different dilution rates at 
which the metabolism change was observed may have been due to non-ideal 
mixing conditions. This may have resulted fron non-ideal CSTR mixing 
conditions or biological factors such as wall growth or mycelial growth 
of cells. Signs of such behavior were not reported by these researchers. 
The researchers had assumed that ideal conditions existed and that the 
behavior they had observed was due to the cell growth kinetics.

The purpose of this experimental study of baker's yeast was to 
determine the conditions at which the metabolism change occurred and to 
investigate if any factors were responsible for extending the respiring
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metabolism to higher dilution rates which could increase the productivity 
of this fermentation. The experiment consisted of batch and continuous 
studies. The batch work was done in a manner similar to that used by 
Jain {1970), only it included tests to determine the presence Of the fer
menting metabolism. These data were compared to those obtained from the 
continuous experiments to determine the effects of these two modes of 
operation on the observed cell growth kinetics. The continuous experi
ments were designed in a unique manner to remove the possibility of any 
transient effects on the dilution rate at which the metabolism change 
occurred. This technique involved a continuous slow change in the dilu
tion rate, hopefully at a rate slow enough that the transient response of 
the fermentor would be kept at a minimum. This would prevent the 
possibility of a transition to a fermenting metabolism at an artificially 
low dilution rate.



CHAPTER 3

MATERIALS AND METHODS

The materials and methods section of this thesis contains, by 
necessity, much more detail than the standard M.S. thesis in the Depart
ment of Chemical Engineering, University of Arizona. This detail is 
included to provide some insight into the materials and methods needed in 
fermentation for future researchers in this department.

3.1 Batch Experiments 
A limited number of batch experiments were first carried out to 

help meet the objectives of this research. The purpose of the batch 
experiments was to gain kinetic information K) for the strain of 
baker's yeast supplied by the Microbiology Department of The University 
of Arizona. This information was then used to predict the range of flow 
rates used in the continuous fermentation experiments. Also, these 
experiments provided an inexpensive means of becoming familiar with the 
laboratory techniques required for operation of a continuous fermentor. 
The procedures used in this experiment follow those reported in the 
literature (Jain, 1970; Luedeking and Piret, 1959; Aiba et al., 1973) to 
determine the specific growth rate as a function of glucose concentra
tion. These methods involve measuring the specific growth rate of batch 
fermentations for different initial concentrations of the growth limiting 
substrate.

15



. ■ • . ■ 16
3.1.1 Preparation for the Experiment

This experiment involved growing baker's yeast in a series of 12, 
500 ml Erlenmeyer flasks, each containing a different initial concentra
tion of glucose.

The synthetic media that was used to grow the yeast, in addition 
to glucose, consisted of 3 g/1 of yeast extract to supply the vitamin and 
nitrogen requirements of the cells; 1 g/1 of KH^PO^ to supply the 
phosphorus requirements; and .5 g/1 of MgSQ^SI^O to complete the mineral 
requirements. This medium was recommended by the Microbiology Department 
of The University of Arizona as a glucose-limited substrate for batch 
growth of baker's yeast. It was similar to the synthetic media used by 
Jain (1970), Leuenburger (1972), and Fiechter and Ettlinger (1965), which 
were also glucose-limited substrates.

The flasks were prepared by measuring the proper amounts of 
stock solutions of 50 g/1 glucose and lOx concentration of vitamin and 
salts solutions to make the desired final concentrations of substrate. 
Typical ranges of glucose concentrations varied from 0.05 to 10 g/1. 
Distilled water was then added to the flasks to bring the volume of sub
strate in the flasks up to 125 ml. Hie flasks were then sealed with 
cotton plugs and sterilized by autoclaving under slow exhaust for 20 
minutes at 126°C.

After the flasks had cooled to room temperature, they were 
mounted on a rotary shaker in a constant-temperature room set at 25°C.
The purpose of the cotton plugs was to prevent the flasks from becoming 
contaminated by undesired microorganisms while allowing oxygen to diffuse
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into the flask. The volume of liquid in the flasks was kept below one- 
fifth the volume of the flasks to allow a large surface area for oxygen 
to diffuse into the culture.

The strain of baker's yeast used was isolated by the Department 
of Microbiology at The University of Arizona, The cells obtained had 
been stored on agar slants at 5°C.

In order to obtain a quantity of respiring log phase cells for 
the batch experiments, cells from agar slants were inoculated into 
sterile, 500 ml Erlenmeyer flasks containing 100 ml of sterile, 1 wt. % 
solution of galactose and the same concentration of vitamins and minerals 
solution described earlier. Galactose was used because baker's yeast can 
only respire, producing no ethanol on metabolizing this carbon source 
[Rose and Harrison, 1972).

The flask was placed on a rotary, water-bath shaker operated at 
250C to allow the cells to multiply. After two days, one ml of the 
galactose culture was inoculated into two new flasks of galactose media 
to increase the percentage of log phase cells. When these flasks had 
become sufficiently turbid (by visual inspection, approximately 30 hours), 
the cells were harvested.

The cells were harvested by pouring the contents of the flasks 
into sterile, 250 ml centrifuge tubes. The tubes were centrifuged at 
5,000 rpm for 10 minutes. The medium was poured off and the cells 
resuspended in sterile, distilled water and centrifuged a second time.
This process was repeated a second time. The cells were resuspended to 
give a turbidity reading of 0.5 at 620 nm on a Bausch and Lomb Spectronic



' '" ■ : ' ■ 18 20 spectrophotometer. The cell solutions were then placed on the rotary
shaker in the constant-temperature room and allowed to set for 3 hours.
This procedure forced the cells into an endogenous metabolism phase so
that when they were inoculated into the new media the initial observed
growth rate was a characteristic of the new media and not the growth
rate of the cells in the old media.

3.1.2 Experimental Procedures
After the cells had been left the required time, the flasks were 

ready to be inoculated with the cell solution. A sterile, 25 ml volu
metric pipet was used to pipet 25 ml of cell solution into each 
Erlenmeyer flask.

Samples of the culture media were then taken by withdrawing 5 ml 
from each flask with a sterile, graduated pipet. The sample was trans
ferred to a Spectronic 20 test tube and the optical density of the cell 
solution was read at 620 nm. The samples were then filtered through 
2.5-cm diameter> glass wool filters to remove the cells from the media. 
The liquid samples were frozen for future analysis of initial glucose 
concentration. . »

A 5 mf sample was withdrawn from the flasks every 30 minutes, and 
the optical density was measured. After 8 hours, a second sample of the 
fermentation media was taken for analysis of glucose and ethanol concen
trations . The experiment was continued until the rate of cell growth 
decreased considerably at approximately 20 hours. It was ,assumed that 
the cell concentration remained low enough so that Beer's law applied.
In the first batch experiment, once every 3 hours, a sample from the last
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flask was examined under a microscope using a haemacytometer slide to 
calculate cell concentration.

This experiment was carried out five times. In the final run, 
yeast nitrogen base instead of yeast extract was used. Yeast nitrogen 
base contains no carbohydrates.

The ethanol and glucose concentrations were measured using 
alcohol dehydrogenase and glucose oxidase methods from kits obtained from 
Sigma Chemical Company. The determinations were made following the 
instructions included in the kits (Sigma Technical Bulletin No. 331-UV 
for ethanol and Sigma Technical Bulletin No. 510 for glucose).

3.2 Continuous Experiments

3.2.1 Equipment
The equipment had the following special features:

1. The flow rate of media through the fermentor could be continuously 
changed at a rate of approximately 3 ml/min-day.

2. Air and media entered the fermentor through the same port.
3. The liquid level in the fermentor was held constant by use of an

exit weir device through which both culture media and exhaust 
gases exited from the fermentor.

4. The media flow rate was measured by a burette device oh the media 
inlet line,

5. Media were sterilized in batches and then stored in a reservoir.
6. An "aseptic box" was used to provide the method of sterile 

transfer of media to the storage tank.
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A detailed discussion of this equipment is given in Appendix B„ 

Figure 3.1 shows the overall schematic of the apparatus. The medium was 
sterilized in a 5-gallon, polypropylene carboy. The carboy was then 
sampled for glucose analysis and then connected.inside the aseptic box to 
the 10-gallon, storage tank for medium transfer.

The flow rate from the storage tank to the fermentor vessel was 
measured by the burette device. This device served to indicate the level 
of medium in the storage tank when not in use.

Low-volume and high-volume, variable speed peristaltic pumps were 
connected in parallel to allow for ease of changing from one pump to 
another. The smaller pump handled flow rates up to 20 ml/min. The flow 
rate of the pumps was controlled by separate solid-state, speed con
trollers. The flow rates were continuously changed by continuously 
adjusting the settings on a ten-turn resistor in the speed control unit. 
The settings were changed by a 24-hour timer connected to the 10-turn 
resistor. The pumps were connected to the glass Y on the fermentor 
through which the inlet air and the medium entered the fermentor together.

Included in the inlet air system was a pressure regulator for 
reducing the house line pressure to a desired operating level for the 
pressure drop through the air filter and fermentor. The air also passed 
through a rotameter which contained a needle valve in the base for 
regulating the flow rate of air through the fermentor. The air then 
passed, through a sterile, stainless steel filter packed with dry, glass 
wool. This filter prevented any microorganisms from entering the fer
mentor with the inlet air.
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The fermentor broth and the exhaust gases exited the fermentor 

through the weir liquid level control device. This device operated by 
using a slight over-pressure of gases in the fermentor to force any 
liquid which covered the exit tube out with the exiting gases.

In line between the separation flask and the fermentor was a 
glass tee valve which allowed samples to be taken of both the exiting 
medium and gases prior to entering the separation flask. The separa
tion flask was provided with two ports. The side port allowed the 
medium to overflow into a drain. The exhaust gases left the separation 
flask through an exit vent at the top of the 1-liter flask. .

Gas samples were collected in a gas cylinder from the gas port on 
the separation flask. The gas sample cylinder used was equipped with a 
septum to allow a syringe to remove a 5-ml sample for injection into the 
gas chromatograph for analysis.

The fermentor was instrumented to measure several important 
variables: 1) temperature was measured by a Nichrom Type J thermocouple
connected to a cold junction at 0°C» 2) the voltage output was measured 
by a Leeds and Northrop potentiometer, 3) a Colman Metron IV pH meter was 
used to monitor the output from the ingold pH probe, 4) the dissolved 
oxygen concentration in percent of saturation was measured and recorded 
from the output of the dissolved oxygen probe by a N. B. S. Model 50 
dissolved 0^ analyzer and recorder, and 5) electronic tachometers reported 
the rpm of the agitator and foam breaker impellers.
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3.2.2 Experimental Procedures

These procedures involved sterilization of all equipment, aseptic 
assembly of equipment, growth of respiring yeast in batch cultivation, 
and initiation of the continuous operation.

The synthetic medium used in these experiments had the following 
composition: 5 g/1 glucose, 3 g/1 yeast extract, 1 g/1 KH^PO^, and 0.5
g/1 MgSO^'SH^O. This medium was similar to the media used by Leuenburger 
(1972), and Fiechter and Ettlinger (1965), and was recommended by The 
University of Arizona, Department of Microbiology, as a glucose-limited 
substrate. The concentration of glucose was adjusted to be high enough 
to allow observation of the metabolism change from respiration.and yet to 
prevent any possible biological or physical problem due to high cell 
concentrations.

After the continuous operation was begun, samples were taken from 
the fermentor each 4 hours during the day. The samples were analyzed as 
described in Appendix A for cell dry weight, glucose concentration, opti
cal density at 620 nm (cell concentration), ethanol concentration, and 
occasionally (once a day) a microscopic analysis for contamination by 
microorganisms. At each measurement period, the flow rate of medium 
through the fermentor was measured. Gas samples also were taken on the 
average of once a day.

The operating conditions for the continuous experiments with the 
exception of the dilution rate were kept constant throughout the run. 
These conditions were: operating temperature at 25°C, agitation speed of



750 rpm, liquid level (unsparged) of 4 liters, and 4 1/min air flow rate 
at 5 psigV-.: :.;":.'. ’ •: :

Once the fermentor had reached steady state under continuous 
operation (the criteria for which was no change in the optical density 
reading of cell concentration over a period of 24 hours), the ramp func
tion of increasing flow rate was begun. This was accomplished by con
necting the drive of the 24-hour timer switch to the knob of the 10-turn 
variable resistor.

The ramp function increase in flow rate could be stopped by 
removing the drive between the 24-hour timer switch and the 10-turn 
resistor. This was often done, splitting the ramp function into a series 
of short periods of continuously increasing flow rate separated by 
periods of constant flow rate.

Once the highest desired flow rate was obtained, a ramp function 
of decreasing flow rate was generated. This was done by connecting One 
of the leads from the speed controller to the other side of the resistor 
so that turning the resistor knob clockwise would result in increasing 
the resistance of the circuit through the resistor if previously it had 
decreased the resistance through the circuit. The 10-turn resistor was 
then adjusted to give the same flow rate as before and reconnected to the 
24-hour timer. This procedure resulted in an interruption of flow 
through the fermentor for approximately one minute.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Batch Experiments 
A total of 5 batch experiments were carried out. The first four 

experiments were done using yeast extract as the vitamin source. Yeast 
extract contains .approximately 0.38 g of carbon/1 (Solomens., 1969) > in 
the form of carbohydrates and amino acids. Thus, cell growth was 
observed even at zero concentrations of glucose with cells grown on yeast 
extract. The first two batch experiments led to improvements in proce
dures used in the second two batch experiments. The final batch experi
ment was done to observe the growth of cells without the carbohydrates in 
the yeast extract.

4.1.1 Results of Batch Experiments
Sample data from the batch experiments are listed in table form 

in Appendix C. Each table represented the entire data obtained from a 
single flask: optical density at 620 nm (which represented cell concen
tration) vs. time, initial glucose conceiitration of the flask, the 
measured specific growth rate, and the final ethanol concentration of the 
flasks. These data are listed in Table C.1 through C.5 in Appendix C.

The specific growth rates reported in the above-mentioned tables 
were calculated using a linear regression program of a Hewlett-Packard 
HP55 calculator. The linear regression was always performed over the

25
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linear region of the plot of log (optical density) vs. time. Values for 
the regression constant were typically above 0.98, which, indicated a 
strong linear relationship between logarithm of cell concentration and 
time.

4.1.2 Dependence of the Growth Curve on the Length 
of Time of the Endogenous Metabolism Period

In the first experiment, the lag phase was. not present in any of 
the flasks. This was believed to be caused by not allowing a sufficient 
amount of time for the cells to enter an endogenous metabolism. The 
cells were left in the distilled rinse water only long enough to complete 
the inoculation of all the flasks. The resulting logarithm of optical 
density vs. time curves had two linear regions corresponding to two 
different specific growth rates as shown in Figure 4.1. In flasks con
taining a small initial glucose concentration the initial specific growth 
rate was higher than the final specific growth rate. Just the reverse 
was true with the flasks containing an initial glucose concentration 
above 1.0 g/1. The initial specific growth rate was lower than the final 
specific growth rate as shown in Figure 4.2.

It appeared that the initial observed specific growth rate in 
these flasks represented the specific growth rate of the cells in the 
original culture medium. Studies of phased cultures of Saccharomyces 
cerevisiae yeast by Von Meyenburg (1968) verified that the budding phase 
of yeast was relatively constant in duration and independent of the

" O '

glucose concentration. Thus, cells that had just initiated a bud in the 
rich medium and then were transferred to a poorer medium would be forced
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to complete the budding cycle under endogenous metabolism and with
accelerated consumption of the substrates available to the cell.

In later experiments, the cells were forced into an endogenous - ' - . 
metabolism by leaving the cells in the distilled water for periods up to
4 hours. In the second batch experiment, the cells were left in the
distilled water for 3 hours and resulted in a lag phase of 30 minutes.
When the cells were left in the distilled water for longer periods, as in
the third experiment, the lag phase lasted from 2 to 3 hours.

4.1.3 The Maximum Specific Growth Rate 
and Saturation Constant

Table 4.1 shows the values obtained for the maximum specific 
growth rate and saturation constant for each of the batch experiments. 
Also listed is the coefficient of determination for the linear regression 
of the Lineweaver-Burk plots which yielded the kinetic constants.

Table C.4 of Appendix C gives sample calculations for determining 
the saturation constant and maximum specific growth rate from the 
Lineweaver-Burk plot. The linear regression was performed in the same 
manner as described earlier.

In the first experiment, the maximum specific growth rate was 
lower than in the later experiments. As already reported, there were two 
observed exponential growth phases in the growth curves for this experi
ment. The second specific growth rate was reported in Table 4.1, since 
the first observed specific growth rate was believed to be a function of 
the specific growth rate of the cells in the previous medium. This 
second specific growth rate was most likely low,.especially in the
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Table 4.1 Kinetics constants 

of baker’s yeast.
obtained from batch growth

U Coefficientm K of
Experiment (hr"1) (g/D determination

1 0.44 0.19 0.85
2 0.50 ■ 0.06 0.49

■. 3 0.39 0.06 0.95
4 0.39 0.07 0.95
5 0.45 0.17 0.95
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cultures which contained a low initial concentration of glucose. In 
those cultures, a significant quantity of the glucose would have been 
consumed by the previous exponential phase prior to the initiation of the 
second exponential phase. Likewise, the value of the saturation constant 
for this experiment was high. The higher value of the saturation con
stant was also due to the lower concentration of the glucose in the 
flasks at the initiation of the second exponential phase of growth.

In the second experiment, the value for the maximum specific 
growth rate was higher than expected. This was due to an inability to 
control the temperature of the flasks during the second experiment. The 
temperature of the flasks often approached 30°C during the experiment. 
Work done by Jones and Hough (1970), on the effect of temperature on 
baker's yeast, showed that the maximum specific growth rate increased 
with temperature between 25 and 38°C. A second contributing factor was 
the small range of glucose concentrations investigated by this experi
ment. This resulted in a low value of 0.48 for the coefficient of deter
mination for the linear regression which indicated a large possibility of 
error in the determination of the kinetic constants for this experiment,

4.1.4 The Presence of Fermentative Metabolism 
in Aerobic Batch Cultures

The change in metabolism from respiration to fermentation was 
detected in the batch experiments by the presence of ethanol in the cul
tures after several hours of cultivation. No attempt was made to 
quantify the extent of the fermentative metabolism. Ethanol was usually 
observed in cultures with initial glucose concentrations above 0.4 g/1.
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In the final two experiments, the period of time prior to the measurement 
of the ethanol concentration was reduced from 6 to 4 hours. This was 
done to insure that the cultures containing low initial glucose concen
trations were still in an exponential phase of growth on glucose. It was 
reported in the literature (Leuenburger, 1972) that batch culture of 
Baker’s yeast which consumed glucose by aerobic fermentation would, upon 
exhaustion of the glucose, respire on the accumulated ethanol. Figure 
4.3 is a plot of the measured ethanol concentration as a function of the 
initial glucose concentration in the cultures used in the fourth experi
ment. This plot indicates that no fermentative metabolism occurred in 
cultures which contained glucose concentrations below 0.4 g/1.

4.1.5 Partial Phasing of 
Batch Cultures

In the experiments in which the cells were forced into an
endogenous metabolism prior to inoculation into the batch cultures, a
degree of phasing of the cultures containing a low initial concentration
of glucose was observed. This phasing was observed as a damped periodic
oscillation in the optical density vs. time plots. An example of this

* %phenomena is shown in Figure 4.4. This behavior was believed to be 
caused by a large number of cells in the culture entering the same 
part of the single cell phase of the reproductive cycle while they were 
kept in the distilled water. The oscillations reflect the physiological 
changes occurring within a cell during the cell cycle. Von Meyenburg 
(1968) proposed that the cells accumulated mass during the single cell 
phase of growth and then entered a partial endogenous metabolism during
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the initiation of the budding phase. This would account for the gradual 
increase in optical density followed by a slight decrease in optical 
density in each of the observed cycles. Von Meyenburg (1968) also 
reported that the changes occurring during the cell cycle became less 
pronounced at higher specific growth rates. This would explain why the 
oscillations were not as easily observed in cultures which contained 
higher initial glucose concentrations. The presence of these oscilla
tions made it difficult to accurately measure the specific growth rate in 
cultures which contained low initial glucose concentrations.

4.1.6 Effect of the Presence of Carbon 
in Yeast Extract on the Growth Curves 
and Kinetic Constants

The presence of carbon in yeast extract did have an effect on the 
observed growth curves. The most obvious effect was the observed' growth 
of the cultures containing no glucose (an example is shown in Figure 4.1).

A Lineweaver-Burk plot for the fourth batch experiment is shown 
in Figure 4.5. Over the low range of values for 1/s, the plot followed a 
straight line which indicated a Monod relationship between substrate con
centration and specific growth rate. However, for high values of 1/s 
(low glucose concentrations), the data points fell below the straight 
line which indicated that higher growth rates than expected were 
observed.

These higher growth rates at low substrate concentrations 
decreased the value for the saturation constant. The definition of the 
saturation constant was the substrate concentration at which the cells 
grew at a specific growth rate half of the value for the maximum specific



1/S
P.G

RWT
H.R

OTE
 

HOU
RS

O8
CO

o8
CD

O8

O8
cxi

O8
Cl

10-000 15-000 20-000 30 -000
1/GLUCOSE CON.LI TER/GRAM

Figure 4.5 Lineweaver-Burk plot for cultures containing yeast extract showing nonlinear 
behavior at low initial substrate concentrations.

o\



growth rate. In the experiments which used yeast extract, the presence 
of the extra carbon allowed a higher specific growth rate to be observed 
than could have been supported by glucose alone. Thus, the value of the 
substrate concentration which yielded the saturation constant was actually 
larger than the glucose concentration which was reported..

This accounted for the higher values for the saturation constant 
that were reported in the literature of 0.1 g/1 reported by Peringer et 
al. (1974),. and 0.13 g/1 reported by Jones and Hough (1970).

Jain (1970) attempted to correct for the presence of the carbon 
in yeast extract by adding a constant term to the glucose concentrations 
to give an effective glucose concentration of the medium. This effective 
concentration was then used in the construction of the Lineweaver-Burk 
plots. The amount that was added to the glucose concentration terms was 
determined by extrapolating the Michaelis-Menten plots to a zero specific 
growth rate.

However, data from the batch experiments did not support this 
assumption made by Jain (1970). It was concluded that, for intermediate 
levels of initial glucose concentration, the glucose was preferentially 
consumed by the cells, then followed by a slower observed growth rate for 
the consumption of the yeast extract carbon. This is shown by a compari
son of Figures 4.6 and 4.7. These growth curves were obtained from cul
tures containing the same initial glucose concentration. The first 
figure was from a culture which also contained additional carbon from 
yeast extract, while the second curve was from a culture which used yeast 
nitrogen base (YNB), a vitamin source which did not contain any extra
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carbon. ' Both of these curves had the same initial specific growth rate

' ■ -iof 0.33 hr which lasted for approximately 6 hours. Following this 
period, the culture containing yeast extract had a second exponential 
growth phase with a slightly lower specific growth rate while the culture 
containing YNB stopped all growth.

At low initial glucose concentrations, the specific growth rate 
of the yeast extract carbon completely masked the observed specific growth 
rate of the cells due to glucose. At such low initial specific growth 
rates, the addition of a small quantity of glucose would have resulted in 
a significant increase in the specific growth rate if the two carbon 
sources effects were additive. This would be predicted since, at low 
specific growth rates, the Monod relationship was reduced to a linear 
relationship between specific growth rate and substrate concentration. 
Figure 4.8 may be compared to Figure 4.4; both of these growth curves 
were from the same batch experiment. The first culture did not contain 
any glucose, while the second culture had an initial glucose concentra
tion of 0.05 g/1. The specific growth rates for both cultures were the 
same at 0.17 hr-*.

The Lineweaver-Burk plot for the final experiment is shown in 
Figure 4.9. In this experiment, YNB was used in place of yeast extract 
because it contained no carbon. This plot followed a straight line 
behavior without any deviation at high values of 1/s. This indicated 
that the presence of the excess carbon in yeast extract had resulted in 
the observed deviation in the other Lineweaver^Burk plots obtained from 
experiments in which yeast extract was used. •



LN
(0 

»D
O8
O

oOO

oOCl
CXII

§O
(71I

+ f + + +
+

+ +

+ + + + +

+

OOCl

0 000 c -000 4-000 6.000 8-000
TIME HOURS

“ i
10-000 12-000

Figure 4.8 Batch growth curve on 3.0 g/1 yeast extract with same specific growth rate as 
culture containing additional 0.05 g/1 glucose.



l/S
P-G

RWT
H.R

RTE
 

HOU
RS

O
o
CD

o8
CD

O8

O8
r v i

OQ
Q.0 -000 5-000 10.000 20 000 30-000

1/GLUCOSE CON.LI TER/GRAM
Figure 4.9 Lineweaver-Burk plot for cultures containing glucose as sole carbon source.

tv )



. 43
These results were not in agreement with those obtained by Jain 

(1970). He reported that the Lineweayer-Burk plot for a culture grown on 
YNB also exhibited the same behavior as the culture containing yeast 
extract. However, the actual results of the experiment he cited were not 
presented in the article; therefore, no comment could be made for the 
reasons for this discrepancy. Despite the corrections for the presence 
of the yeast extract carbon, the Lineweaver-Burk plots still retained the 
same deviations as the plots constructed without the corrections• These 
deviations may have been still present due to the wrong relationship that 
was used to determine the effective glucose concentrations. A second 
reason for the discrepancies may have been too low of a value for the 
presence of the yeast extract carbon that was used in the calculation of 
the effective glucose concentration. Jain (1970) attributed this devia
tion to the change'in metabolism from respiration to fermentation rather 
than the presence of yeast extract carbon.

4.2 Continuous.Experiments

4.2.1 Features of Continuous Experiments
These experiments differed from those reported in the literature 

in the manner in which the dilution rate was changed. Throughout the 
course of the experiments, the dilution rate was slowly and continuously 
changed, either increasing or decreasing at a rate of approximately 
3 ml/min/day. Most research on continuous cultures found in the litera
ture involved making step changes in the flow rate and waiting for a new 
steady state to be reached. That method had the disadvantage of
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consumption of excessive time since the dynamics of fermentation were 
quite slow. With two metabolisms possible, these transient effects could 
be greatly extended. Furthermore, there was a possibility of two steady 
states existing, and a large upset would have brought about an early, 
undesired transfer to the second steady state. It was felt that by 
programming a slow increase in flow rate up through the metabolism change, 
and then a slow decrease in flow rate, these two steady states might be 
revealed.

Most of the data and calculations for these experiments were 
handled by a single computer program. This program is listed in 
Appendix D, and performed the following calculations.

Correction of the Cell Dry Weight Concentration. This correction 
reduced the values originally calculated by hand for the measured cell 
dry weights. The correction was required after the results of an experi
ment showed that the cells collected on the glass filter paper had not 
been washed with sufficient double distilled water to remove all mineral 
deposits. Appendix E gives sample calculations of the cell dry weights, 
a description of the experiment and the results obtained, and the form of 
the correction factor used in the computer program.

Mass Balance on the Medium Storage Tank to Calculate the Concen
tration of Glucose in the Inlet Stream of the Fermentor. This was 
required because the medium was sterilized in 10-liter batches and trans
ferred to a storage tank with no direct method of obtaining the actual 
glucose concentration of the medium entering the fermentor. The concen
tration of glucose varied from batch to batch of sterilized medium due to
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caramel!zation of the glucose at sterilization temperature. This program 
did a mass balance on the storage tank to give the concentration of 
glucose in the inlet stream, as a function of time. The details of this 
calculation are given in the discussion of the computer program in 
Appendix D.

Calculation of the Glucose Concentration in the Fermentor Given 
the Concentration of Glucose in the Sample. This calculation corrected 
for the consumption of glucose in the sample once it was withdrawn from 
the fermentor culture and before the cells were removed. One experiment 
was performed to observe the behavior of the glucose concentration in a 
sample as a function of time. From these results a correlation for the 
original concentration of glucose in the sample was developed. Both the 
experiment and the correlation are reported in Appendix F.

Yield Constants and Total Yield Factor. With the inlet concen
tration and fermentor glucose concentration determined, the yield con
stant in terms of the mass, of cells produced, considering glucose as the 
only carbon source, was calculated. However, the values obtained were 
twice as high as those reported in the literature and the mass balance on 
the fermentor indicated that the carbon in the yeast extract was being 
consumed. Thus, a second yield factor which considered the consumption 
of carbon from other sources was developed. The calculation of the total 
yield factor in the computer program employed a correlation for the frac
tion of the extra carbon that was consumed. This correlation was 
developed in Appendix G, along with all the data from the calculations of 
the mass balances. The yield factors were useful for an indication of
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the extent of the fermentative metabolism. The yield is reported in the 
literature to vary from 0.5 g-cell/g-glucose at complete respiration to 
0.1 g-cel1/g-glucose at complete fermentation (Rose and Harrison, 1972; 
Lipinsky and Litchfield, 1970).

Concentration of Cells in an Ideal Fermentor. The overall yield 
was used in a calculation to predict the concentration of cells in an 
ideal fermentor which had a constant inlet glucose concentration of 5 g/1 
and the glucose as the sole carbon source. This calculation was done to 
show what the behavior of the fermentor would have been like without 
these other effects. Details of the calculation are shown in Appendix D.

Specific Glucose Uptake Rate. This term was calculated from the 
glucose balance on the fermentor. The equations that were used are, shown 
in Appendix D.

Indicators of the Degree of Fermentative Metabolism^ The specific 
ethanol production rate was one indicator of the extent of fermentative 
metabolism. It was calculated from an ethanol balance on the fermentor 
which employed cell concentration, dilution rate, and ethanol concentra
tion. An error all specific quantities had was due to the presence of 
the wall growth. There was no way to account for the quantity of the 
cells on the walls of the vessel. With wall growth present, the true 
concentration of the cells in the fermentor was higher than the measured 
concentration. When the measured cell concentration was used in the 
calculations for specific quantities in the presence of wall growth, the 
values obtained were often higher than the actual quantities. A more 
accurate indicator of the extent of the fermentative metabolism was the
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ethanol yield. This term did not require the use of cell concentration 
and varied with increasing fermentative metabolism from zero to a maximum 
value of 0.5 g EtOH/g glucose at full fermentation. By definition, this 
term was the quantity of ethanol produced per gram of glucose consumed.
The equations used to calculate these terms in the computer program are

j 'listed in Appendix D.

4.2.2 Washouts during the Continuous 
Experiments

Two successful continuous experiments were carried out. The
first experiment lasted for 290 hours during which time the dilution rate

— 1 — 1was increased from 0.06 hr to 0.22 hr . The second continuous experi
ment lasted for 1200 hours during which the dilution rate was first 
increased from 0.08 to 0.62 hr and then decreased back to 0.1 hr-"*'.
The plots of the dilution rates as a function of the experiment run time 
for the first and second experiments are shown in Figures D.1 and D.2, 
respectively, in Appendix D. All the experimental data not expressly 
cited in the body of this thesis are listed in tabular form in Appendix D.

In both of these experiments, 50 to 60 hours after initiation of 
the continuous operation, the cell population would begin to reach a 
steady state when a washout would occur. The washouts were observed as a 
rapid decrease in the cell concentration within the fermentdr vessel and 
a corresponding increase in the glucose concentration. Figures 4.10 and 
4.11 show the cell concentration as a function of the experimental run 
time for these two experiments, respectively. Both washouts began 
shortly after the addition of a new batch of medium to the storage tank.
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In both cases the situation was corrected by draining the medium from the 
storage tank and replacing it with fresh medium. Following this action 
the re-establishment of the steady state took approximately 80 hours.

As a result of the first occurrence, the amount of time for 
sterilization of the medium was reduced from 7 to 5 hours. After the 
second occurrence, procedures for mixing the medium were changed so that 
the glucose and yeast extract were dissolved in one liter of distilled 
water prior to being placed into the 5-gallon carboy. This insured that 
all the glucose and yeast extract were in solution before the steriliza
tion was begun. These upsets may have been caused by undissolved glucose 
and yeast extract which had become partially oxidized during the 
sterilization. Those carbon products which were observed stuck to the 
walls of the carboy may have released agents which were inhibitory to the 
growth of the cells.

4.2.3 Discussion of First Experiment
Once the continuous operation of the fermentor had reached 

steady state, the Alow, continuous increase in flow rate was begun. The 
flow rate was increased from 0.07 to 0.22 hr-"*' and throughout this range 
of flow rates no indication of a metabolism change from respiration to 
fermentation was observed.

Plots of the various functions, corrected glucose concentration, 
overall yield, and ethanol productivity as functions of the dilution rate 
used in this experiment are shown in Figures 4.12 through 4,14, 
respectively. .
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The overall yield which was previously described used a correla
tion for the fraction of non-glucose carbon that was consumed as a func
tion of dilution rate in its determination. The values of this yield 
decreased from 0.65 to 0.58 g cell/g glucose as the dilution rate was 
increased. These values were slightly higher than those reported in the 
literature by Lipinsky and Litchfield (1970) for respiring yeast. These 
higher values may have been due to a small error in the determination of 
the correlation that was used in the calculation of the overall yield.
The values obtained were well within the respiring metabolism range since 
fermenting metabolism yields are theoretically one-fifth the value for 
respiration (Lehninger, 1975). The corrected glucose concentration was 
observed to increase linearly with the dilution rate from 0.01 to 0.03 
g/1. Figure 4.15 is a plot of the glucose concentrations that were 
measured in the samples before the concentrations were corrected to 
account for the glucose that was consumed by the cells before the cells 
were removed from the samples. These concentrations showed no relation
ship to the dilution rate. The major reason for this large correction to 
the glucose concentrations was the long period of time (5 minutes) that 
the cells remained in the sample before they were removed and the rela
tively small initial glucose concentration in the sample compared to the 
size of the glucose uptake rate of the cells. The determination of the 
nature of the correction to the sample glucose concentrations is given in 
Appendix F. The assumptions used in making the corrections were that the 
glucose uptake rate of the cells was proportional to the glucose concen
tration and that the initial glucose uptake rate at the time the sample
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was taken, was equal to the glucose uptake rate of the entire culture 
(this initial glucose uptake rate was determined by a glucose balance on 
the fermentor).

The linear relationship between the glucose concentration and the 
specific growth rate or dilution rate would be predicted by the Monod 
relationship, which reduces to a linear relationship for low glucose 
concentrations.

The specific ethanol productivity remained constant throughout 
the course of the. experiment at 0.004 g EtOH/g cell-hour. This was 
taken as the final indicator that no fermentative metabolism had taken 
place in the experiment. These results were also significant in that the 
amount of fermentative metabolism did not decrease at the lowest dilution 
rates. These results Were in agreement with those obtained by Von 
Meyenburg (1968) on phased cultures of baker’s yeast that showed fermenta
tive metabolism to be a characteristic of the budding phase of cell pro
duction cycle regardless of the glucose concentration.

4.2.4 Discussion of Second Experiment
Due to the non-steady state nature of this experiment, a transi

tion was observed to a mycelial form of baker's yeast and a resulting 
extensive formation of wall growth. The presence of this wall growth 
shifted the observed metabolism change from respiration to fermentation 
to higher dilution rates.

The transition to a mycelial form of yeast and how it affected 
the metabolism change may be seen by studying the graphs of overall cell 
yield, corrected glucose concentration, glucose uptake rate, and ethanol
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yield as functions of the dilution rate (Figures 4.16 through 4.19, 
respectively). Since the dilution rate was a function of time, the 
increasing dilution rate corresponded to a later period in time. Data of 
the above properties as functions of time are available in Appendix D.

In the first part of this experiment the dilution rate was 
increased to 0.25 hp-  ̂and there was no detectable change in the 
metabolism to fermentation. The cell yield remained constant at approxi
mately 0.5 g cell/g glucose. Both the glucose uptake rate and the 
glucose concentration appeared to increase linearly with increased dilu
tion rate for a corresponding increase in the specific growth rate/ A 
change in the cell yield would result in a non-linear relationship 
between the specific growth rate and glucose uptake rate since a differ
ent quantity of glucose would be required to form a cell.

As the dilution rate was increased from 0.25 to 0.28 hr" , a very 
sharp change to almost full fermentation was observed. The ethanol yield
increased from near zero to 0.45 g EtOH/g glucose. The overall yield

/decreased from 0.5 to 0.3 g cell/g glucose, which was not quite a full 
fermentative value. The specific glucose uptake rate increased steeply 
from 0.3 to 0.8 g glucose/hr g cell. The higher glucose uptake rate 
reflected the metabolism change since more glucose was required to be 
converted to ethanol in addition to the amount required for forming cells.

With this increase in fermentative metabolism, there was a sudden 
change in the morphology of the cells* The cells ceased having a 
scission step at the end of their budding phase of growth. Instead, the 
cells remained physically attached to each other as new buds were formed.
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Microscopic examination of samples from the culture showed only cells 
present in clumps. These clumps were often quite large and were struc
tured like snowflakes with the oldest cells in the center and the 
youngest cells the farthest out from the center. Throughout the remainder 
of the experiment the majority of the cells were in these clumps.

As the dilution rate was increased from 0.28 to 6.4 hr” , there 
was a shift back to a respiring metabolism. The ethanol yield decreased 
rapidly back to, a value of 0.15 g EtOH/g glucose which then remained con
stant up to a dilution rate of 0.45 hr-*. This demonstrated the 
decreased degree of fermentation as less ethanol was being formed from 
each gram of glucose that was consumed. The overall cell yield gradually 
climbed back up to a respiring metabolism value of 0.5 g cell/g glucose 
as the dilution rate was increased over this range.

The corrected glucose concentration had increased linearly with
— Tincreasing dilution rate up to a value of 0.32 hr” . As the dilution 

rate was increased past this point, the glucose concentration increased 
rapidly to a concentration of 0.2 g/1. The glucose concentration then 
decreased slightly as the dilution rate was increased to a value of 
0.45 hr”1.

Throughout the range of dilution rates from 0.28 to 0.42 hr-1, 
the accumulation term of the mass balance around the fermentor showed a 
positive accumulation. This is shown in Figure 4.20, a plot of the 
accumulation rate from the mass balance which assumed all the yeast 
extract carbon was consumed by the cells, as a function of time. This 
accumulation was observed as a buildup of wall growth on the walls of the
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vessel. Prior to this accumulation, the mass balance also reflected the 
early partial washout which occurred at 0.28 hr-"*'.

Once the dilution rate was increased past 0.4 hr" , the fermenta
tive metabolism increased. The ceil yield decreased to a value of 0.25 
g ceil/g glucose at a dilution rate of 0.5 hr-*. The ethanol yield 
increased from 0.15 to 0.25 g EtOH/g glucose at a dilution rate between 
0.45 and 0.6 hr *.

The glucose concentration increased linearly from 0.1 to 3.0 g/1
— 1with increasing dilution rate from 0.45 to 0.6 hr- . However, the glucose

concentration did not reach the value of the inlet glucose concentration
as would be expected for a complete washout of cells.
, . - ■ ■ \v

As the dilution rate was increased past 0.6 hr-*, no further
increase in the fermentative metabolism was observed nor was any further 
washout achieved. The overall yield and EtOH yield remained constant at 
0.25 g ceil/g glucose and 0.25 g EtOH/g glucose, respectively.

At such a high dilution rate, it was highly unlikely that the 
cells were dividing fast enough to stay in the fermentor. The obvious 
extensive formation of wall growth throughout the vessel indicated that 
the cells were remaining in the vessel under this mechanism. An experi
ment was then performed to demonstrate the dependence of the presence of 
the cells in the fermentor"and metabolism change on wall growth. At 600 
hours, the air flow to the fermentor was stopped, which allowed the 
fermentor vessel to fill with medium. The cell concentration was so low 
that the dissolved oxygen concentration never fell below 80% of satura
tion. The agitation in the vessel was increased to 800 rpm. Once the
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liquid level in the vessel was above the level of the foam breaker 
impellar, agitation was begun with the foam breaker at 2,000 rpm. The 
high turbulence in the vessel from this agitation broke loose large sec
tions of the growth from the glass walls of the vessel and suspended them 
in the culture. Sections of the wall growth that had broken away revealed 
that the wall growth ranged in thickness from 1/8 to 1/2 inch.

This procedure removed most of the growth from the upper half of
the vessel walls. It was estimated that as muCh as half of the wall 
growth was removed by this technique. Most of the remaining growth was 
attached to difficult areas such as the baffles and agitator support 
frame. The rapid agitation was continued until most of the large clumps 
were small enough to exit through the weir device with the rest of the 
culture. This entire procedure lasted approximately 20 minutes.

Figure 4.21 is a plot of cell and glucose concentration before 
and after the experiment. The cell concentration rose rapidly during the
experiment as cells were added to the culture and was still at 1.3 g/1
one hour after the experiment. The glucose concentration dropped from 
3 to 1,9 g/1 at one hour after:the experiment. This decrease in glucose 
concentration demonstrated that mass transfer effects were occurring in 
the wall growth. The ethanol concentration was also observed to increase 
during the experiment. Since the actual number of cells in the fermentor. 
stayed very nearly constant during the experiment, this increase in the 
consumption of glucose and greater production of ethanol indicated that 
prior to the experiment a large number of cells in the fermentor were not
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in contact with the glucose concentration of the culture which again 
indicated that mass transfer effects Were present in the wall growth.

For the remainder of the continuous experiment the behavior of 
the overall yield, corrected glucose concentration, specific glucose 
uptake rate, and ethanol yield are shown in Figures 4.22 through 
4.25, respectively, as a function of the dilution rate for the entire 
experiment. By comparison to the figures mentioned earlier for the first 
half of the experiment, the behavior of the fermentor for the second half 
of the experiment may be followed. In the thirty hours following the 
initiatidn of this first mini^experiment* the dilution rate was not 
changed. A greater fermentative metabolism was observed during this 
period and closer to washout conditions were obtained. The cell concen
tration decreased by 50% to 0.2 g/1. The overall yield decreased to 
0.1 g cell/g glucose, a true full fermentative value. The ethanol yield 
also indicated an increased degree of fermentation at it increased to 
0.25 g EtOH/g glucose.

Thirty hours after the end of this mini-experiment, the second 
half of this continuous experiment was begun. The flow rate was slowly 
and continuously decreased at a rate of 3 ml/min-day. The purpose of 
this half of the experiment was to observe how the fermentor would behave 
with a significantly less wall growth present at high dilution rates.
This was achieved by breaking loose some wall growth in the manner 
described earlier at 688, 720, 764, and 800 hours.

The mass balance in Figure 4.20 shows a positive accumulation of 
carbon in the fermentor over the range of the experiment where the wall
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growth was. being controlled. This was expected since the wall growth was 
observed to rapidly re-accumulate following these attempts at removal.

From the dilution rate range of 0,62 to 0.39 hr , a strong con
stant degree of fermentative metabolism was more extensive than the 
metabolism that was obtained, over this same dilution rate range in the 
first half of the experiment. The glucose uptake rate remained constant 
at 2.25 g glucose/g cell-hi. The maximum value reported in the litera
ture for the glucose uptake rate was 2.08 g glucose/hr-g cell (Peringer 
et al., 1974) for batch culture of baker's yeast at 30°C. A few values 
obtained over this part of the experiment were somewhat higher, above 
5.0 g glucose/hr-g cell. These high values may have been due to the 
significant fraction of the total cell population that was in the wall 
growth; this part of the cell population could not be accounted for in 
this calculation. At any rate, these higher values reflect the great 
extent of the fermentation which requires a much larger quantity of 
glucose than a respiring cell to form a cell at the same growth rate.

Over the dilution rate range from 0.62 to 0.39 hr” , •most of the 
other properties also indicated a high degree of fermentative metabolism. 
The overall cell yield remained constant at 0.1 g cell/g glucose and the 
glucose concentration stayed above 3.0 g/1. The ethanol yield remained
at 0.25 g EtOH/g glucose throughout this dilution rate range.

—  1As the dilution rate was decreased below 0.39 hr” , a rapid 
change in the metabolism back to respiration occurred. From this 
behavior it appeared that the greater the extent of the wall growth, the 
higher the dilution rate at which the metabolism change occurred. This
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is best illustrated by the plot of the corrected glucose concentration as 
a function of the dilution rate in Figure 4.23. This plot demonstrates 
how the rapid increase of glucose concentration obtained in this half of
the experiment fitted neatly with the first observed increase of glucose

/concentration associated with the initial "pseudo-washout" and associated 
metabolism change during the first half of the experiment. This rapid 
change to respiration was observed in the other properties, the cell con
centration climbed to 50 g/1, while the ethanol yield, had decreased to

1
near zero at 0.33 hr and 950 hours of operation.

At 963 hours of operation, the fermentor temporarily ran out of 
medium for one hour. Twenty-four hours after the dilution rate of 0.28 
hr-'*' was restored, the cell concentration began to increase in the 
culture to a maximum of 15 g/1 at 1,000 hours. The cell concentration 
then gradually decreased to a value of 8 g/1 at 1,151 hours when the 
experiment was terminated.

The large negative value for the accumulation term of the mass 
balance over this range of the experiment indicated that the source of 
the cells was from the wall growth. A microscopic examination of the 
samples from the culture indicated that the majority of the cells in the 
culture were in large clumps. There was also a population of single 
cells which indicated that the new cells that were formed at this time 
had regained the scission step in their reproductive cycle. Thus, it 
appeared that the clumps were from the wall growth which had been formed 
earlier.
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After the end of this experiment, the fermentor vessel was broken 

down and a large quantity of wall growth was found. The majority of the 
growth was in the bottom half of the vessel and was as thick as 1/2 inch 
in some areas. The growth covered most of the agitator support bushings
and baffles in the vessel. No attempt was made to quantify the actual
amount of cells in the vessel though it appeared that there was approxi
mately 50 grams of cells present.

The accumulation rate terms of the three carbon balances were 
integrated over the entire experiment to demonstrate the Observed accumu
lation of cells in the vessel. The three different balances were used to 
show the effect of the consumption of the extra carbon in the yeast 
extract and caramelized glucose which could not be determined directly. 
The concentration of extra carbon in the inlet stream of the fermentor 
cOuld be estimated from reports in the literature for the fraction of 
carbon in yeast extract. The fraction of carbon in the inlet stream for 
the caramelized glucose was estimated by difference from the measured 
glucose concentration and the knowledge that the initial glucose concen
tration before sterilization Of the medium was 5.0 g/1. Three different 
carbon balances were then made assuming first that none of this extra 
carbon was consumed by the cells. The second carbon balance assumed that 
all the carbon in the yeast extract was consumed and the final carbon 
balance assumed that all the extra carbon was consumed.

These carbon balances could only reflect general trends and were 
not intended to be accurate enough to indicate the actual accumulation of 
cells in the vessel. The reasons for this were the very small number of
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data points (30) used in the mass balance and their very poor distribu
tion throughout the experiment. Also, the evidence indicated that the 
cells consumed varying amounts of extra carbon depending on the specific 
growth rate of the cells and the glucose concentration of the culture, 
rather than the total amounts of non-glucose carbon assumed in these mass 
balances. A linear behavior between the data points was assumed for 
doing the integration of the accumulation rate data as a function of time.

. The integration of the mass balance which assumed that only 
glucose was consumed gave a large negative value of -600 grams of carbon. 
This indicated that a significant amount of carbon from other sources was 
being used by the cells. The second case, which, in addition to glucose, 
assumed that all the yeast extract carbon was consumed, gave a much 
smaller but still negative value of -264 grams of carbon accumulated.
The final case, which assumed that all the extra carbon was consumed,
gave a positive value of 200 grams of carbon in the vessel at the end of
the experiment. It was believed that the actual amount of extra carbon 
that was consumed actually was somewhere between the last two cases con
sidered. Since the mass fraction of carbon in yeast cells is approxi
mately 50% (Peringer et al., 1974), the observed accumulation of carbon 

was estimated at between 5 and 50 grams.
An indication of the actual relationship between the specific 

growth rate and non-glucose carbon that was consumed was found in the 
first 20 data points for the mass balance. These data points were taken 
in the first 400 hours of the continuous experiment before the formation
of the mycelial form of yeast began. A correlation was developed by
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assuming that the fermentor was at steady state over this period of 
operation. The mass balance, was used which considered only the carbon 
from the glucose as being used by the cells. The resulting negative 
accumulation rate was then assumed to be the quantity of non-glucose 
carbon that was consumed by the cells. The predicted amount of extra 
carbon available to the cells was Calculated from the inlet concentra
tions and this was used to calculate the fraction of non-glucose carbon
that was consumed by the cells. The fraction of the extra carbon that

' ' ■ . -  , 
was consumed by the cells varied from 140% at a dilution rate of 0.1 hr
to 0% at a dilution rate of 0.40 hr \  It appeared that there was a
linear behavior of the fraction of extra carbon consumed and dilution
rate, and so a correlation was made. Details of the mass balance and of
development of the correlation are given in Appendix G.

The fact that the fraction of non^-glucose carbon that was con
sumed was greater than 100% indicated that there was an error in the mass 
balance. Since the degree of this error decreased at higher dilution 
rates, a good possibility for the error was that an incorrect value for 
the fraction of carbon in yeast extract was used in the calculations.
The value that was used was obtained from Solomens (1969), who quoted the 
fraction of carbon in an English brand of yeast extract, while an
American Difco brand was used in these experiments. The American brand
may have had a higher fraction of carbon which would have resulted in not 
all the inlet carbon being accounted for. Other sources of the error may 
have been in the analysis of the gas samples which was done using a gas 
chromatograph. Gas chromatographs are generally not used for analysis of
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fermentor exhaust gases which have very low concentrations of carbon 
dioxide. Usually, on^stream electronic devices are used which require no 
handling of the gases and give continuous analysis.

Regardless of the error that was found, the correlation did indi
cate that there was a preferential consumption of glucose by the cells. 
The correlation indicated that, at high dilution or growth rates, the low 
glucose concentrations forced the cells to consume the extra carbon.

This correlation was used in the calculation of an overall cell 
yield which took into account the consumption of the extra carbon sources 
instead of only the glucose. The values obtained with this yield 
compared favorably with those yields reported in the literature for both 
the metabolisms, while those yields obtained considering only the glucose 
that was consumed were much higher.

A second check was made to insure that the overall yield 
reflected the true yield of the cells. The fraction of carbon that was 
consumed by fermentative metabolism was calculated from the quantities of 
ethanol and carbon dioxide that were given in the theory section. This 
fraction of carbon that was converted by each metabolism was then used to 
calculate an overall yield using the values of yields for complete 
respiration and fermentation reported in the literature. The complete 
discussion of this technique is given in Appendix G. These values for 
overall yields are given in Table G-7, along with the corresponding 
values for the overal1 yields obtained for the mass balance correlation. 
This table demonstrates the close correspondence of these overall yields 
obtained by independent methods.
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4.2.5 A Suggested Mechanism for the 
Occurrence of the Wall Growth

From the behavior of this fermentor during the final experiment 
it appeared that the cells had stopped the scission step of the reproduc
tive cycle once a critical specific growth rate was reached. Thus, while 
the cells might be able to grow at higher specific growth rates, they 
could no longer become physically separated from each other, which changed 
the behavior of the fermentor and could affect the conditions at which 
the metabolism change would be observed.

Early in the experiment, ideal conditions existed in the 
fermentor, the cells were evenly distributed as a population of single 
and budding pairs of cells. Once this critical specific growth rate was 
reached the following transient behavior would occur, the cells would 
become distributed in clumps containing parent and daughter cells. The 
concentration of these clumps would decrease exponentially with time as 
they would be washed out of the fermentor. No new independent clumps 
could form since all new cells would remain physically attached to the 
parent cells. Eventually, if no new mechanisms came into play, a complete 
washout of cells would occur in the fermentor regardless of the true . 
maximum specific growth rate of the cells. This transient event could be 
termed a 1 'pseudo-washout'* since the washout would not be due to the 
maximum specific growth rate of the cells.

The physical attachment of the cells would result in wall growth 
which would be much more extensive than the type of growth commonly 
reported on in the literature. It was well-established that a film of 
cells often coats the interior of fermentor vessels (Howell, Chi, and



Pawlowsky, 1972; Wilkinson and Hamer, 1974). Under the" above condition, 
when a new bud would be formed by such a cell instead of breaking away 
from the parent cell the new cell would remain attached, which would 
result ’in a very heavy formation of wall growth after a number of 
generations» This wall growth would begin to supply new clumps of cells 
to the culture when the mass of cells in the wall growth became large 
enough that the shear forces in the fermentor could break sections away. 
Eventually, a new steady state would be reached in which the rate of 
addition of cells to the culture would equal their rate of removal from 
the vessel.

Thus, the initiation of this mycelial growth would have to result 
in an initial transient period from the start of washout until the new 
wall growth dominated steady state was reached. During this period, the 
cells would be growing at a high specific growth rate as the glucose con
centration would initially increase, as the cell population was washed out 
of the vessel. These high specific growth rates might result in an 
initial metabolism change which could revert back to respiration, as 
was observed in this experimental case or remain in a fermentative state 
depending on the final steady-state conditions obtained in the vessel.

It would be expected that the steady state, specific growth rate 
of the cells in the culture would then depend on the ratio of the inlet 
glucose concentration to the extent of the wall growth or population of 
cells in the vessel. The extent of the wall growth would hot only be a 
function of the surface area to volume ratio of the vessel but also a 
function of the shear forces in the vessel. If conditions were such that



a large extent of wall growth was present in reference to the inlet 
glucose concentration, the specific growth rate could be lower than the 
dilution rate. However, if the reverse was true then the cells mighf be 
growing at a specific growth rate higher than the dilution rate if the 
dilution rate was below the maximum specific growth rate of the cells. 
Such higher specific growth rates might result in the presence of a 
fermentative metabolism at dilution rates lower than the specific growth 
rate at which the metabolism change actually occurs, of if the reverse 
was true the presence of a respiring metabolism at dilution rates higher 
than the specific growth rate at which the metabolism change actually 
occurs. Such behavior due to this mycelial wall growth could account for 
the different dilution rates at which the metabolism change was observed 
to occur as reported by the researchers. A model of wall growth was 
applied to a cell growth model employing a varying yield to account for 
the metabolism change to demonstrate these steady-state effects of the 
extent of the wall growth and the inlet glucose concentrations on the 
metabolism change. A discussion of the model and the results are given 
later in this chapter.

The existence of this type of mechanism is also supported by the 
observed character of the metabolism changes reported in the literature. 
High inlet glucose concentrations resulted in very sharp metabolism 
changes at low dilution rates. Low inlet glucose concentrations resulted 
in higher dilution rates for the metabolism change and a more gradual 
transition to fermentation. This mechanism is further supported by the
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inability of any of the researchers to obtain, a complete washout in the 
continuous cultures.

This phenomenon of baker's yeast also masks the information about 
the specific growth rate at which the metabolism change occurs. This is 
because no independent method of measuring the specific growth rate of 
the cells in the culture existed. Thus, it was not determined if the 
metabolism changed at a specific growth rate above or below the specific 
growth rate at which the mycelial growth began.

There were a few brief reports that this type of mycelial 
behavior had been seen in baker's yeast before. Aiba et al. (1973) 
reported the formation of a mycelial baker's yeast in a continuous cul
ture at high dilution rates after a few days of operation. They reported 
that this yeast was not a mutation since when the cells were placed into 
a batch shaker flask with fresh medium this form of the yeast disappeared. 
Von Meyenburg (1968) reported that the scission step disappeared in batch 
cultures of phased cells growing at a high specific growth rate.

The high concentration of cells in the fermentor at the last part 
of the continuous experiment indicated the nature of the mechanism of 
supply of wall growth cells to the culture. A population of single cells 
present in the culture indicated that new cells were being formed with 
the scission step back in the reproductive cycle of the yeast. This 
implied that the extent of the wall growth had to be decreasing since new 
wall growth could only be formed with the mycelial form of yeast. It 
appeared that the clumps of cells in the culture had originated from the 
wall growth which had been formed earlier in the experiment.
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A possible mechanism for this transient behavior may have been 

due to the maimer in which the cells were connected together. The bonds 
in the myceiial growth may have been weakened by the brief starvation 
period and generally poorer medium conditions in the fermentor at the 
lower dilution rates. This would result in the disintegration of the wall 
growth and a corresponding increase in the cell concentration in the 
culture.. A second, more plausible, mechanism for this transient behavior 
was that the rate of removal of the wall growth from the fermentor would 
be a function of the extent of this growth in the vessel (thickness) and 
the flow patterns (agitation conditions) within the vessel. For the wall 
growth to reach steady state, the rate of production of wall growth would 
have to be equal to the rate Of removal. If a balance had been reached 
prior to decreasing the dilution rate, as the dilution rate was decreased 
this rate of removal of the wall growth would remain relatively constant 
as the flow patterns would not be affected. This rate of removal would 
remain constant until the wall growth had been reduced to the point that 
the turbulence could no longer remove cells at the same rate. If the 
extent of the wall growth was large in reference to the rate at which it 
was removed, then the rate of removal of the wall growth might remain 
nearly constant for a long time. A higher cell concentration would 
result during this period to maintain the same fate of removal of cells 
from the culture with the lower dilution rate.
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4.2.6 Comparison of Monod Kinetics Obtained 
from Batch Data to Continuous Data

Due to the effects of wall growth, the maximum specific growth 
rate could hot be estimated from the continuous experiment. .However, the 
value of the saturation constant was estimated by finding the average 
value of the corrected fermentor glucose concentration at a specific 
growth rate 1/2 the value of the batch maximum specific growth rate. The 
value so obtained was 0.04 g/1. The value obtained from the batch growth 
curves varied from 0.2 to .06 g/1.

The majority of the above reported values for saturation constant 
were lower than those reported in the literature for batch data. The 
reason for this has already been discussed. Typical values for the 
saturation constant reported in the literature are 0.1 g/1 (Peringer et 
al., 1974), 0.13 g/1 (Jones and Hough, 1970), and 0.15 g/1 (Jain, 1970).

This demonstrates that the values obtained from batch experiments 
are always larger than those obtained from continuous experiments. The 
data obtained from steady-state operation of a continuous fermentor must 
reflect the true equilibrium condition between substrate concentration 
and specific growth rate. These data indicate, by the low value for K, 
that very high specific growth rates may be maintained with glucose con
centrations of only a few hundredths of a gram per liter.

This helps explain some of the contradictory behavior observed 
with batch fermentation. When cells are placed in a batch culture con
taining Some initial limiting substrate concentration, they will usually 
enter a lag phase of growth. During this phase the cells adjust to the 
new environmental conditions. The length of time will vary depending on
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the previous environment the cells were in and indeed may not exist at 
all if the previous environment was quite similar. During this period 
the cells will be consuming glucose at some unknown rate that by the time 
the cells begin to grow there may be a significant difference in the 
glucose concentration of the medium. This situation would be particularly 
true of batch cultures containing low initial glucose concentrations.

Once the cell growth begins in the batch culture, the mass 
balance may be written approximately as:

fb -4= - y£ c4.i>
Integration of this equation with respect to time with initial condition 
of S = 5^ at t = 0.0 yields:

■ ut
s = so - xo -r
Due to partial phasing of the cell cultures, the specific growth 

rate must be the time averaged value obtained over several generations.
With the low initial glucose concentration this exponential phase of 
growth could not develop long enough to allow an accurate measurement to 
be made of the specific growth rate.

The shape of the substrate concentration vs. time curve for the 
batch culture as described by equation 4.2 would have an initial plateau or 
constant substrate concentration followed by a region of rapid change in 
the substrate concentration. For cultures containing a high initial 
glucose concentration, this first plateau stage may well be long enough 
to allow an accurate measurement of the specific growth rate. However, 
to study the range of glucose concentration which results in the rapid
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change in specific growth rate requires a very low initial glucose con
centration. In this case the length of the plateau region would be much 
shorter and have a greater decrease in concentration. Thus, equilibrium 
conditions between specific growth rate and substrate concentration would 
be harder to achieve for an accurate measurement of the specific growth 
rate as a function of the substrate concentration.

This relationship between substrate concentration and time helps 
to explain why the specific growth rate appears to remain constant once 
it is established in batch cultures until all substrate is consumed. The 
effect is compounded by the fact that the specific growth rate is rela
tively independent of substrate concentrations until very low levels of 
hundredths of a gram are recorded. . -

•This discussion demonstrates that an accurate estimate of the 
specific growth rate as a function of the initial glucose concentration 
may be made for high initial glucose concentrations in hatch culture. 
However, batch cultures may not be used to determine the relationship 
between the substrate concentration and specific growth rate over the 
range where the specific growth rate is dependent on the substrate con
centration. This is due to the low initial glucose concentration that 
would be required for such a study. Indeed, it was fortunate for the 
early researchers in this area that the same form of the substrate- 
specific growth rate relationship obtained from batch cultures holds for 
continuous cultures.
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4.2.7 Effect of Glucose Concentration 
on Specific Glucose Uptake Rate

A graph of the specific glucose uptake rate as a function of the 
corrected glucose concentration in the fermentor is shown in Figure 4.26. 
This plot has the general form of the Michaelis-Menten relationship as 
reported in the literature (Rose and Harrison, 1972). This is a plot of 
the data obtained in the first half of the experiment. The data obtained 
at high dilution rates in the second half Of the experiment had arti
ficially high values for the specific glucose uptake rate; the reasons 
for which have been discussed earlier in this thesis. Therefore," these 
data were left out in making this plot.

While the shape of this graph was described by a Miehaelis-Menten 
relationship, this does not imply that the uptake of glucose by the cells 
was enzyme reaction controlling that mechanism. A better term for this 
behavior is saturation kinetics. It is widely accepted in the literature 
that glucose enters the cell through active sites on the cell membrane 
which involves glucose reacting in an enzyme substrate manner (Lehninger, 
1975). Under these conditions, it would seem possible that mass transfer 
could be the controlling step at very low glucose concentrations in the 
fermentor. The case for this argument is supported by the very high 
slope of the initial linear part of the plot. This requires very high 
glucose uptake rates at very low substrate concentration, conditions 
which are prime suspect for mass transfer limiting situations.
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4.3 Modeling

4.3.1 Models for Varying Yield .
Two simple models were developed from the theory and experimental 

work by Von Meyenburg (1968) on phased cultures of baker’s yeast. This 
work showed that the characteristics of the yeast changed throughout the 
cell reproductive cycle. The cells in the single cell phase were found 
to respire; however, at initiation of budding, the cells would begin a 
more rapid and fermentative metabolism. _

It was hypothesized by Regan and Roper (1971) that the observed 
yield for the culture would depend on which phase of cell predominated in 
the culture. At high dilution rates, the culture would be made up of 
mostly budding cells, so the observed yield would reflect a fermenting 
metabolism. At low dilution rates, the major population of cells in the 
culture would be respiring and thus reflect such a yield.

The model that was developed assumed that there were two differ* 
ettt yield constants, one for budding and one for single or respiring 
cells. The values for these yields used to demonstrate the model were 
those reported in the literature for only respiring or fermenting yeasts. 
One assumption in making these models was that the fraction of glucose 
consumed by these two metabolisms was proportional to the amount of time 
that the cells spent in each metabolism. Von Meyenburg (1968) had 
reported that a large part of the fermentative metabolism of the budding 
phase of the cell reproductive cycle was from an endogenous metabolism as 
the biomass5 of the cell was observed to actually decrease during this 
phase. The actual relationship between the fraction of glucose consumed
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by the respective metabolism could be a much more complex function of the 
specific growth rate and the relative rates at which these two metabolisms 
occur, compounded by the presence of this catabolism. This relationship 
could be developed from mass balances on continuous phased cultures but 
such work was out of the scope of this research.

With the knowledge of the fraction of glucose consumed by the 
respective metabolisms, the observed yield could then be calculated. The 
observed yield would be obtained by adding together the products for both 
phases of the fraction of glucose consumed by that metabolism and the 
yield reported in the literature for only that metabolism. This method 
of calculating the yield was used since the yield is based on the quantity 
Of glucose consumed and it was assumed that there were no interactions 
between the two metabolisms. This simple relationship for fraction of 
glucose was used to obtain a simple expression for a varying yield for 
use in a wall growth model to demonstrate the effect of wall growth on 
the metabolism change. Also, it was assumed that the cells were 
unsynchronized in the culture and their respective phases of the repro
ductive cycle were distributed randomly. The complete derivation of this 
iflodel is given in Appendix H.

The result of this model was a linear relationship between the 
specific growth rate of the cells and the yield:

V lngle) (4-3’
This was a linear relationship since the values of the single and 

budding cell yields and maximum specific growth rate were all constant.
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The line would have a negative slope since the budding phase yield would
always be less than the respiring single cell yield. The range of the
observed yield could vary from a value of Y . at a zero specificsingle
growth rate to a value of at the maximum specific growth rate.

A plot of the cell concentration as a function of the dilution 
rate is shown as line number 1 in Figure 4.27. This graph shows that the 
cell concentration decreased linearly until the maximum specific growth 
rate was reached where the cell concentration decreased rapidly to zero 
as the cell population was washed out of the fermentor,

4.3.2 An Improved Model for Yield
Because the fermentor behavior did not show a linear decrease in 

yield with increasing dilution rate before initiation of the wall growth, 
a new model was developed to take into account the formation of cells 
from the ethanol produced by the fermenting cells. In this model, a new 
term was added to the single-cell yield which varied with specific growth 
rate. '

It was observed in the phased culture work of Von Meyenburg 
(1968) that the single-cell phase respited not only on the glucose sub
strate but also on the ethanol formed by the fermenting cells. Therefore, 
it was decided that the respiring yield should be increased to account 
for production of the cells from ethanol. It was reasoned that the 
extent of this respiring activity would be proportional to the fraction 
of fermenting cells in the fermentor.
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The expression used for the single-cell yield was:

: ; y. " Yg
where Y is the respiring yield for glucose and Y is the respiring yield § 6
for ethanol, both of which were normalized to one unit of glucose in the 
following manner:

V Ye * Yb C4-5)
where is the fermenting yield for budding phase cells. Using the same 
relationships as before, the expression for the observed yield as a func
tion of specific growth rate reduced to:

•'obs = v  i ih I -  Y= ( 4 . 6 )

Details of this derivation are given in Appendix H.
The behavior of this model was improved over the previous model.

Over a specific growth rate range from zero to moderate values, the
yield remained relatively constant at a value close to respiring yield.
As the maximum specific growth rate was approached, the yield rapidly
decreased to a value of Y_ - Y. which, by definition, reduced to Y, „g e d

No attempt will be made to prove that the metabolism change 
occurs by this mechanism, or that the expressions obtained were the 
correct form for the mechanisms that they were developed from. Improve
ments or models based on other mechanisms such as a glucose inhibition of 
the respiratory enzymes may take similar forms. The major purpose for 
developing these models was to have an expression for varying yield to be 
applied to a wall growth model.
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4.3.3 The Wall Growth Model

A very simple model Tor wall growth was used With the first 
expression for changing yield. The wall growth model was similar to one 
first used by Herbert et al. (1956), and later used by Wilkinson and 
Hamer (1974). In this model a wall growth constant, C, is used. This 
constant has units of concentration of cells. It would be a function of 
surface area per unit volume and extent of cell growth in the vessel.

At steady state, the cell balance may be written around the 
fermetitor with wall growth as:

where the UC term is the rate of production of cells per unit fermentor 
volume due to wall growth. The mass balance of substrate was also

UX - DX + UC = 0 (4.7)

written for the fermentor at steady state as:

(4.8)

Using the Monod expression for the growth rate and the linear 
expression for the yield, the following cubic expression for the sub
strate concentration in the fermentor is derived in Appendix H:

0 = S3a[Um - D] + S2[Um [B + C] - D[B + K] ] + StU^bSpK + KC)

- D[bSQK + KB]] - bSQK2D (4.9)

where
Y - mU + b (4.10)

(4.11)

b = Y (4.12)s
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-Y . o = -mUm - b . (4.13)

and
B = mUmS0 + bSQ - bK . (4.14)

This cubic was solved using the general form for a solution of a 
cubic'as given by Weast (1964). Two of the roots were always negative
and so were neglected. The equation was solved for different values of
the inlet substrate concentrations and for different degrees of wall 
growth as a function of dilution rate. Using the substrate concentra
tions , the yield and cell concentrations were then calculated by: 

rnlTS
Y = r f l T  + b (4.15)

X = Y[S0 - S] (4.16)

The values of the cell growth kinetics used in all the following calcula- 
■ \ 

tions were:
• K = 0.03 g/1

U = 0.42 hr-1 ' m
- 0.1 g cell/g glucose 

Ys = 0.5 g cell/g glucose

The three different inlet glucose concentrations that were 
investigated were: 30, 5.0, and 2.0. g/1.. For each of these inlet con
centrations , six different values for wall growth constants were used: 
0.0, 0.01, 0.05, 0.1, 0.8, and 1.0 g/1.



4.3.4 Effect of Wall Growth on 
Varying Yield Model

A plot of the effects on the cell concentration in a fermentor
with varying degrees of wall growth and an inlet glucose concentration of
30 g/1 is shown in Figure 4.28.. The presence of this wall growth extended
the gradual change in metabolism past the critical dilution rate. This
was demonstrated by the concentration lines for constant values of C, the
wall growth factor, greater than zero* These lines were higher than the
line for C = 0.0, the line for no wall growth. The greater the extent of
wall growth, as expressed by higher values of C, the further the change
in metabolism was extended past the critical dilution rate. The presence
of the wall growth also prevented the complete washout of the culture, as
shown by the presence of cells in the fermentor past the dilution rate of 

-10.6 hr \
To show more clearly the extension of the respiring metabolism 

past the critical dilution rate a plot of the cell yield for the above 
conditions is shown in Figure 4.28. The extension of the respiring 
metabolism to dilution rates past the critical dilution rate is demon
strated by the values for yields above 0.1 g cell/g glucose over this 
range. As is shown for these conditions, the respiratory metabolism was 
extended to a maximum dilution rate of 0.6 hr""* for the highest wall 
growth factor of 1.0 g/1.

To demonstrate the importance of the inlet glucose concentration 
on the extension of the respiring metabolism, the calculations were per
formed for the same extents of wall grqwth and cell growth kinetics, but
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with an inlet glucose concentration of 2.0 g/1. The plot of the cell
yield for different extents of wall growth is graphed in Figure 4.29.

This plot demonstrates that for the same extent of wall growth
the respiring metabolism was greatly extended past the critical dilution
rate. A high level of respiration was maintained almost at constant
levels through the highest dilution rates investigated for wall growth
factors between 0.3 and 1.0 g/1. Lesser extents of respiring metabolism
resulted in a complete transfer to a fermentative metabolism by a dilu-

,
tion rate of 0.6 hr

The reason for such a large extension of the fermentative metabo
lism is Shown in Figure 4.30, the plot of the glucose concentration 
within the fermentor. This plot demonstrated that for values of the wall 
growth factor above 0.5 g/1 the glucose concentration in the fermentor 
remained at near zero levels past a dilution rate of 0.6 hr-*. The 
presence of the relatively large population of cells in the wall growth 
compared to the available glucose resulted in the low glucose concentra
tions below a level necessary for a fermentative metabolism. Under these 
conditions, the presence of even a very small quantity of wall growth 
resulted in a significant reduction in the glucose concentration in the 
vessel at dilution rates past the critical dilution rate.

To determine if these effects were present at the experimental 
conditions in this research the cubic equation was solved for an inlet 
substrate concentration of 5.0 g/1. The plot of the yields for differ
ent extents of wall growth is shown in Figure 4.31. As expected, the 
plot demonstrated similar behavior to the earlier plot of inlet glucose
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concentration of 2.0 g/1. This plot also had a large extension of 
respiring metabolism at dilution rates above the critical dilution rate.

The purpose of this wall growth model was limited to demon
strating the effect of the extent of wall growth and the inlet glucose 
concentration on the metabolism present in a continuous aerobic yeast 
fermentor at a dilution rate above the pseudo-washout dilution rate.
This model demonstrated that for low values of the ratio of the inlet 
glucose concentration to the extent of wall growth a respiring metabo
lism may be extended to higher dilution rates. This model also demon
strated how the presence of wall growth prevented the complete washout 
of the cells in the culture.

The mechanism suggested by the experimental evidence was that 
the wall growth resulted after the initiation of a mycelial form of 
yeast at what was referred to as the pseudo-washout dilution rate. The 
model used could not characterize this type of complex behavior. The 
model differed from the suggested mechanism in several ways.

The model did not characterize the initiation of the mycelial 
growth which would result in a complete washout of cells in the culture 
in the absence of any wall growth at dilution rates above the pseudo- 
washout dilution rate. However, the behavior of the model at dilution 
rates above the critical dilution rate was expected to be similar to the 
behavior resulting from the suggested mechanism at dilution rates above 
the pseudo-washout dilution rate to the extent of demonstrating the
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effects of the extent of wall growth and inlet glucose concentration.
This is because, in both cases, the cells remained in the vessel at 
dilution rates above the pseudo-washout and critical dilution rate only 
by the wall growth presence. The behavior of this model might be viewed 
as a special case of the suggested mechanism in which the mycelial 
growth was always present and full fermentative metabolism occurred at 
the maximum specific growth rate.

The experimental evidence did indicate that the mycelial growth 
was initiated at a specific growth rate considerably less than the maxi
mum specific growth rate. The mycelial growth was first observed at a 
dilution rate of 0.25 hr * and the maximum specific growth rate was 
estimated from batch experiments at a dilution rate of approximately 
0.4 hr Thus, it appeared that the cells could grow at specific growth 
fates higher than the dilution rate of the pseudo-washout. Therefore, if 
the specific growth rate at which full fermentation occurred was higher 
than the dilution rate of the pseudo-washout, fermentation could be 
observed at dilution rates below the specific growth rate at which 
fermentation would normally'occur. This event could occur since the 
model has demonstrated that the specific growth rate of cells in a con
tinuous culture operating above the pseudo-washout dilution rate is 
determined largely by the ratio of the inlet glucose concentration to the 
extent of the wall growth.

The presence of the mycelial wall growth prevented the determina
tion of the specific growth rate at which the metabolism change occurred.
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This was because no independent techniques were used to measure the 
specific growth rate of the cells. This prevented the determination of 
the type of mechanism that the metabolism change occurred by or even the 
nature of the metabolism change. The varying yield model used in the 
wall growth model required a linear transition to full fermentation which 
occurred at the maximum specific growth rate. However, this behavior was 
not observed at dilution rates prior to the pseudo-washout dilution rate. 
This indicated that the metabolism change occurred over a very small 
dilution rate range possibly in a manner characterized by the second 
varying yield model.

The wall growth model that was used in this modeling was 
originally employed to model non-mycelial wall growth in which a single 
layer of cells made up the wall growth. Typical values for the wall 
growth factor varied from 0.01 to 0.05 g/1 (Wilkinson and Hamer, 1974). 
These wall growth factors varied directly with the surface area to 
volume ratio of the vessel and this factor remained constant under all 
conditions for the vessel. This model characterized the mycelial type 
of wall growth by the use of much higher wall growth factors up to 1.0 
g/1. One major difference between the model and the type of wall growth 
suggested in the mechanism was that the extent of the wall growth would 
vary with dilution rate. This was because the rate of supply of cells 
to the culture from the wall growth was a function of the extent of the 
wall growth and the turbulence within the vessel.

In spite of these limitations, the model appears to account for 
the different dilution rates at which the metabolism change was observed
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by different researchers. This phenomenon is characterized by the 
behavior of the model at dilution rates above the critical dilution rate 
which corresponded to the observed behavior of the cultures at dilution . 
rates above the pseudo-washout dilution rate. Comparison of the experi
mental results to the model with similar conditions indicated that a 
value of wall growth factor on the order of magnitude of 1.0 g/1 would 
characterize the behavior. This was because, in both cases, a respiring 
metabolism was observed to extend in a similar manner to dilution rates 
above the critical and pseudo-washout dilution rates. It could be 
reasoned that if the other experimental vessels were operated under 
similar conditions the wall growth factors of these vessels would be of 
the same order of magnitude.

The experimental work of Von Meyenburg (1968) obtained a metabo
lism change at a dilution rate of 0.25 hr (incidently the same dilution 
rate at which the mycelial growth was observed in this experimental work) 
and employed an inlet glucose concentration of 30 g/1. The model indi
cated that for wall growth factors of 1.0 g/1 with these conditions a 
very small extension of a respiring metabolism could be maintained at 
dilution rates above the critical dilution rate.

In the experimental work of Leuenburger (1972) a metabolism 
change from respiration was observed at a dilution rate of 0.4 hr-*. The 
fermentor was operated with an inlet glucose concentration of 2.0 g/1. 
Comparison with the model for these conditions indicated that a respiring 
metabolism could be extended to dilution rates above the critical dilu
tion rates for extents of wall growth on the order of 1.0 g/1. Thus, it
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would appear that this mycelial form of wall growth,was responsible for 
the vastly different dilution rates at which the metabolism change was 
observed."

. This type of wall growth is considered undesirable in laboratory 
equipment since it masks the actual cell growth kinetics. Some 
researchers have investigated the possibility of employing wall growth 
to increase the productivity of industrial bacterial fermentors 
(Wilkinson and Hamer, 1974). The productivity of such vessels is 
increased by the presence of wall growth which allows a cell population 
at dilution rates above the critical dilution rate. Vessels of an 
industrial scale are so large that they have very small surface area to 
volume ratios. To increase the effect of the wall growth, these ratios 
must be increased so that the extent of the wall growth may be increased. 
This is done by either mounting new structures in the vessel designed for
this purpose or packing the vessel with a material which has a high
surface area to volume ratio, such as glass wool.

If this mycelial growth is as widespread as indicated by this
research, similar procedures may be taken with industrial fermentors of 
this yeast to increase the productivity of these vessels. However, as 
was demonstrated by the modeling and experimental results, this would 
have a two-fold effect on increasing the productivity. In addition to 
increasing the cell concentration at high dilution rates, extensive 
wall growth would allow a respiring metabolism to be maintained at 
higher dilution rates. Since the respiring metabolism has a higher

•a
yield, the glucose would be more efficiently converted to biomass and
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higher cell concentrations would result. Taking advantage of these wall 
growth effects could make the production of biomass from baker's yeast 
a SCP source as productive as some bacterial fermentations. This 
increased productivity, together with the greater acceptability of 
Baker's yeast in the. market, would make it a prime SCP source for human 
consumption.



CHAPTER 5

CONCLUSIONS

A mycelial form of baker's yeast which resulted in extensive
->1wall growth was observed at dilution rates above 0.25 hr in continuous 

culture. There were reports of this mycelial form of cells in the 
literature; however, no one had suggested any effects the presence of 
this wall growth had on the behavior of the continuous fermentor. It 
appeared that this mycelial growth forced a washout condition in the 
vessel in which the cell population was maintained by the wall growth.

In the experiment, the effect of this wall growth on the dilution 
rate at which the metabolism change occurred was demonstrated. For 
extensive wall growth, a respiring metabolism was observed in the 
fermentor at dilution rates over which the mycelial form appeared. When 
some wall growth was removed, a fermenting metabolism was observed over 
the same dilution rate ranges.

A simple cell growth kinetic model employing advanced concepts of 
cell phase to characterize the behavior of the metabolism change from 
respiration to fermentation at high specific growth rates was applied to 
a wall growth model. This model demonstrated the effect of inlet glucose 
concentration and the extent of wall growth on the metabolism of a popu
lation of cells remaining at dilution rates above washout conditions.
For such cases, it was demonstrated that the specific growth rate of the 
cells was determined by the ratio of the inlet glucose concentration to

107
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the extent of the wall growth. For low values of this ratio lower 
specific growth rates could be expected and, conversely, for higher 
ratios higher specific growth rates would result. The model demonstrated 
the observed experimental behavior with a respiring metabolism associated 
with the low values for the ratio of inlet glucose concentration to 
extent of wall growth and a fermenting behavior for higher values of this 
ratio.

The model behavior appeared to account for the reasons a differ
ent dilution rate for the metabolism change was observed by different 
researchers. In eases where a high inlet glucose concentration was used 
the metabolism change occurred at the dilution rate close to the point 
where the initiation of the mycelial growth was observed in this experi
mental work. For cases where a lower inlet glucose concentration was 
used, the metabolism change occurred at higher dilution rates. This 
behavior, together with the observations that a complete washout of cells 
was never achieved by the researchers, indicated that this form of 
mycelial growth was a widespread phenomenon.

A confirmation of this mechanism would require further research 
to demonstrate that the observed occurrence of mycelial growth was not an 
isolated case. Also, the further research would have to be better able 
to handle the more complicated analysis techniques needed to quantify the 
wall growth. Such analysis would include a technique of measuring the 
specific growth rate of the cells directly and more exact carbon balances 
to determine accurately the extent of the wall growth.
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The behavior of the fermentor during the last part of the second 

continuous experiment was attributed to a transient response of the wall 
growth to changing dilution rate. This behavior Suggested that turbulent 
conditions in the vessel are an important factor in the rate of removal 
of cells from the wall growth. Current wall growth models cannot 
accurately describe transient conditions (Pawlowsky, Howell, and Chi, 
1973) and this may be due to the lack of consideration of this mechanism 
in most wall growth models.

This research found that, for proper analysis of the glucose 
samples taken from the continuous culture, a correction had to be made 
for the quantity of glucose consumed by the cells in the sample before 
they were removed. It was determined that the rate of disappearance of 
glucose from the samples was proportional to the concentration of glucose 
in the sample. The values of glucose concentration measured in the 
sample were corrected for this disappearance by use of numerical 
techniques. No reference to this phenomenon by either correction methods 
or better sample taking procedures were cited in the literature. Such 
techniques are very important for future studies of the cell growth 
kinetics over the glucose concentrations where most of the dependence to 
the glucose concentration occurs.

It was proposed that the techniques cited in the literature for 
measuring the Monod growth kinetics parameters from batch culture data 
were inaccurate for measuring the saturation constant. The data from 
continuous cultures indicated that very high specific growth rates could 
be supported by very low glucose concentrations. An accurate measurement
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of the specific growth rates required at low initial glucose concentra
tions for the determination of the saturation constant could not be made. 
This was because a constant specific growth rate could not be achieved 
long enough to be accurately measured.

Substrates containing more than one carbon source were found to 
complicate the determination of the cell growth kinetic parameters from 
both batch and continuous cultures. Contrary to what was reported in 
the literature, the evidence in this research indicated that glucose was 
taken up preferentially to yeast extract carbon. A carbon balance demon
strated this conclusion in the continuous culture data. The use of such 
carbon balances has been largely neglected by researchers in recent 
years; however, they are very useful for determining the steady-state 
conditions and in studies involving wall growth. In this case, the 
calculation of carbon balances was hampered by the inability to measure 
directly the non-glucose carbon concentrations. Future research should 
have the capability of measuring directly the concentration of non
glucose carbon in the fermentor.

It was proposed that the wall growth of baker’s yeast be
*
exploited in a continuous fermentor on an industrial scale to increase 
the productivity of such fermentors. This was because the presence of 
wall growth was found to allow the respiring metabolism to be maintained 
at dilution rates above levels that the metabolism might not otherwise be 
able to exist. This respiring metabolism has a higher yield than 
fermentation and so would allow a greater cell production rate at the 
same dilution rate and also a more complete consumption of the available



glucose. The effects of wall growth could be greatly extended by 
increasing the surface area to volume ratio of the vessels. Theoreti
cally, it would be possible to make continuous yeast fermentors almost 
as productive as other SOP sources, such as aerobic bacteria.



APPENDIX A

CLASSICAL CELL GROWTH KINETICS

The following description of the cell gtowth kinetics, first 
developed by Monod (1942, 1950), is widely accepted and similar descrip
tions may be found in the introductory chapters of any general book on 
fermentation or biochemical engineering (Aiba et al., 1973; Aiba et al., 
1969; Kubitschek, 1970; Rose and Harrison, 1972; Herbert et al., 1956).

A.1 , Kinetics of Batch Fermentation
Figure A.1 is a graph of cell concentration vs. time. Cell con

centration may be taken as lb cells/unit volume or dry wt cells/unit 
volume. This graph is typical for most batch processes where cells from 
some different environment (for example, cells that have been starved 
for some period of time) are placed in a culture medium that initially 
has only one limiting substrate. A limiting substrate for the batch 
condition may be identified as the nutriment where concentration is low 
enough so that the rate of cell growth is changed by changing its initial 
concentration, or it is the nutriment that is observed to have 
disappeared when cell growth stops.

The shape of the curve is the same regardless of the type of con
tainer or vessel the cells and medium are placed in. In the first 
phase, there is no apparent growth in the vessel. During this phase 
there may even be a temporary decrease in cell mass. This phase (known
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as the lag phase) may vary in length and degree, depending upon the 
condition of the cells that are injected into the media and their past 
environmental history. It is very difficult to quantify this phase at 
all unless a significant amount of data is available on the cells' 
previous history.

The second phase is the exponential phase of growth. During this 
phase, the relationship between the cell growth rate and time is exponen
tial since when plotted on semi-log paper the graph yields a straight 
line.

The third phase of growth is the stationary phase. During this 
phase, cell growth begins to cease, either due to exhaustion of the 
limiting substrate or the concentration of metabolic toxins reaches a 
level high enough to cause growth to be inhibited.

A.2 Mathematical Treatment of Exponential Phase
The relationship between growth rate of cells and cell concentra

tion is given as:

g = U X  (A.l)

This is an auto catalytic relationship since the growth rate of cells is 
proportional to the concentration of cells present at any time t. The 
proportion constant is called the specific growth rate and has units of 
inverse time. For any given batch fermentation, the specific growth 
rate is constant throughout the exponential growth phase, and is the 
slope of the semi-log plot of cell concentration vs. time.
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This separable differential equation may be integrated with 

respect to time to give the cell concentration as a function of time:
UtX = X0eUt , (A.2)

where X^ is the concentration of cells at time t = 0 or start of the 
exponential phase of growth.

To find the relationship between the cell-doubling time, T, and 
the specific growth rate, equation A.2 may be solved for T by setting 
Xq = 1.0, X = 2.0, and t = T, or:

In 2 = Ut (A. 3)

T = ~  (A. 4)

So the doubling time is the natural log of 2 divided by the specific 
growth rate, or the inverse of the specific growth rate is proportional 
to individual cell doubling time. In yeast fermentation, this doubling 
time corresponds to a period of time in which a cell goes through a 
series of steps in reproducing itself by budding, as shown in Figure A.2.

Consider a normal adult cell as one that has just separated from
a bud at time t = 0, This cell immediately begins to increase in size 
until it is ready to form a new bud. This period of time is referred to 
as the single cell phase of growth. The budding phase of cell growth is 
from the time the bud begins to form until the bud separates from the 
parent cell. This is the period of time during which the cell increases
in size. Due both to its own growth and transfer of materials from the
parent cell, this phase is relatively constant at about 1 1/2 hours. 
However, the single cell phase is quite variable from zero hours to
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Single Cell Phase 
Time 20- 0 Honrs

Budding Phase 
Time 1.5 Hours

Figure A.2 The budding cycle of yeast.
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greater than 20 hours at very low dilution rates (Rose and Harrison,
1972). The maximum specific growth rate then corresponds to the period 
of time for the budding phase to occur.

A.5 , Relationship between Initial Substrate 
Concentration arid Specific Growth Rate

Figure A.3 shows the relationship between specific growth rate 
and initial substrate concentration. This relationship is typical of 
saturation kinetics where, at low substrate concentrations, the specific 
growth rate has a first-order relationship, and at higher substrate con
centration is independent of substrate concentration.

This relationship may be expressed in the familiar Michaelis- 
Menten form as:

U * "m r h s  (A'5)
where is the maximum specific growth rate or the growth rate where no 
substrate is limiting. .The constant K is. the saturation constant and has 
the value of the substrate concentration where the specific growth rate 
is half the maximum specific growth rate; S is the limiting substrate 
concentfatioh. It should be pointed out that this does not mean that 
cell growth behaves as do true kinetics in the same manner as the enzyme 
kinetics of Michaelis-Menten. This relationship is not a function of 
substrate only, but also of time.

In the lag phase, the cells become adjusted to the media that 
they were placed in before starting exponential growth. It should also 
be pointed out that when kinetic data is obtained from batch data that 
the relationship obtained is only an approximation of the actual



Sp
ec
if
ic
 

Gr
ow
th
 

Rat
e 

(h
r

0.1

1.0 2.0 3.0 4.0
Glucose'Concentration (g/1)

Figure A.3 Monod plot.



relationship since the substrate concentration changes with time and the 
question arises as to which substrate concentration should "characterize" 
that growth rate.

A.4 The Yield Constant 
Monod (1942) showed that, for batch cultures, substrate .utiliza

tion is proportional to growth and utilization of substrate:

§  < -  Y S  CA.6)

where Y is called the yield constant and is equal to:
Y amount of cells formed

amount of substrate used

A,,5 Kinetics of Continuous Fermentation 
These kinetics have been applied to continuous cultures for the 

last 25 years (Monod, 1950; Novick and Szilard, 1950; Herbert et al., 
1956). Figure A.4 is a schematic of a mathematical model of a continuous 
fermentor that does not have any external controls on it. It is often 
called a chemostat in the fermentation industry. Media with an initial 
limiting substrate concentration, S^, enters the fermentor at a 
volumetric flow rate, W. The fermentor is operated with a constant 
liquid working volume at V. Cells in the fermentor are at a concentra
tion X and substrate concentration in the vessel of S. There is an exit 
stream of volumetric flow rate W with a cell concentration X and sub
strate S since it is assumed that perfect mixing occurs in the vessel.
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W,S0

s,x,w

S0 = Inlet substrate concentration 
S = Substrate Concentration 
X = Cell Concentration 
W = Volumetric flowrate

Figure A.4 Mathematical schematic of chemostat.
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Equation A.8 is the cell balance around the fermentor, whereby 

the accumulation equals the input minus output. One can say that the 
accumulation is the rate of change with time of cells in the fermentor:

= 0 + UXV - WX (A.8)

Since there is no inflow of cells from the inlet media, that term is 
zero. However, there is a generation term due to growth of cells in the 
vessel. It is assumed that the cells are adapted to the media in the 
vessel and therefore are in exponential growth. Therefore, the growth 
term may be expressed as the product of the specific growth rate, cell 
concentration, and volume of vessel to get cells per unit time produced 
in the vessel. Output is simply the volumetric flow rate times the cell 
concentration leaving,the vessel. Since the volume of the vessel is con
stant, it may be divided out of the differential to give:

f r = U X - f x  • (A. 9)

At this point the dilution rate may be defined as D = W/V, which has 
units Of inverse time and is familiar as space velocity in Chemical 
engineering:

|| = UX - DX (A. 10)

In a similar manner, a mass balance on substrate may be made 
around the vessel. The substrate enters at rate WS^ and exits the vessel 
at rate WS; and substrate is consumed by the cells at rate UXV/Y, where 
Y is the yield constant defined earlier. This equation may be written
as:
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f =  D(S0 - S) - S  v (A. 11)

using the definition of dilution rate.
Now by applying the Michaelis-Menten relationship for specific 

growth rate:

f r  C S - T K  ) - D CA.12)

U X
g < D ( S 0 -S) (A. 13)

Although these relationships may be solved numerically to give 
the cell and substrate concentrations as a function of time, the rela
tionships for specific growth rate were applicable only after the cells 
had become adjusted to the substrate concentration. Thus, these rela
tionships would not necessarily have to fit the dynamic response of this 
system with respect to time. However, the steady-state response was of 

interest.
dS dxAt steady state, = 0, and the steady-state solution of

cell and substrate concentrations are obtained below:

X = n s 0 - g-H-p ) (A. 14)

m
We see that the steady‘-state solution for cell concentration is a func
tion of the kinetics of growth of the organism K, U^, and the dilution 
rate and inlet substrate concentration. The relationship of steady-state 
cell concentration and dilution rate is shown in Figure A.5
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It can be seen: that the steady-state solution for cell concentra

tion remains relatively constant throughout most of the dilution range 
until the washout point is reached. The dilution rate at which the cells 
are washed out of the fermentor is referred to as the criticial dilution 
rate.

Equation A.16 expresses the critical dilution rate as a function
of the kinetics of cell growth, U , and the inlet substrate concentration:Ml

so
. Dc (A. i6)0

It was derived by setting the steady-state substrate concentration equal 
to the inlet substrate concentration and then solving for D.

The functionality of the steady-state substrate concentration on 
dilution rate is also shown in Figure A.5 and is strictly a function of 
the kinetics of cell growth and the dilution rate. Fortunately, for most 
cell kinetics, the substrate concentration does not increase signifi
cantly until very near the critical dilution rate where it approaches the 
inlet substrate concentration.

The relationship between the steady-state cell concentration and 
inlet substrate concentration is shown in Figure A.6. From this it is 
apparent that the steady-state cell concentration is directly proportional 
to the inlet substrate concentration. Also, the cell concentration stays 
at a constant level for higher dilution rates than for lower inlet sub
strate concentrations. The cell concentration then drops off more 
steeply when the critical dilution rate is reached with a higher inlet 
substrate concentration. High inlet substrate concentration also
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increases the value of the critical dilution rate to the point of the 
maximum dilution rate, which is equal to the maximum specific growth rate 
for a given organism.

The productivity of the fermentor (which is referred to as the
output rate) is found by multiplying D by X:

tyy = grams cells produced m
unit fermentor volume and time

DX = DY(S - K( — G__ )) (A. 18)
u m ™ u

Figure A.7 shows the relationship of output rate vs. dilution
rate for a particular inlet substrate concentration. The output rate
goes through a maximum just before the critical dilution rate is
reached. The value of the dilution rate at maximum output, D^, is
obtained by taking the derivative of the output rate function and
setting it equal to zero, then solving for D .̂ Dm is only a function of
the inlet substrate concentration and the cell growth kinetics. As the
inlet substrate concentration is increased, the value of approaches
the D .. value, cnt

In practice, the actual operating conditions are determined not 
Only by the maximum output rate of the fermentor, but also by the cost of 
the substrate. Most fermentors operate just below the maximum output 
dilution rate since a small change in dilution rate results in a signifi
cant decrease in substrate concentration. In addition, the highest 
practical inlet substrate concentration is used to give the highest 
possible output at that dilution rate. Sometimes these optimum condi
tions are not reached due to occurrence of non-ideal conditions which
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Figure A.7 Output rate of cells as a function of dilution rate. —  Um =
0.4 hr-1, K = 0.1 g/1, and Y = 0.5 g cell/g glucose.
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affect the behavior of the continuous fermentor. The inlet substrate 
concentration may be determined by biological considerations such as 
build-up of metabolic products which are inhibitory to growth or other 
cell interactions resulting from high cell concentrations. Physiological 
considerations may occur also. The cell concentration may become so 
thick that the oxygen uptake requirements may not be met by the fermentor 
at standard operating conditions. Attempts at increasing the oxygen 
transfer rate to the culture include increasing the agitation rate and 
sparging. These methods may result in increased cell death rates due to

z "
inactivation of cells by high shear rates or cells coming into contact 
with bubbles (Kubitschek, 1970).



APPENDIX B

DETAILED EQUIPMENT DESCRIPTION

In these experiments the fermentor used was a standard.7,5-liter. 
Model 19 New Brunswick. One modification that was made for the con
tinuous runs was the installation of an adjustable device of the type 
described by Solomens (1969). This device relied on a slight over
pressure of air in the fermentor vessel to carry any liquid which might 
cover the exit tube out with the exhaust gases. Downstream from the 
fermentor was a liquid entrapment vessel that separated the outflowing 
culture media from the gases. The weir on the exit tube allowed only the 
fermentor media to be removed. Even though the foam in the fermentor was 
often higher than the top of the weir, the liquid level was easy to main
tain constant with only slight adjustments of the exit tube height.

This device was constructed from a 4-inch long piece of 1.0-inch 
diameter, stainless steel pipe, 3/8-ineh diameter, stainless steel 
tubing, and the appropriate Swagelok fittings.

A second modification to the fermentor was the addition of a 
1/4-inch diameter, "Y" fitting on the inlet of the air sparger line.
This allowed the inlet medium and the inlet air to enter the vessel 
through one port. Since the sparger orifice was positioned just under 
and near the high shear zone of the radial impellers, this insured good 
mixing of the incoming medium with the culture. Also, short circuiting 
of the vessel by the medium was prevented with this arrangement. This

129 '
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arrangement reduced the number of penetrations and direct connections 
required with the headplate, which lowered the risk of microorganism 
contamination.

The fermentor headplate and magnetic agitator drive was con
structed entirely of stainless steel with the exception of some fiber and 
Teflon washers and bushings. The agitator was driven by a large magnet 
located at the base of the fermentor. This allowed for more penetrations 
and equipment to be mounted through the headplate. The supporting 
bushings and frame for the agitator were mounted to the four baffles 
which were bolted to the fermentor headplate. Two radial turbine 
impellers which could be adjusted to any position on the agitator shaft 
were used. ^

A mechanical foam breaker was mounted to the center of the head
plate. This device consisted of a radial impeller 2 inches in diameter 
mounted approximately 2 inches below the top of the headplate. The 
impeller was driven by a magnetic couple through the top of the 
headplate.

Probes that were mounted through the headplate included a 
dissolved oxygen probe supplied by New Brunswick Scientific Company 
(Model M1016-9290). Also used was an ingold combination pH electrode 
from New Brunswick Scientific Company. Both of these probes had the 
advantage of being steam sterilized in place in the fermentation vessel.

Inoculation and sample withdrawal were accomplished by use of an 
18 guage, 12-inch long syringe needle forced through a rubber stopper 
that was sealed in one of the 1/4-inch diameter auxiliary holes in the
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headplate. Different sized sterile hypodermic syringes (10-2.5 ml) were 
then used for sample withdrawal or inoculum injection. The two inlet and 
outlet ports provided by New Brunswick Scientific Company for continuous 
operation were plugged along with the gas exit port in the headplate.

The fermentor vessel also was provided with stainless steel 
cooling coils through which cooling water could be passed from the 
fermentor support system. The fermentor jar was a standard 7 l/2-liter, 
Borosilicate glass jar that was.capable of being autoclaved and could 
withstand an internal pressure of 25 psig.

The standard New Brunswick Scientific Company Model 19 fermentor 
support module served the following functions for the fermentor:

1. Agitation drive: The magnetic agitation drive assembly was
powered by a 1/8 horsepower motor. This unit was contained 
within the base of the module over which the fermentor vessel was 
placed. The unit was capable of maintaining any preset speed 
from 0 to 800 rpm, and an electronic tachometer was provided to 
indicate the speed of the agitator drive. ,

2. Mechanical foam breaker drive: This unit was very similar to the 
agitation drive unit but had a speed range from 0 to 3,000 rpm. 
This unit was mounted above the position of the fermentor vessel 
on the fermentor support module and had separate electrical 
tachometer and speed controls.

3. Temperature control system: This unit maintained a constant
temperature in the fermentor vessel by circulating cooling water 
through the fermentor coils. The water was conditioned by an
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immersion heater in the cooling system reservoir or by opening a 
solenoid valve to allow water from a New Brunswick Scientific 
Company RF10 refrigeration bath to enter the system. The system 
was controlled by a thermistor temperature controller which was 
capable of maintaining the fermentor to within 0.25°C of the set 
temperaturei The thermistor sensing probe was placed in one of 
the thermal wells on the fermentor headplate.

4. Air supply system: This unit consisted of a pressure regulator
to reduce house line air pressure to the desired value. A 
rotameter was included in the system; it had an indicated range 
of 0 to 8.6 liters/minute of air at 1 atmosphere and 25°C. The 
air flow rate was adjusted by a needle valve on the base of the 
rotameter. The air then flowed through a 1-inch diameter, 6-inch 
long, stainless steel air filter cylinder that was packed with 
dry glass wOol to prevent any microorganisms from being sparged 
into the fermentor. The air filter was directly connected to the 
sparger line Of the fermentor by a 3/8-inch diameter. Latex 
rubber hose.

B.1 Auxiliary Equipment 
Media was sterilized in a 5--galIon, polypropylene carboy, which 

had a 3-foot length of 1/4-inch diameter Tygon tubing attached to the 
lower side. An air filter was attached to the top side of the container. 
Both of these connections were made with 3/8-inch diameter, stainless 

» steel Swagelok fittings threaded through the walls of the container. The 
air filter was a short piece of 1-inch stainless steel pipe packed with
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glass wool, one end of which was plugged with a rubber stopper which had 
a 3/8-inch diameter, stainless steel tube forced through it and con
nected to the fitting on the top side of the carboy.

The storage tank was a salvaged stainless steel aircraft oxygen 
cylinder (9-gallon capacity) that was supported on its vertical axis.
An air filter was attached by a length of 1/4-inch diameter, Tygon 
tubing to the top part of the tank. This filter was constructed in the 
same manner as was the one described above. A stainless steel "tee" 
fitting was attached to the bottom part; one end of the "tee" fitting was 
connected to a length of Tygon tubing containing a short piece of 
1/4-inch diameter glass tubing forced into the other end. This glass 
tubing was used to connect together the tubing from the 5-'galIon carboy 
for transfer of sterile medium into the storage tank. When not in use, 
this end of the tubing was clamped with a hose clamp and placed in an
Erlenmeyer flask containing amphyl and stored inside the aseptic box.
This procedure prevented the contamination by microorganisms of the 
storage tank by way of the tubing.

The aseptic box consisted of a cardboard box lined with aluminum 
foil and contained a 15-watt ultraviolet light. Holes were cut on both 
ends of the box through which the tubing from the carboy and storage tank
were strung and connected. This box provided ah aseptic working area for
joining the tubing for the transfer of sterile media.

Connected to the other side of the tee on the storage tank was a 
stainless steel toggle valve, and below that was placed a 1/4-inch 
diameter glass tee which joined a glass buret. The top of the buret was
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plugged with a rubber stopper containing a glass tube packed with glass 
wool which acted as an air filter, preventing the contamination by micro
organisms of the medium in the buret. This buret was used in the manner 
of Norris and Ribbons (1970), both to indicate the level of media in the 
storage tank and to measure the flow rate of medium to the fermentor when 
the toggle valve was closed.

Downstream from the buret were two Cole-Parmer MasterfTex 
peristaltic pumps in parallel. The pump with the smaller 7013 pump head 
was used for flow rate ranges up to 20 ml/minute. For higher flow fate 
ranges, the pump with the 7014 pump head was used. Both pumps had 
identical solid-state speed controllers which had been modified to allow 
a constant continuous change in flow rate at a rate of approximately 
3 ml/minute-day. The modification involved placing a second 10-turn,
10 or 20 KQ, variable resistor in series with the 1-turn variable 
resistor in the solid-state speed control unit. These 10-turn resistors 
were mounted on brackets so that their knobs could be turned by the 
rotating face of a 24-hour appliance timer switch. The range over which 
the ramp function of flow rate was to occur could be adjusted by varying 
the position of the variable resistors on the solid-state speed 
controller. By switching pumps and making the adjustments, a continuous 
ramp function of increasing or decreasing flow rate could be generated 
for periods longer than twenty days. By removing the 10-turn resistor 
from the 24-hour timer the flow rate would remain constant. The flow 
rate could then be varied by turning the resistor knob manually to a new 
position.
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. The tubing used in the peristaltic pumps was Tygon of the 

specified diameter and wall thickness for the pump heads. The length Of 
this tubing was. sufficient to allow for repla.cement of tubing that was 
worn in the pump heads during long runs. This was done by pulling a new 
section of tubing through the pump head.

The tubing used in the pumps was connected to standard 1/4^inch 
diameter tubing by 12 and 18 gauge stainless steel syringe needles with 
collars machined to fit inside the 1/4-inch diameter tubing. The tubing
from the pumps was forced over the outside of the needle ends of the
syringe tips to form a good seal.

The pump lines were joined together at both ends by the use of
two 1/4-inch diameter glass tee fittings. The outlet tee was connected 
to the glass Y fitting on the inlet fermentor sparger by a length of 
1/4-inch Tygon tubing. It was necessary to keep the inlet air line above 
the media line to prevent the media from flooding the air filter. Tygon 
tubing was used throughout this system because of its ability to with
stand repeated steam sterilizations. The standard 1/4-inch diameter 
tubing that was used had an inner diameter of 1/4-inch and an outer 
diameter of 3/8 inch.

The exit port of the fermentor was connected to a 2-position, 
ground glass joint valve. This valve allowed samples of the exiting gas 
and culture to be sampled before entering the separation flask. In the 
normal valve position, the gases and cultures were allowed to pass 
through the valve and into a separation flask.
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The separation flask was a 1-liter, glass aspirator bottle which 

was plugged with a rubber stopper containing two 1/4-inch diameter glass 
tubes. One tube extended to near the bottom of the flask and the 
1/4-inch diameter, Tygon tubing from the fermentor exit port was con
nected to it. The other glass tube extended just into the top of the 
bottle. The fermentor exhaust gases and entrapped culture then entered 
the bottle near the bottom of the flask, allowing only the exhaust gases 
to exit through the short glass tube at the top. The side port of the 

. bottle served as an overflow for the culture product, which then flowed 
through a 3/8-inch diameter. Latex rubber tube to a sink drain.

Gas samples could be collected from the flask by clamping off the
overflow tube and connecting a gas sampling cylinder to the exit gas 
port. The sampling cylinder was constructed of glass with valves at both 
ends. With the valves open the exhaust gases flowed through the 
cylinder, and a sample could then be taken by closing the downstream 
valve and then closing the upstream valve. A septum was mounted in one 
end of the sample cylinder to allow samples to be withdrawn by a gas 
syringe for injection into the gas chromatograph.

The gas chromatograph used for exhaust gas ‘'analysis was a Perkin- 
Elmer Model 820 Gas Chromatograph with Porapak S and molecular sieve dual 
column capacity. It was capable of analyzing for the exhaust gases for 
Og, N^, COg, and EtOH gases. Figure B.1 is a diagram of the column 
arrangement. The first column was 9.5 feet of 1/4 inch tubing packed 
with 80-100 mesh Porapak S. This column was used to separate carbon
dioxide and ethanol from the injected gas. The second column was 5.0 feet
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of 1/4 inch diameter tubing packed with 45-60 mesh mole sieve 5A packing.
This column separated Oxygen from nitrogen gases.

B,2 Continuous Culture. Procedures
The media was sterlized in 10-liter batches in the 5-gallon 

carboys. This media was then aseptically transferred to the storage tank 
to allow a continuous supply of media to the fermentor. Each batch was 
sampled and analyzed for glucose concentration so that the inlet glucose 
concentration could be calculated from a mass balance on the storage 
tank.

Samples of the culture were withdrawn from the fermentor at 
approximately 4-hour intervals during the day. Five ml of the sample was 
immediately filtered to remove the cells. This filtrate was then frozen 
for future analysis of glucose concentration and ethanol concentration • 
using glucose oxidase and alcohol dehydroginase kits from Sigma Chemical 
Company. The glass filter was dried to a constant weight in a 100°C oven 
for determination of the cell dry weight concentration. At each of these 
intervals the flow rate to the fermentor was measured along with the 
dissolved oxygen concentration, pH, and optical density at 620 nm on a 
Klett colorimeter.

At approximately once a day, a sample of the culture was inspected 
microscopically to determine the presence of contaminating organisms.
Also once a day a gas sample was taken for analysis by the gas chromato
graph. This procedure required the reduction of the air flow rate to 
1,0 l/minute at 5.0 psig while the sample was taken. This procedure
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resulted in the reduction of the dissolved oxygen concentration in the 
fernientor during the sample time of no more than 10% saturation.



APPENDIX C

CALCULATION OF BATCH-MONOD CELL GROWTH KINETICS

The specific growth rate for each culture was calculated using 
the built-in linear regression program of a Hewlett-Packard HP 55 
calculator by the expressions:

The linear regression was performed only on the section, of rela
tively constant specific growth rate observed by plotting the In (O.D.)

'the Specific growth rate was the slope of the straight line or the plot 
of In (O.D.) vs. time. So:

A computer program was used for tabulating the data and calling 
the subprograms to make plots of this data (see Table C.3). Plotting 
routines were called to plot the Lineweaver-Burk plots (1/U vs. 1/S) and 
the final ethanol concentration vs. the initial glucose concentration 
(see Table C.4).

EXSXYm x 1 (C.l)

and

slope = m . nSXY - SXZY 
nZX2 - (EX)2

(C.2)

vs. time (see Tables C.l and C.2). Since:
Ut = In (X) = In (O.D.) (C.3)

U = m (C.4)
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Table C.1 Typical batch growth curves for low initial
glucose concentrations.

Initial glucose concentration,
0.0 (g/1) . 0.05 (g/D , 0.15 (g/D

Time
(hr) O.D.

Time
(hr) O.D.

Time
(hr) O.D.

0.04 0.03 0.06 0.05 0.11 0.06
0.54 0.06 0.57 0.06 0.61 0.06
1.23 0.06 1.26 0.06 1.31 0.07
1.87 0.06 1.89 0.08 1.95 0.08
2,44 0.06 : 2.49 0.07 2.54 0.09
2.96 0.07 2.98 0.09 3.03 0.10
3.48 0.03 3.5 0.10 3.54 0,11
4.18 0.09 4.21 0.12 4.25 0.14
4.79 0.10 4.81 0.10 4.86 0.11
6.14 0.12 5.59 0.13 5.63 0.21
6.84 0.14 6.16 0.16 6.21 0.22
7.39 0.14 6.85 0.17 6.89 0.25
7.83 0.16 7.40 0.19 7.44 0.26
8.40 0.16 7.89 0.20 7.95 0.30
8,94 0.17 8.42 0.21 8.46 0.32
9.49 0.18 9.51 0.22 9.55 0.33
10.00 0.17 10.10 0.23 10.10 0.34
11.00 0.17 11.00 0.23 11.10 0.34
13.60 0.16 13.70 0.24 13.70 0.37



Table C.2 Typical batch growth curves for high initial
glucose concentrations.

Initial glucose concentration
0.8 (S/1) 2.0 (g/1) 10.0 (g/1)

Time
(hr) O.D.

Time
(hr) O.D.

Time
(hr) O.D.

0.16 0.05 ,
..V

0,2 0.05 0.25 0.06
0,69 0.06 0.74 0.06 0.78 0.06
1.39 0.06 1.44 0.07 1.57 0.06
2.02 0.07 2.08 0.08 2.12 0.06
2.61 . 0.08 2.66 0.08 2.70 0.08
3.09 0.10 3.13 0.09 3.18 0.09
3.60 0.11 3.65 0.10 3.67 0.11
4.33 0.14 4.37 0.14 4.40 0.15
4,93 0.19 4.96 0.19 5.00 0.19
5.68 0.26 5.72 0.26 5.75 0.27
"6,27 0.32 6.31 0.35 6.35 0,37
6.95 0.36 6.98 0.45 7,02 0.47
7.50 0.40 7.54 0.54 7.58 0.59
8.0 0.45 8.04 0.59 8.08 0.71
8.5 0.49 8.55 0.65 8.58 0.84
9.05 0.54 9.09 0.67 9.12 0.95
9.61 0.59 9.65 0.71 9.69 1.20*
10.16 0.66 10.20 0.76 10.28 1.87*
11.10 0,72 11.05 0.85 11.18 2,35*
13.76 0.77 13.81 1.85* 13.86 2.90*
*bbtained by dilution of sample with distilled water.



Table G.3 Data for Monod plots.

Batch run number
2 3 4 5

Initial
glucose

concentration
(g/1)

u
(hr--)

Initial
glucose

concentration
(g/1)

U
(hr-1)

Initial
glucose

concentration
(g/1)

u
(hr-1)

Initial
glucose

concentration
(g/1)

u
(hr 1)

0.00 0.22 0.00 0.20 0.00 0.17 0.00 0.00
0.38 0.39 0.10 0.28 0.05 0.17 0.05 0, 10
0.56 0.44 0.20 0.29 0.10 0.21 0.09 0.15
0.62 0.44 0.50 0.35 0.15 0.25 0.13 0.23
0.69 0.49 0.70 0.36 0.20 0.26 0.19 0.33
0.87 0.44 0.80 0.38 0.40 0.33 0.40 0.33
1.87 0.47 1.00 0.37 0.80 0.35 0.73 0.32
2.92 0.50 2.00 0.39 1.00 0.40 0.90 0.36
- - 5.00 0.41 2.00 0.39 1.79 0.38

- 10.00 0.40 5.00 0.42 4.29 0.40
- - . - - 10.00 0.41 8.39 0.39
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Table G.4 Final ethanol concentration as a function of initial

glucose concentration.

Batch run number
1 2 3 5 -

Glucose
(g /D

EtOH
(g/1)

Glucose
(g /D

EtOH
(g/1)

Glucose
(g / i )

EtOH
(g /D

Glucose
(g /D

EtOH
(g /D

0.00 . 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.08 0.00 0.38 0.00 0.10 0.00 0.05 0.00

0.10 0.00 0.56 0.08 0.20 0.00 0.09 0.00

0.14 0.00 0.62 0.11 0.50 0.05 0.13 0.00

0.17 0.01 0.69 0.12 ; 0.70 0.14 0.19 0.00

0.26 0.04 0.87 0.15 : 0.70 0.14 0.19 0.00

0.46 0.09 1.81 0.57 0.80 0.23 0.40 0.37
0.87 0.17 2.92 0.24 1.00 . 0.32 0.73 0.00

1.07 0.13 - - 2.00 0.75 0.90 0.20

1.30 0.22 . - - 5.00 1.20 1.79 0.35
1.20 0.30 - 10.00 1.40 4.30 0.43
2.80 0.33 - - 8.40 0.50



■ the linear regression was again used on the Lineweaver-Burk data
for determining the maximum specific growth rate and the saturation con
stant. For a single metabolism, the Lineweaver-Burk plot yields a
straight line of:

slope = K/Um (G.5)
intercept = 1/Um (C.6)

An example of the calculations used is shown in Table C.5.
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Table C.5 Calculation of %  and K. -- Linear

regression, yields intercept - 3.18 and 
slope = 0.44. Therefore:
U = 1/3.18 = 0.31 hr*1in
K = Um (slope) - (0.31)(0.44) =0.19 g/1

' u -1 S 1/S 1/U
(hr b (g/D (hr) (1/g)

.10 0.08 12.5 0.10

. 15 0.10 10.0 6.66

.17 0.14 7.14 5.88

.20 0.17 5.88 5.00

.21 0.46 2.17 4.76

.22 0.26 3.84 4.54

.24 . 0.87 1.14 4.16

.25 1.07 0.935 4.00

.26 1.28 0.78 3.85

.29 1.22 0.819 3.45

.33 2.78 0.359 3.03

.33.' 5.02 0.199 3.03



APPENDIX D

COMPUTER PROGRAM FOR CONTINUOUS CULTURE CALCULATIONS

The computer program shown on the following pages performed the 
majority of the calculations on the data obtained from the continuous 
experiments with the exception of the mass balances on the fermentor.
The calculations in the program are listed in order of their execution in 
the computer program. A list of all variables used in the program is 
given in Table D.l.

D.1 Correction of the Cell Dry Weight Concentration 
Due to Insufficient Washing of the Cells 

with Double Distilled Water
The reasons for this calculation and the relationships that were

derived for the correction factor are given in Appendix E. In this
program the fraction of error of the total measured cell dry weight due 
to this phenomenon was read in as the variable DIG, which was constant 
for each experiment. Therefore, the actual cell dry weight concentration 
was calculated by the relationship:

Actual cell dry wfc* = (measured cell dry wt.)(1-fraction of errorj
= X(l-DIG) (D.l)

D.2 Mass Balance on the Storage Tank to Determine 
the Glucose Concentration of the Inlet 

Stream of the Fermentor
Since media had to be sterilized in batches, a storage tank was

used to allow a continuous flow of media to the fermentor. Due to
147
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Table D.l Variables used in computer program in order of appearance.

Variable Units Description

DE hr ^ Dilution rate when ethanol sample take.
W hr"1 Dilution rate when glucose sample taken.
NSET —■* Number of continuous experiments.
NRANGE —— . Number of time ranges of interest in sample.

NOF Number of batch addition of medium which resulted 
' in a washout of culture.

DIG Fraction of error in total weight resulting from 
insufficient washing of cell samples.

TIM hr Time that fermentor sample was allowed to sit 
prior to removal of cells.

TE hr Time that ethanol sample was taken. .
XET g/1 Ethanol concentration in sample.
TI hr Time of addition of media to tank.
S g/1 Glucose concentration of batch media.
T hr Time Of sample for glucose. -
XC g/1 Dry weight cells sample.
XSF g/1 Glucose concentration in sample.
X g/1 Inlet glucose concentration to fermentor.
XS g/1 Inlet glucose concentration to fermentor.

TOLD hr Lower time increment for mass balance.
WOLD 1/hr Flow rate at lower time increment.

Q 1 Volume of media in storage tank.
TNEW hr Upper time increment for mass balance.
WNEW 1/hr Flow rate at upper time increment.
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Table D.1--Continued.

■ Variable Units Description

WP 1/hr Flow rate at time of addition of new media.
QP 1 Volume of media consumed over time increment.
COR g/1 Estimation of concentration of glucose consumed by 

the cells prior to removal.
SGUS 8/1 Estimation of glucose concentration in fermentor.
KC hr"1 Proportionality constant for rate of glucose 

consumption by cells.
SPR g/1 Estimation of initial glucose concentration in 

sample.
STEP g/1 Increment for new guess of glucose concentration 

consumed by cells.
XSFC g/1 Initial glucose concentration in sample calculated
XSS g/1 Inlet glucose concentration.
FAC - Correction factor to account for quantity of non- 

glucose carbon consumed.
ER g/1 Effective glucose concentration due to non-glucose 

carbon. -
YC g/g Effective yield accounting for all carbon.
Y g/g Cell yield from glucose only.

XPC g/1 Effective cell concentration if only 5.0 g/1 
glucose present.

QG g/g-hr Glucose uptake rate of culture.
COM hr . Difference between times of glucose and ethanol 

samples.
PE g/g-hr Ethanol productivity.
YET g/g Ethanol yield.
XSFE g/1 Glucose concentration in ethanol sample.
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Table D.l— Continued. .

Variable Units Description

QGE g/g-hr Glucose'uptake rate at time of ethanol sample.
EOT hr Lower limit of time range over which to report in 

one continuous experiment.
TOP hr Upper limit of time range over which to report in 

one continuous experiment.
XSFCN g/1 Fermentor glucose concentration to be reported 

inside time range of interest.
WN hr"1 Dilution rat® to be reported inside time range of 

interest.
XPCN g/1 Effective cell concentration to be reported inside 

range interest.
YN g/g Corrected cell yield to be reported inside time 

range of interest.
XCN g/1 Cell concentration to be reported inside time 

range of interest.
XSFN g/1 Sample glucose concentration to be reported inside 

time range of interest.
QGN g/g-hr Glucose uptake rate to be reported inside time 

range of interest.
PEN g/g-hr Ethanol productivity to be reported inside time 

range of interest.
YETN g/g | Ethanol yield to be reported inside time range of 

interest.
DEN hr"1 Dilution rate to be reported inside time range of 

interest.
XETN g/1 Ethanol concentration to be reported inside time 

range of interest.
XSFEN g/1 Glucose concentration in ethanol sample to be 

reported inside time range of interest.
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FERMENT 73/73 OET=0 TRACE . FTN 4,5+414
' ■ . PROGRAM FBRMENT(INPUT,OatPUt»PLOT,TAPE1=INP6T»TAPE2=OaTBaT,STAPES9f PLQT)

" l!H po! :?l iii co! ;Yl Tl| icc J;l lT» (fo c f),ic(2(!c)l:,-PE“ '1c,)'5 M ” (1°REAL SC LE=0

1,1 rolStftiii)"SEIDO 999 JS=1,NSET
603
222 loEMiiT'fFlol 2̂*" -
79 K= K+1

!?!?] (tp&T! . W i o  ‘SI''*lK|GO TO 7980 NUME=K-1 W RITE(2,30 5), WRIIEf2,231) (TE (K) ,XBT (K) ,.DE .(K) ,K=1,NUME)30 5 FORM AT (7 HI , 10X , 1.0 H U M E  BOURS, 5x, 17HETCH CON, GE/LITER ,5X, '$ 1BHDILUTION RATE 1/HR)239 FORMAT (3F1C.3)■231 FORMAT (5X,F10 .1 ,10 X,F 10 .4 ,5 X, FI0 .4)
77 K=K+1

GO TO 77 78 NOMI=K-1200 FORMAT (2F10.1) ,

i r m  ■!t3F (,!)GO TO 88 89 NUMo=K-1201 FORMATfftFI0.2). . W RI TE(2,393)30 3 FORMAT(1H1,2OX,10HINPUT DATA,/6X,10HTISE HOURS,2X,S28 HBATCH GLUCOSE CONC. GR/LITER )
390. WRITE(2,30 4)30 4 FORMAT (1H1,3X, 10HTIME HOURS , 4X, 13.HDILUTION RATE ,2X,$ 18HCELL CONC.GR/LITER, 2X,2 6HMEAS.GLUCOSE CONC.GR/LITER )
,01 raBffiRAmsn:K«’fElSiSUSr-DO5 K= t , NTJHJ 

X=S(1)

05/02
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FERMENT 73/73 0PT=3 TRACE FTN 4.5*4ia
TOLD=T (1) *
W0LD=wh5

' Q=10 :WRITE (2,400)' '
400 FORMATj1 HI,14HOOTPUT CE DATA /11X,4HTlKE ,11X,$9HFI.OWRATE ,2X,13HINIBT GLUCOSE ,5 X , 10filDEAL CELt ,8X,|5HYTET.D , 6X, 11 HACTOAL CELX , 2X , 1 8HEERMENTOS GLUCOSE 2x' S19HGLrjCOSE UPTAKE RATE /3 7X, 13 HCONCSNT RAT ION ,2X,1 13 HCONCE NT RATION ,17X,13HCONCENTRATION '$2X , 1 3H:CONCENTR ATIO N )DO 10 1=2,NUKI 12 TNEW=T (J)3NEH-W(J)IF (TNE1f.XiT.TI (I) ) GO TO 11BP=WOLD+(WNES-SOLE)* (II(I)-TOLD)/ (TNEW-TOLD)IF (I.EQ.NOF)GO TO 44 

' QP-HOLD*(TI (I)-TOLB).+(TI (I)-TOLD)* (WP-WOLD)/2.Q- Q**QPIF (Q.LT.0.) GO TO 6 8 X= (Q*X+S (I) *10 . ) / (Q+10)GO TO 7 6 0=0.„ „ WRITE (2.50 0)TI (I)500 FORMAT n x , 2 3 H  HAN OUT OF MEDIA AT T=F10.2, 6HHOURS )GO TO 8 7 Q=Q+10XS(I)=xTOLD=TI (I)WOLD=WP GO TO 10
11 0=0- (TNEW-TO.LD) * (WOLD) - (TNEW-TOLD) * (WNEW-WOLD) /2.TOLD =TNEW 30LD=WNEW J=J+1 GO TO 12 44 Q=0.GO TO 8 . 10 CONTINUE X|^1)=S(1)

t5iGH=TI (1)XHIGH=XS 11)DO 50 ,7=1 ,NUMJ52 IF (THIGH.LT.T(J)) GO TO 5153 CORf .OSOO* (XLOW-XSF (0))*W (J)/4.STEP=Q.001 ■SGUS=XSF ( J)+COR

IF (ABS (SPR-XSF (J)) .IT.0.000 2) GO TO '330 IF (SPR.GT.XSFfJ)) GO TO 323 324 SGUS=SGUS+STEPKC=(XLOW*W (J))/(4.0*SGUS)-W (J)/4.0 SPH=SGU:S*EXP(-KC*TIM:)IF(ASS(SPR-XSF(J)).11.0.0002)GO TO 330 IF (SPR.LT.XSF(J))GO TO 324

05/02
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FERMENT 73/73 OPT=0 TRACE . FTN 4.5+414
STEP-STEP/2.IF (STEP.XT.0.00001)GO TO 33G 323 SGUS=SGOS-STSP -KC= (XLOW*H (J) ) / (4.0*3603) -» (J) /4 . C SP R= S SUS * EX P (-K C*TIM)IF (ABS (SPR-rXSF f J) ) . LT.0.CCC2) GO TO 330 IF iSPR . GT«.XSF (J) ) GG TO 323 STE?=STEP/2.IF (STEP.LT.C.00001)GO TO 330 GO TO 324 330 XSFC(J)=SGOS XSS (J)=XEOWFAC--2.8*N (J)/4.0 + 1.68 IF (FAC. LT.0. )FAC=C'.IF (FAG . GT. 1 4 )  FAC= 1.4 EP.-F AC* (5. 0 -XI.O'iJ +.0 .79}YC (J)=XC (J)/ (XLOW-XSFC(J)+E3)Y(J) =XC (J) / {XLOH-XSr (J) )XPC (J) = (5.0-X SFC (J) ) *YC(J)QG (J) =( (XLOH-XSFC(J) ) ) /,(4.*XC (J) )

51 1=1+1 /. IF (I#GT.NUKI)GO TO 54/TLOW-THIGH - ■ [THlGH=TI(I) . ■ 'XLOW=XHIGH
■■54 TLOW-THIGH XLOW=XHIGH GO TO 5350 CONTINUEDO 66 J = 1 ,NUHJ 66 W(J) =W (J)/4.0

DO 55 X=1,NOME57 COH=T(J)-T5(SVIF (ABS (COM) .LT. .3)GO TO 56 IFjTjJ).GT.TE(K)) GO TO 56
GO TO 57 56 PE (K) = (XET (K) *DE (K) ) /XC (J)

55 80oMil;SG mWRITE(2,3121 312 FOEHAT(1H1,5X,10HTIHE HOURS ,2X»$31h c o r r e c t e d  GLUCOSE CCNC.GR/LITEE ,21»$30 H'HE ASURED GLUCOSE CONC.GR/LITER)
311 WHI.TE12462G)620 FOE HAT (1H1 F 12 X , 4HTIK E , 5X „ 1 3‘HD ILUTICN RATE, 3X> 1 4HSP ..PRO vOF ETOH „

05/C 2
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FER3SNT 73/73 OPT = 0 TSACf FTN 4.5*414

521

$2X,12HGinCCS3 COM. ,2X, 19KGLUCOSE U.pTfi.KE RATE,3 X, 9HETOH CON./ISX, S22H All, CONS IN GE/LITER )

DO 20 K=1 ,NRANG READ _(1, 6C l|_ BOT, TOP60 T FORM AT (.2E10. 2)
J I= 1  J=122 IF(T(J).IT.BOT) GO TO 21 _ " .G T .TOP)GO TO 23mmL ” L* 1

2i OGBXiy^GtJ) ;
IF (J« GT. NtJMJ) GO TO 23 GO TO 22 .23 IF (TE (JI).IT. BCT) GO TO 24 IF(TE(Jlj.GT.TOP)GO TO 20 LE=LE+1 LEM=LE*1PENILE) =PE(JI) YSTN (LB) =YET_r JI) 
DEN (LE)=DE/JI) XETN (LB)=X3T (JI)XSFEN(LB)=XSFEYJI)QGEN (LB) =QGE(JI)24 JI=JI+1I F (JI.GI.NDHE)GO TO 20 GO TO 23 20 CONTINUEWRITE (2,905)905 FORMAT (1H1,3X,15HCCRRECTED YIELD)' SRTTE(2,906) (YC(JOO) ,W(JCG),JOO=1,NUKJ)90 6 FO RMA T(3X ,F10.2,5X ,F1C ,2)999 CONTINUEWRITE(2,996)

996 FORMAT(1H1,3X,13HDILUTION RATE ,7X,8HETOH CON ,2X, .$14HETOH PRO.RATE ,5X,10BETOH YIELD ,4X,11HGLUCOSE CON »3X, S14HGLUCOSE UPTAKE )WR ITE (2,997) (DEN(J),XETN(J),PEN(J) ,YETN (J) ,XSFEN(J),QGBN(J),J=1,
997 F OR M A T (IX,F10.3,5X,F10.3,5X,F10.3,5X>F10.3,5X,F10.3,5X,FT0.3) WRITE (2,610)610 FORM A T (1H 1,5 X,13 HDIL U TION BATE ,5X,13HCORR. GLUCOSE ,2X,$13HME AS . GLUCOSE /IX. 19'BGLUCOSE UPTAKE RATE , 3 X ,5HYlBLD, 3 X ,$ 14HC0RRECTED CELL.. ,/23X, 13HC0NCENT;EATI0N,2X, 13HCONCENTRATION S32X,13 SCONCENTRATION )

PEN(L5K)=0 «

05/C 2 :

LE
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FEEKSNT ; .73/73 , OPT=0 TBACE . FTH 4.5 + 414
YETS CLBH) =0'.• DBS (LES)=0 .XSFEN(LEH)=0.X2TN (IBM)=0 ..QGEN(L5H[=0.NOHE=SUME+1
x e t  (saas) =0.YET (NOME) =C.BE(NUME)=0.T E jS BME .-0.XSFE (SUMS)=0.QGE (BBSS)=0.PE (NBKE[=0.WS(LM)=C. XPCNfLH)=0, YN (LM)=0 . XGS(LM)=0,XSFGS (LM)=G.XSFN (LM)=0. .
r a ia,e°’-. ■BUMJ=SBMJ+1 ‘: T ( NBMJ) =0 .XC(SUKJ) =0 .XSF(SOKJ)=0.QG (NBM J)=C.XPG(NBMJ)=G.XS(BBMJ) =0.
XSFC(BBMJ)=0. 'Y[NBMJ)=0.W (BBMJ =1. .

' MBMX=BBMI + 1 . -. ■XS (MBMI)=0 .CALL SAMPLTCALL QIKSET (6. 0,0. 0;,. 1,4.0, O.C,1.C)CALL QIKPLT (S,QG,-NBMJ,20H*DIIOTXCS BATE 1/HR* , $47H*GLBC0S5 UPTAKE BATS (GR. GLUCOSE) / (HP. .GF.. CELL) * ,3H* *) CALL EBDPLT STOP .' EN D

05/C 2,
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contamination factors, there was no way of measuring directly the glucose 
concentration in the inlet stream of the fermentor. Instead, the inlet 
stream concentration was calculated from a mass balance on the storage 
tank. .

For each addition of 10 liters of new media to the storage tank, 
the flow rate of media leaving the Vessel was calculated by a linear 
interpolation between the flow rates measured before and after the addi
tion of media:

WP = WOLD + (WNEW - WOLD)(TI(I) - TOLD)/(TNEW - TOLD) . (D.2)
where WOLD and TOLD are the flow rates and time of measurement of the 
flow rate before the addition of the batch of media. TNEW and WNEW are 
the time and flow rate measured after the addition of a new batch of 
media and TI is the time of addition of the new batch of media.

These flow rates are then used to calculate the volume of media 
removed from the tank between the times Of addition of the new batches of 
media by the equation.:

QP = Volume removed during increment

= (WOLD(TI - TOLD) + ( T— ) (WP - WOLD) (D.3)

where TI and WP were the time and flow rate of each new increment of 
time. This value is then subtracted from the volume in the storage tank 
(Q) and this updated volume is used in the calculation of the new inlet 
glucose concentration following the addition of a new batch of media.
The concentration of glucose in the media just after the addition of a 
new batch of media was then:
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X = concentration of glucose

CQICXOLP) + CSHIOI
Q <10 CD. 4)

Total grams glucose in tank
Total volume of media in tank 

where XOLD and X were the glucose concentr at ion just prior to addition of 
a new batch of media, and the new inlet glucose concentration S was the 
glucose concentration of the batch of media, and Q was the volume of 
media in the storage tank just prior to addition of a new batch of media. 
These calculations were repeated for each new increment representing the 
time of addition of the next batch of glucose solution.

measured in the sample and a glucose balance on the fermentor, required 
because of the consumption of glucose in the sample prior to removal of 
the cells from the sample. The relationships used in the calculation are 
derived in Appendix F.

glucose concentration. A guess was made of the initial glucose concen
tration of the sample or the culture glucose concentration using the 
relationship:

Using this estimate for the culture glucose concentration, the decay 
constant could be calculated by the expression:

)

D,3 Culture Glucose Concentration
This quantity had to be calculated from the glucose concentration

A trial and error method was used to calculate the culture

CD. 5)

D (D.6)
guess



'. . ' 158
The estimate of the final glucose concentration could then be 

calculated by the expression:
-k,t

Cf = S0 - (D;7)
where is the final sample glucose concentration, S is the culture 
glucose concentration or initial sample glucose concentration, and 
is the inlet glucose concentration to the fermentor.

This estimate of the final glucose concentration was compared to 
the measured glucose concentration of the sample and if a convergence was 
met the guess of the culture glucose concentration was correct. If not, 
the guess for the culture glucose concentration was corrected by either 
adding or subtracting a standard step size increment of 0.001 g/1. The 
above calculations were then repeated until a convergence of the esti
mated final glucose concentration to the measured sample concentration 
was accomplished. Each time the new guess of the initial glucose concen
tration passed the actual initial glucose concentration, the step size 
was cut in half. This allowed a rapid convergence to the initial glucose 
concentration and prevented an infinite loop from being entered in the 
computer program.

D.4 Determination of Effective Glucose Concentration 
Due to the Presence of Non-Glucose Carbon

A correlation between the fraction of the excess carbon that was 
available to the cells for growth and the dilution rate is developed in 
Appendix G. It was found that this correlation was a linear relationship 
of the form: 1

Fraction of excess carbon = - 2.8D + 1.68 (D.8)
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_ 1over the dilution rate range from 0.05 to 0.4 hr"" . The reason for this 

fraction being above 1.0 is discussed in Appendix G. The concentration 
of non-glucose cavbon available to the cells in terms of effective 
glucose units (assuming glucose = 50% carbon) was 0.79 g/1, as was 
determined in the mass balance. Therefore, the total effective inlet 
glucose concentration for the fermentor was:

^effective = So * C-2'8D * !-ss' CO-9)

D.5 Cell Yield Accounting for All 
Carbon Consumed by the Cells

The cell yield accounting for all carbon consumed by the cells 
was calculated using the relationship:

Yield (overall) SQ + (1.68 - 2.8D)(0.79) - S (D.IO),

This cell yield is defined in words as the ratio of the quantity of cells 
produced per unit of total carbon consumed. The values obtained from 
this overall yield relationship were at levels reported in the literature 
for both respiring and fermenting metabolisms ranging from 0.5 to 0.1 
g-cell/g-glucose (Rose and Harrison, 1972; Lipinsky and Litchfield,
1970). This decreased value for the yields indicated that the cells were 
consuming non-glucOse carbon roughly in a manner predicted by the correla
tion. These Values for yield compared favorably to a second independent , 
method of calculating the cell yield using only the stoichiometry of the 
two metabolisms in Appendix F.
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D.6 Calculation of Cell Yield Considering that 

Only Glucose Was Consumed by the Cells
This yield relationship simplified to the form:

■ XYield (glucose) =  ̂ ' (D. 11)
0 "

The values obtained for this relationship were much higher than the pre
vious relationship and out of the range of possibility for a respiring 
metabolism. At low dilution rates the cell yield often approached values 
of 0.9 g-cell/g-glucose.

D.7 Cell Concentrations Assuming Ideal Conditions 
The predicted cell concentration which would have occurred if the 

ideal conditions of a constant inlet glucose concentration of 5.0 g/1 
glucose was the sole carbon source was calculated from the overall yield. 
This relationship was then derived from the steady state cell mass 
balance on the fermentor:

Xpred = YCS.O - S) CD. 12)

A plot of these cell concentrations as a function of dilution rate for 
the second continuous experiment is shown in Figure D.1. This plot 
demonstrates less of a decrease in cell concentration at high dilution 
rates prior to the metabolism change. This decrease was attributed to 
the decrease in the consumption of non-glucose carbon in the experimental 
values.

D.8 Specific Glucose Uptake Rate 
This was obtained from the glucose balance on the fermentor at 

steady state by the relationship:
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Figure D.l Corrected cell concentration vs. dilution rate.
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In the case of wall growth the values obtained might be artificially high

growth, which could not be determined. The maximum value of the glucose 
uptake rate determined by Peringer et al. (1974) was 2.08 
g glucose/g cell-hr.

production rate, were used to assess metabolism. These were calculated 
from an ethanol balance on the fermentor during steady^state conditions. 
Due to the degree of wall growth, which could not be determined directly, 
it was decided that the ethanol yield would give a better indication of 
the degree of fermentative activity since the ethanol yield did not 
require a measurement of the population of cells in the fermentor.

The ethanol yield is described as the ratio of ethanol produced 
per unit of glucose consumed, or:

expected to be near zero as no ethanol would be produced under those 
conditions. However, as fermentative metabolism would take over, the 
yield would increase as more ethanol would be formed from the glucose. 
Theoretically, at full fermentation, the maximum value of the yield would 
be reached. This value would be determined by the stoichiometric

due to a significant' fraction, of the cells in the vessel being, in wall

D.9 Indicators of Fermentative Metabolism
Two ethanol functions, ethanol yield and the specific ethanol

• - CEtOH
EtOH “ SQ - S (D. 14)

The value of the ethanol yield under a respiring metabolism would be
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relationship between the quantity of ethanol produced and the amount of 
ethanol formed by the cells.

D.10 Ethanol Production Rate
Under normal conditions, the specific ethanol production rate 

also indicates the amount of fermentative metabolism since it indicates 
directly the rate at which the metabolism occurs. The specific ethanol 
productivity is the rate of production of ethanol per unit of biomass, 
or: ■'

%tOH = % r -  :
Once again, under a respiring metabolism, no ethanol would be produced so 
the ethanol productivity would be near zero. As a fermentative metabolism 
increased, the ethanol productivity would increase and reach the highest 
value at the maximum.specific growth rate of the cell. In the presence 
of wall growth these values may be artificially high due to the use of 
the outlet stream cell concentration as the indicator of the actual cell 
concentration.

The.listing of the computer program is given at the beginning of 
this appendix. The input data given to the computer program are given in 
Tables D.2 and D.3. The output of the result of this computer program 
is given in Tables D.4 and D.5 for both continuous experiments.



Table D.2 Input data for first continuous experiment.

Time
(hr)

Batch
glucose

concentration
eg/D

Dilution 
rate
(hr-1)

Cell
concentration

(g /D

Sample
glucose

concentration
(g /D

EtOH
concentration

(g /D

0.0 4.6 •
36.0 0.067 0.26 0.001
43.2 0.066 1.55 0.004
50.5 0.062 1.71 0.003 0.006
55.1 0.063 1.73 0.004 --
62.1 0.068 3.01 0.003 0.01
66.1 4.1 0.070 2.34 0.005 —  —

70.5 0.078 1.89 0.005 0.01
74.0 0.078 0.64 0,004 —  —
78.6 0.067 0.49 0.029 —  —
87.4 0.000 0.70 0.050 —  —

91.2 0.000 0.42 0.003 —  —

93.8 3.4 0.620 0.47 0.080 —  —

96.3 0.062 0.34 0,270 - -

103.6 0.060 0.72 0.010 — —
114.7 0.059 0.66 0.040 -A
117.5 0.062 0.72 0.010
119.5 0.061 0.81 0.010 —
119.8 3.7 ~  — —

123.4 0.060 0.98 0.007 —  —

127.5 0.061 1.38 0.006
139.5 0.053 2.34 0.003 0.016
144.0 0.059 2.75 0.003 0.01
145.0 3.5 —  — —  — - -

147.0 0.063 2.96 0.003 — —
151.0 0.066 3.36 0.015 0.012 164



Table D.2--Continued.

Batch
glucose Dilution

rateT
Cell

Sample
glucose EtOH

Time concentration concentration concentration concentration •
(hr) (g/D (hr-1) (g/D (g/1)

160.5 0.067 3.04 0.003
165.0 0.074 3.32 0.001 —  —  '
166.6 4.1 —  — ----' —  —

168.1 0.071 3.51 0.001
170.0 0.072 3.45 o.ooi 0.014
172.0 0.072 3.17 0.002 —  —

174.6 0.074 3.23 0.001 0.02
184,0 0.073 3.66 0.003
188.0 0.075 3.43 0.001 0.016
190.4 0.075 3.57 0.003 0.016
192.5 0.079 3.57 0.021 0.011
195.0 0.079 3.79 0.002 —  —

195.0 4.8 ---- —  — —  —

199.8 0.088 3.47 0.001 0.02
208.0 0.096 3.57 0.003 —

213.3 0.098 3.66 0.003 0.012
217.5 0.102 3.87 0.001 0.001
218.6 3.3 ---- — — —

224.7 0.112 3.47 0.003 0.016
234.0 0.120 3.46 0.002 —  —

237.0 0.123 3.43 0.000 0.02
239.6 4.8 —  — —

241.0 0.133 3.70 0.002
247.2 0.142 3.60 0.003 ----

256.0 0.153 3.83 0.0Q3 ----

260.0 0.161 3.96 0.003 0.016
262.6 5.0 —  — — —

165



Table D. 2--Continued.

Time
(hr)

Batch
glucose

concentration
(S/D

Dilution
rate
(hr-*)

Cell 
concentrati on 

(g/1)

Sample 
glucose 

concentration 
(g/1)

EtOH
concentration

(g/1)

264.0 0.176 3.94 0.003
267.0 0.180 3.60 0.001
267.7 4.6
271.7 0.188 3.47 0.003
281.5 0.190 3.49 0.003 0.042
288.0 0.202 3.42 0.004
291.4 0.211 3.30 0.004 0.027



Table D.3 Input data for second continuous experiment.

Time
(hr)

Batch
glucose

concentration
(g /D

Dilution
rate
(hr'1)

Cell
concentration

(g /D

Sample
glucose

concentration
(g /D

Eton
concentration

(g /D

u.u
31.8

4. i
0.047 0.5 0.060

36.8 0,046 0.5 0.090 — —

45.0 0.046 1.5 0.010
48.0 0.046 2.0 0.018 — —

51.0 3.8 - — —  — — —
52.0 0.165 1.6 0. 046
59.0 4.3 ' 1 . --
59.8 0.160 1.0 0.095 -  -
56.0 0.160 1.0 0.100 —  —
68.2 0.157 0.9 0.075 — —■
73.0 0.155 0.8 0,120
74.5 5.0 — — — — — — ——
76.8 0.156 0.9 0.140 — —
80.5 0.153 0.7 0.110 — —
83.2 4.3 ~ — — — — — — —
83.8 0.157 0.9 0.087 — —
92.3 0.151 1.2 0.044 ——

96.5 0.153 1.4 0.037
98.8 3.7 — — -- .*?*-
100.4 0.152 1*6 0.030 --
103.0 4.3 - — — - -
108.0 0.156 1.7 0,033
119.0 0,149 2.1 0.029 - -

125.0 0.148 2.3 0.024 —  —

126.0 4.0 —  — ---- ---- —  —

126.3 3.5 "* — —  — —  — —  —

167
.



Table D.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch
glucose

concentration
(g/1)

Dilution
rate
(hr™1)

Cell
concentration

(g/1)

Sample
glucose

concentration
(g/D

EtOH
concentration

(g/1)

128.2 0.163 2.3 0.300
131.7 0.160 2.3 0.070
141.5 0.159 2.7 0.034 -‘
147.6 0.157 2.8 0.018 0.03
153,4 0.158 2.8 0.013 —  —

154.3 3.6 —— —

154.8 3.5 — — — - - -- '
155.3 0.163 2.9 0.013 0.0
164.3 0.159 3.3 0.010 —  4--
168.8 0.167 3.0 0,011 0.0
171.3 3.6 — — — — —  —

172.3 0.175 3, 0 0.012 —
176.5 0.185 3.1 0.013 0.0
180.4 4.5 0, 184 3. 2 . 0.015
193.0 0.214 2.9 0.023 0.03
196.8 * 0.213 3.0 0.024 — —
197.8 3.4 - --'
201.0 0.211 2.9 . 0.040 0.18
204.5 0.219 2.8 0.039 — —
212.5 0.216 2.8 0.027 0.18
217.3 0.219 2.9 0.029 -.

219.0 3.8 — — — — . — — ——
221.5 0.227 2.9 0.026 0.24
224.0 0.240 2.7 0,025 —  —

224.3 4.0 - - —  — ----

228.3 0,229 2.6 0,029 0.28
231.3 0.230 2.8 0.023 168



Table,D.3 Input data for second continuous experiment (continued)

I
S

Batch
glucose

concentration
(S/D

Dilution
rate
(hr"1)

Cell
concentration

(g/D

Sample
glucose

concentration
(g/1)

EtOH
concentration

(g/1)

240.5 0.231 2.8 0.024 0.15
243.3 4.1 — — -- . — — --
244.0 0.244 2.8 0.029 --.

250.5 4.8 - - ■ — — — — —
251.5 0.244 2.6 0.035 0.31
262.0 0.248 2.8 0.036 — —
264.0

A R 0.250 2.7 0.034 0.43
JL 3 V, e 3
251.5

4. o
0.244 2.6 0.035 0.31

262.0 0.248 2.8 0.036 --
264.0 0.250 2.7 0.034 0.43
268.5 3.3 — — — — — — — —
268.8 0.273 2.6 0.038 0.14
271.8 0.268 2.5 0.024 — —
276.0 0.264 2.6 0.019 -
276.5 4.3 — — — — -- - -
286.0
o Q ft x 0.269

O 9 70
2.8
9 £

0.025
n n96

--
O O o 3
291.9 4.5

U 6 Za I d* Z o O U. UZO

292.3 0.277 2.4 0.047 0.52
295.0 4.0 — — — — —
295.5 0.282 2.4 0.040 — —
300.8 0.279 2. 3 0.035 0.47
310.5 0.278 2.1 0.036 0.53
311.0 3.7 — — — — *’ —
313.0 0.282 2.0 0.040
316.0 0.276 ' 2.1 0.035 1.65 169



Table D.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch 
glucose 

concentration 
(g/1)

Dilution
rate
(hr'1)

Cell
concentration

(g/1)

Sample
glucose

concentration
(g/1)

EtOH 
concentrat ion 

(g/1)

318.2 3.6
319.8 4.3 —  —  " —  — ._
320.0 0.294 2.0 0.035 - —  —

334.0 0.269 2.0 0.039 0.92
334.8 5.0 — — — — —

341.6 4.5 —  — — — —  —

347.5 0.279 2.3 0.037 0.58
358.3 0.272 2.3 0.041 —  —

360.5 4.2 — — —  —  -

360.8 0.273 2.4 0.042 0.87
364.0 0.276 2.3 0.039
364.7 3.9 - - — —

365.0 4.3 —  — ---- —  — —  —

365.8 0,284 2.3 0.048 0.83
370.0 0.284 2.0 0.040 —  —

370.6 4.9 ---- ---- — —  —

380.5 0.284 2.1 0.044 1.0
385.0 0.289 2.0 0.048 —  —

387.0 4.2 • —  —

389.8 0.296 2.0 0.054 0.53
391.5 4.2 ---- ----

394.7 0.301 1.9 0.056
405.0 0.303 2.0 0.062 0.99
405.5 3.9 ----■ ----

408.0 0.311 2.0 0.094 — —

411.0 3.7 ---- ----- ---- —  —

414.5 0 . 316 1.8 0.140 0.55 170



Table D.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch 
glucose 

con centrat ion 
(g/D

Dilution
rate
(hr-1)

Cell
concentration

(g/1)

Sample
glucose

concentration
(g/D

EtOH
concentration

(g/1)

415.5 4.0 — • - — —
418.5 0.331 1.7 0.120 —  —
428.5 0.337 1.8 0.120 0.66
432.5 0.336 1.8 0.120
433.5 4.2 — — ' — —
435.0 5.2 0.341 1.8 0.140 0.69
442.0 0.342 2.0 0.110 ——
442.5 4.5 — - . —  — - —  —
452.3 4.8 . — —
452.5 0.358 2.1 0.100 0.65
459.6 4.9 — — — — — — -
459.8 5.0 0.386 2.4 0.100 0.65
461.7 0.388 2.5 0.100 — — .
466.7 0.381 2.4 0.085 0.68
467.1 4.3 —- — — . — —
476.1 4.9 0.395 2.5 0.090 — —
481.3 0.408 2.7 0.095 0.67
482.2 5.0 —— *•*-?
482.8 5.7 — — — — — — ——
485.1 0.420 2.5 0.140
488.9 5.6 - —  - ——
489.0 5.5 — — — — ■-* --
489.8 0.459 2.0 0.440 0.67
498. 8 0.447 1.8 0.500 —  —
503.0 0.464 1.6 0.580 0.52
504.3 4.7 -- - — —
504. 8 5.7 — —— —— 171



Table D.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch
glucose

concentration
(g/D

Dilution
rate
(hr-1)

Cell
concentration

(g/D

Sample
glucose

concentration
(g/D '

EtOH
concentration

(g/D

507.0 0.473 1.7 0.680 - -  ;

511.8 5.6 -  - ---- - _ _  . -
512.3 4.7 - - —  — —  — ----’

513.0 0.487 1.3 1.000 0.65
517.3 0.499 1.2 1.400 -  -

524.0 4.4 0.517 1.1 1.400 0.65
524.5 4.1 —  — —  — -
528.1 0.514 1.0 1.900 — —
530.8 4.2 - - - -
531,0 4.3 — — - — — -
533.4 0.522 0.9 2.000 0.54
537.1 0.522 0.8 2.100 - -
537.5 4.8 — ~ - - —  —
538.0 4.3 — — —— ~ — - -
543.5 0.535 0,8 2.100 0.28
544.0 3.8 - - — —
544.4 4.1 — — . ~ — - — —
550.5 0.544 0.8 2.000 0.29
551.0 4.6 — - \- --
551.5 4.9 -- -- ■
557.5 4.4 — — -- - -
558,0 4,3 —  — -- — — —  —

560.6 0.533 0.6 1.800 — —
563.0 0.533 0.6 2.100 0.49
563.7 4.8 ~ - -- . — — -
574.0 0.560 0.7 2.300 - 172



Table p.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch 
glucose 

concentration . 
(g/D

Dilution
rate
(hr"1)

Cell
concentration

(g/1)

Sample
glucose

concentration
(g/D

Eton
concentration

(g/1)

578.3 4.1
581.0 0.575 0.5 2.600 0.51
583.5 4.6 —  — -- - —  —

584.3 5.0 —  — - - -
590.5 0.594 0.5 3.000
596.5 4.5 —  —

600.9 0.605 1.3 1.900 0.64
601.8 4.3 —  — — — —— — —
602.3 5.1 — — — — — -
604.9 0.614 0.6 2.800
608.5 5.2 ' ■ 0.627 0.3 3.300 0.34
609.0 4.6 —  — —  -i- — — —  —
615.3 0.600 0.4 3.300 -
616.0 4.4 — — ----

616.3 4.8 —  — - - —  —

621.5 0.616 0.2 3.400 0.2
623.2 4.3 —  — —  — —  —

625.0 0.605 0.2 3.400 0.22
629.5 4.2 0.614 0.2 3.800 0.22
630.0 4.4 - - ----- ----

636.0 4.1 — — — — -
636. 8 4.0 —  — —  — —  —

643.0 0.556 0.3 3.500 —  —

643.8 4.2 —  ̂  ' —  — - -

648.0 0.552 0.2 3.600 0.49
650.2 . 4.2 - - —  — - ----

650.3 4.3 —  —
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Table D.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch
glucose

concentration
(g/1)

Dilution 
rate
(hr'1)

Cell
concentration

(g/1)

Sample
glucose

concentration
(g/1)

EtOH
concentration

(g/1)

656.0 4.5
656.5 3.6 — — - - --
657.3 0.537 0.2 3.300 0.3
662.8

4 7
0.512 0.3 3.300 -.

Ooy • D
669.9

4 • /
5.3

670. 8 0.494 0.4 2.800 0.46
676.0A 7A C 4.2

A t
— — — — . - --

O -/‘O- e
678. 8

4 e 5
0.495 0.2 3.200

682.4 0.485 0.3 3.100 0.24
683.0 4.3 —— — — ----

683.3 4.2 — — — —
688.3 4.5 — — — ■— - — —
694.0 0.456 0. 3 3.000 — —
698.0 0.463 0.4 2.800 0.29
698.8 4.4 - - : - - — —
703.2 0.453 0.4 1.000 -
703.8 4.5 —- -- -- ' -
704.3 4.4 — — --
714.3 0.430 0.4 2.600 0.4
718.5 0.417 0.4 2.200 -
719.1 4,4 —— — ~ . —~
719.5 3.9 — — — — — — -■ —
724.0 0.412 0.6 2.300 0.83
724.7 4.2 —— —— --
725.0 4.7 -- — — 174



Table D.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch
glucose

concentration
(g/D

Dilution
rate
(hr’1)

Cell
concentration

(g/1)

Sample
glucose

concentration
(g/1)

EtOH
concentration

(g/D

729.8 0.415 0.5 2.200 1.2
730.1 4.0 — — —  —

741.0 4.3 -------- -  - — — — —

741.5 0.415 0.5 1.970 — —

746.8 4.5
A R — -- -  -  ■

750.0
762.0

e Q

0.368 0.8 1.160 1.4
767.2 5.3 — — — — — — — —

767.4 3.4 • — — — — — —

768.0 0.370 1.0 1,600 0.74
772.0 0.353 1.1 0,630 —

776.0 3.8 — — -  — ------- — —

776.3 4.8 — — — — — — --------

777.0 0.396 1.3 0.940 0,96
786.0 0.377 1.9 0.070 --------

791.8 4.4 —' — — — - - — —

792.0 4.6 — — -------- —  — - — —

792.6 0.389 2.6 0.110 0.74
796.5 0.379 3.0 0.036 — —

797.0 4.0 --------, — — — — —  —

797.5 4.2 — — — — — — — —

802.2 0.384 2.9 0.046 0.83
802.5 4.5 -------- -  - — —

802.8 3.9 ------- - — — —  — — —

811.8 0.387 3.4 0.040
817.0 0.396 3.2 0.050 0.75
817. 8 4.9 “ * — —  — — —
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Table D.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch 
glucose 

concentration 
(g/1)

Dilution
rate
(hr"1)

Cell
concentration

(g/D

Sample
glucose

concentration
(g/1)

Eton
concentration

(g/D

818.0 3.7
822.5 0.402 3.3 0.044 0.75
824.0 3.1 — — — — —

824.8 4.3 ---- - - — —

825.9 0.401 3.4 0.038 -!• —

837.5 0.384 3.8 0.034 0.59
843.5 0.380 3.8 0.034 — —

844.0 4.0 — — —  —  .

844.5 2.9 —  — —  — —  —

850.3 0.372 3.7 0.026 0.56
850. 8 3.8 —  — -  -? —  —

851.3 3.5 —  — —  — —  — —  —

864.3 0.357 3.8 0.024 ----

869.0 3.8 —  — —  —

869.5 4,2 —  — —  — —  —

871.0 0.363 3.8 0.032 0.49
874.0 3.0 •— — — — — —  —  .
874.8 3.0 " —  — —  — ----

875.0 0.358 3.6 0.036 • —  —

886.0 0.336 3,9 0.032 0.21
891.0 0.342 4.1 0,025 ----

891.8 4.2 - - —  — ---- — —

892.0 4.0 -  — —  —  ' —  —

898.0 0.331 4.7 0.024 0.21
898.5 3.5 --- - —  — ----. —  —

899.0 4.3 -  - - ---- .

908.0 0.321 4.4 0.020 —  -!*
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Table D.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch
glucose

concentration
(g/1)

Dilution 
rate
(hr-1)

Cell
concentration

(g/1)

Sample
glucose

concentration
(g/1)

EtOl?
concentration

(g/D

920.0 4.0
920.8 4.7 —  — —  — — — — —
921.5 0.281 5.0 0.009 0.28
934.5 0.296 5.1 0.006 —  —
939.0 0.300 5.1 0.120 0.01
940.8 4.3 —  — —  — —  —

947.0 0.296 5.1 0.007 0.025
963.0 4.2 — — - —  —
963.4 3.3 ——
965.0 3.1 — ~ --
971.0 4.3 — — — —
971.1 0.287 4.8 0.006
980.5 0.272 5.2 0.015 0.021
988.1 0.217 9.0 0.005
992.0 3.3 — — — —
992.5 6.6 - -- —  — —' —
993.8 0.264 9.9 0.016 0.03 '
1005.0 0.216 11.1 0.005 0.0
1010.0 0.219 11.8 0.006 0.0
1012.2 4.2 — — — — — —  —
1012.7 4.0 — — — —' — —
1017.0 0.189 12.32 0.004
1029.5 0.158 13.52 0.007 0.0
1034.0 3.6 -- - —  —

1035.2 2.8 - ---- —  — -
1041.8 0.139 13.54 0.009 0.0 177



Table D.3 Input data for second continuous experiment (continued).

Time
(hr)

Batch
glucose

concentration
(g/1)

Dilution
rate
(hr"1)

Cell
concentration

(g/1)

Sample 
glucose 

concentration 
(g/1) v

EtOH
concentration

(g/D

1060.3 4.3
1060.5 4,1



Table D.4 Output of results for first continuous experiment.

Time
Inlet

glucose
concentration

Glucose 
yield 

/ g cell i
Cell

concentration

Specific 
glucose 

uptake fate 
rg glucose-.

Culture 
glucose 

concentrat ion
Overall 

cell yield 
r g cell

Specific 
EtOH 

production 
rate 

r g EtOH -j
(hr) (g /D lg glucose^ (g /D '•hr-g-cell (g /D (g glucose^ (hr-g-cell-*
36.0 4.6 0.06 0.26 1.20 0.001 0.04
43.3 4.6 0.34 1.55 0.20 0.160 0.25
50.5 4.6 0.37 1.71 0.17 0.013 0.27 0.0002
55.1 4.6 0.38 1.73 0.17 0.016 0.28 —  —  "
62.1 . 4.6 0.65 3.01 0.10 0.014 0.48 0.0002
66.1 4.6 0.51 2.34 0.14 0.180 0.37 —  —

70.5 • ■ 4.2 0.45 1.89 0.17 0.018 0.29 0.0004
74.0 4.2 0,15 0.64 0.51 0.011 0.10 -  -

78.6 4.2 0.12 0.49 0.57 0.045 0.08 —  —

91.2 4.2 0.10 0.42 0.00 0.003 0.07 —  —

93.8 4.2 0.11 0.47 0.54 0.096 0.07 ■ - -

96.3 . 3.4 0.11 0.34 0.57 / 0.280 0.05
114.7 3.4 0.20 0.66 0.30 0.052 0.10 —  —

119.5 3.5 0.24 0.81 0.25 0.020 0.12 - -

123.4 3.5 0.27 0.98 0.22 0.017 0.15 —  —

127.5 - 3.5 0.38 1.38 0.16 0.016 0.21 -—

139.5 3.6 0*68 2.34 0.08 0.011 0.35 0.0004
144.0 3.6 0.76 2.75 0.08 0.011 0.41 0.0002
151.0 3.6 0.95 3.36 0.07 0.027 0.50 0.0002
160.5 3.6 0.86 3.04 0.08 0.012 0.46 —  —  •

165.0 3.6 0.93 3.32 0.08 0.008 0.50
170.5 3.8 0.91 3.45 0.79 0.009 0.52 0.0003
172.0 3.8 0.83 3.17 0,09 0.011 0.48 —  —

174.6 3.8 0.85 3.23 0.09 0.009 0.49 0.0005
184.0 3.8 0.96 3.66 0.08 0.013 0.56 —  —



Table D.4 Output of results for first continuous experiment (continued).

Specific
Specific EtOH

Inlet Glucose glucose Culture Overall production
glucose yield Cell uptake rate glucose cell yield rate

Time concentration r g cell v concentration rg glucose-' concentration r g cell -j / g EtOH \
(hr) (g/1) '•g glucose-' (g/1) '-hr-g-cel I-* (g/1) '•g glucose-' '•hr-g-cell-'
190.4 3.8 0.94 3.57 0.08 0.013 0.54
192.5 3.8 0.94 3.57 0.08 0.037 0,55 0.0002
195.0 3.8 1.00 3.79 0.08 0.012 0.58
199.8 4.2 0.82 3.47 0.11 0.012 0.54 o.oOos
208.0 4.2 0.85 3.57 0.11 0.016 0.56
213.3 4.2 0.87 3.66 0.11 0.016 0.57 0.0003
217.5 4.2 0.92 3.87 0.11 0.017 0.61
224.7 3.9 0.90 . 3.47 0.12 0.018 0.54 0.0005
234.0 3.9 0.90 3.46 0.13 0.016 0.54 — —
237.0 3.9 0.89 3.43 0.14 0.009 0.53 0.0007
241.0 4.2 0.84" 3.57 0.16 0.018 0.57 , ~ —
247.2 4.2 0.85 3.60 0.17 0.021 0.58 T
256.0 4,2 0.91, 3.83 0.17 0.022 0.62 — —
260.0 4.2 0.94 3.96 0.17 0.023 0.65 0,0007
264.0 4.6 0.86 3.94 0.20 0.026 0.66
267.0 4.6 0.79 3.60 0.23 0.022 0.60
271.7 4.6 0.76 3.47 0.25 0.027 0.58
281.5 4.6 0.76 3.49 0.25 0.028 0.59 0.0023
288.8 4.6 0.75 3.42 . 0.27 0.310 0.58 — -
291.4 4.6 0.72 3.30 0.29 0.031 0.56 0.0017
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Table 0.5 Output of results for second continuous experiment.

Specific
Specific EtOH

Inlet Glucose glucose Culture Overall production
glucose yield Cell uptake fate glucose cell yield rate

Time concentration , g cell , concentration ,g glucose, concentration , g cell , , g EtOH .
(hr) (g/1) g glucose (g/1) hr-g-cell (g/1) g glucose^ ^hf-g-cell
31.8 4.2 0.12 0.48 0.40 0.063 0.08
36.3 4.2 0.12 0.48 0.40 0.093 0.08 —  —

45.0 4.2 0.34 1.43 0,13 0.013 0.22 —  —

48.0 4.2 0.46 1.91 0.10 0.021 0,30 — —

52.0 4.0 0.39 1.53 0.42 0.056 0.25 ----

59.8 4.1 0.24 0.96 0.67 0.110 0.16 — —

66.0 4.1 0,24 0.96 0.67 0.110 0.16 —  —

68.2 4.1 0,21 0.86 0.74 0.085 0.14 - -

73.0 4.1 0.19 0.76 0.81 0.130 0.13
76.8 5.0 0.18 0.86 0.88 0.150 0.15 —

80.5 5.0 0.14 0.67 1.10 0,120 0.11 — —

83.8 4.5 0.19 0.86 0.80 0.098 0.14 —  —

92,3 4.5 0.26 1,15 0,59 0.054 0.19
96.5 4.5 0.30 1.34 0.51 0, 047 0.22
100.4 4.0 0.39 1.53 0.39 0.039 0.25 —  —

108.0 4.1 0.40 1.63 0.39 0.042 0.26 —  —

119.0 4.1 0.49 2.01 0.30 0.038 0.32 - -

125.0 4.1 0,54 2.20 0.27 0.033 0.35
128.2 3.9 0.62 2.20 0.26 0.310 0.37 -  -

131.7 3.9 0.58 2.20 0.28 0.080 0.36 ----

141.5 3.9 0.68 2.58 0.24 0.043 0.42 - -

147.6 3.9 0.70 2.68 0.22 0.027 0.43 0.0018
153.4 3.9 0.70 2.68 0.23 0.021 0.43 —  —

155.3 3.7 0.76 2,77 0.21 0.021 0.44 ----

164.3 3.7 0.87 3.16 0.18 0.018 0.50 —  — 181



Table D.5 Output of results for second continuous experiment (continued).

Specific
Specific EtOH

Inlet Glucose glucose Culture Overall production
glucose yield Cell uptake rate glucose cell yield rate

Time concentration f g cell . concentration ,g glucose. concentration f g cell v , g EtOH .
(hr) (g/D glucose^ (g/D hr-g-cellJ (g/1) g glucoseJ uir-g-cell
168.8 3.7 0.79 2.87 0.21 0.019 0.46
172.3 3.6 0.79 2.87 : 0.22 0.020 0.46 —  —  _
176.5 3.6 0.82 2.96 0.23 0.022 0.48
180.4 3.6 0.84 3.06 0.22 0.024 0.50
189.3 3.9 0.74 2.87 0.29 0.032 0.48
193.0 3.9 0.72 2.77 0.30 0.035 0.47 0.0020
196.8 3.9 0.74 2.87 0.29 0.036 0.49 —  —

201.0 3.7 0.76 2.77 0.28 0.052 0.47 0.0140
204.5 3.7 0.73 2.68 0.30 0.051 0.46
212.5 3.7 • 0.73 2.68 0.29 0.038 0.45 0.0150
217.3 3.7 0.76 2.77 0.29 0.041 0.47 ----

221.5 3.7 0.75 2.77 0.30 0.038 0.47 0.0200
224.0 3.7 0.70 2.58 0,34 0.037 0.45
228.3 3.8 0.66 2.49 0.35 0.041 0.43 0.0250
231.3 3.8 0.71 2.68 0.32 0.035 0.46 —  —

240.5 3.8 0.71 2.68 0.33 0.036 0.46 0.0130
244.0 3.9 0.69 2.68 0.35 0> 042 0.47
251.0 4.2 0.60 2.49 0.41 0.050 0.43 0.0280
262.0 4.2 0.64 2.68 0.38 0.051 0.47
264.0 4.2 0.62 2.58 0.40 0.049 0.45 0.0420
268.8 3.8 0.66 2.49 0.41 0.053 0.45
271.8 3.8 0.63 2.39 0.42 0.038 0.43 0.0160
276.0 3.8 0.66 2.49 0.40 0.032 0.44
286.0 4.2 0.65 2.68 0.41 0.040 0.48 —  —

288.3 4.2 0.60 2.49 0.45 0.041 0.44
292.3 4.3 0.54 2.29 0.51 0.064 0.41 0.0610
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Table D.5 Output of results for second continuous experiment (continued).

Specific
Specific EtOH

Inlet Glucose glucose Culture Overall production
glucose yield Cell uptake rate glucose cell yield rate

Time concentration > g cell  ̂ concentration ,g glucose, concentration , g cell •. , g EtOH •.
(hr) (g/1) g glucose (g/1) hr-g-cell^ (g/1) ^g glucose hr-g-cell
295.5 4. 2 0.55 2.29 0.51 0.057 0.41 —  —  •

300.8 4.2 0.53 2.20 0.53 0.052 0.39 ----

310.5 4.2 0.48 2.01 0.57 0.052 0.36 0.0730
313.0 4.0 0.48 1.91 0.58 0.056 0.35 "

316.0 4.0 0.51 2.01 0.54 0.050 0.36 0.2300
320.0 4.0 0.48 1.91 0.60 0.051 0.35
316.0 4.0 0.51 2.01 0,54 0.050 0. 36 —  —

337.0 4.3 0.56 2.39 0.48 0.056 0.42 0,1300
347.5 4.3 0.51 2.20 0.54 0.054 0.39 -  -

358.3 4,3 0,51 2,20 0,53 0.058 0,39
360. 8 4.3 0.54 2.29 0.54 0,059 0.41 0.1000
364.0 4.3 0.52 2.20 0.53 0.056 0,39 —  —  -

365.0 4.2 0.53 2.20 0.54 0.065 0.40 0.1000
370.0 4.2 0.46 1.91 0.62 0,057 0.34 —  —  ,
380.5 4,4 0.47 2,01 0.61 0.062 0,36 0.1400
380.5 4.4 0.44 1.91 0.65 0.066 0.35
389.8 4.3 0.45 1.91 0.66 ; 0.073 0.35 0.0820
394.0 4.3 0.43 1.82 0.70 0.075 0, 33 —  —

405.0 4.3 0.45 1.91 0.67 0.081 0.35 0.1600
408.0 4.2 0, 47 1.91 0.66 0.110 0.36
414.5 4.1 0.44 1.72 0.72 0.160 0.33 0.1000
418.5 4.1 0.41 1.63 0.80 0.140 0.31 —  —

428.5 4.1 0.44 1.72 0.77 0.140 0,33 0.1400
432.5 4.1 0.44 1.72 0.76 0.140 0.33
435.0 4.1 0.43 1.72 0.78 0.160 0.33 0.1400
442.0 4.4 0.45 1.91 0.76 0.130 0.36
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Table D.5 Output of results for second continuous experiment (continued).

Specific
Specific EtOH

Inlet Glucose glucose Culture Overall production
glucose yield Cell uptake rate glucose cell yield rate

Time
(hr)

concentration 
(g/D '

r S ce 11 v. concentration
(g/D

,g glucpsey concen tr ati on 
(g/1)

, g cell , f g EtOH .
■g glucose^ 'hr-g-cell g glucose hr-g-cell

452.5 4.5 0.45 2.01 0.78 0.120 0.38 0.1200
459.8 4.6 0.51 2.29 0.76 0.130 0.44 0.1100
461.7 4.7 0.52 2.39 0.74 0.130 0.46
466.7 4.7 0.50 2.29 0.76 0.110 0.44 0.1100
476.1 4.7 0.52 2.39 0.76 0.120 0,46 — —
481.3 4.7 0.56 2.58 0.72 0,120 0.50 0.1100
485.1 5.0 0.50 2.39 0.84 0,170 0.46
489.8 5.2 0.41 1.91 ' 1.10 0.480 0.39 0.1600
498.8 5.2 0.37 1.72 1.20 0.530 0.35
503.0 5.2 0.34 1.55 1.40 0.610 0.32 0.1600
507.0 5,2 0.36 1.63 1.30 0.710 0.35 — —
513.0 5.2 0.30 1.24 1.60 1.030 0.20 0.2500
517.3 5,2 0.31 1.17 1.60 1,430 0,30
524.2 5.0 0.29 1.05 1.70 1.430 0.28 0.3200
528.1 4.8 0.33 0.96 1.50 1.920 0.31 — —
533.4 4.6 0.31 0.82 1.60 2.020 0.29 0.3400
537.1 4.6 0.31 0.78 1.70 2.100 0.29 — —
543.5 4.6 0.29 0.73 1.80 2.100 0.27 0.2100
550.5 4.5 0. 33 0.80 1.60 2,000 0,31
560.0 4.5 0.22 0.57 2.50 1.800 0.22
563.0 4.5 0.26 0.61 2.00 2.100 0.24 0.4300
574.0 4,5 0.30 0.67 1.80 2.300 0.29 — —
581.0 4,4 ■ 0.28 0.52 2.00 2.600 0.27 0.5700
590.5 4.6

A C
0.33
A A 7

0.52
t 9/1

1.80
1 Tfl

3.000
1 Qfifi

0.33
n A o a  xi hnuUU e y

604.9
4 d 5
4.6 0.30 0.54

Jl o «3‘U 
2.10

jl 9 y u u 
2,800

U o 4 o
0,30

u »oiuy 184



Table D.5 Output of results for second continuous experiment (continued).

■ /' Specific
Specific EtOH

Inlet Glucose glucose Culture Overall production
glucose yield Cell uptake rate glucose cell yield rate

Time concentration , g cell , concentration ,g glucose-, concentration , g cell . ,_gJEtOH.
(hr) (g/1) %  glucose- (g/1) lhr-g-cellJ (g/1) '■g glucose^ 4ir-g-cellJ
608.9 4.7 0.21 0.31 2.90 3.300 0.21 0.7000
615.3 4.7 0.27 0.38 2.20 3.300 0.27 -
621.5 4.7 0.18 0.23 3.40 3.400 0.15 — —
625.0 4.6 0.15 0.17 4.00 3.400 0.25
629.5 4.6 0.25 0.19 ' 2.40 3.800 0.26 0.7100
643.0 4.4 0.32 0.27 1.70 3.500 0.25 — —
648.0 4.3 0.32 0.23 1.70 3.600 0.14 1.2000
657.3 4.2 0.18 0.17 2.90 3.300 0.20 0.9400
662.8 4.2 0.29 0.27 1.80 3.300 0.18 — — .

670.8 4.4 0.22 0.36 2.20 2.800 0.11 0,6300
678.8 4.4 0.14 0.17 3.50 3.200 0.16 — —
682.4 4.4 0.22 0.29 2.20 3.100 0.15 0.4100
694.0 4.4 0.21 0.29 2.20 3,000 0.18
698.0 4.4 0.24 0.38 1.90 2.800 0.10 0.3500
703. 2 4.4 0.11 0.38 4.00 1.000 0.17
714.3 4.4 0.23 0.42 1.80 2.600 0.13 0.4100
718.5 4.4 0.17 0.38 2.40 2.200 0.21 — —
724.0 4.4 0.28 0.57 1.50 2.300 0.17 0,6000
729.8 4.4 0.22 0.48 1.90 2.200 - 0.15 — -
741.5 4.3 0.19 0.46 2.10 2.000 0.18 1.1000
762.0 4.4 0.22 0.73 1.60 1.200 0.26 0.7500
768.0 4.4 0.34 0.96 1.10 1.600 0.22 0.2800
772.0 4.4 0.27 1.01 1.30 0.650 0.30 —
777.0 4.4 0.37 1.26 1.10 0.960 0.34 0.3000
786.0 4.4 0.41 1,78 0.91 0.940 0.50
792.6 4.4 0.59 2.52 0.66 0.140 0.54 0.1100
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Table D.5 Output of results for second continuous experiment (continued).

Specific
Specific EtOH

Inlet Glucose glucose Culture Overall production
glucose yield Cell uptake rate glucose cell yield rate

Time
(hr)

concentration
(g/1)

, g cell , concentration
(g/l)

rg glucose. concentration
(g/D

, g cell , , g EtOH .
ĝ glucose' hr-g-cell g glucose' hr-g-cell

802.2 4.3 0.65 2.83 0.58 0.069 0.53 0.1200
811.8 - - 4.3 0.64 2.75 0.60 0.069 0.06 0.6300
817.0 4.3 0.76 3.23 0.51 0.074 0.61 0.0960
822.5 4.3 0.73 3.10 0.54 0.068 0.62 0.0970
825.9 4.2 0.73 3.10 0.55 0.061 0,64
837.5 4,2 0.77 3.20 0.52 0.056 0.72 0.0620
843.5 4.2 0.88 3.67 0.43 0.055 0.70 — —
850.3 4.1 0.87 3.61 0.44 0.046 0.68 — —
864.3 4.0 0.87 3.50 0.43 0.042 0.70 0.0590
871.0 4.0 0.92 3.60 0.39 0.051 0.68 — —
886.0 3.8 0.92 3.48 0.39 0.049 0.71 0.0190
891.0 3.8 1,02 3.90 0.33 0.042 0.75 — —
898.0 3,9 1.17 4.49 0.28 0.041 0.85 0.0160
908.0 3.9 1.08 4,17 0.29 0.036 0.78
921.5 4.0 1,22 4.80 0.23 0.022 0.86 0.0012
934.5 4.0 1.24 4.93 0.24 0.018 0.90
939.0 4.0 1.24 4.90 0.24 0.260 0.89 0.0006
947.0 4.0 1.23 4.91 0.24 0.190 0.89 0.0016
971.1 4.0 1.17 4.63 ' 0.24 0.018 0.83 --
980.5 3.9 1.27 4.97 0.21 0.028 0.89 0.0280
988.1 3.9 2.19 8.57 0.10 0.028 1.50 0.0280
993.8 4.1 2.33 9.50 0.11 0.030 1.70 0.0008



APPENDIX E

CORRELATION TO CORRECT CELL DRY tYElGHT FOR INSUFFICIENT 
WASHING WITH DISTILLED WATER

An experiment was performed during the continuous run to deter
mine whether the sample of cells had been washed with distilled water to 
remove mineral deposits. In the second continuous runs, after the cells 
had been isolated on the glass filter paper, they were washed with 10 ml 
of double distilled water and then dried.

' The calculation for the dry weight concentration was quite 
simple. A 5-ml sample was always used, and once the cells were dried to 
a constant weight the mass of the cell or the filter was determined by 
subtracting the weight of the previously dried filter pad. The value 
obtained was divided by the volume of the liquid sample in liters (0.005) 
to obtain the dry weight concentration.

To determine whether 10 ml of double distilled water was suffi
cient to remove all mineral deposits, four dry weight samples were taken 
and the filter papers were washed with different quantities of double 
distilled water: 5.0, 10, 20, and 40 ml. A plot of the determined dry
weights of these samples as a function of volume of rinse water used can 
be seen in Figure E.1.

From this plot, it was decided that the cell dry weight decreased 
linearly with quantities of rinse water up to 20 ml, after which no 
further decrease in dry weight was seen. The dry weights were corrected
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for this excess weight by multiplying the measured dry weight concentra
tion by a correction factor:

Correction factor = 1.0
Error in dry weight concentration

Total dry weight concentration of the s ample 
The error for the second run was 0.2 g/1, or a value Of 0.96 for the 
correction factor. For the first continuous run, the value of the factor 
was 0.94.



APPENDIX F

CORRELATION FOR CALCULATING INITIAL SAMPLE 
. GLUCOSE CONCENTRATIONS

Following analysis of the glucose concentrations in the samples 
taken in the first continuous experiment, it appeared that the glucose 
concentrations were quite low (see Figure 4.15), about 0.003 g/1, and 
independent of the dilution rate.

From a mass balance on the fermentor, the rate of uptake of 
glucose in the fermentor was:

Rate of glucose uptake = (Ŝ  - S)D

For an inlet glucose concentration of 5.0 g/1 and a dilution rate of 
-10.2 hr , an initial rate of disappearance of glucose in a sample would 

be 1.0 g/l-hr, or approximately 0.02 g/l-min. This means that glucose 
concentration would decrease by 0.02 g/1 one minute after the sample was 
removed from the fermentor. If the original concentration of glucose was 
of this order of magnitude, very significant errors could develop in a 
very short time. In the first experiment, it was estimated that the 
samples stood 5 minutes before they were analyzed, in the second experi
ment, it was estimated that it took one minute to separate the cells from 
the culture medium.

The steady-state analysis of ciata and the theory for glucose 
uptake rate require that the glucose uptake be proportional to glucose 
concentration at low glucose concentrations. However, this might not
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necessarily be so. An experiment was done to determine the dependence of 
the rate of disappearance of glucose as a function of glucose 
concentration.

The experiment involved measuring the glucose concentration in a 
sample from the fermentor as a function of time. A sample of culture was 
withdrawn from the fermentor at a given time. Aliquots of the sample 
were then filtered and analyzed for glucose concentration at various 
periods of time after withdrawal from the fermentor. The results are 
plotted in Figure F.l. From this plot it was assumed that the dependence 
of the glucose uptake rate was proportional to glucose concentration.

To correct the measured glucose concentration for this effect» a
mass balance was applied to the sample:

Rate of disappearance of glucose in sample = = - K^C

If the initial concentration in the sample at t = 0 were (the
value of glucose in the fermentor), and at time t the sample concentra
tion was measured and was equal to ĉ , the ordinary differential equation 
would be integrated to give:

-K t
Cf = C0e

Since only the initial rate of disappearance of glucose in the sample 
(from the mass balance on the fermentor) and are known, the value of 
Cq must be calculated by trial and error.

The method of trial and error used in the computer program 
guessed an initial glucose concentration, which was used to calculate K̂ . 
Using the mass balance on the fermentor, was then used to calculate
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C£. was then compared to the value measured in the sample and a new 
initial glucose concentration guessed. Very little work in the litera
ture actually attempted to measure the glucose concentration at lower 
dilution rates.



APPENDIX G

THE CARBON BALANCE ON THE FERMENTOR

Due to the few data points for which suffieient information was 
available to perform a carbon balance, these calculations were done by
hand. The accumulation terms for the carbon balances were then used as 
input into a computer program which integrated the accumulation terms 
with respect to operating time by use of a linear integration program and 
the total carbon accumulated in the fermentor during the experiment was 
reported. A listing of this computer program is given on the following 
pages. Three different carbon balances were done on the fermentor for 
each set of data. The first carbon balance assumed that none of the non
glucose carbon was consumed by the cells. This carbon balance took the 
form: .

where c^ is the concentration of the compound in units of g/1, x is the 
mass fraction of carbon in the compound (see Table G.1), and w is the 
volumetric flow rate in either the gas or liquid stream in units of 1/hr.

Accumulation - Input - Output

^glu in ^glu out ~ ^EtOH
- Mcells - M,GO, (G.l)

2

where
masS of carbon in the compound 

.........hr (G.2)
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PROGRAM 500 ; 73/73 0PT=0 TRACE ' FTN 4,5+414

.PROGRAM SDO( INPUT > OUTPUT* T AP E1“ INPUT TAPE2 sOUTPUT)
DIMENSION X(50),Y(50),Z(50),W(50),T(50),0(50),YI(50],YC(50), S F C 5 0 ) # C (5 0 )

10 R EAD(1>100)X(J)» Y(J)» Z(J)» W C J)» T(J >IFIXUltEOoO.lGO TO 13joj+iGO TO 1013 NUHJ=j-1 .100 FORMAT(5F10v3)Jel101 FORMATI3Fl0o3l14 READ(101)YI t J)j YC(J)o D (J )X F (0 ( J ) <9 EQ oO o ) GO TO 15 JsG*!'GO TO 1415 NUMIoJrl 4=140 REAOTl,127)0(4)IF(C(4)o E Q oO »)GO TO 41 J°4+l - GO TO 4041 NUMC=4—1127 FORMAT(F10»3)00 51 4 = 1 j NOM4 IF(T(J)oGT«0i)GO TO 55 F(4)=-T(J)/(b(4)-T(J)>
55 ̂ jTIo!1
n  smmuzv ■ x /WRITE(2,125)(Y(4),C(4),F(4),4=I,NUM4). a x . U H S L U C O S E  CONC. Ex,
125 FOR M A T(1X » F10„2 » 5 X,F10 o 3 » 5 X > F10.2)S:UM1=0.SUM2=0. . 'vtmtu .

f ! t I = T ( 4 )XLOti=X(l)00 50 4 = 2j NUMJA001=FBT1=(X(4)-XLOW)*0.5*(X(4)-X LOW)*(Z(4)-FBT1)A0Q2=FBT2*tX(4)-XLOW)+0.5*(X(4)-XLOW)*(W(4)-F8T2)A 00 3 « FBT 3*(X (4 ) -XL 0 W) >0.5* (X ( 4 )-XLOti ) <=( T ( 4 ):-FB T3)S UM1 = S U Ml + AO 01 SUM2-SUM2+A002 5UM3=SUM3>A003 XL0W=X(4)FBT1=Z(4)FBT2=ti(4)F8T3=T(4)50 CONTINUE ■ WRITE (2# 111) SUMIji SUM2j> SUM3 111 FORMATt1H1#31HT0TAL ACCUMULATION IN FERMENTOR ,$1X,38HF0R RUN IF ALL YEAST EXTRACT WAS USED* 8P10.1,/,1X,
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PROGRAM SOQ ,73/73 0PT®0 TRACE . FTN 4.5+414

SAOHT'OTAL ACCUMULATION OF CARBON IF CAREMEL #1X#SASHANO YEAST EXTRACT ASSUMED CONVERTED TO CELLS = »F10ol»./»lXj. SAAHTOTAL ACCUMULATION OF CARBON IF ONLY GLUCOSE *1X,32 OH I S AS S UME 0 C ON SU M E D = 8 F10,1)WRITE< 2i103) •103 F0RMAT(lHl,5X,9HTrMS HRS ,2Xfl3HOlLUTlON RATE 3X; S18HACCUMULATI0N TERMS )
WRITE < 2j> 102) < X« J )>Y( J)pZ( J)»ti(d)#T( J)»J = 1,NUMJ )102 F OR M A T ( 6 X » F10 . 1 > 5 X , F10 . 3 , 5 X » F 1:0, 2 # 5.X , F10 , 2 » 5 X » F10 » 2 )WRITEC2jlOA)104 FORMAT(1 HI»3X# 13HDILUTION RATE , 5X,9H08S YIELD # 5X# lOHCORR «YTE.LD U R ITE12 > 10 5)« DIA ) j, YI ( J )» Y C t J ) > J * 1# N U MI)105 FORMAT(6X,F10.3f5XfF10.2,5X,F104Z)STOPEND



Table G.l Mass fraction of carbon in various fermentative 
components of yeast extract. —  Based on 100 

. grams of yeast extract..

Compound

Amount
of

carbon
Cg)

Mass fraction 
of carbon

Grams of 
carbon 
(%)

Lysine 3.5 0.49 1.72
Tryptophan 0.6 0.41 0.41

Phenylalanine 2.1 0.65 1.37

Methionine 0.9 0.40 1.00
Threonine 2.5 0.40 1.00
Leucine 3.5 0.55 1.54
Isoleucine 2.8 0.55 1.54
Valine 2.6 0.51 1.33
Carbohydrate 7.7 0.40 3.08
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For this case, the majority of the accumulation terms were nega* 

tive and integration of these terms with respect to time resulted in a 
negative value of -600 grams of carbon for the entire experiment, A plot 
of these accumulation terms is shown in Figure G.1 and Table G>2,

The second carbon balance attempted to correct for the consump
tion of non-glucose carbon in the yeast extract. This carbon balance 
assumed that all the inlet yeast extract carbon was consumed by the 
cells since there was no way of measuring its concentration in the exit 
stream of the fermentor:

Accumulation = Input - Output
= M + M . - My.e. in glu. in cell out

MEtOH out ” out ~ Mglu. out CG.3)
A plot of these accumulation terms is shown in Figure 4.20 and Table G.2. 
The total accumulation for this case was -200 grams.

The third case considered not only the non-glucose carbon from 
the yeast extract but also the non-glucose carbon from the caramelized 
glucose. Assuming that the original inlet glucose concentration was 
5.0 g/1 prior to sterilization and that caramel had the same mass frac
tion of carbon as glucose, the mass balance was written as:

Accumulation = Input - Output

= C2-° My.a. in - Moan oUt

^EtOH ” MC02 out ~ Mglu. out CG-4)
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Table G.2 Accumulation terms of carbon balance in units of 

g carbon/hr as a function of dilution rate of the 
fermentor and the operating time of the experiment. 
-- Assume that (1) only, glucose consumed, (2) 
glucose and all yeast extract are consumed, and 
(3) all non-glucose carbon in addition to glucose 
consumed.

Time
(hr)

Dilution
rate

Accumulation terms 
1 2 3

98.0 .153 .61 .73 .38
126.0 .153 •12 .33 - .11
150.0 .157 . 00 . 29 - .24
169.0 .167 - .59 - .23 — «84
174.5 . 180 - .43 — . 05 - .70
193.5 .214 - .57 . - .20 - .90
218.0 ■ ; .219 - .62 - .17 - .95
223.3 .236 - .60 - .11 - .96
242.5 .370 - .31 . 15 - .67
264.0 .250 - .20 .12 - .58
291.3 .276 - .22 .15 .64
295.7 . .282 . 14 .50 - .29
319.2 .290 .07 .37 - .37
340.8 .276 —  .33 - .03 - .75
361.5 .274 - .44 - .13 - . 86
569.5 : .284 - .16 .20 - .59
391.2 . 299 - .14 .20 - .59
407.3 .310 - .02 .38 - .49
430.0 .337 .09 .60 - .42
458.6 .377 . 22 .52 - .35
485.0 . 420 - . 03 .18 - .67
504.0 .466 1.05 .93 .34
527.0 .515 .56 . 58 - .22
556.4 . 538 .76 1.26 - .06
651.0 .547 .29 .89 . .06
752.0 .415 - .06 .38 - .69
871.0 .363 - . 78 - . 20 -1.33
939.0 .300 -1.45 - .95 -1.91
990.8 .236 -3.27 -2.86 - 3.63
1011.4 .218 -3.84 -3.53 -4.17



the value for the total accumulation for this experiment was 200 grams of 
carbon, a value considered much too high for the quantity of accumulated 
cells in the vessel at the end of the experiment. This indicated that

growth conditions.
These mass balances required that the mass of carbon in the exit 

stream be known. The gas chromatographic data gave the mole fractions of 
the various gas components in the samples.. The production rates of these 
gases could be calculated since the conditions at which the Samples were 
taken were standardized to 5 psig and 1.0 1/hr gas flow rate. At each 
sample period, the atmospheric pressure was also recorded. Assamihg an 
ideal gas, the molar flow rate of the total inlet gas stream could be 
calculated by the relationship:

this was used as a tie element to calculate the production rates of the 
gas stream of interest. The inlet molar flow rate of nitrogen was 
calculated by multiplying the total inlet molar flow rate by the molar 
fraction of nitrogen in air:

Since the mole fraction of nitrogen in the inlet stream was 
known, the total molar flow rate of exhaust gases was calculated and then 
multiplied by the mole fraction of the compound of interest:

not all of the non-glucose carbon was consumed by the cells under all

(G.5)gas R 293°K
Since no nitrogen was consumed by the cells in the fermentop.

(G.6)



The mass production rate of the component of interest could then- 
be calculated by multiplying by the molecular weight of the gas of 
interest. Molar production rates for the 25 samples are shown in 
Table G.3.

Table G.4 shows the concentrations of all the components in the 
inlet and exit streams of the fermentor at the time gas samples were 
taken. These values were obtained by a linear extrapolation with 
respect to time of the concentrations measured before and after the gas 
samples were taken. The data for these concentrations as functions of 
time are listed in tables in Appendix D.

Shown in Table G.5 are the terms of the carbon balances for each 
of the components of interest. Each of the terms is in units of 
g carbon/hr. The accumulation terms were then calculated by the combina
tion of the proper terms following equations G.l, G.3, and G.4. The 
accumulation terms for each of the mass balances of these cases are shown 
in Table G.2.

Since the first twenty data points for the mass balance were 
taken before the onset of the wall growth, it was assumed that these 
mass balances reflected a steady-state condition in the fermentor. 
Therefore, the quantity of non-glucose consumed by the cells would have 
to equal the quantity of carbon processed by the cells in the form of 
biomass, carbon dioxide, and ethanol that could not be accounted for by 
glucose alone. This quantity of the non-glucose carbon that was consumed



Table G.3 Calculation of production rates of exhaust gas 
components„ ,

Run time 
(hr)

Sample
No.

Moles Ng Moles 02 Moles C02
hr hr hr

98.0 ‘ 100 2.46 0,61 ,023
126.0 101 2.45 0.60 .036
150.0 102 2.45 0.58 .032
169.0 103 2.46 0,54 .073
174.5 104 2.46 0.56 .060
193.5 105 2.46 0.57 .083
218.0 106 2.46 0.49 .079
225.3 107 2.46 0.57 .084
242.5 108 2.46 0.46 .063
264.0 109 2.46 0.46 .064
291,3 110 . 2.45 : 0.56 .075
295.7 111 2.46 0.56 .051
319.2 112 2.47 0.62 .041
340.8 113 2.47 0.53 .086
361.5 114 2.47 0.62 .084
369.5 115 2.46 0.52 .070
391.2 116 2,46 0.65 .086
407.3 117 2.46 0.60 .071
430. Q 118 2.46 0.56 .076
458.6 119 2,47 0.56 .068
485.0 120 2.46 0.53 .096
504.0 121 2.46 0.62 .092
527.0 122 2.45 0:74 .096
556.0 123 2.45 0.65 .087
651.0 124 2.45 0.60 .087
703.3 125 2,45 0.65 .038
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table G.4 Inlet and exit liquid stream carbon compound concen-

trations (g/1) for mass balance points ° .

Time
(hr)

Inlet Exit
D rate Glucose Glucose EtOH Cells

98.0 . 153 4.51 0.04 0.00 1.44
126.0 .153 4.12 0.11 0.00 2.20
150.0 .157 3.86 0.02 0.01 2.68
169.0 . 167 3.66 0.02 0.00 2.87
174.5 .180 3.64 0.02 0.00 2.92
193.5 .214 3.90 0.03 0.03 2.88
218.0 .219 3.69 0.04 0.20 2.77
223.3 . 236 3.73 0.04 0.26 2.63
242.5 .237 3.80 0.04 0.18 2.68
264.0 .250 4.20 0.05 0.43 2.38
291.3 .276 4.16 0.04 0.50 2.34
295.7 . .282 4.20 0.05 0.50 2.29

' 319.2 .290 4.01 0.05 1.30 . 1.92
340.8 .276 4.33 0.05 0.60 2.33
361.5 .274 4.29 0.06 0.85 2.27
369.5 .284 4.21 0.06 0.90 1.98
391.2 .299 4.31 0.07 0.80 1.85
407.3 .310 4.19 0.08 0.80 1.91
430.0 ' .317 4.06 0.14 0.58 1.72
458.6 . 377 4.51 0.13 0.65 2.25
485.0. .420 4.69 0.17 0.67 2.39
504.0 . 466 5.16 0.61 0.52 1.38
527.0 .515 4.98 1.70 0.65 0.98
556.4 . 538 4.11 2.00 0.35 0.68
651.0 .547 4.32 3.50 0.45 0.18
703.3 .453 4.40 1.00 0.27 0.38
752.0 .415 4.33 2.10 1.40 0.59
871.0 .363 3.99 0.05 0.48 3.59
939.0 . 300 3.96 0.03 0.01 4.90
996.8 .236 3.92 0.02 0. 02 8.94
1011.4 .218 4.09 0.02 0.00 11.40
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Table G.5 Rate terms g carbon/hr in mass balance.

Time
(hr) Glucose

In

Yeast
extract

Caramel
plus
glucose Glucose

Out
EtOH Cells CG2

98.0 1.10 .23 1.22 0.01 .01 0.43 0.27
126.0 1.01 .23 1.22 0.03 .00 0.66 0.43
150.0 0.97 .24 1.26 0.00 .00 0.83 0.38
169.0 0.98 .25 1.34 0.00 .00 0.94 0.88
174.5 1.05 .27 1.44 0.01 .00 1.03 : 0.72
193.5 1.34 .33 1.71 0.01 .01 1.21 1.00
318.0 1.29 . .33 1.75 0.01 .09 1.19 0.95
223.3 1.41 .36 1.89 0.01 .13 1.22 1.01
242.5 . 1.44 .36 1.90 0.02 .09 1.25 0.76
291.3 1.84 .42 2.21 0.02 .29 1.27 0.90
295.7 1.90 .43 2.26 0.02 . 29 1.27 0.61
319.2 1.86 .44 2.32 0.02 .79 1.09 0.49
340.8 1.91 .42 2,21 0.02 .35 1.26 1.03
361.5 1.88 ■ .42 2.19 0.03 .49 1.22 1.00
369.5 1.91 .43 2.27 0.03 .53 1.10 0.84
391.2 2.06 .45 2.39 0.04 .50 1.08 1.03
407.3 2.08 .47 2.48 0.04 ■ .52 1.16 0.85
430.0 2.19 .51 2.70 0.08 .48 1.14 0.92
458.6 2.27 .57 3.02 0.08 .51 1.66 0.82
485.0 3.15 .64 3.36 0,11 .59 1.97 1.15
504.0 3.85 . 71 3.73 0.45 .51 1.41 1.11
527.0 4.10 . 78 4.12 1.48 .70 0.99 1.15
556.4 . 3.80 . .82 4.30 1.70 .82 0.72 1.05
651.0 3.78 .83 4.38 3.06 .83 0.19 0.56
703.3 3.10 .69 3.62 0.73 .69 0.34 0.45
752.0 2 . 88 .63 3.32 1.39 . 63 0.48 0.49
871.0 2.32 .55 2.90 0.03 . 55 3.55 0.71
939.0 1.90 .46 2.40 0.01 .46 2.88 0.91
990.8 1.48 .36 1.89 0.01 .36 4.14 0.95
1011.4 1.43 .33 1.74 0.01 .33 4.87 0.72
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by the cells was expressed as the fraction of non-glucose carbon consumed 
and was defined from the terms of the mass balance as:

. Mglu. (in) " "gin. (out) " "cell " MC0. " *^tOH
Fraction — -----------------  - — 7— ------—

y.e. (in) caramel (in)
Quantity of carbon not accounted for by glucose 

Available non-glucose carbon .
(G.8)

When this quantity was plotted as a function of dilution rate, an 
almost straight line resulted. Thus, a linear regression was done on the 
data using a pre-programmed HP 55 calculator. The slope of the regres
sion was found to be -2.8 with a y intercept of 1.68 and a constant of
correlation of 0.8. A plot of the fraction of non-glucose carbon con
sumed as a function of dilution rate is shown in Figure G.2 and listed.in 
Table G.6.

This fraction at the lower dilution rates which were investigated 
often was higher than 1,0. This indicated that not all of the outlet 
stream carbon could be accounted for by the inlet stream carbon. This 
could only result due to an error in making the mass balance, an improper 
measurement of some quantity, such as cell or carbon dioxide concentra
tion, or an improper estimate of some concentration. Since the lower 
limit of this fraction was observed to go to zero at high dilution rates, 
it appeared that the source of the error was in the, estimate of the 
quantity of consumable carbon in the yeaSt extract or caramel. The 
greatest source of error was in the yeast extract since an American brand 
made by Difco was used in these experiments, while the only data listed 
on carbon content of yeast extract was by Solomens (1969) who cited a
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Table G.6 Fraction of non-glucose carbon consumed by cells 

as a function of dilution rate and glucose con
centration of ferraentor culture.

Dilution
rate

Glucose
concentration

Fraction 
non-glucose carbon 

consumed

. 15 0.044 0.00

.15 0.116 0.25

.16 0.024 0.45

.17 0.019 1.38

.18 0.021 1.08

.21 0.035 1.29

.22 0.040 1.22

.24 0.038 1.13

.37 0.039 0.82

.25 0.049 0.83

.28 0.041 0.00

.28 0.054 0.37

.29 0.051 0.50
,28 0.055 1,04
.27 0.059 1.18
.28 0.057 0.75
.30 0.073 0.75
.31 0.080 0.56
.34 0.140 0.41
.38 0.130 0.40
.42 0.170 0.79
.47 0.610 0.00
.52 1.800 0.28
.54 2.000 0.05
.55 3,500 . 0.00
.42 1.000 0.64
.36 - 2.100 1.18
. 30 0.051 1.99
.24 0.026 4.71
.22 0.022 6.52
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British Distiller Ltd. brand of yeast extract. It was possible that the 
American brand contained a higher fraction of carbohydrates than did the 
British brand.

This correlation was applied in the calculation for the cell 
yield which took into account all the carbon consumed by the cells. The 
correlation was applied only over the range of dilution rates from which 
it was developed with the assumption that the fraction of non-glucose 
carbon consumed by cells at lower dilution rates than those studied was 
equal to 1.4 and for higher dilution rates was equal to 0.0. This 
correlation worked well, as evidenced by the values of the cell yield 
being reduced to levels previously reported by researchers investigating 
this yeast.

As a second test, to insure that the values obtained for the 
overall yield did represent the yields expected for glucose as the sole 
carbon source, an independent method for calculating the cell yield was 
used. This method employed the stoichiometry of the two metabolisms to 
calculate the percentage of glucose consumed by both metabolisms:

Moles of COg due to respiration/6 • 
Fraction of respiration = Moles CO. due to fer Moles C O d u e  to res

  •   - - — 6 " - —

(G.9)
Since, for fermentation, the molar quantity of CO^ must equal the quantity 
of ethanol produced, the molar quantity of respiration can be calculated 
if the total quantity of CO^ produced and ethanol are known. The 
following relationships were then used to calculate the quantity of CO^ 
due to respiration and fermentation:
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Moles CO^ due to res = Total moles CO^ produced

- moles EtOH produced (G.10)
Moles CO^ due to fer = Moles EtOH produced (G.ll)

If it is assumed that there are no interactions between the two
metabolisms, the yield for a culture may be calculated from the percentage 
of glucose consumed by respiration:

Yield = Yres (fraction res glu) + (1 - fraction res glu)
(G.12)

This is because the yield factor is based on units of glucose. The
values used for Y and Ŷ . were those reported in the literature —  res ter
0.5 and 0.1 g cell/g glucose, respectively (Rose and Harrison, 1972; 
Lipinsky and Litchfield, 1970). Table G.7 is a table of the yields 
obtained in this manner and also the overall yields. As can be seen, 
there is good agreement between the two values. This indicates that the 
correlation for the fraction of non-glucose carbon consumed by the cells 
approximated the actual situation with some degree of accuracy. It was 
believed that the actual relationship could be more accurately approxi
mated by a correlation involving the specific growth rate. However, 
insufficient information was available for such a correlation.
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Table 6*7 Calculation of yield by alternate method and comparison to 
overall yield.

Dilution
Time
(hr)

rate
(hr'1)

EtOH 
(moles/hr)

co2
(moles/hr)

Fraction
res Yield

Overall
yield

98,0 . 153 0.0000 .023 1,00 .50 ,60
126.0 .153 0.0000 .036 1.00 .50 .50
150.0 . 152 0.0001 .032 0.99 .50 ,58
169.0 . 167 0.0000 .073 1.00 .50 . .47
.174,5 .180 0.0000 .060 1.00 .50 .52
198.5 .214 0.0006 . 083 0,97 .49 . .48 .
218.0 .219 0.0038 .079 0,87 .45 .48
223,3 .236 0.0053 .084 0.83 , 43 .46
242.5 .237 0.0037 .063 0.84 .44 .52
264.0 .250 0.0093 .064 0.66 . 36 .49
291.3 .287 0.0120 ,975 0.63 .35 .44 ■
295.7 .282 . 0.0120 .051 0.51 .30 .49
319,2 .290 0.0330 ,041 0,07 .13 .42
340,8 .276 0.0140 .086 0.62 .35 . 41
361.5 .274 0.0200 .084 0.51 . .30 .39
369.5 .284 0.0220 .070 0.42 .27 .38
391.2 . 299 0.0210 .086 0.51 .30 .35
407.3 .310 0.0220 . 071 0, 43 .27 ,39
430.0 ,337 0.0200 .076 0.48 ,29 .38
458.6 .377 0.0210 . 068 0.42 ,27 .46
485.0 . 420 0.0250 .096 7 0.49 .30 .45
504.0 . 466 0.0210 . 092 0.53 .31 . ,43
537.0 .515 0.0290 . 096 0.43 .27 .30
556.0 .538 0,0160 .087 0.59 ,34 ,28
651.0 .547 : 0.0210 . .047 0.28 ,21 .22



APPENDIX H

DERIVATION OF VARIABLE YIELD MODELS AND 
. APPLICATION TO WALL GROWTH

It was shown in the theory section that the cell cycle for 
baker's yeast appeared as shown in Figure H.1 where:

From the work done by Von Meyenburg (1968) on continuous phased cultures, 
we know that Tg is approximately constant and independent of substrate 
concentration. Since Tg varies in length of time with specific growth 
rates and at the maximum specific growth rate is nearly zero, we may 
write: •

Now, if a random distribution of budding phases exists in the fermentor, 
the fraction of the cell population in one phase will be the fraction of 
the total time the cell is in the budding phase:

If both metabolisms consumed glucose at the same rate, the observed yield 
may then be calculated as:

(H.3)

and

XS = 1 - *b (H.4)

212
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.e Cell Phase 
20-0 Hours 
Yield Yq

Budding Phase 
% =  1.6 Hours 
Low Yield Yb

Figure H.1 Phases of budding cycle model of baker's yeast.
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CH. 5)

CH. 6)

CH. 7)

This shows a linear functionality between the yield and the
specific growth rate of the cells. It is well known that Yc is greater 
than Yg, so the slope would be negative. A value for Yg might approach 
the values reported in the literature for pure fermentation of glucose *•*
0.1 g cell/g glucose (Rose and Harrison, 1972). Also, the value of 
yield for the respiring phase might be as reported for respiratory 
metabolism —  0.5 g cell/g glucose (Lipinsky and Litchfield, 1970).

data well for low dilution rates. Over this range of dilution rates it 
would be a good assumption that the wall growth had little effect on the 
behavior of the fermentOr, particularly if the proposed mechanism 
occurred. Over this range the yield is not observed to decrease as ' 
predicted in the above model.

In the phased culture work by Von Meyenburg (1968), it was 
observed that the respiring phase cells also consumed the ethanol from 
the fermenting phase cells. Thus, the respiring phase yield might be 
increased to account for the second carbon source, especially since the 
second carbon source was originally from glucose also. It was assumed 
that the extent of consumption of this second carbon source would be

H.1 An Improved Model for Yield
The above model does not appear to characterize the literature
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proportional to the concentration of the ethanol which, in turn, would be 
proportional to the concentration or fraction of fermenting cells in the 
vessel. The single cell phase yield may then be written as:

YS = Yg + XBYE (H.8)

where is the yield of respiring cells grown on ethanol and has been 
normalized back to 1 gram of glucose so that:

V YB + YE CH. 9)

and Yg is the yield for a respiring metabolism on glucose. Since Yg has 
already been defined, we may write:

Yobs = XSYS + XBYB

Yobs = [1 - n; ] [Yg + xbye1 + xbyb CH. 10)

Yobs = Ys - r  Yg + D- YE - [ IT ] \  CH. 11)m m m

Yobs-Yg + r  cYg + YB - V  - [r ]2YE ch. 12)m m
Since by definition:

YE + YB - Yg = 0 (H.13)

we have:

Yobs = Yg - t ^  ]2y e CH. 14)m
This model has a very small initial change in the yield at low growth
rates and at such growth rates Yq^s is approximately Yg.

The observed metabolism change would occur much more quickly than
with the other model at high growth rates. At high growth rates, the
observed yield would be Y - Y_ or Y_.g E B



H.2 Application of Wall Growth Model to 
First Yield Relationship

This simple model is an adaptation of the model developed by
Howell et al. (1972), which is a steady-state analysis of the fermentor
in which it is assumed there is a trapped population of the cells in the
vessel with an effective concentration of C gram cells/unit volume.
It is also assumed that no mass transfer effects occur so that the cells
have the same specific growth rate as the free population of cells in the
fermentor.

The analysis of the cell balance around the fermentor may be 
written as:

UX - DX + UC = 0 (H.15)
Also, the substrate mass balance may be written as:

d[sq - s] - o (h. 16)

from the cell balance:
U(X + C) = DX (H.17)

Substituted into mass balance:

D[S0 - S] = 52L (H. 18)

or
x = Y(S0 - S) (H.19)

The following relationships will be used: the yield relationship:
Y = MU + b (H.20)

where
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also, the Monod equation:
ncU = 3 ^  (H. 21)

Equation H.17 may be solved for specific growth rate:

u = Y T %  (H-22)
and substituting in equation H.19 gives:

DY(S - S)
U = Y(SQ - S) + C (H.23)

The cell concentration may be expressed only in terms of substrate
concentration by use of equations H.19 and H.20:

S2(-MU - b) + S(MU Sn - bk) + bkSn
X = Y(Sq - S ) ------- 2------- g - ^ - 9 ----------- 5. (H. 24)

Let:
a = - MUm - b (H.25)

B = MUmS0 + bS0 - bk (h.26)

or
* 2S + SB + bkS
X = Y Ŝ0 - S )  k V s  ' (H-27)

Equation H.27 may be substituted into equation H.23 to give an expression 
entirely of S only:
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Simplifying:

D(aS2 + SB + bS0k)
CH.29)S + k

which reduces to a cubic in S:

0 = S3a(Um - D) + S2(Um (B + C) - D(B + ka)) + S(U^(bSgk + kC)

- D(bS k + kB)) - bSQk2D (H.30)

This equation was solved using the general form of the solution to a 
cubic equation given by Weast (1964). Using the cell growth kinetics 
values listed in the text, S was calculated as a function of dilution 
rate for the wall growth factors of 0.01, 0.05, 0.1, 0.5, 0.8, and 1.0 
g/1. This was done for three different values of the inlet substrate 
concentrations of 30, 5.0, and 2.0 g/1.

The solution was done using the computer program listed on the
following pages. The plots of these solutions are shown in the body of 
this thesis.

The cell yield was calculated using the solutions for S by the 
equation:

(H. 31)

and the cell concentration by equation H.19:

X = Y(S0 - S)
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APPENDIX I

GAS CHROMATOGRAPH CALCULATIONS

Analysis of the results for the gas chromatographic data yielded 
the mole fractions of gases in the samples. It.is known that gas chro
matographs may he used not only to separate the components of a gas but 
also to determine the mole fraction of the gas components in the samples. 
The ratio of the normalized area under a gas chromatograph peak to the 
total normalized area under cell gas peaks in the sample is equal to the 
mole fraction of that gas component in the sample. The area under the 
peaks must be normalized by a response factor. The response factor 
accounts for the different sized peaks in the gas chromatograph for the 
same sized sample of different gases which have different thermal 
conductivities. '

The response factors were determined in this experiment by 
measuring the area under the peaks for seven equal sized gas samples for 
one component. The areas of the peaks for these seven samples were 
averaged and the average peak area was used in the determination of the 
response factor. The response factor was defined as the ratio of the 
averaged area of the gas sample of interest divided by the average area 
for an equal quantity of the gas used as the basis. Carbon dioxide was 
used as the basis and the following response factors were determined:

CO^ — 1.0 (base)
02 = .813

222
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N2 = ,799

To obtain a normalized area for the peaks, the peaks must be divided' by 
the response factor for the respective component causing the peak. The 
gas chromatograph did not show any signs of ethanol, so no response 
factor was necessary for that component.

The area under the peaks of the gas chromatograph was determined 
by a Simpson Rule program from a HP 55 pocket calculator handbook. A 
table of the areas for each of the gas components is listed in Table I.1 
along with the calculated mole fractions of the dry gas samples from the 
fermentor. The relationship between the mole fraction: of a gas 
component and the normalized area is shown below:



Table I.1 Areas of gas chromatographic peaks and mole fractions of dry 
gas samples.

Gas 
; ample 
No.

Area
C02

Area. 
' °2

Area
N2

X
C02

X
°2

X
N2

100 0.388 1.050 4.16 .0074 .1973 . 7953
101 0.511 .0.865 3.48 .0116 .1940 .7940
102 . 0.560 1.040 4.34 " .0103 . 1886 . 8010
103 0.976 0.725 3.27 .0239 .1750 .8010
104 0.501 0.473 2.04 .0196 .1820 .7980
105 0.828 : ,0.577 V: 2.45 .0267 : .1830 . 7900
106 1.410 0.895 4.39 .6260 . 1625 . 8114
107 1.370 0.933 3.99 .0271 . 1819 .7910
108 0.786 0.584 3.06 .0211 . 1546 . .8240
109 1.360 1.000 5.26 .0218 . 1540 .8246
110 1.450 1.100 4.73 .0243 .1820 .7940
111 0.941 1.047 4.54 .0166 .1817 .8020
112 0.658 1.180 4.59 .0130 . 1990 .7879
113 0.487 0.305 1.40 .0278 .1714 . 8007
114 1.120 0.838 3.30 .0264 . 1940 . 7790
115 0..732 0.551 2.57 .0229 .1700 . 8070
116 1.400 . 1.080 4.00 .0269 ,2040 . 7690
117 0.901 . . 0.779 3.13 .0226 . 1920 . 7850
118 1.180 0.876 3.79 .0247 .1800 . 7950
119 1.480 1.230 5.32 .0221 . 1810 .7968
120 0.746 , 0.423 1.92 .0209 . 1720 . 7966
121 2.000 1.380 : 5.36 .0288 . 1960 .7750
122 0.731 1.080 1.87 .0243 . 3530 .6220
123 1.387 0.929 3.88 .0280 . 1850 . 7860
124 0.957 - 1.260 5.02 .0150 . 1940 . 7900
125 0.879 1.370 5.69 .0123 . 1880 .7980
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