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Aerobic fermentations are usually found to proceed at a rate
that is inderendent of dissolved oxygen aétivity in the fermentation
medium, provided the activity is above a "eritical" value which is
characteristic of the organism invclved. It was shown theoretically
that such fermentations are controlled by chemical reaction rates,
rather than oxygen absorption rates.

A critical oxygen concentration was shown to exist for the fer-
mentation of glucose to gluconic acid by resting cells of Pseudomonas
ovalis, The rate of production of gluconic ac;d in the pseudo-steady
state is rroportional to the rate of oxygen uptake. The rate of oxy-
gen uptake was also measured by the rate of consumption of oxygen by
the cells after the air supply was cut off. The oxygen uptake rate
measured by this method was independent. of the dissolved oxygen act-
ivity. It was equal to the rate of acid production just before the
air supply was cut off.

Accorcing to the theory of the critical concentration, increas-
ing the agitation rate should have no effect on the oxygen uptake rate
when the dissolved oxygen level is above the critical. It was found

that the rate of oxygen uptake in the gluconic acid fermentation,



measured by either of the two methods, increased when the agitation
rate was increased even though the dissolved oxygen concentration was
above the critical,

P, ovalis actually converts glucose to gluconolactone, which is
non-enzymatically hydrolyzed to gluconic acid. The concentration of
lactone in the fermentation medium increased when the agitation rate
was increased, The rate of acid production was proportional to the
lactone concentration so the increase in the lactone concentration
with increased agitation was responsible for the increase in the oxy-
gen uptake rate,

In one set of experiments the rate of disappearance of lactone
from the broth and the rate of production of gluconic acid were meas-
ured in the absence of molecular oxygen. The rates were altered by
the presence of nitrogen bubbles in the broth,

The response of the fermentation system to a sudden reduction of
the pH was also evaluated, The net rate of lactone formation just
after the pH was reduced was found to be higher than it had been just
prior to this event.

A kinetic model of the fermentation was developed which predicts
that the acid production rate in the steady state will be proportional
to the lactone concentration and independent of the dissolved oxygen
concentration when the latter is above the critical.

A mechanism was proposed to explain the increase in oxygen up-
take as a function of increased agitation. It was proposed that the
net rate of lactone formation was higher in the film around a gas

bubble than in the bulk liquid. Since increasing the agitation rate



increased the gas-liquid interfacial area, the overall rate of lactone
formation therefore increased with increasing agitation.

It was hypothesized that the increase in net lactone formation
rate was caused by a reduced pH in the surface film when cells ad-
sorbed at the bubble surface, Protons were attracted to the negatively
charged cells, causing a reduced pH.

The effect of viscosity on the fermentation rate was investigated.
Addition of sufficient hydroxyethyl ether of cellulose to reduce the
oxygen absorption coefficient from air to the broth by 50 per cent had

no significant effect on the gluconic acid production rate,
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I. INTRODUCTION

Fermentor systems for carrying out submerged, aerobic industrial
fermentations are usually sparged, agitated gas-liquid contactors.
In both engineering and biological terms such systems are exceedingly
complex., Mass, momentum, and heat transfer occur simultaneously with
the chemical reactions of cellular metabolism, In some cases extra-
cellular compounds such as organic acids, alcohols, and pharmaceuti-
cals resulting from metabolism are the desired product, while in
other cases maximum production of cellular material itself is desired,
as in the production of food yeasts.,

Mass transfer, i,e., oxygen transfer, and momentum transfer,
i.e., agitation or power input, are recognized as being intimately re=-
lated, and studies of aeration and agitation have been numerous and
extensive (see, e.g. Ref. 3, Ch. 6 and 7). It is generally accepted
that from an engineering standpoint, the ultimate objective of these
studies is to provide a way of determining the level of aeration and
agitation necessary to ensure maximum productivity of the desired ferw
mentation product (32)., In industrial practice the conditions for
achieving the best possible productivity are almost invariably ap-
proximated by empirical methods. As discussed by Gaden (32), these
methods, while grossly empirical, are sufficient to achieve acceptable
productivity levels, At the same time, relatively little is known as
yet about the actual mechanisms involved in supplying oxygen to fer-
mentations,

The resistances to oxygen utilization in a submerged aerobic

fermentation were enumerated some time ago by Bartholomew, Karow,

wla
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Sfat, and Wilhelm (8), These workers pointed out the existence of the
following resistances:

1. Gas film resistance,

2, Gas-liquid interfacial resistance,

3. Liquid film resistance,

4, Bulk liquid resistance.

5. Liquid film resistance around the cell.

6. Internal cell resistance.
The last resistance should actually be broken up into two resist-
ances: diffusion across the cell wall to the enzyme locus, the cyto-
plasmic membrane, and a resistance due to reaction at this locug.

Calderbank (15, 16) has reported an exhaustive series of experi-
ments in which absorption coefficients were measured for a wide range
of hydrodynamic conditions, It was shown that for absorption of
oxygen into aqueous solutions the gas film resistance and the gas-
liquid interfacial resistance are negligible compared to the liquid
film resistance around the bubble for most conditions.

Tsao and Kempe (79), in presenting dimensionless correlations
for the effects of agitation and aeration in fermentors, suggested
that the rate limiting step for the utilization of oxygen in the

gluconic acid fermentation by Pseudomonas ovalis was at the cell-

liquid interface, They based this suggestion on the experimental
finding that increasing the agitation rate of the aerated medium ine
creased the oxygen utilization rate of the cells. Fimn (31), however,
has shown that this resistance must be small compared to the absorp-

tion resistance at the liquid film around gas bubbles in the case of



yeast cells, Finn pointed out that the worst conditions for oxygen
transfer from the bulk liquid in a fermentation medium to yeast cells
would occur when cells were suspended in an infinite quantity of stag-
nant medium. Under these conditions it has been shown (46) that the
Sherwood number is

Nsh = knd/Dy, = 2 (1)
Using oxygen uptake data for yeast published by Hixson and Gaden (39),
taking the diameter of yeast cells as 5 microns, Finn showed that the
resistance to oxygen transfer of the liquid film around the cells was
smaller by about three orders of magnitude than the resistance of the
film around the gas bubbles, The difference is even larger for bac-
teria, which are smaller than yeast, Swilley, Bryant, and Busch (75),
on the other hand, have published data for BOD progressions showing
that under some circumstances resistance to diffusion in the liquid
phase may be limiting to the overall rate,

Resistance of the bulk liquid is not ordinarily thought to be
important in bench scale fermentors so long as the liquid is being
agitated, Calderbank (16), however, has shown that in large ferw-
mentors it is possible for rather large differences in dissolved |
oxygen concentration to occur between various points in the fermentor,
Concievably, under some conditions this could also be a limiting
factor,

By and large, however, it appears that for most fermentations
the limiting rate process will be either transfer of oxygen from
bubbles into the bulk liquid, or the resistance due to actual meta-

bolic reactions. This, of course, can only obtain when oxygen is the



limiting substrate. It should be added, also, that almost any of the
various resistances can be made controlling for a given fermentation
under the proper conditions, and the conclusion just reached should
be considered only as the usual condition,

i) MEASUREMENT OF PHYSICAL ABSCRPTION COEFFICIENTS.

There are basically two fundamentally different ways of study-
ing aeration and agitation in fermentor systems. One is to measure
the air-to-medium absorption coefficients for a particular fermentor
in the absence of cells, or in the presence of killed cells.
Calderbank (16) has shown that for the absorption of slightly soluble
gases such as oxygen into aqueous solutions in the absence of chemi-
cal reaction the rate of absorption is given by

q =d C/dt = kfa (C* = C) (2)
where q is the instantaneous rate of absorption in, e.g. millimoles
02/1/mimute at a particular concentration driving foree (C* - C), C*
is the concentration of dissolved oxygen at the gas-liquid interface
in millimoles/1, usually taken as Cgs the concentration at satura-
tion, due to the relatively small resistance to oxygen transfer of
the gas phase, and C is the instantaneous dissolved oxygen concentra-
tion in the bulk of the liquid in millimoles/l. The quantity kﬁa is
the specific mass transfer coefficient for physical absorption and is
in consistent units of reciprocal time. The interfacial area per
unit volume of liquid, a, is difficult to measure, and usually values
of kfa are reported in the literature, Equation (2) can be inte-

grated, assuming the product kfﬁ is constant, to give



Cs - C2
1n [m] = kfa (t, - t1) (3)
Rearranging
kfa = In [(cS - C)/(Cg - ci)] | (tz - t1) ()

where Cq and Cp are the instantaneous dissolved oxygen concentrations
at times t{ and tp respectively., Thus if the medium in a fermentor
without cells or with killed cells is first stripped of dissolved
oxygen with nitrogen gas, and then air is sparged at a constant rate
through the medium with a constant #gitation rate, a record of dis-
solved oxygen concentration versus time can be obtained. The specific
mass transfer coefficient at the given operating conditions can then
be determined as the slope of a plot of 1n (Cgq =- C) versus t, in ac-
cordance with equation (4)., This method, the so-called "gassing out"
ﬁethod, was devised by Wise (87) and Bartholomew et al. (8).

The method as outlined here depends on the validity of the
assumption that kﬁa is a constant, In addition, the process of inte-
gration always has the effect of smoothing experimental data, so that
kﬁa may appear to be constant when in fact it is not. This situation
can be avoided by the use of Equation (2) directly in a differenced
form, Equation (2) can be written in such form as

Co = Cq Cr + Cq

m - kﬁ& (CS- —-—-2—---) (5)
or
AC /At = ka (Cs = Cayg) (6)

As At — 0, Equation (6) reduces to Equation (2)., Thus instantane=

ous oxygen transfer coefficients can be obtained from the usual



b

"rassing-out" experiments, If the coefficient is constant, or nearly

so, then the average kfa can be determined as

o 1 N Cntt = Cn
(kfadayg = = 2 (7)
Pl (h - b)) (G - T

where N is the total number of time increments chosen.

Miller (54) has reviewed the correlations for predicting mass
transfer coefficients for liquid phase controlled transfer in
agitated vessels. Calderbank (15, 16) measured interfacial areas in
gas-liquid contactors by a light scattering technique, and kfa in ac-
cordance with Equation (4) for a wide range of physical properties of
the medium, For agitated tank equipment he found that kﬁ is inde-
pendent of bubble size ;nd its velocity in the liquid, and could be
predicted solely from the diffusivity of the absorbed component in
the absorbing liquid and the viscosity of the liquid., Interfacial
areas were correlated from the power absorbed per unit liquid volume.

Yoshida and Miura (89) correlated kf and a for agitated cone
tactors from measurements of the rate of absorption of carbon dioxide
into aqueous sodium hydroxide solutions, These authors found that kﬁ
values for their work were slightly higher than those of Calderbank.

Wilhelm, Donohue, Valesano, and Brown (85) found that for aba-
sdrption of oxygen into either water or sulfite solutions up to 65 per
cent of the absorption took place in the region of the agitator and
sparger.

Another method of measuring air-medium oxygen absorption co-

efficients which is in very common use is by the catalytic air



oxidation of aqueous sodium sulfite solutions, developed by Cooper,
Fernstrom, and Miller (19). In this method oxygen is absorbed into
an aqueous solution of sodium sulfite to which a small amount of cata-
lyst, usually CuSQy or CoClz, has been added. Absorption coefficients
are calculated from the rate of disappearance of the sulfite by re-
action with the absorbed oxygen., The process is greatly different
from the process of absorption in an actual fermentation, however.
Some investigators have asserted that sulfite values indicate the
maximm oxygen absorbing capacity of a given fermentation unit (32),
but even the values which are obtained at constant temperature,
aeration rate, and agitation rate are highly dependent on sulfite con-
centration and catalyst concentration, Thus Udani (80) obtained ab-
sorption rates to sulfite solutions 4 to 50 times those obtained in
the absence of reaction, showing that absorption coefficients for sul-
fite oxidation are dependent on the reaction rate, In fact, Udani
was able to fit his data fairly well with absorption models based on
infinite reaction rates, Astarita (7), however, has shown that sul-
fite oxidation is probably better described as a very fast reaction
than as infinitely fast. In any case, as will be shown below, most
fermentations are characterized by oxygen utilization rates for which
the absorption coefficients are unaffected by the metabolic reactions
under ordinary circumstances, and ky, the coefficient for absorption
with metabolic reactions, is equal to kﬁ, the physical absorption co-
efficient, Sulfite oxidation measurements, although quite useful for
other purposes (the method was originally proposed for comparing inter=

facial areas of gas-liquid contactors, see Ref, 19), must be applied
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only with extreme caution to actual fermentation systems (32).
ii) MEASUREMENT OF CHEMICAL ABSORPTION RATES,

The second way of studying aeration and agitation in fermentor
systems is to measure the rate of oxygen utilization during an actual
fermentation, There are several ways of doing this, but they all
amount to mass balances for oxygen, by either direct or indirect
means, The formation of such balance equations for tank type two
phase reactors has been surmarized recently by Schaftlein and Russell
(65), For the case of an agitated, sparged tank such as a typical
batch fermentor, the assumption can usually be made that both the
gas and the liquid phases are well mixed, The balance equation for

oxygen in the gas phase is

Co¥o = Gy = KgaVP (y = C§) = 0 (8)

where G, = inlet gas flow rate, moles/min.,

G = outlet gas flow rate, moles/min,,

Yo = inlet mole fraction of Op,

y = outlet mole fraction of Oy,

K, = overall gas phasé mass transfer coefficient, moles/

e fmin, [atm, ,

a = interfacial area per unit liquid volume, cm‘l,

V = volume of liquid, liters,

P = total pressure, atm,,

C = oxygen concentration in the bulk liquid, moles/1,

H = Henry's law coefficient, atm,-1/mole,



The balance equation for oxygen in the liquid phase is

H _ dec
]Q}aP(y-C?))-r-c-E (9)

where r = volumetric rate of oxygen consumption by'the cells, The
gas phase mass transfer coefficient K; can be defined in terms of gas

phase and liquid phase resistances:

I SR (10)

K ky, ks

As noted above, the gas phase resistance, 1/kG’ can be neglected and

K; can be written in terms of the chemical absorption coefficient:

In addition, y can be taken as the gas concentration in equilibrium

with the liquid, or y = CSH/P, so Equation (9) can be written

de
kra (CS -C) = Ty +r (12)
Also, Equation (8) can be written
Gy, - Gy = Kk (Cg - Cc) (13)
These equations do not apply to continuous fermentors.
Equation (12) and Equation (13) can be combined to give
de
GV = Gy = Ty + r (14)

At steady state, when dC/dt is zero, then r, the oxygen consumption
rate may be determined by measuring the inlet and outlet oxygen pare

tial pressures in the gas phase (62).
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In practice, oxygen absorption efficiencies, that is, the
fraction of the incoming oxygen which is absorbed, are generally quite
low, usually somewhat lower than one per cent (39), and accurate
analyses of gas partial pressures are extremely difficult to obtain,
The bulk of the present information on oxygen uptake rates has been
determined rather differentiy. If the air supply to a fermentor or
to a sample taken from the fermentor is cut off, and the fall of dis-
solved oxygen concentration is measured as a function of time, then
from Equation (12)

de

iy (15)

r =

and the rate of oxygen uptake can be obtained from the slope of the

C versus t curve, Usually, such plots are linear down to quite low
dissolved oxygen concentrations, but if they are not, the same infor-
mation can be gained from the initial slope.

Lastly, oxygzen consumption rates can be estimated indirectly by
determining some sort of stoichiometric ratio between oxygen uptake
and some other cellular process such as growth, substrate utiliza-
tion, or product formation (27, 53, 61, 64)., In this connection Tsao
and Kempe (79) proposed the oxidation of glucose to gluconic acid by

Pseudomonas ovalis as a means of measuring oxygen uptake rates in a

fermentor., Lockwood, Tabenkin, and Ward (50) found that P. ovalis
oxidized glucose exclusively to gluconic acid according to the over-
all reaction

CoH1p06 + 30, — CgHiz0p
Glucose Glueconic acid
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Tsao and Kempe (79), and later Bennett and Kempe (11) confirmed this,
finding that 99 per cent of the glucose fermented is converted to
gluconic acid by P, ovalis, Humphrey and Reilly (41) found that when
the glucose concentration was low, the gluconic acid was further
oxidized to 2-ketogluconic acid, These workers found, furthermore,
that an intermediate gluconolactone accumulated in the broth at
pH 5.8, and they actually were measuring the rate of hydrolysis of
the lactone, which is not necessarily directly comparable to oxygen
uptake, The hydrolysis is spontaneous, as P. ovalis does not
elaborate a lactonase.
iii) EQUIVALENCE OF PHYSICAL AND CHEMICAL ABSCRPTION COEFFICIENTS.
Various methods have been outlined above for measuring both
physical and chemical absorption coefficients in fermentors., It has
already been pointed out above that chemical absorption coefficients
for sulfite oxidation, a fast chemical reaction, are a good deal
higher than the corresponding physical absorption coefficients for the
same equipment at the same agitation and aeration rates (80), How-
ever, it is not clear at this point what significance measured physiw
cal absorption coefficients have when compared to chemical absorption
coefficients measured in actual fermentations, Astarita (7) has out.
lined a procedure for answering this question in a particularly clear
manner, Astarita showed that gas absorption processes could be
classified into several regimes, according to the relative rates of
physical absorption with a maximum concentration driving force, and
of chemical reaction if the absorbing liquid were saturated with the

absorbed gas., There are thus three relative regimes defined by
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Astarita: the slow reaction regime, the fast reaction regime, and
the instantaneous reaction regime. The fast and instantaneous re-
gimes will not be discussed here, Fbr mofe information consult
Astarita's text (7). Astarita proposed two parameters in the deter-
mination of which regime obtains in a given absorption process with
chemical reaction, First is the Yequivalent diffusion time," tps

given by the equation
ty = Dy / () (16)

where Dy, is the diffusivity of the absorbing component, and kg is the
physical absorption coefficient, Note that tp is the same as 1/s,
where s is the parameter in the Danckwerts surface renewal model of
absorption., The physical significance of tD is the average life of
surface elements.,

The second parameter used by Astarita is the "reaction time,"

defined as
t, = (Cg=C)) /r (Cg=Cp) (17)

where Cg is the interface concentration of the absorbed component,
and C, is the concentration of that absorbed component at chemiéal
equilibrium, The denominator r(Cq - Cg) is the rate of chemical re-
action at the maximum bulk liquid driving force (C, = Cg). The
quantity (CS - Cg) in the denominator is the argument of r and not a
multiplier.

Thus tD is the average time available for reaction in surface
elements before they are returned to and mixed with the bulk liquid,

and t, is the minimum time necessary for reaction to take place to a
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significant extent. If tp << t,, that is, if

Dy, (Cs - Ce)

— 18
(klc'.’,) << r (Cg = Ce) 8

then there will not be a significant amount of reaction taking place
in a surface element during the life of that particular element, and
the absorption coefficient will not be affected by the chemical re-

action, that is

ko= K (19)

Systems for which Equation (18) is satisfied operate in the slow re-
action regime, The equivalence of physical and chemical absorption
coefficients in the slow reaction regime does not imply that absorp-
tion rates will be unaffected by the presence of chemical reaction,
as the actual driving forces for both processes must be taken into
consideration,

Astarita has further divided the slow reaction regime into two
subregimes, One is the diffusional regime, for which the following

must be fulfilled

r (Cg = Co) >> ki (Cg = Co) (20)
The contemporary fulfillment of the conditions of Equation (18) and
Equation (20) implies that

tp<< t, = (Cg=Cg) /T (Cg = Cg) << 1/kfa (21)

In the diffusional regime, the reaction rate per unit interface is

much larger than the absorption rate at equal driving forces, and the
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actual bulk liquid concentration C is very close to the equilibrium
concentration Cgq.
The second subregime of the slow reaction regime is termed the

kinetic regime by Astarita, In this regime
o
r (Cg = C) << k& (Cg = Cp) (22)
For all reactions except zero-order, Equation (22) implies that

and the liquid phase is everywhere nearly saturated with the absorb-
ing gas, i.e. C = Cg,

It should be clear that there are transitions from the slow re-
action regime to the fast reaction regime, for which ty >>t,., as well
as transitions from the diffusional to the kinetic subregimes. The
latter is true for reactions of any order except zero. For true zero
order reactions the transition is abrupt, and for such a reaction any
absorber which operates with C > C4 is operating in the kinetic
regime,

Winzler (86) asserted the existence of what has come to be
known as the "critical oxygen concentration.," Supposedly, at bulk
oxygen concentrations below this level the rate of oxygen utilization
depends on the concentration, the rate usually falling hyperbolically
with decreasing dissolved oxygen tension, Above the critical point
the utilization rate is supposed to be independent of oxygen concen-
tration, Many investigators have seemingly corroborated this view,
and critical oxygen concentrations have been reported in the litera-

ture for a number of organisms(2, 30, 35, 43, 64, 74, 77, 86). Thus,
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according to present concepts, any aerobic fermentor which operates
at a dissolved oxygen concentration above the critical can be con-
sidered as carrying out a zero order reaction with respect to the ab-
sorbed component, oxygen, Most such fermentations may also be con-
sidered as largely irreversible so that C, = 0, Thus any fermenta-
tion for which there is a critical oxygen concentration, and which
operates with a dissolved oxygen concentration above that critical
concentration, may be considered as operating in the kinetic sub-
regime of the slow reaction regime,

This can be further demonstrated by examples from the litera-
ture. Finn (31) has given a table of peak oxygen demands of a number
of active cultures, which he estimated from the literature. By far
the greatest demand repérted was that taken from the work of Maxon
and Johnson on aeration of baker's yeast, Finn pointed out that the
values were a good deal higher than those ordinarily obtained in batch
culture since the fermentation was continuous and cell populations
were high, Maxon and Johnson reported a peak demand of 340 millimoles
of Oy per liter per hour. These workers reported a maximum value of
kLa in their fermentor of 2,650 hr'l, based on sulfite oxidation.
This is an extremely high coefficient, and probably should be used
with care, An estimate of kf can be made from the data of Calderbank
(16) as about 0,06 cm/sec using a value of 2 x 10-5 cmz/sec for the
diffusivity of oxygen in the liquid., The diffusion time can be es-
timated from these figures as

b, 2x100
()? (6 x 1074)°

5.6 x 1072 % 6 x 1072 sec,

tp
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From the value of 340 mmol Op/1/hr = 9.5 x 102 mmol 0p/1/sec, and

taking Cg = Cq 25 0.2 mmol 0p/1, t, can be estimated as

t, = 0.2/0,095 = 2,1 sec.

SO

ty [ tp = 6x1072/2,0 = 3x 107

Unfortunately, Maxon and Johnson did not report the dissolved oxygen
concentrations obtained in the bulk liquid during their work, so it
is impossible to tell whether the reaction rate assumed is meaning=-
ful. However, the low rates of ethanol formation obtained might ine
dicate a finite bulk oxygen concentration. Note that use of the sule
fite oxidation value and a typical interfacial area of ca, 1.0 cm"1
(15) results in an even lower ratio tp/te.

Hixson and Gaden (39) have given data for baker's yeast for
which the dissolved oxygen concentration was above the critical, The
pertinent data are: kga = 15 hr™', r £ 15 mol Op/1/hr, If the
interfacial area is assumed to be 0.5 om™> at an agitation rate of
300 RPY, then ky & 8.4 x 1073 en/sec, and tp £ 2 x 107/ (8.4 x 1079)?
2 0.28 sec, ty & 0,2/(4.2 x 1073) £ 48 sec, and tpft, 2 6 x 1073,
Thus it may be proposed here that according to present concepts, for
all aerobic fermentations operating above the critical dissolved oxy-
gen concentration the absorption coefficient is unaffected by physio-
logical reactions, so that kj = kg.

iv) EFFECTS OF AERATION AND AGITATION ON AEROBIC FERMENTATTONS.

According to the concepts outlined above, for an aerobic fer-

mentation operating at steady state, or at a pseudo-steady state, for
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which dC/dt may be assumed to be zero, the instantaneous absorption

rate should be
(o)
q=ka (Cg=C)=r (21)

The actual rate of absorption will be determined by r, which is a
function of such variables as pH, témperaﬁure, specific cell activity,
‘the number of cells, and perhaps by some other limiting substrate con-
centration, assuming transfer of oxygen from the liquid to the cells
is not limiting. Reasons for accepting the latter for most bacterial
fermentations have been outlined above,

Recently Bennett (10) and Bennett and Kempe (11) have reported
experiments which suggest that the critical oxygen concentration is
not well defined for the gluconic acid fermentation of Pseudomonas
ovalis, Previously, Aiﬁa, Hara, and Someya (2) reported that a criti-
cal oxygen concentration does exist for this organism with glucose as
the substrate, They measured the rates of oxygen uptake with a drop-
ping mercury polarograph. In the experiments of Bennett and Kempe,
rates of gluconic acid production at constant pH by resting cells of
P. ovalis increased with increasing agitation rates, even though the
dissolved oxygen level was well above the critical reported by Aiba,
Hara, and Someya.

The experiments of Bennett and Kempe were prompted by the
earlier finding of Tsao and Kempe (79) that increasing agitation rates
increased the rates of gluconic acid production for the same organism,
P. ovalis. Tsao and Kempe, however, did not measure dissolved oxygen
concentrations in their experiments, and there was a possibility that

they were merely noting the effects of low oxygen tension,
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Many other workers have also reported effects of agitation and
aeration on fermentation rates. West and Gaden (83) found that
"Increased agitation of iormentation medium, under conditions of
abundant oxygen supply, improves the specific rate of growth of

(baker's) yeast, but only slightly." The actual increase found in

-1 1

the growth rate constant was from 0.33 hr = at 250 RPM to 0,45 hr~
at 1500 RPM, an increase of some 36 per cent. Given the fact that
the dissolved oxygen concentration was always above the critical,
this is a quite large increase compared to the zero per cent increase
theoretically expected. They attributed the improvement to better
bulk mixing of the mash., It should be noted that the explanation is
reasonable for a zero order reaction only if poor mixing allows the
dissolved oxygen to becéme locally depleted. This is similar to the
effec£ predicted for zero order reactions taking place in the dis=
persed phase of a two phase system (see, e.g., Curl, 20). The slow
rate of reaction compared to potential rates of oxygen uptake makes
this unlikely, however,

In another set of experiments with baker's yeast, Siegell and
Gaden (66) measured oxygen uptake by determining the difference in
oxygen content between the inlet and outlet gases in a batch fermen-
tation, in accordance with Equation (8), Uptake rates obtained in
this fashion were compared with uptake rates of samples measured
polarographically, It was consistently found that rates measured by
oxygen balance were roughly twice those determined by the polaro-
graph, The authors contended that the difference was due to the

quiescent conditions of the polarograph sample chamber compared to
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“the active aeration and agitation in the fermentor, On the basis of
the theory of the critical oxygen concentration this should make no
difference, however,

The results of West and Gaden and of Siegell and Gaden are in-
teresting in the light of a further finding of Bennett and Kempe (11)
for the gluconic acid fermentation. In addition to the increase of
acid production rate with increasing agitation rate, they found no
corresponding increase in the rate of oxygen uptake as measured by the
rate of fall of oxygen concentration, determined with a membrane
probe, when the air supply was cut off. The difference was attributed
to the fact that gas bubbles were present while acid production was
being measured, whereas the probe measurements were made in the ab-
sence of air bubbles, Tt should be pointed out that the latter is a
measurement of a transient phenomenon, but it was used as a measure of
a steady-state quantity,

The results outlined so far in this section apparently contra-
dict the theoretically expected results if the concept of a critical |
oxygen concentration is accepted. Bennett (10) performed experiments
with the gluconic acid fermentation in which agitation and total gas
flow rates were held constant, and the partial pressure of the oxygen
in the gas phase was varied, In this way the bulk dissolved oxygen
concentration could be varied without changing either the hydrodynamic
conditions of the liquid or, presumably, the specific mass transfer
coefficient or the interfacial area, Inspection of Bemnett's data for
these experiments reveals that, above a dissolved oxygen concentration

of about 40 per cent of saturation for air, the gluconic acid
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production rate was not affected by dissolved oxygen tension, This
implies that a critical concentration does exist for this fermenta-
tion, However, the maximum rate at an agitation rate of 400 RPM was
higher than the maximum rate at 300 RPM, although acid production
rates at either agitation rate were not affected by increased bulk
dissolved oxygen concentration levels,

Bermett and Kempe pointed out that Bartholomew et al. (8) sug-
gested an alternative route for oxygen transfer in addition to the
pathway mentioned above, They pointed out that cells which were in
the liquid film surrounding the air bubbles were subject to a much
shorter oxygen diffusion path than cells in the bulk liquid, and the
cell-liquid and liquid-bubble resistances would be combined in the
former. Bennett and Kempe suggested that the lowering of resistance
in this fashion could increase overall oxygen uptake rates., In view
of the apparent existence of a critical oxygen concentration for the
gluconic acid fermentation, elimination of the cell liquid film
should have no effect whatsoever,

Tt is interesting that Aiba, Hara, and Someya (2) have published
data for experiments on the gluconic acid fermentation of P, ovalis
quite similar to those of Bennett and Kempe, Aiba et al. performed
their experiments in an aerated, but unagitated, column fermentor,
whereas the fermentor of Bemnnett and Kempe was agitated and aerated.
In the unagitated system, a discrepancy was also noted between acid
production rates at constant pH and oxygen uptake rates measured with
a polarograph, the former being as much as twice the latter, These

workers also found that the rate of gluconic acid production was
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independent of dissolved oxygen concentration above a bulk level of

0.7 + 0.2 ppm, Thus the findings of Aiba, Hara, and Someya in an une
agitated system directly parallel and confirm those of Bennett and

| Kempe in a system with agitation,

Aiba et al, also estimated the chemical absorption coefficient
kg, and the cell-liquid transfer coefficient ky from their data, The
éoefficients were found to be of roughly the same order of magnitude,
These authors thus were unable to find any great difference between
the resistance of the bubble-liquid film and the cell-liquid film,
The quantities of importance, however, are not kp and kp, but rather
kpa and kyap, where ap is the cell interfacial area in cm™l, A value
for the bubble area calculated from their data is a = 0,384 cm'l.
Typically their suspensions contained on the order of 107 cells per

1

ml, and with an approximate area per cell of 3,8 x 10

38 em™l, With a Sherwood mumber of 2 for the cells (31),

&m
0.37 cm/sec, so kpap = 14 sec~!, On the other hand, kja was

Kn
-1 -2 _ a1

typically about 50 hr™", or 1,39 x 10™™ sec™ ., Thus the cell-liquid

resistance to oxygen transfer was only about 10"3 the bubble resist-
ance, which is similar to the estimate of Finn for yeast cells,

Miure and Hirota (55) correctly pointed out that overall resiste
ances were controlling. In respiration of baker's yeast they found
that ki and k, were of the same order of magnitude, while k,, a spe-

cific reaction rate constant defined by
Koy (Cop = 0) = kpa (Cg = C)

where Cgp is the critical oxygen concentration, was about two orders



of magnitude smaller than I or kj. However, ksap and kja were about
two orders of magnitude smaller than kya, . Overall liquid-cell re-
sistance was therefore comparatively small in their fermentation., On

the other hand it can be calculated that

tp = Dp/(kp)? # 2 x 107°/(0.11)% = 1,65 x 1077 sec

tp = Cop/KeBnCor = 1/keam = 1/(5.5 x 10-2) = 18 sec
SO

ty = 1,65 x 107 sec << 18 sec = t,.

so the reaction proceeds in the slow reaction regime of Astarita, and
should be independent of kya when C 2 Cep.

A few investigators have reported effects of inert gas agitation
in anaerobic fermentations. Stansly, Schlosser, Ananenko, and Cook
(71) reported that equal yields of the antibiotic polymyxin were ob-

tained from cultures of Bacillus polymyxa when agitated with either

air or nitrogen (99,7 per cent pure). They suggested that the high
surface to volume ratios obtained from passage of the gas through the
broth aided the removal of metabolic gases such as carbon dioxide,
Adams and Leslie (1) made a similar suggestion for the 2,3~butanediol
fermentation, De Becze and Liebmann (24) found that cellular yields
of compressed yeast were three to four times larger when either car-
bon dioxide or nitrogen was passed through the beer, compared to
yields obtained when no gas was distributed, Certainly neither the
removal of COp nor the supply of Op was involved in these experiments,
although removal of some other volatile component may have been in-

volved,
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Various results have been obtained when the effects of aeration
and agitation on mold fermentations have been studied. Donovick (25)
has reported that penicillin production can be increased by increas-
ing power input to the agitator. Rolinson (64) however, reported
that a critical oxygen concentration does exist for Penicillium
chrysogenum, Virgilio, Marcelli, and Agrimino (82) found that high
power input at a critical phase of & continuous rifamycin fermenta-
tion gave greater rifamycin yields, regardless of prior power input
history. They also found that oxygen demand as measured by Warburg
manometric techniques at high dilution was always the same or higher
than the actual oxygen uptake as measured by analysis of the fermen-
tation exhaust gas. Better agreement between demand and uptake rates
was found at high power-input.

Camposano, Chain, and Gualandi (17) found that high agitation

and aeration reduced yields of kojic acid from Aspergillus flavus,

Intense agitation produced short, highly branched mycelia, Steel and
Maxon (72) found that vigorous agitation increased yields in the
novobiocin fermentation,

Zetelaki and Vas (90) found that when oxygen rather than air was

sparged through cultures of Aspergillus niger, cell yield was in-

creased by 10 to 15 per cent, but viscosity was reduced by 50 per
cent. Cell walls in oxygenated cultures seemed less rigid than cell
walls from aerated cultures, Glucose oxidase activity was higher in
the oxygenated culture.

Zetelaki and Vas also found that rate of growth, mycelial yield,

and glucose oxidase activity increased when the agitation rate was
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raised from 460 to 700 RPM, The increase in glucose oxidase activity
is interesting in view of the suggestion of Rolinson (64) that since

the respiratory quotient of Penicillium chrysogenum mycelia depended

on aeration conditions, aeration affects not only the quantity but
also the kind of respiratory enzymes synthesized.

The concept of a critical oxygen concentration is well estab-
lished in the literature, and current practice is usually to assume
that it does exist, and that "sufficient" aeration and agitation is
being provided as long as bulk oxygen concentrations are above the
critical, However, it has been shown here that a considerable body of
data is being accumulated showing effects which are not explained by
the theory of the critical level, and which in fact seem to contradict
it.

At least some of the effects noted for mycelial suspensions
could be accounted for by noting that mycelia tend to grow in clumps,
and although bulk dissolved oxygen levels could be high, the concen
tration at the center of clumps could be zero, Thus increased agita-
tion could break up some of these clumps and production rates thereby
would be increased (8, 9). Such effects would not be expected ordi-
narily in bacterial or yeast fermentations, where the cells are pre=
sumably operating more or less as discrete particles. The question
is clouded in the case of myceli# by the fact that considerable vis-
cosity effects are found. In bacterial fermentations, the rheological
properties of the broth do not ordinarily change drastically, except
in those cases where high molecular weight compounds such as dextrans

are elaborated,
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v) EFFECTS OF VISCOSITY ON PHYSICAL ABSORPTION COEFFICIENTS.
Calderbank (16) has determined the effects of viscosity on
physical gas absorption coefficients, It was found that kﬂ dZDg'Su,
whereas penetration theory predicts kg(I DLO'5. However, diffusivity
and viscosity varied simultaneously, and it was found very épproxi-

mately that

0,266

o D /Py (25)

Many mycelial suspensions display quite high non-Newtonian, usually
pseudoplastic, viscosities, as much as 300 cp or higher Brookfield
viscosity. The effect of such suspensions on diffusivity is unknown.
Astarita (6) has reported that aqueous suspensions of bentonite,
carboxymethylcellulose,"or Carbopol, all pseudoplastic viscosity ine
ducers, can actually increase the diffusivities of carbon dioxide and
ethylene, The diffusivities were calculated from absorption rates of
the gases to a laminar liquid jet. The concentrations of additive
used were probably somewhat higher than necessary to achieve viscosi-
ties of 300 cp. Aiba and Sonoyama (4) have also meaéured the dif-
fusivity of carbon dioxide in carboxymethylcellulose solutions in
about the same general concentration range as that used by Astarita,
by means of a membrane technique, They found that diffusivity de-
creased somewhat in such solutions. Thus the available data are con-
flicting but it might be assumed that the diffusivity of carbon diox-
ide is, to a very rough first approximation, independent of the con-
centration of carboxymethylcellulose or similar compounds, If it is

also assumed that the effect on oxygen diffusivity is approximately
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the same as the effect on the diffusivity of carbon dioxide, then an
order of magnitude estimate of the effect of such viscosity additives

on the physical absorption coefficient could be

& .
S T (26)

Westerterp, van Dierendonck, and de Kraa (84) found that the inter-
facial area in agitated, gas-liquid contactors is proportional to vis
cosity, but Calderbank (15, 16) found that, in the absence of solutes
which reduce coalescence rates of bubbles, the most intense agitation
would not reduce bubble sizes below about 2 mm in diameter, On the
other hand, even fairly low agitation rates would produce fairly small
bubbles, approximately 5 mm in diameter, Thus at moderate agitation
rates, viscosity additives of the type under consideration might be
expected to approximately double the surface area at most, Further-
more, the relative increase in surface area between water and viscous
solutions should become smaller at higher agitation speeds, There=
fore, an order of magnitude estimate of the change in kfa upon increas-
ing the viscosity to ca, 300 cp with carboxymethylcellulose deriva-

tives would be

(kga)V‘L =300 cp 2 . 1
= ——..,.—_: = —-—
(kf)|Hy = 1 cp (300)* 2
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Timson and Dunn (78) measured the coefficients for the absorp-
tion of oxygen into distilled water, and into aqueous solutions of
Carbopol, Carbopol is a substance with viscosity inducing properties
somewhat similar to carboxymethylcellulose, Timson and Dunn did not
report the concentrations of Carbopol used in their study., However,
the viscosity of the most dilute Carbopol sulution they used was
670 cp, measured with a Brookfield viscometer, Inspection of their
data reveals that kf was reduced by less than 50 per cent for the
only case actually reported, This is a much smaller change in kf
with viscosity than was reported by Calderbank,

Yoshida, Ikeda, Imakawa, and Miura (88) found that chemical ab-
sorption rates for sulfite oxidation were decreased about 60 per cent
when the viscosity was increased with glycerol to 3.6 cp. Bennett (10)
reported similar results for glycerol solutions up to 50 per cent by
volume (4,78 cp). Bennett's reported sulfite oxidation rates ranged
from 151 meq/1/hr with no glycerol to 27.5 meq/l/hr for 50 per cent
glycerol solutions, Bennett also measured sulfite oxidation rates for
sucrose solutions ranging from 151 meq/l/hr in sucrose-free sulfite
solutions (0,89 cp) to 7.1 meq/l/hr for solutions containing 663 grams
of sucrose per liter (11.75 ep). This is in general agreement with
Solomons' (67) report that 45 per cent sucrose solutions (10 cp) re-
duced the sulfite oxidation rate by 84 per cent, while maximum oxygen
uptake measured polarographically was reduced 92 per cent, Bennett at-
tempted to apply a correction factor to his data for the reduced solu-
bility of oxygen in sucrose solutions by dividing the sulfite oxida-

tion values he obtained by the oxygen solubility, but since sulfite
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oxidation values are chemical absorption rates this is not a correct
procedure,

Sucrose and glycerol soluﬁions cannot be considered as models
of fermentaﬁion media or mycelial suspensions except under very spe-
cial circumstances., Gas bubbles in glycerol solutions, for example,
behave as rigid spheres (16), so that normal coalescence of bBubbles is
not obtained,

Aiba and Sonoyama (4) studied the effect of sodium carboxy-
methylcellulose on the physical absorption coefficients of carbon
dioxide and oxygen in a wetted wall tower., They found that for opera
ting conditions corresponding to long contact times of gas with a
fluid element kﬁ was proportional to the diffusivity, For short con-
tact times k£ was proportional to the square root of diffusivity.
Bennett (10) gave a few values of kfa in a laboratory fermentor as a
function of the concentration of Methocel., He also gave values of
the rheological properties of both Methocel and Natrosol. Data were
reported as values of the parameters in the Ostwald-deWaele model for
pseudoplastics, Bennett found that the greatest drop in kfa occurred
at Methocel concentrations where viscosity development was signifi-
cant, No correlation was given,

Solomons and Perkin (68) measured oxygen transfer rates of sus-
pensions of killed Aspergillus sp. by the gassing out method of Wise
and found that increasing the apparent viscosity determined at a

1 from 1 to 1000 cp decreased the maximum oxygen

shear rate of 1 sec”
uptake rate kﬁacs from 58 to 19 millimoles/l/hr. Solomons and

Weston (69), using the data of Solomons and Perkin in a slightly
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modified form, claimed that "virtually all" of the oxygen transfer
took place around the impeller envelope, This may be compared with
the finding of Wilhelm et al. (85) mentioned above that up to 65 per
cent of absorption to both water and sulfite solutions takes place in
the domain of the sparger and stirrer, where surface creation rates
are highest,

The presence of 13.5 grams of mycelium of Penicillium
chrysogenum per liter on a dry weight basis reduced the values of
kfgcs by 57 per cent according to Chain and Gualandi (18).

Brierley and Steel (12) found that the addition of either

Aspergillus niger mycelia inhibited by azide, or shredded paper pulp

in concentrations up to two per cent, reduced polarographically
mea.sured kﬁa values by about 90 per cent, Sago pellets, which are
not filamentous, did not reducse kﬁa by a significant amount. These
writers also reported that increased viscosity increased the bubble
size and decreased the turbulence produced by the agitator., This may
be compared with the claim of Westerterp et al, (84) that increasing
viscosity increased the interfacial area, Bennett (10) also said that
addition of viscosity agents increased bubble size and decreased
interfacial area,
vi) EFFECTS OF VISCOSITY ON OXYGEN UPTAKE RATES IN FERMENTATIONS.
There seem to be relatively few reliable data on the effects of
viscosity during actual fermentations, Bartholomew et al. (8) re-
ported that in the streptomycin fermentation dissolved oxygen levels
fell as mycelial mass increased, but only a portion of this was due

to increasing viscosity. It was stated that in general so long as



-30-

the dissolved oxygen level was above the critical and agitation was
sufficient to prevent oxygen deficiency in mycelial clumps then high
viscosity should not adversely affect fermentation rates,

Phillips and Johnson (60) found that dissolved oxygen levels in

cultures of Aspergillus niger fell upon the development of signifi-

cant non<Newtonian flow behavior, This was also found to be the case

in a Streptomyces mediterranei fermentation by Virgilio, Marcelli,

and Agrimino (82),

Steel and Maxon (72) measured oxygen uptake by exhaust gas
analysis for the novobiocin fermentation under conditions such that
oxygen supply was limiting, i.e. increases in agitation increased oxy-
gen uptake, They found that at a constant agitation rate there was an
initial sharp drop in oxygen uptake as the viscosity was increased,
but as viscosity was increased above 100 cp the oxygen uptake became
independent of viscosity.

Bennett (10) increased the viscosity of the medium for the glu=

conic acid fermentation of Pseudomonas ovalis by adding appropriate

amounts of Natrosol or Methocel, He could find no significant influ=
ence of viscosity on oxygen uptake or acid production for viscosities
up to 19,000 cp., Viscosity was expressed as apparént viscosity at a

shear rate of 1 sec™l,

Aiba and Sonoyama (5) measured the initial rate of oxygen up-

take by resting cells of Pseudomonas ovalis, Bacillus megaterium,

and Saccharomyces cerevisise as a function of viscosity. Car-

boxymethylcellulose was used to vary the viscosity. Uptake rates as

measured by polarography were not affected by viscosity for
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S. cerevisiae, rates were adversely affected for B. msgaterium, and
the rate of oxygen uptake actually increased with inereasing viscosity
in the case of P. ovalis.

vii) EFFECT OF HYDROPHYLIC SOLUTES ON kﬂa.

Calderbank (15) noted that, when small amounts of any of a nume
ber of hydrophylic solutes are added to water in a gas-liquid con-
tactor, the interfacial area is greatly increased, as previously re-
ported by Pattle (58) and Verschoor (81)., Calderbank found that the
effect could not be due to lowering of interfacial tension, and ine
stead attributed the effect to a lowering of the coalescence rate of
bubbles. Thus in the usual aeration of aqueous media, there is a dy-
namie equilibrium between bubble formation at the impeller, and bubble
coalescence as the gas rises to the surface of the medium, Calderbank
found that only in the presence of such solutes could stable bubbles
smaller than 2 mm be produced. Preen (63) found that, in the ab-
sence of such solutes, coalescence between bubbles about 0.5 m in
diameter and large bubbles occurred almost immediately after their
formation, Zieminski, Goodwin, and Hill (91) tested the effects of a
number of alcohols, carboxylic acids, esters, ketones, and commercial
surface active agents on kia in an aerated, but unagitated, bubble
column, They found that alcohols and carboxylic acids could at least
double, and in some cases triple, the value of kfa at concentrations
as low as 6,6 ppm. The writers found that the effect was more pro-
nounced with low efficiency aerators, which produce larger bubbles.
They suggested that such substances could be used to improve the ab-

sorption effeciency of fermentors.
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7ieminski and Hill (92) investigated this effect further, and
found that in continuous rather than batch operation, the effect
could be observed at even lower bulk solute concentrations, by con-
tinuously introducing the solute at the surface of the aerator.
| The effect is also promising to the experimenter, since it might
provide a means of changing the interfacial area in a fermentor withe-
out changing the agitation rate, the air rate, or the physical proper-
ties of the broth significantly.
viii) REACTION KINETICS IN THE GLUCONIC ACID FERMENTATION.

The data of Bennett and Kempe (11), Aiba, Hara, and Someya (2),
and Aiba and Sonoyama (5) on the gluconic acid fermentation by

Pseudomonas ovalis were all collected using nitrogen-free fermentation

media., TIn this way growth of cells was eliminated as a variable, and
viable cell populations could be considered constant during the rela-
tively short times involved for the experiments, Aiba and Sonoyama,
as already pointed out, measured only initial rates of oxygen uptake,
and gluconic acid production was not recorded, In the other two ine
vestigations, however, a pseudo-steady state was assumed, i,e., oxygen
uptake was assumed constant, gluconic acid production was constant,
and substrate (glucose) concentration was in large excess, and hence
could be assumed nearly constant, Humphrey and Reilly (41) found
that for P, ovalis an intermediate gluconolactone accurmlated in sig-
nificant amounts at pH 5.8. P. ovalis does not elaborate a glucono-
lactonase, and hydrolysis of the lactone to gluconic acid is spon-

taneous.
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Jermyn (42) has studied both enzymatic #nd non-enzymatic
hydrolysis of several lactones, including gluconolactone. He found
that in bacterial systems containing a lactonase no lactone accum-
lated., At pH 7 or higher, the spontaneous hydrolysis rate was propor-
tional to the concentration of lactone and to the hydroxide ion con-
cenﬁration. Below pH 7, the rate was still proportional to the lac-
tone concentration, but the catalytic effect of ions was more complex.
In any case, at constant pH, over a fairly wide range, hydrolysis of
the lactone is nearly, but not completely, irreversible, and is
pseudo-first order with respect to the concentration of lactone.

The gluconic acid fermentation of Pseudomonas sp. is somewhat
unusual, in that it does not require phosphorylation of the primary
substrate, glucose (42,°73). The first step in the reaction scheme
is the direct dehydfogenation of ﬁLo-glucopyranose to p=glucono=8 -
iactone. Apparently the @ form is not directly attacked (40).

Eichel and Wainio (26) found that the complete system for the aerobic
oxidation of glucose in mammalian liver required only glucose dehydro-
genase, NAD+, cytochrome ¢, and cytochrome oxidase., Participation of
other cytochromes or of flavoproteins could not be detected, Reac-
tions in cytochrome systems have been well established as reversible
(29, 36, 52)., Strecker and Korkes (73) were also able to demonstrate
the reversibility of the lactone formation reaction. Thus, the entire
reaction sequence up to the lactone hydrolysis step can be considered

as reversible, and proceeds according to the scheme:
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B -0-g1ucopyranosa+NAD+ -— 0=-glucono=- 8-lactone+NADH+H+
NADH+H++cht c(Fe+3) = NAD'+ 2cyt c(Fe+2) + 2nt

2cyt o(Fe'2) + 40, + 20 = 2cyt c(Fe') + Hp0

0 -glucono- 3-lactone + Ho0 — Dp-gluconic acid
Overall:

D-glucose + %02 — p-gluconic acid

Although the reaction sequence is simpler than many other bio;
logical oxidations, it is still so complex as to make formal treatment
of the kinetics from the scheme above extremely unwiseldy.

The glucose dehydrogenase which mediates the first of the re-
actions given above is very highly pH dependent. Brink (13) has pub-
lished Michaelis constants for glucose for a glucose dehydrogenase
isolated from mammalian liver., The data are given in Table I.

In the discussion of this thesis, a kinetic model is developed
which predicts that, for a resting cell suspension, when sugar is
present in large excess, and in the presence of an ample oxygen supply,
the fermentation should reach & pseudo-steady state in which dissolved
oxygen concentration, lactone concentration, and rate of acid produc-
tion are all constant, provided the pH, temperature, agitation rate,
and aeration rate are also constant,

ix) STATEMENT OF THE PROBLEM,

Tsao and Kempe (79) proposed a method of measuring oxygen uptake

by means of a stoichiometric ratio in the gluconic acid fermentation

by Pseudomonas ovalis., Lockwood et al. (50) showed, and Tsao and

Kempe (79) and Bennett and Kempe (11) confirmed, that this organism



TABLE I

MICHAELIS CONSTANTS FOR A GLUCOSE DEHYDROGENASE FROM MAMMALIAN LIVER,*

pH Ky x 102,
. moles/1
6.28 .9
6.70 : 8.38
7.00 3.13
7.84 3.67
8.92 32,6

*After Brink (13).
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oxidizes glucose exclusively to gluconic acid by the overall reaction
Celty205 + 20, = Cellyp0
In this method used by Tsao and Kempe, the cells were suspended in a
nitrogen-free glucose-salts medium, In this way growth of cells did
not take place, but the cells continued to respire. In such a system
the rate of acid production, and hence the rate of oxygen uptake,
could be calculated from the rate of alkali addition necessary to
maintain a constant pH,

Tsao and Kempe found that increasing the agitation rate in their
fermentor resulted in an increase in the rate of gluconic acid produc-
tion, but it was not known whether the dissolved oxygen content was
above the critical,

Aiba, Hara, and Someya (2) subsequently found that in an aera-
tion eolumn without agitation, the rate of gluconic acid production
in the presence of bubbles by resting cells of P, ovalis was somewhat
higher than the rate of oxygen uptake of a sample of their broth, as
measured polarographically in the absence of bubbles, For their work
the oxygen concentration was above the critical,

Bennett and Kempe (11) extended the work of Tsao and Kempe and
found that increased agitation of their medium resulted in an increase
in the gluconic acid production rate, even though the dissolved oxy-
gen concentration was always above the critical. Concurrently,
Bennett and Kempe measured oxygen depletion rates in their fermentor
without taking samples., This was done by cutting off the gas supply,

reducing the agitation speed to reduce surface re-aeration, and
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measuring the dissolved oxygen activity with a membrane type electrode.
This method, incidentally, has also been used by Korshunov,
Terusalimskii, and Skryabin (45) to determine respiration rates of

cultures of the fungus Tieghemella orchidis, Bennett and Kempe found

that the oxygen depletion rate was independent of stirring rate, and
was lower than the corresponding steady state acid production rate es-
tablished just prior to shutting off the oxygen supply.

Humphrey and Reilly (41) have questioned all of these results,
pointing out that an intermediate gluconolactone accurmlates in the
broth, especially at low pH. Therefore, rates of alkali addition do
not measure rates of oxygen uptake, but rather the rate of non-
enzymatic hydrolysis of lactone,

Measurements of the type made by Bennett and Kempe could be put
on a more substantial footing if it could be established that lactone
concentration was also constant during pseudo-steady state operation.
A model has been developed in the discussion section of this thesis
which predicts this kind of behavior,

It has been shown earlier in this Introduction that, for re-
actions which display a critical oxygen concentration, oxygen uptake
rates should be independent of oxygen concentration when above the
critical, regardless of improvements in the overall mass transfer co-
efficient, kfa. Thus, if effects similar to those of Bennett and
Kempe can be demonstrated with a constant lactone concentration, then
a contradiction of the critical oxygen concentration concept will be

evident,
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Bennett and Kempe attributed the effect they found to an elimi-
nation of the liquid-cell resistance due to adsorption of cells on
bubble surfaces. Since the liquid-cell resistance is very small, its
elimination should have no effect on the fermentation, However, it is
still possible that the effect found by Bennett and Kempe might be due
in some way to the increased bubble surface area at higher agitation
rates. The chemical kinetics of the hydrolysis of the lactone can be
studied in the absence of oxygen transfer effects, This can be done
by establishing a steady state in a fermentation, then shutting off
the air supply, and passing nitrogen gas through the fermentor. The
rate of disappearance of the lactone from the fermentation broth, and
the rate of production of gluconic acid, can thén be measured for two
cases: 1) with nitrogen passed through the head space of the fermen-
tor, and 2) with nitrogen sparged through the broth at 1.0 VVM. Oxy-
gen transfer effects are eliminated in both cases, since there is no
molecular oxygen in the system.

The enzymatic reactions of the system are reversible; therefore,
any difference between the rate of disappearance of lactone and the
rate of production of gluconic acid can be attributed to a back re-
action, forming glucose from the lactone, In case 1 the interfacial
area will be negligibly small, In case 2, the interfacial area should
be about the same as the interfacial area obtained during the steady
state, Therefore, any difference in the measured rates between
case 1 and case 2 can be attributed to the difference in the inter-
facial area,

Finally, the lack of an effect of viscosity on acid production
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rates described by Bennett (10) was determined by using a different
bateh of cells for each viscosity level tested. It is possible to
change the viscosity of the fermentation broth in the midst of a fer-
mentation run., In this way the effect of viscosity on the fermenta-
tion rate can be determined without the uncertainties generated by
using different batches of cells, When a steady state has been es-
tablished in a gluconic acid fermentation at low viscosity, a higher
viscosity can be relatively quickly established by adding an appro-
priate amount of Natrosol to the broth. This is possible because
Natrosol is dispersible in cold water.

Results obtained from such an experiment could be compared with
the finding of Aiba and Sonoyama (5) that high viscosity decreased
the initial rate of oxygen uptake, that is, before any gluconolactone

had accumulated,



II. EQIPMENT, MATERIALS, AND METHODS

i) THE FERMENTOR SYSTEM.

A1l fermentations were carried out in a New Brunswick, five-
liter fermentor,1 using a working volume of two liters of liquid
medium, The fermentor body was a Pyrex jar with an inside diameter
of 5.75 inches and inside height of 11.75 inches, Four baffles each
0.625 inches wide were positioned at regular intervals around the in=
side periphery of the jar, with surfaces normal to the walls of the
jar. A circular band 0,625 inches high connected the bottom ends of
the baffles at a distance of 0.125 inches from the bottom of the fer-
mentor body., The other ends of the baffles were attached to a head
plate at the top of the jar,

The fermentor body rested on a rubber pad which was placed in a
recess on another plate, Four studs passed up outside the fermentor
jar and through holes in the head plate., The jar was held in place
between the two plates by means of the studs and four wing nuts,

An agitator shaft passed through a bearing in the center of the
head plate. Two flat blade turbine impellers were attached to the
shaft at distances of 3.0 and 7.75 inches from the bottom of the fer-
mentor jar, Each impeller consisted of a flat horizontal plate with
four flat vertical blades attached to its edge. The blades were 0.625
by 0.625 inches, and the overall diameter of each impeller was three

inches., With the impellers attached as described, the lower impeller

Iyodel F-05, New Brunswick Scientific Co., New Brunswick, N. J.

L40a
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was immersed about 2.25 inches below the surface of the liquid, and
the upper impeller stirred the gas phase,

The head plate was provided with two ports for introducing gas
to the fermentor. One port led through a sparger pipe to a single
orifice sparger below the end of the agitator shaft, facing upwards
0.5 inches beloﬁ the lower impeller, The other port led directly in-
to the head space of the fermentor. Additional ports in the head
plate were provided for sampling, for pH and oxygen electrode leads,
and for the automatic addition of alkali for pH control,

The pressure of compressed air from the building supply was re-
duced by means of a regulator., The air passed from the regulator
through a needle valve, which served as a throttle for fine control of
the flow rate. The air.was then bubbled through water to saturate it
with water vapor., Next the air passed through the first of two five-
gallon, glass carboys which served as surge dampers, From the first
carboy the air was carried to a rotameter,2 then to the second car-
boy, and finally either to the sparger port or to the head space
port, depending on the experiment,

When inert gas was needed,vpure water-pumped cylinder nitrogen
was passed directly from a regulator to the rotameter, and then to
‘the appropriate port on the fermentor, The humidifying and suige
chambers were not used with nitrogen,

A glass electrode and a sleeve junction reference electrode

were mounted on the baffles of the fermentor for pH control. The

“Model 2F 1/4 205, Fischer and Porter Co., Hatboro, Pa,
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sleeve junction assured an adequate flow of electrolyte in viscous
solutions, The electrodes were provided with ten foot leads which
passed through a port in the head plate to the pH meter.3 The pH
meter was in turn connected to a recorder-controller.4 As the cells
produced gluconic acid, the pH of the medium in the fermentor fell be-
low the set point of the controller, which thereby activated a motor
driving a Sigma pump.5 Alkali was pumped from a 50 cc burette
through rubber tubing to a length of 6 mm 0.D, glass tubing, the
tapered tip of which was immersed in the medium in the fermentor, just
below the quiescent liquid level,

Approximately 0,5 N sodium hydroxide was used for pH control.
It was standardized by titration with primary, reagent-grade, potas-
sium acid phthalate, using phenolphthalein as the pH indicator., The
alkali solution was prepared in a nearly COp-free condition, and was
stored in polyethylene containers,

The pH of the fermentor could be controlled with a precision of
better than * 0,05 pH units by choosing a suitable pumping speed, and
then standardizing the pH meter against a buffer with an external pH

6

meter” at regular intervals, The recorder-controller self-

standardized automatically every 15 minutes,

3Model W industrial pH meter, Beckman Instruments, Inc.,
Fullerton, Cal,

QWide-strip Dynamaster Millivolt Meter, Bristol Co., Waterbury, Conn.
5Finger pump, Model T-8, Sigmamotor, Inc,, Middleport, N, Y.

Model 76000 Expandomatic, Beckman Instruments, Ine., Fullerton, Cal,
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The fermentor was immersed in a constant temperature water bath
to a depth two or three inches greater than the liquid level in the
fermentor jar. A bath water circulator and temperature controller7
automatically maintained the bath temperature within about 0.2 oC of
the set point value, The controller was periodically checked against
a mercury-in-glass thermometer that was also immersed in the bath.

The thermometer had been calibrated at 0 °C and 100 °C. A temperature
compensator for the pH meter was also immersed in the bath.

The agitator shaft was connected by means of an Oldham type cone
nector to a vertical shaft mounted in a pillow block on a frame above
the fermentor. Power to drive the fermentor impellers was transmitted
from a pulley on the output shaft of a converted drill press by means
of a V-belt to another pulley on the shaft through the pillow block.
Good speed regulation was achieved due to the large excess of available
torque from the drill press motor. The speed of the agitator shaft in
the fermentor could be altered by changing the relative diameters of
the two pulleys. Additional speed ratios could be achieved by chang-

ing the internal pulley ratio of the drill press.

ii) THE OXYGEN ELECTRODES.

Two different oxygen electrodes were used, Both were of the
membrane covered, amperometric type. The important difference between
the two types, for present purposes, was the relative cathode area of

each. The electrode with the larger cathode area, about 1.1 square

7Tecam Tempunit, LaPine Scientific Co., Chicago, Tll.



centimeters, was used for measurements of physical absorption co-
efficients.8 This electrode was less sensitive than the smaller elec-
trode to minor fluctuations of oxygen activity, and gave smoother
reasration curves., The larger electrode consisted of a silver anode
and a platinum cathode in a glass cell, The cathode surface was
flush with the open, bottom edge of the cell, A polyethylene mem-
brane, two to four mils thick, covered the cathode and the end of the
cell, The membrane was held tightly against the cathode by a plastic
sleeve pﬁshed up around the outside of the cell, Electrical con-
tinuity was provided between the cathode and the anode by a 3 per
cent KCl solution,

The electrode was mounted on one of the fermentor baffles and
the leads passed through the port to an adapter.9 The adapter, origi-
nally designed for use in conjunction with a pH meter, was modified
for use with a millivolt recorder.10 The adapter circuit as modified
is given schematically in Figure (2). The circuit applied a 0,6 volt
potential across the electrode, As a result, the oxygen which dif-
fused through the membrane was reduced at the cathode., The electrode

reactions were

2C1~ + 2Ag — 2AgCl + 2e- (anode)

%A

b+ Hy0 4+ 2e~ % 20H" (cathode)

8No. 11098 Oxygen Electrode, Beckman Instruments, Inc.,
Fullerton, Cal,

INo. 18902 Adapter, Beckman Instruments, Inc., Fullerton, Cal,

10Model SR Recorder S-72180-05, E, H, Sargent and Co., Chicago, I1l,
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These electrode reactions caused a current to flow to the adapter.
This adapter converted the current to a voltage that was suitable as
an input to the millivolt recorder, The full-scale potential of the
recorder used for this electrode was 25 millivolts,

The second model of electrode used11 operated on the same prin-
ciple as the larger electrode, but differed slightly in construction.
It had a gold cathode, with an area of about 7.9 x 10~3 square centi-
meters, the membrane was of Teflon, and the electrolyte was a KC1 gel
supplied byvthe electrode manufacturer, The operating potential for
this electrode was 0.8 volts, The electrode reactions were the same
as for the larger electrode., The electrode current was indicated by
an instrument12 that also provided the 0.8 volt potential, This in-
strument was also provided with output terminals for connection to
a 100 millivolt recorder.

The smaller electrode was used during actual fermentations and
was somewhat more sensitive than the larger electrode. Automatic tem-
perature compensation was provided by a thermistor in the electrode
housing, The larger electrode was not compensated for temperature
variations, This was of little concern, however, since the fermenta-
tions were carried out at constant temperature,

A third electrode, of the smaller gold cathode type, was occa-

sionally used to measure the oxygen activity of the exhaust gas,

11No. 39065 Polarographic Oxygen Sensor, Beckman Instruments, Inec.,
Fullerton, Cal,

12y0061 777 Oxygen Analyzer, Beckman Instruments, Inc.,
Fullerton, Cal,
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This electrode was inserted in one leg of a "T" type nylon tubing cone
nector, and the "I" fitting was mounted on an exhaust port of the fer-
mentor,

The electrodes were both standardized by the same procedure,

The electrode to be calibrated was mounted in the fermentor, which
was charged with the medium used for resting cell fermentations, but
without carbohydrate, The fermentor was brought to 25.0 °C, and the
medium was agitated and sparged with air until a steady electrode
reading was obtained., The instruments were then calibrated to read
full scale, Nitrogen was then sparged through the liquid until a
steady residual reading was obtained, The instruments were then caliw
brated to read zero., The process of setting the full scale readings
and the readings for zero oxygen concentration was repeated until no
changes in the settings were necessary. This procedure was found to
be necessary because, despite the most careful precautions, a small
residual current could not be eliminated when the electrode was ex-
posed to pure nitrogen,

Since the electrodes measured oxygen activity rather than cone
centration, the millivolt recorder provided a reading of dissolved
oxygen in per cent of saturation, It was therefore necessary to con-
vert the readings into concentration units. To do this, it is suffi-
cient to know the dissolved oxygen concentration at saturation, Cg.
Bennett and Kempe (11) calculated a value of CS for their medium from
the data of Solomons (67). Solomons gave data for the solubility of
oxygen in glucose solutions at 37 °C. Bemnett and Kempe corrected

these data for temperature, and for the presence of salts and
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antifoam. The medium of Bennett and Kempe was identical to that used
in this study, except for the addition here of another antifoam, so
their estimate of 6.8 mg/l for C, was also used in this work,

Mueller and Boyle (56) have objected to the calculated value of
Cs used by Bennett and Kempe. They contended that Bennett and Kempe
calculated Cg from data on oxygen transfer from Solomons paper. They
further argued that viscosity has a greater effect on oxygen transfer
rates than does oxygen solubility, This is undoubtedly true for glu-
cose solutions, but not for solutions of electrolytes., However, the
question is not appropriate, since Cg was not calculated from data
on transfer rates, but from oxygen solubility data‘at 37 °C. by as-
suming percentage changes in solubility at the same sugarvmolarity
were the same at 25 °C as at 37 °C.

The misunderstanding apparently arises from a misprint in
Figure (2) of Solomons' paper, where the units of the ordinate were
given as mg/l/hr rather than the proper mg/l, However, it should be
noted that the technique used by Mueller and Boyle to measure the
change in solubility of oxygen with a change in sugar concentration
is in itself subject to question, They saturated distilled water
with oxygen in an air-tight reactor, noted the oxygen probe reading,
then quickly added a known quantity of glucose to the reactor, and
noted the new electrode reéding. Since the reactor was air-tight,
the solution became supersaturated with oxygen after addition of the
glucose, and the probe reading consequently rose, Mueller and Boyle
took the rise as a measure of the drop in oxygen solubility due to

glucose, This contention is controverted by Beckman Instruments, Inec.,
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in Beckman Instructions 1223-D for the use of the Model 777 laboratory
Oxygen Analyzer (April, 1967 Edition). Quoting from this booklet

In a closed system . . . , an increase or decrease

of salinity might affect the partial pressure and

hence the (electrode) reading, but the reading

would not be directly indicative of the change in

oxygen concentration,

Such would also be the case for glucose solutions,

iii) THE ORGANISM,

The bacterial species used was a strain of Pseudomonas ovalis,

NRRL B8S, obtained from the Northern Utilization Research and
Development Branch, United States Department of Agriculture, Peoria,
Mlinois., This strain quantitatively oxidizes glucose to gluconic
acid, as reported by Lockwood, Tabenkin and Ward (50). Tsao and
Kempe (79) and Bennett and Kempe (11) confirmed that there were essen-
tially no side products developed, Humphrey and Reilly (41) pointed
out that, although no side products were elaborated, the organism
does not actually produce gluconic acid, Rather it produces glu-
conolactone, which is subsequently non-enzymatically hydrolyzed to
the acid, In addition, Humphrey and Reilly found that the gluconic
acid is further oxidized to 2-ketogluconic acid when the glucose con-

centration becomes low,

~iv) MEDIA AND GENERAL CULTURING.
Medium A was used to cultivate the bacteria at 30 °c,
Medium A:
Glucose - 50 grams

Yeast extract 5.0 grams
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Urea 2,0 grams
Ko POy, 0.6 grams
MpS04” 7Hp0 0.25 grams
- Distilled water 1.0 1liter

Ten milliliters of the medium in screw c#p test tubes were used
to carry the culture from day to day., It was found that if the test
tube cultures were not transferred within about 24 hours, the pH of
the culture fell so low that the organisms were killed, A small
amount of calcium carbonate powder was therefore added to each tube
to buffer the pH at about 5.,5. Although, in practice, the cultures
were transferred about every two days, it was found that cultures buf=-
fered with CaC03 remained viable for at least two weeks.

One liter of Medi;m A was used in a two liter Erlenmeyer flask
to culture the organism for a run, The flask opening was covered
with a 2% inch by 2% inch piece of gauze cut from an 8 inch by
10 inch surgical pad.13 The gauze was secured with a rubber band,

No CaC0O3 was used in the flask cultures,

The stock of cultures was maintained by growing the organism in
test tubes for 24 hours at 30 ©°C, then placing them in a freezer for
storage at =20 °c, About every three months, or more often if needed,
one of these frozen cultures was quickly melted, and used for innocu-
lation of fresh tubes of medium., These cultures were then added to

the cultures currently being carried.

138urgipad Combine Dressing, Johnson & Johnson, New Brunswick, N, J.



Both test tube and flask quantities of Medium A were auto-
claved at 15 pounds gage pressure for 30 minutes,

Medium B was used to resuspend the cells from Erlenmeyer flask

cultures,

Mediun B:

Glucose 50 grams
KoHPOY, 0.9 grams
KHo POy, 0.6 grams
Polyglycol p-200014 4 - drops
Silicone Antifoam B15 1 drop
Distilled water 2,0 liters

Polyglycol P~2000 and Silicone Antifoam B were used to control foam-
iné. Medium B was not autoclaved, but was prepared no longer than
one hour before the start of a fermentation run, Medium B contained
no available nitrogen, so there was no growth of the organisms once
.they were added to the medium, However, respiration of such resting

cultures still occurred,

v) PROCEDURE FOR A FERMENTATION RUN.

To prepare a culture for a resting cell suspension, ten ml of
Medium A in a screw cap test tube were inoculated and cultured for
24 hours at 30 * 0.5 °C, Growth took place mostly at the air-medium

interface, where a rather fragile pellicle formed. This 24-hour

4Dow Chemical Co., Midland, Michigan,

1 5Dow-Corning Corp., Midland, Michigan,
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culture was then aseptically transferred to one liter of Medium A in
a two liter Erlenmeyer flask, This medium was then incubated for

16 to 18 hours at 30 °C on a rotary shaker.16 The flask was shaken
at 180 RPM, According to Bennett (10) the cells enter the stationary
phase after 12 hours, and remain in this phase up to the twenty-
fourth hour., Cells incubated for 16 to 18 hours thus were in about
the middle of the stationary phase of growth, The pH of the culture
was normally about 4,3 at this point,

To harvest the cells, the culture was removed from the shaker
and poured into a 1500 ml beaker, Three drops of Polyglycol P-2000
were added, and a propeller stirrer was placed in the culture, A pH
electrode was. immersed just below the surface of the medium, and the
agitator was started. Sufficient 4 N sodium hydroxide was slowly
added to the culture to raise the pH from 4,3 to 7.0, The cells were
then aerated vigorously for 30 minutes with air blown through an |
Moxite sparger, Sodium hydroxide was added intermittently to main-
tain the pH between 6.9 and 7.1.

The cells were next centrifuged17 from the broth at 1060 x g
for 30 minutes, The supernatant was decanted, and the centrifuge
bottles were inverted for about five minutes to drain supernatant
from the cell packs. The bottles were wiped dry around the inside
edges, and about 50 ml of Medium B were poured into one of the

bottles, The bottle was plugged with a rubber stopper, and the cells

16

Model VS, New Brunswick Scientific Co,, New Brunswick, N. J.

17Model K, Size 2, International Equipment Co., Needham Heights, Mass.,



were suspended in the medium by vigorous shaking. The suspension was
poured successively into each of the other bottles, and the cells in
each were resuspended in similar fashion. Most of the cells were thus
concentrated in about 50 ml of Medium B,

There were somewhat more than 2 liters of Medium B when pre-
pared as described above, Small portions of the cell concentrate
were added to the Medium B remaining after the 50 ml was withdrawn
for suspending the cells, The medium was then mixed with a magnetic
stirrer. Cell concentrate was added until the turbidity of the sus=
pension was 100 Klett units (0,20 units of optical density) on a

18 using a blue, 420 mp fil-

Klett-Summerson photoelectric colorimeter
ter, The blank used was Medium B before cells were added,

Bennett (10) studied cell populations in an identical medium,
except that he used no Silicone Antifoam B, He found that a turbidity
of 100 Klett units at 420 mu corresponded to a viable cell count of
about 107 cells per ml, Dry cell weight at this turbidity was 0,23
grams per liter, according to Bennett,

Usually about 2,01 to 2,02 liters of suspended cells were obe
tained after suspension as described, Exactly 2,0 liters of the sus-
pension were used to charge the fermentor, In this way the same vol-
ume of medium of the same turbidity was used for each fermentation
run. It was therefore assumed that initial cell counts were the same

for all fermentations in this study.

Before the start of a run, the pH meter, the recorder-controller,

18Model 900-3 Industrial Colorimeter, Klett Manufacturing Co.,
New York, N, Y.
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and the oxygen electrode were standardized at 25 °C. For this pur-
pose, 2.0 liters of Medium B with the glucose omitted were placed in
the fermentor. The pH of a sample of this medium was measured ex-
ternally., Then the pH measuring system of the fermentor was cali-
brated to the pH of the sample, The oxygen electrode was standardized
as outlined above,

With the cells in the fermentor jar, the fermentor was assem-
bled, and placed in the water bath, which was controlled at
25 X 0.2 °C, and the agitation and sparging were begun, The sparging
rate was 2,0 liters per minute (1,0 VVM, volume of gas per volume of
liquid per minute), and the pH was controlled at 7,0 unless otherwise
noted,

The pseudo-steady -state was defined by three variables: 1) a
constant dissolved oxygen activity, measured by the oxygen electrode,
2) a cqnstant bulk concentration of lactone, measured by a colorie
metric method described below, and 3) a constant rate of acid produc-
tion, as determined by the rate of alkali addition necessary to maine
tain a constant pH., Readings of the sodium hydroxide level in the
burette were taken every five minutes, Steady state was usually ate
tained in about two hours.

After a pseudo-steady state had been established, the rate of
oxygen utilization was measured by a transient method, using the oxy-
gen electrode, The air was shut off, and the agitation intensity was
changed from its rate during the steady state measurements to 120 RPM,
During the short time (gg. 20-30 seconds) required to change the

agitation rate, nearly all of the bubbles in the system rose to the
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surface and were discharged, With the air supply cut off, the dis-
solved oxygen level in the fermentor fell due to its consumption by
the cells, The rate of dissolved oxygen uptake by the cells was de-
termined from the slope of the curve of dissolved oxygen versus time,
A small correction factor had to be applied to compensate for re-
aeration of the broth from the air in the fermentor head space, as
discussed by Bemmett (10). Four to five minutes were usually re-
quired for the dissolved oxygen concentration to fall to a low level,

For runs in which the rate of oxygen uptake, at a steady state,
was to be measured at various hydrogen ion activities, the pH was
changed by the addition of either 10 N sulfuric acid or 4 N sodium
hydroxide through a port in the head plate., The reagents were dis-
pensed with a syringe, The set point of the recorder-controller was
changed before the addition of acid to lower the pH, and after the
addition of alkali to raise the pH.

Viscosity was changed after an initial steady state was
achieved by stopping and disassembling the fermentor, inserting a pro-
peller type agitator in the open jar to stir the broth, and carefully

9

sifting the desired amount of Natrosol 250H1 into the vortex of the
liquid, This procedure is in accordance:with the finding of Godleski
and Smith (34), who found that blending in Natrosol solutions was
fastest when a vortex was present, and that baffling of the vessel

increased the blend time., Dispersion of the Natrosol required two to

three minutes., Actual dissolution of the wetted, dispersed powder

19Hercules Powder Co., Wilmington, Delaware,



took an additional 20 to 30 minutes., Viscosity progressively ine
creased during this 20 to 30 minute period,

Natrosol 250H is a hydroxyethyl ether of cellulose, It was
chosen for this study because it can be dispersed in cold water, It
develops pseudoplastic viscosity in aqueous solution, Since it is
nonionic, the viscosity of aqueous solutions is not éignificantly afa
fected by moderate concentrations of acids, bases, and salts, Bennett
(10) determined the rheological constants for aqueous solutions of
Natrosol at several different concentrations. The manufacturers of
Natrosol state?0 that solutions of Natrosol 250H develop a Brookfield
viscosity of about 2,000 cp at 25 °C at a concentration of one per
cent by weight., Further, they state that viscosity is substantially
a linear function of concentration up to at least one per cent, This
corresponds to a viscosity of 200 cp per gram of Natrosol per liter,
Precise knowledge of viscosity characteristies was not necessary for
the purposes of this study, so this figure was deemed sufficiently ac=-

curate,

vi) DETERMINATION OF LACTOMNE,

lactone was measured by the hydroxamate method of Lipmann and
Tuttle (48) and Hestrin (38), as modified by Lien (47). The method
is based on the reaction of hydroxylamine with the internal ester of

gluconolactone to form a hydroxamic acid, which reacts in turn with

iron (ITII) in acidic solution to form a colored complex. To measure

2OTechnical Data Bulletin VC-415-2, Hercules Powder Co., no date,
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lactone concentration, a 1 ml sample from the fermentation broth was
added to 2 ml of hydroxylamine reagent at 0 °c., prepared by mixing
equal volumes of 4 M hydroxylamine hydrochloride and 4 N sodium
hydroxide and adjusting to pH 8,0, The reaction was essentially come
plete in 30 seconds at 0 OC, The reaction mixture was then acidified
with 1 ml of 4 N hydrochloric acid, Color was formed by the addition
of 1 ml of a solution of ferric chloride, containing 100 grams per
liter of FeClB in 0.1 N HCl, The pH at this point was about 1,2, All
of the reaction steps were carried out in Klett-Surmerson tubes im-
mersed in an ice bath, The contents of the tubes were thoroughly
mixed after the addition of each reagent. Photometric determinations
were made ﬁith the Klett-Summerson colorimeter, using a green, 540 mp
filter, Color formation was measured immediately after the addition
of ferric chloride, sin§e the color faded fairly rapidly. The blank
was made up by adding the sample from the fermentor last instead of
first,

A calibration curve was made by converting 1 ml samples of glu-
conic acid, at pH 1.5 to 2,0, quantitatively to the lactone by auto=
claving at 15 pounds gage pressure for 15 minutes, The calibration
curve is given in Appendix B,

The method was suitable for measuring lactone concentrations in
the range 0,002 M to 0,01 M without diluting the sample,

Samples and reagents were dispensed from calibrated syringes.,
Although this probably resulted in some loss of accuracy, it proved
necessary in order to gain sufficient precision when determining the

lactone concentration of viscous samples.,
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vii) MEASUREMENT OF THE RATE OF LACTONE DISAPPEARANCE UNDER ANAEROBIC
CONDITIONS,

For these experiments, a fermentation was conducted until a
steady state was achieved, Then aeration and agitation were stopped
until substantially all air bubbles had disappeared. Nitrogen gas
was then passed through the head space of the fermentor, or was
sparged through the broth at 1,0 VVM, which was the gassing rate used
in the previous aeration., Then agitation was resumed., The lactone
concentration and the rate of sodium hydroxide addition were measured
every four minutes, until the lactone concentration had fallen to
about 0,003 M,

Determinations of the rate of lactone disappearance were made
for two cases: 1) with nitrogen passed through the head space of the
fermentor, and 2) with nitrogen sparged through the broth at 1,0 VVM,

These determinations were made for a series of agitation rates,

viii) MEASUREMENT OF SPECIFIC PHYSICAL ABSORPTION COEFFICIENTS.

Physical absorption coefficients were measured in two liters of
Medium B with no cells present, Measurements were made at 25 °C and
at various agitation rates., Coefficients were measured at an air
flow rate of 1,0 VVM, and at 0,0 VVM, In the latter case the only
source of oxygen was through the free surface of the liquid from air
in the head space. |

First, the oxygen electrode in the medium was standardized as
outlined above, then the medium was Stripped of oxygen by sparging
with pure, water-pumped, nitrogen gas, The nitrogen supply was then

cut off and agitation stopped. With the liquid quiescent, the
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nitrogen in the head space was replaced with air introduced through a
port on the head plate, Purging was continued until the partial pres.
sure of oxygen in the exhaust gas was constant as measured by a sec-
ond oxygen electrode attached to an exhaust port on the fermentor.
Uptake of oxygen by the quiescent liquid by diffusion was negligible
during this pefiod. The agitator was then turned on, and air was
either sparged through the liquid at 1,0 VUM, or it was passed
through the head space of the fermentor. As oxygen was absorbed by
the medium, a trace of dissolved oxygen activity as a function of
time was recorded,

As discussed above, the reading of the oxygen electrode was pro-

portional to oxygen activity, so
C = mE - Ep) (27)

where E is the electrode reading at a dissolved oxygen concentration
C, E, is the electrode reading at zero dissolved oxygen concentration,
and m is a constant of proportionality,

From Equation (27)

dc/dt = mdE/dt
and
Cgc = C = m(Eg - E;) - m(E - Ep)
Since
dc/at = kfa(C, = C)
then
dE/dt = kfa(Eg - E) (28)
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Equation (28) is identical in form to Equation (2), so that kfa can
be determined directly from records of E versus t, No knowledge of
the actual values of dissolved oxygen concentration is needed, and an
equation corresponding to Equation (5) can be written in terms of

electrode readings as

Ep - kg Eo + Eq
L = kPa(E, ~ —— 2

The average specific physical absorption coefficient for any given ex-
perimental conditions between times t{ and t, was thus determined
from Equation (29) for a number of small, consecutive time intervals,
Physical absorption coefficients for Medium B containing vari-
our amounts of either Natrosol 250H, or Methocel 65 HG-l&OOO,21 were
also determined by the same method, Methocel 65 HG-4000 is a mixed
ether of cellulose, with hydroxyl groups on the cellulose being sub-
stituted with methoxyl and hydroxypropoxyl groups. Methocel is non-
ionic, Tt is soluble in cold water, but it is not easily dispersed
in cold water., The product must be dispersed in water at 80 to 90 oc.
After dispersion, it is soluble in cold water, Methocel 65 HG-4000
produces a viscosity of 4,000 cp in aqueous solution, at 2 per cent
by weight of Methocel, as measured in Ubbelohde, tubewtype viscometers,
Viscosity is not a linear function of concentration,

The effects of iso-amyl alcohol on specific physical absorption

coefficients were also investigated. One milliliter of iso-amyl

21pow Chemical Co., Midland, Michigan.
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aleohol, density 0.812 g/1, was diluted to 100 ml with distilled
water., This solution contained about 8 mg of alcohol per ml, One
milliliter of this solution added to 2 liters of Medium B resulted
in an alcohol concentration of 4 ppm, and so on., Absorption co-
efficients were measured by the same method as outlined above, and

results were analyzed according to Equation (29).



ITI, EXPERIMENTAL RESULTS

i) THE SPECIFIC PHYSICAL OXYGEN ABSORPTION COEFFICIENT, kﬁa.

a) The Effect of Agitation on kfa.

A typical curve of the oxygen electrode reading as a function of
time as a cell-free broth was reaerated at 1,0 VVM is given in
Figure (3). It shows that the oxygen concentfation in the bro@h ap-
proaches saturation asymptotically, as is predicted by Equation (2).
Curves similar to this one were obtained for all cases studied.

Figure (4) is a plot of the slope of Figure (3), AE/ At,
versus the concentrationvdriving force (Es - E). The straight line
through the origin is the average value of kga as estimated from
Equation (7). Figure (5) and Table II show how kﬁa at 1,0 VVM for
Medium B varies with the agitator speed, The variation is similar to
that found by many other workers, with kfa varying exponentially with
the agitator speed (3).

According to Calderbank (16), kf is a function of only two
variables: the diffusivity of oxygen in the medium, and the vis-
cosity of the medium, It is independent of the hydrodynamic condi-
tions of the liquid., Therefore, kf should be constent for these runs,
The variation of kfa is probably mainly due to changes in the inter-
facial area, a, Calderbank (15) also discovered that there is a
lower limit to the bubble size attainable in a contactor of this type,
when there is a dynamic equilibrium between liquid shear and the
coalescence of bubbles, Hence, there should be an upper limit on the

interfacial area which can be obtained, This may explain why

“6la
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TABLE II

MASS TRANSFER COEFFICIENTS FOR THE ABSORPTION OF OXYGEN FROM AIR TO
MEDIUM B AS A FUNCTION OF AGITATION RATE, LIQUID VOLUME, 2 LITERS,

AERATION RATE 1,0 VVM, TEMPERATURE, 25 °C.

Agitation Rate kra
RPM min-1
121 0,09
182 0.21
185 0.18
240 0.32
252 0.38
285 0.47
316 068
W7 0.97
353 0.99
365 1.11
434 1.75
bhs 1,60

485 1,72

~68.
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increases in kfa become much smaller at high agitation rates,

b) The Effect of Viscosity on kia.

Values of the specific oxygen absorption coefficient were de-
termined at various concentrations of the viscosity inducing agents
Natrosol and Methocel in Medium B, Figure (6) and Figure (7) give
the variation of kfa with agitation rate, with the concentration of
Methocel and Natrosol, respectively, as parameters, Coefficients for
pure Medium B with no viscosity additive are included for comparison,
The data are recorded in Table ITI and Table IV,

It can be seen that Natrosol and Methocel profoundly affect the
absorption coefficients, It was previously estimated in this thesis
that increasing the viscosity from 1 to 300 cp would reduce kﬁa
roughly 50 per cent. A-viscosity of approximately 300 cp would be de=
veloped at a Natrosol concentration of 1.5 grams per liter, From
Figure (7), it can be seen that this concentration reduced kﬁa by

L1 per cent at 200 RPM, from 0,21 min~! to 0,124 min'l. At 400 RPM,

kfa was reduced 55 per cent, from 1.5 min=! to 0.68 min~l. These re-
sults are in general agreement with those predicted in the Introduc-
tion to this thesis. The specific absorption coefficients were ap-
proximately halved at a concentration of 1.5 grams of Natrosol 250H
per liter, Furthermore, the change was greater at 400 RPM than at

200 RPM. This reflects the finding of Calderbank (15) that there is

a lower limit on bubble size in this type of contactor, Thus the in-
crease in interfacial area at constant agitation rate with an increase
of viscosity, which tends to offset the decrease in kﬁ, was smaller

at higher agitation rates, and kfa was actually decreased more at

higher RPM,
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TABLE III

THE EFFECT OF METHOCEL 65HG-4000 ON MASS TRANSFER COEFFICIENTS FOR
THE ABSORPTION OF OXYGEN FROM AIR TO MEDIUM B AS A FUNCTION OF
AGITATION RATE, LIQUID VOLUME, 2 LITERS, AERATION RATE, 1.0 VVM,

TEMPERATURE, 25 °C,

Methocel Agitation 0
Concentration Rate kia
z/1 RP min~t
2.5 234 0,16
2.5 311 0.33
2.5 350 0.54
2.5 ) 0.93
5.0 238 0.11
5.0 3tk 0.19
5.0 349 0.24
5.0 4 0.39
10.0 234 0,088
10.0 310 0.14
10.0 350 0.15
10.0 440 0.29

“7im
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TABLE IV

THE EFFECT OF NATROSOL 250H ON MASS TRANSFER COEFFICIENTS FOR THE
ABSORPTION OF OXYGEN FROM AIR TO MEDIUM B AS A FUNCTION OF AGITATION

RATE, LIQUID VOLUME, 2 LITERS, AERATION RATE, 1,0 VVM, TEMPERATURE,

25 °c,

Moo TG ds
g/1 RPM min=1
0.5 182 0.14
0.5 233 0,22
0.5 255 0.28
0.5 315 0.51
0.5 5 0.80
0.5 440 1,40
1.0 233 0.18
1.0 263 0.25
1.0 315 0.39
1.0 M7 0.55
1.0 4o 1,20
1.5 233 0.16
1.5 263 0.22
1.5 315 0.31
1.5 H7 0.44
1.5 o 0.90

3
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The prediction of the change in kfa with increasing viscosity
was based in part on the expectation that the interfacial area would
increase at higher viscosity. The interfacial area was not measured
in this study, so there is no way of telling how much the interfacial
area changed when the viscosity was increased. Timson and Dunn (78)
reported much smaller decreases in kf with increasing viscosity than
Calderbank (16) did., It is possible that the increases inbinter-
facial area with increases in viscosity were quite small, 1In fact,
according to Brierley and Steel (12) and Bennett (10), an increase in
viscosity actually results in a decrease in interfacial area., Thus,
it is possible that the decrease in kga was almost entirely due to a
decrease in ki, with the interfacial area changing very little,

¢) The Effect of Iso-amyl Alcohol on kgg.

Isowamyl alcohol was added to Medium B up to a concentration of
32 ppm. No significant effect of this substance on k{a at 25 °C and
an aeration rate of 1,0 VVM was found, When the antifoam was omitted
from the formulation of Medium B, kga in the presence of iso-amyl al-
cohol was slightly higher than kﬁa when the antifoam was present.

Zieminski and Hill (92) found that when iso-amyl alcohol was
added to distilled water, the specific absorption coefficient was
greatly increased at concentrations as low as 10 ppm, The effect of
this substance on k{a for two liters of distilled water in the appara-
tus of this study was investigated, It was found that the coefficient
increased much as reported by Zieminski and Hill, The maximum in-
crease of kfa over that for distilled water occurred at a concentra-

tion of 8 ppm.
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It was found, however, that when either antifoam or glucose was
added to the distilled water, the effects were no longer observed,
Antifoam did not alter the value of kfg found for either distilled
water or Medium B, The results of these experiments are shown in
Figure (8), and in Table V and Table VI,

It was originally anticipated that iso-amyl alcohol could be
used to increase the effective interfacial area in the fermentor used
for this study without altering the aeration or agitation rate, or
the medium viscosity. However, it was found that the desired effect
on the specific absorption coefficient kﬁa was not obtained when glue
cose was present in the medium, Since oxidation of glucose to gluw
conic acid could hardly be carried out in the absence of glucose,
further investigation of this effect was abandoned,

Results of the effects of iso-amyl alcohol on the specific oxy-
gen absorption coefficientsvare included here for two reasons. First,
they are of interest in the light of the suggestions that have been
made in the literature to use this, or similar substances, to increase
absorption efficiencies in submerged fermentations (91). If the ad-
verse effects of carbohydrate and antifoam noted here are indications
of a more general inhibitory effect, then such suggestions will need
to be re-evaluated,

Second, and of more importance for present purposes, is the folw
lowing, The increase in kfa brought about by such substances as iso-
amyl alcohol is usually attributed to the Marangoni effect (37, 93),
that is, the alcohol prevents or decreases coalescence of bubbles in

swarms, resulting in a greater effective bubblewgas interfacial area,
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TABLE V

THE EFFECT OF ANTIFOCAM ON MASS TRANSFER COEFFICIENTS FOR THE
ABSCRPTION OF OXYGEN FROM AJR TO MEDIUM B CONTAINING THE INDICATED
AMOUNTS OF ANTIFOAM, LIQUID VOLUME, 2 LITERS; AERATION RATE, 1.0 VVM;

AGITATION RATE, 345 RPM; TEMPERATURE, 25 °C.

kia

Antifoam Added min~!
none 1.21

none 1.26

1 drop P-2000 1,01
3 drops P=2000 | 1,01
L drops P-2000, 1,03

1 drop Antifoam B

'l



TABLE VI

THE EFFECT OF ISO-AMYL ALCOHOL ON MASS TRANSFER COEFFICIENTS FOR
THE ABSORPTION OF OXYGEN FROM AIR TO DISTILLED WATER OR TO MEDIUM B
WITH AND WITHOUT ANTIFOAM, LIQUID VOLUME, 2 LITERS; AERATION RATE,

1.0 VVM; AGITATION RATE, 345 RPM; TEMPERATURE, 25 °C,

Medium Antifoam Iso-amyl Alcohol 1a
' Added Concentration L

ppM min"1

Distilled None 0 1,18
Water n 0 1.14
H L[] 2 1 .21

" n L 1.37

n ! 6 1,02

] n 8 1 .47

" " 16 1,46

" " 24 1,38
Distilled None 24 1.22

Water plus
25 g/1 Glucose

Distilled 4 drops P-2000, 0 1.13
Water 1 drop Antifoam B

" ] U 1,18

" o 8 1.13

n 1] 16 1.15

n " 2[;, 1.14

Medium B None 0 1,06

" " 8 1.15

" " 16 1.13

n " 24 1.13

" " 32 - 1.15

Medium B 4 drops P-2000, 0 1,06
1 drop Antifoam B

" n 8 1.08

" " 16 1.04

" " 24 1,08

" v " 32 1.08

~78«
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although the rate of surface creation by shear at the impeller may be
unchanged, Preen (63) reported that very small bubbles coalesce with
larger bubbles almost immediately after they are created, so that
these very small bubbles are never observed outside of the sparger-
impeller envelope.

Since kfa was smaller for Medium B than for distilled water, and
no increase in kﬁa for Medium B was observed upon the addition of iso-
amyl alcohol, it may be concluded that coalescence rates are greater
for Medium B than for distilled water, and that coalescence in
Medium B is not prevented by iso-amyl alcohol.

d) Physical Absorption of Oxygen at the Free Top Surface
of the Liquid.

Specific physical oxygen absorption coefficients were measured
for the case in which no air was sparged through the medium, and the
only source of oxygen was through the top surface of the liquid.

Such a coefficient, designated herein as (kﬁa)o, might be expected to
follow Equation (2), although its numerical value should be smaller
than kﬁa at 1,0 VVM, due to the much smaller area available for oxy
gen transfer,

Figure (9) is a plot of AE/ At versus the driving force
(Es - E) for the case of surface reaeration at an agitation rate of
347 RPM, It will be recalled that for the case of aeration at 1,0 VVM
a similar plot was linear (ef, Figure (4)), whereas in Figure (9)
this is clearly not the case., This was found to be true at all the

agitation rates studied. The coefficient at 0 VV}, which is the

slope of a tangent to the curve in Figure (9), is apparently
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concentration dependent, The deviation from linearity becomes more
marked at higher agitation rates.,

At 1,0 VVM, when bubbles are moving through the liquid, the aba
sorption of oxygen may be considered a penetration phenomenon, The
bubbles move through the liquid, and fresh liquid is continually ex=
posed to the bubble, with the time of contact being proportional to
the velocity of the bubble relative to the liquid, Liquid turbulence
and eddy diffusivity are probably rather low, However, for surface
reaeration, the major means of exposing fresh liquid to the gas is by
turbulence and the creation of eddies.

King (44) has recently devised a model for gas absorption in-
corporating a damped eddy diffusivity in the rate equations., As is
usually the case, analytical solutions of the rate equations are pos-
sible only for very special conditions, but asymptotic approximations
can be made, From such approximations, King predicted that for short
contact times the absorption coefficient will be high., As the con-
tact time is increased, kg will fall, approaching a constant value at
long contact times,

The solutions were developed for continuous, steady state opera-
tions, for which the contact time is defined by the hydrodynamic con-
ditions of the liquid, and by the liquid residence time in the ab-
sorber, For the case at hand, the situation is somewhat different.
The absorption process is transient, and the average age of surface
elements can be considered as constant at a given agitation rate,

The model proposed by King can nevertheless be used tentatively to ex-

plain the concentration dependence of (kfa)o. In King's model, short
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contact times might also be considered to correspond to those condi-
tions for which the driving force is large, while long contact times
would correspond to the condition of a small driving force. Con-
versely, in Figure (9) the portion of the curve at a large driving
forcelcorresponds to a small contact time in King's model, whereas
the portion of the curve at a low driving force corresponds to long
contact times, If this were true, then (kza)o would be expected to
be large at a high value of (Eg - E), and then to fall to a lower,
constant value at small values of (ES - E). In addition, the dif-
ference between the two limiting values should be greater when eddy
diffusivity and liquid turbulence are highest, i,e,, at high agita-
tion rates. From Figure (9) it can be seen that this is the case,
On the basis of this argument, it is postulated that bubble absorp-
tion is a simple penetration phenomenon, whereas surface reaeration
is more adequately described by a model employing a damped eddy dif-

fusivity, as in the model of King (44).

ii) STUDIES ON THE GLUCONIC ACID FERMENTATION OF Pseudomonas ovalis.

a) The Effect of Agitation on Oxygen Utilization Rates.

The effect of agitation on the gluconic acid fermentation of
P. ovalis at steady state is shown in Figure (10) and in Table VII,
The criteria of a pseudo-steady state were those outlined in the sec-
tion "Procedure for a Fermentation Run": a constant dissolved oxygen
activity, a constant bulk lactone concentration, and a constant rate
of acid production. When these three criteria were satisfied at a

particular agitation rate, the oxygen supply was cut off, and the
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25 OC, an aeration rate of 1.0 VV&, and cell
concentration of 100 Kett units,

Key:

0O Oxygen uptake rate measured by acild production
with aeration,

O Oxygen uptake rate measured by acid production just
after aeration was stopped,

O (Oxygen uptake rate measured by dissolved oxygen
depletion with stopped aeration,

O Steady state lactone concentration,




TABLE VII

THE EFFECT OF THE AGITATION RATE ON THE RATE OF OXYGEN UTILIZATION AND
THE STEADY STATE GLUCONOLACTONE CONCENTRATION IN THE FERMENTATION OF

GLUCOSE TO GLUCONIC ACID BY RESTING CELLS OF Pseudomonas ovalis IN

MEDIUM B. LIQUID VOLUME, 2 LITERS; AERATION RATE, 1,0 VVM; pH, 7.0;

TEMPERATURE, 25 oC; CELL CONCENTRATION, 100 KLETT UNITS.

Agitation Rate, RPN

255 390 515

Oxygen Uptake Rate lMeasured 2.35 2.72 3.01
by Acid Production with Aeration,
millimoles/liter/hour

Oxygen Uptake Rate Measured 2.79 3.09 3,82
by Acid Production Just After

Aeration was Stopped,

millimoles/liter/hour

Oxygen Uptake Rate Measured 2.42 2,68 2.93
by Dissolved Oxygen Depletion

with Stopped Aeration,

millimoles/liter/hour

Steady State lactone 5.9 7.2 8.1

Concentration,
millimoles/liter

-8l
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rate of depletion of oxygen was recorded, The rate of alkali addi-
tion was also noted during the transient portion of the experiment.,
The entire process was then repeated at two additional agitation
rates, For the experiment shown in Figure (10), the dissolved oxy-
gen levels were approximately 46 per cent of saturation at 255 RPM,
86 per cent at 390 RPM, and 93 per cent at 515 RPM, These values are
all well above the critical level of about 16 per cent determined by
Bennett (10).

Four main points may be noted. The first is that four of the
measured quantities increased with increases in agitation rates.
These are the steady state acid production rate with aeration, the
acid production rate immediately after aeration was stopped, the oxy-
gen consumption rate me;sured by oxygen depletion with stopped aera.
tion, and the steady state lactone concentration with aeration. Thus,
one of the findings of Bennett and Kempe (11) is confirmed: the rate
of production of gluconic acid, and therefore the rate of oxygen con-
sumption, increased with increased agitation, even though the dis-
solved oxygen level was well above the critical,

Second, the rate of oxygen consumption does not depend on the
dissolved oxygen concentration, above roughly 25 per cent of satura-
tion, At any given agitation rate the curves of dissolved oxygen
versus time after the air was cut off were more or less linear, above
about 25 per cent of saturation., A correction factor for surface re-
aeration was applied to these curves, The slopes of the dissolved
oxygen depletion curves were dependent upon the agitation rate just

prior to cutting off the air,
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Third, the rate of oxygen consumption measured by steady state
acid production and the rate measured by oxygen depletion with stopped
aeration were nearly the same, This is contrary to the finding of
Bennett and Kempe (11), who found that the rate measured with stopped
aeration was independent of the agitation rate just prior to cutting
off the air supply. The probable explanation for this is that
Bennett and Kempe, unaware of the accumulation of gluconolactone in
the broth, did not allow enough time to elapse between measurements
for the lactone concentration to change significantly, It is impor-
tant to point out in this context that Bennett and Kempe measured
acid production rates with one batch of cells, and oxygen depletion
rates with another batch,

Fourth, the rate of acid production just after aeration was
stopped was considerably higher than the steady state and transient
rates of oxygen consumption, It is reasonable to assume that the lace
tone concentration during this interval was nearly constant, In fact,
the oxygen depletion curves were obtained in about four minutes, and
the lactone concentrations for the two higher agitation rates,
measured about ten minutes after the air flow was stopped, showed
that the lactone concentration fell less than ten per cent during
this ten minute interval,

b) The Effect of Viscosity on Acid Production Rates.

To determine the effect of viscosity on the rate of production
of gluconic acid, a steady state was first achieved without viscosity
additive, then a small amount of cold-water-dispersible Natrosol 250H

was added to the broth, and the effects on thé fermentation were
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noted, Figure (11) shows the results from a typical run, After the
Natrosol was added, there was a gradual drop in oxygen tension to a
new steady value, This is indicative of the time necessary for the
dispersed Natrosol to dissolve, and for its viscosity effect to de.
velop., There was no significant change in either the lactone level
in the broth or in the rate of acid production after this period., If
any change at all can be observed, it is a very slight increase in
the rate, Thus, this substance has no significant effect on acid
production in this fermentation, even though the mass transfer co-
of ficients were drastically lowered by Natrosol in cell-free systems.,
From Figure (7) it can be estimated that the addition of one

1

gram of Natrosol per liter will reduce kfa from 0,45 min™" to

! at 278 RPM, From Figure (11) it can be seen that the dis-

0,28 min”
solved oxygen concentration changed from 60 per cent of saturation
(0.255 meq/1) to 30 per cent of saturation (0.128 meq/1l) upon the ad-

dition of one gram of Natrosol per liter. Thus

6.8
= k2 (Cg = C)/jo patrosol = 0+45(60) (=) (1.0 = 0.6)
= 4,6 meq/1/hr.

Q
I

and

kf'a (CS - C)/lg,Natrosol/Lz 0.28(60)(%—2)(1.0 - 003)
= 5,0 meq/1/hr.

te]
]

These figures can be compared with the experimentally determined rate
of acid formation of approximately 4.5 meq/l/hr, This is a further
indication that the rate of oxygen uptake was unchanged by increased

viscosity. The figures are somewhat uncertain since the Natrosol
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must be measured extremely accurately in order to obtain reproducible
viscosities. This experiment confirms the finding of Bennett (10),
that the rate of acid production is independent of the viscosity of
the medium,

¢) The Effect of pH on the Gluconic Acid Fermentation,

Bennett (10) offered data concerning the effects of pH on the
rate of gluconic acid production by P. ovalis. The data showed a
maximum rate of acid production at pH 7.35. Bennett, hoﬁever, did
not report the changes in steady state lactone concentration with
changes in pH, Experiments are reported here in which both the acid
production rate and the lactone concentration at steady state were
determined as a function of pH., Three runs were made: one run in
which the cells were ihcubated for 16 hours and then centrifuged and
resuspended, and two runs in which the incubation period was 20 hours.
The results are presented in Figure (12) and in Table VIII, The op-
timum pH for acid production was sharply defined for the 16 hour cul-
ture, For the 20 hour culture, the optimum pH was not as well de-
fined, The maximum rate was somewhat greater for the 16 hour culture
than it was for the 20 hour culture, .The optimum pH was 7.3 for the
16 hour culture, and about 7.5 for the older culture.

These facts are also reflected in the steady state lactone con-
centrations found in these runs, The lactone concentrations were
relatively high at lower pH values, falling to rather low values as
the pH was increased., The curves are more or less sigmoid, and the
inflection points occur at or near the pH values for which acid

production was maximal, The difference between the lactone
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The effect of pH on the rate of gluconic acid production

and the lactone concentration in the gluconie acid

fermentation by resting cells of Pseudomoras ovalis in

2 liters of Medium 2 at 25 OC, 315 RPM, 1,0 VVM, and
Klett reading 100, Xey: O, Run I, 16 hour culture:
O, Run IT, and A, Run IIT, 20 hour cultures,




TABLE VIIX

THE EFFECT OF pH ON THE RATE OF GLUCONIC ACID PRODUCTTON AND THE
STEADY STATE GLUCONOIACTONE CONCENTRATION IN THE GLUCONIC ACID

FERMENTATION BY RESTING CELLS OF Pseudomonas ovalis IN MEDIUM B,

LIQUID VOLUME, 2 LITERS; AERATION RATE, 1,0 VVM; AGITATION RATE,

315 RPM: TEMPERATURE, 25 °C; CELL CONCENTRATION, 100 KLETT UNITS,

Run pH Gluconic Acid Iactone
Number Production Rate, Concentration,

. meq/1/hr mmol /1

I, 16 Hour Culture 5.8 1,47 9,60
6.1 1.91 9.40

6.4 2,49 8.70

6.7 3,08 7.65

7.0 L, Lo 6.55

703 4- 70 3.65

" 7.6 b,11 2,20

8.2 2,42 0.76

8.8 1,10 0.50

TI, 20 Hour Culture 6.4 2,06 6,60
7.0 3,60 5.10

7.3 3.96 3.90

7.6 L, o4 2,50

8.2 3.82 1,20

8.8 3,08 1.05

ITII, 20 Hour Culture 6.4 1,94 6.85
7.0 3,28 5,26

7.3 3.67 b,12

7.6 3.74 2,85

8.2 3.67 1.43

8.8 2.89 1.12

“Ola



concentrations at high and low pH was preater for the 16 hour culture
than for the 20 hour culturss, The acid production rates are thus
double valued with respect to the lactone concentration, except at
the maximum rate,

d) Response of the System to a Step Chavpe in pH.

A1) fermentations in this report weve carried out at pH 7,0, ©Xe
cept those used to determine the effect of pH on the rate of acid
production, A run was also made to deterwine the transient response

of the system to & step change in pH near the operating pH for most

of this study, pH 7.0, For this purpose, a fermentation was run at

o 7,0 until steady state was achieved, then the pi
changed to 6.7 by adding 10 N H,50;, to the brotn, After a new steady
state was established at pH 6,7, the pH was quickly changed back to
pH 7.0 with 4 N NeOH,

figure (13) and in Table IX. When

tde
o
s

The results are presented

]

the pi was changed to 6,7 thers was an lmmediste drop in acid produce
tion rate, followed by & slow recovery to a new steady value, lower
than the value previously established at pH 7.0, The lactone concene
tration rose slowly, the change being Tinear with vrespect to time,

steady value, The

i.e,, an apparent zevow.order 1e

time required for the two variables, the acid production rate and the

i

lactone concentration, to reach new stosdy values w
utes for each, This wag expected, since the acid oroduction rate

N

should be determined by the lactone conceniratio Lithough the

response curves took the same amount of time, they did not Lfollow

similar paths,
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TABLE IX

RESPONSE OF RESTING CELLS OF Pseudomonas ovalis IN THE GLUCONIC ACID

FERMENTATION TO A STEP CHANGE IN pH. AERATION RATE, 1.0 VVM; AGITATION

RATE, 315 RPM; TEMPERATURE, 25 oC; CELL CONCENTRATION, 100 KLETT UNITS.

Time since pH Gluconic Acid Lactone Dissolved 0o
Inoculation, Production Rate, Concentration Concentration

min™ meq/1/hr mmol/1 % Saturation
125 7.0 b,11 6,23 74.3
130 3.96 6.38 4.3
135 4,11 6.23 4.6
140 h,11 6.23 7.6
145 3,67 6.23 7H.6
150 3.96 6,16 7h.6
155 6.7 - 6.30 75.9
160 1.76 6,40 75.5
165 2,20 6.57 75.9
170 2,79 6.63 76.0
175 2.79 6.81 76.0
180 2.20 6.93 76,0
185 2.35 6.97 76,0
190 2,93 7.13 76,0
195 2.93 7.20 76.0
200 2,93 7.25 76.

205 2.6k 7.25 75.4
210 2,49 7.25 76.0
215 7.0 -— 7.25 75.4
220 3.82 7.08 75.0
225 4,26 7.02 75.0
230 L.85 6.96 74,8
235 3.96 - 74.9
240 3.67 6,81 74.8
245 L, 26 6,64 74,8
250 b,11 6.60 74,8
255 b,11 6,45 74,

260 b,26 6.45 74.8
265 b1t 6,38 75.0
270 3.67 6.38 74.9
275 3.96 6.38 75.0

«Olu
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The change in the concentration driving force for absorption,
as reflected in the change of the disseolved oxypen concentration,
occurred wuch more rapidly, approsching & new steady value in about

3% %

20 minutes, This may be taken as an indication that the response of

o

the bacterial enzyme system was wmuch wmore rapid than the response of
the system &s a whole, including presumably purely physical phenomens,
such as hydrolysis of the lactone. Note that the vercentage drop in
the driving force for absorption was considerably swaller than the
percentage drop in the acid production rate, Theoretically, they
should have been equal, No dirsct comparison can be mede between the
change in the acid pradu&tiuh rate and the change in the lactone cone
centration, This is true because the chemical kinetic coefficients
change yather rapidly with pH, unlike the mass transfer coefficient,
which is presumably not sericusly aifected by this small change in
pH.
When the pH was rewestablished at 7,0, the effects deseribed

M

above were essentially vaversed. There was & rise in the acid produce
tion rate, which recovered nearly to its previous value before the

pH was lowered to 6.7, A drop in the lactone concentration also oce
curred, reverting nearly to its value before the pH was changed to
6.7, Both of these changes took place in sbout 50 winutes, This was
approximately the same time as wes vequired Tor the reversa changes

when the pH was lowered to 6.7, The dissolved oxypen concentration

2

dropped to its previous value in sboot 20 winutes, apzin indicating
that changes in oxygen uptake cccur wuch more rapidly than changes in

the acid preduction rate,
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e) The Effect of Gas-Liquid Interfacial Area on the
Hydrolysis of the Intermediate Gluconolactone,

Bennett and Kempe (11) suggested that elimination of one of the
absorption resistances might account for their finding that oxygen up-
take rates were larger in the presence of bubbles than in their ab-
sence, As pointed out in the Introduction to this thesis, this not a
promising explanation because resistance to absorption through the
liquid film around the cells is negligibly small., 1In any case, it
was shown in the experiments described above that the difference was
an artifact. The two rates are equal at steady state, Nevertheless,
an increase in the bulk lactone concentration, and an increase in the
acid production rate, were found to accompany an increase in the agi-
tation rate, It is important to note, however, that the rate of oxy-
gen depletion occurring after aeration was stopped was still inde-
pendent of the dissolved oxygen concentration, Also, the oxygen de-
pletion rate increased as the lactone concentration increased follow-
ing an increase in the agitation rate, No current theories can
explain this phenomenon. 1In fact, it was shown in the Introduction
to this thesis that, according to current concepts, increased agita-
tion should have nc effect whatsoever on oxygen uptake rates.

One of the consequences of increased agitation is, as Bennett
and Kempe pointed out, an increased gas-liquid interfacial area. A
series of experiments was designed to see whether the interfacial
area has any influence on the chemistry of the fermentation, apart
from any interfacial effects on oxygen absorption. In these experi.

ments, a pseudo-steady state was achieved in a fermentation in the



usual fashion. Then the air supply was cut off, After the dissolved
oxygen tension had fallen to a low value, the lactone concentration
was measured as a function of time for two cases: 1) with nitrogen
bubbled through the broth at 1.0 VVM, the same rate as air had pre-
viously been bubbled through, and 2) with nitrogen passed through the
head space of the fermentor. In either case all molecular oxygen was
removed from the system so there was no oxygen absorption taking
place, and mass transfer was eliminated. Rates of acid production as
measured by the rate of alkali addition at constant pH were also
measured. The experiments were repeated at various agitation rates.
It was found in all cases that the rate of disappearance of the

lactone could he represented by an equation of the type

~d[L]/dt = k[L]
where [L] is the concentration of lactone, and k is a constant., Typi-
cal curves, both with and without nitrogen bubbles, are shown in
Figure (14). The equation is of the same form as that derived in the
Discussion from a kinetic model used to describe the system for these
conditions., Results of the experiments are given in Table X, where
k = KQ for the case where nitrogen was passed through the head space,
and k EEKé for the case where nitrogen was bubbled through the broth.
It was consistently found that the lactone disappeared faster when
nitrogen bubbles were present than when nitrogen was merely passed
through the head space., Thus it appears that the presence of a
large interfacial area has a direct effect on the kinetics of the

chemical or biochemical reactions of the system. The data are
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Figure 14, Rate of disappearance of gluconolactone

from a fermentation broth in the
gluconic acid fermentation of
Pseudomonas ovalis after the air supply
had been cut off, Iiquid volume,

2 liters; agitation rats, 310 RPM:
temperature, 25 OC: cell concentration,
100 Klett units,
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imprecise, and no good correlation is possible. Nevertheless, there
is a general tendency for the difference between K9 and Ké to become
larger at higher agitation speeds.

The rate of acid formation could also be expressed by an equa-

tion of the type

d[A]/dt = k[L]

where [A} is the concentration of gluconate ion. For acid production,
the kinetic constants are represented as k5 and ké for the case of no
bubbles and the case with bubbles present, respectively, in accordance
with the model developed in the Discussion. In general, the rate of
acid production was not the same as the rate of lactone disappearance,
50 K9 #:k5, and Ké #:ké. The kinetic constants for acid formation are
smaller than the corresponding constants for lactone disappearance,
indicating that not all of the lactone originally present in the broth
when the air supply was cut off was hydrolyzed to gluconic acid.
Moreover, whereas overall lactone disappearance was faster in the
presence of bubbles, the opposite was true for acid production. The
kinetic constant ké for the acid formation rate as a function of lac-
tone concentration in the presence of nitrogen bubbles was found to
be smaller than k5 for the acid formation rate in the absence of
bubbles, with but a single exception.

Finally, kgz. the kinetic coefficient for acid formation as a
function of lactone concentration during the steady state with air
bubbles present was larger in every case than k5 or kg, the co-

efficients calculated from the transient experiments with no molecu-

lar oxygen present.



Iv, DISCUSSION

Aerobic fermentations are usually found to proceed at a rate
that is independent of dissolved oxygen activity in the fermentation
medium, provided the activity is above a "eritical value which is
characteristic of the organism involved, There are a number of ways
of interpreting this phenomenon. Winzler (86), in a series of elegant
experiments with yeast cells, hypothesized that the effect could be
attributed to saturation of the enzyme surface, This is tantamount to
saying that chemical reaction potentials are limiting rather than oxy-
gen transfer potentials. Others have attributed the phenomenon of the
Meritical oxygen concentration" to oxygen transfer effects, or to
fluid mixing effects (51, 76).

In the Introduction to this thesis, the conditions were out-
1ined under which a gas-liquid absorber must be limited by chemical
reaction rates. An absorber with zero order chemical reaction with
respect to the absorbed gas will be limited by chemical reaction when
the concentration of the absorbed gas in the liquid lies between the
physical equilibrium concentration in the absence of chemical reaction
and the concentration at chemical equilibrium, This theoretical con-
cept is in agreement with the empirically based hypothesis of Winzler.
Such absorbers are described according to the classification scheme
of Astarita (7) as operating in the kinetic subregime of the slow re-
action regime, The theoretical concept is correct for an aerobic fer-
mentation whenever the reaction is zero order or pseudo~zero order

with respect to the dissolved oxygen concentration. Before such a

«101-
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hypothesis can be accepted for a particular fermentation, it must be
shown that this truly obtains, and that some other factor is not
responsible for the reaction appearing to be zero order., Aside from
the possibility of chemical inhibition, the most likely factors would
be poor fluid mixing, a large resistance to diffusion of one of the
reactants from the bulk fluid to the enzyme loci, or a large resis-
tance to diffusion of products away from the enzyme loci., Poor mix-
ing is rather easy to avoid in the usual laboratory scale fermentors,
although mixing could conceivably become limiting in very large in-
dustrial fermentors, Finn (31) was probably correct for most cases
in his claim that mixing sufficient to keep the cells individually
suspended will be adequate, It has been shown in the Introduction to
this thesis that the diffusion transfer coefficients to and from the
cells are usually several orders of magnitude larger than the co-
efficients for absorption from the gas phase to the bulk liquid, On
this basis, it is probable that most fermentations which appear to
operate with a critical concentration actually do have a critical cone
centration, They may be said to operate in the kinetic subregime of
Astarita,

However, a number of cases from the literature were cited in
the Introduction to this thesis for which increases in fermentation
rates were obtained by various means, even though the dissolved oxy-
gen concentrations were above the critical concentrations generally
accepted, No satisfactory explanation has yet appeared for any of
these reported effects, One noteworthy instance of a fermentation in

which such an effect has been observed is the gluconic acid
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fermentation of Pseudomonas ovalis, Tsao and Kempe (79) first ob-

served an increase in the rate of gluconic acid production by resting
cells of this organism with an increase in the agitation rate of their
fermentor., They did not report dissolved oxygen levels, and it was
not known whether the dissolved oxygen content was above the critical,
Aiba, Hara, and Someya (2) measured oxygen uptake by resting
cells of P, ovalis in a bubble aeration column without agitation,
They measured uptake rates by two differént methods., They found that
the dxygen uptake rate as measured by gluconic acid production in the
presence of air bubbles was higher than the rate of oxygen uptake of
a sample of their broth measured polarographically., The oxygen conw
centration was above the critical level for all of their experiments,
Bennett and Kempe, (11) set out to determine whether the effects
described by Tsao and Kempe could still be detected when the dissolved
‘oxygen concentration was known to be above the critical, They found
once again that an increase in the gluconic acid production rate re-
sulted from an increase in the agitation rate, even though the criti-
cal dissolved oxygen concentration was exceeded at all times, In
addition, at each agitation speed Bennett and Kempe measured the rate
of oxygen depletion in their fermentation broth after the air supply
had been cut off, The rates were measured by means of a membrane
type electrode., They found that the oxygen depletion rate was inde-
pendent of the stirring rate and was lower than the corresponding
steady state acid production rates established at each agitation rate.
The accumulation of significant amounts of an intermediate glu-

conolactone was detected for this fermentation at pH 5,8 by Humphrey
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and Reilly (#1), They also detormined that P. ovalis does not pro-
duce a lactonase, so hydrolysis of the lactone to gluconic acid is
spontaneous, The experiments of Tsao and Kempe and of Bennett and
Kempe were carried out at pH 7,0, The nonenzymatic hydroiysis of the
lactone is much more rapid at pH 7.0 than at pH 5.8, MNevertheless,
if lactone had accumulated in the broth during the steady state acid
production experiments of Bennett and Kempe, then they were not necese
sarily measuring the instantaneous rates of oxygen uptake, but rather
the rate of spontaneous hydrolysis of the lactone, Only if the lace
tone concentration were constant would the oxysen uptake and the glue
conic acid production rates be the same,

In experiments reported in this thesis it was shown that &
pseudo~steady state could be achlieved in which the dissolved oxygen
level, the lactone concentration, and the acid production rate were
all constant, provided the temperature, pH, aeration rate, and agita.
tion rate were also constant, When the agitation rate was increased
the acid production rate rose, as reported by Bennett and Kempe, 1In
addition the gluconclactone concentration rose, Thus, on a simple
phenomenological level, the reason the acid production rate increased
when the agitation rate was increased was because the lactone level
inereased, and the rate of acid production is directly proportional
to the lactone concentration, On a theorstical level, of course,
this finding merely shifts the emphasis, since the problem changes
from determining the reason for the increase in awid production rate

to that of explaining the increase in the lactone concentration,
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In the transient experiments it was found that the rate of oxy-
gen depletion in the broth after the air supply was cut off was inde-
pendent of the dissolved oxygen level down to roughly 25 per cent of
saturation, On the other hand, the rate was dependent on the lactone
concentration in the broth, That is, the slopes of plots of dissolved
oxygen as a function of time after the air supply was cut off in-
creased with increased agitation rate, Thus, from one point of view,
it can be stated that a critical oxygen concentration does exist, but
the caveat must be added that it is observable only at a constant, or
very nearly constant, lactone concentration,

Phenomenologically, then, the gluconic acid fermentation of
P, ovalis can be characterized by the following:

1, Ultimately, the fermentation rate is determined
by the net rate of lactone formation,

2. Above a certain value, which was about 25 per
cent of saturation for the case at hand, the
rate of oxygen uptake is independent of the
dissolved oxygen concentration,
In the following, a kinetic model will be derived which pree
dicts this sort of behavior, A reaction scheme was proposed in the
Introduction to this thesis based on information from the literature

for glucose dehydrogenase systems from other organisms, The scheme

is presented again here for convenience.

[3-0-glucopyranose + napt = p-glucono- d ~lactone +
NADH + H*

NADH + B + 2oyt o(Fe’d) == naD¥ + 2eyt c(Fe'?) + 2nt
2cyt c(Fe*?) + 30, + 20" 2= 2eyt c(Fe*?) + 1,0

D-glucono-s -lactone + Hp0 — p-gluconic acid
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Overall:

o-glucose + 30, — o-gluconic acid

Each of these reactions, except the hydrolysis of the lactone, is pre-
sumably mediated by a specific enzyme, Therefore, a kinetic model
specifically incorporating all of these reactions would be most un-
wieldy, if not impossible, with present techniques. The cytochrome
functions as an electron carrier, and does the NAD+. If it is asw
sumed that formation of an enzyme-sugar complex is slower than the
subsequent transfers of electrons or protons, then the following
highly simplified reaction scheme can be proposed for the conversion

of glucose to gluconiec acid by P. ovalis.

kg
E + S = BES
ko
ky
ES+~§—02:: E + L + W
ky
k
L + W —2 A

E is the free enzyme, S is sugar, ES is an activated enzyme-sugar come-
plex, Oy is oxygen, L is the gluconolactone, W is water, and A is the
product, gluconic acid., The reaction model ignores all transfers of
electrons and protons, which amounts to assuming that such transfers
are infinitely fast. The first two reactions are assumed reversible,
For this assumption to be justified, it is necessary that all of the
reaction steps in the actual sequence of reactions be reversible, with
the exception of the hydrolysis of the lactone to gluconic acid. The

latter is nonenzymatic and almost completely irreversible at
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physiological pH values, The reversibility of cytochrome c has been
amply demonstrated as was already mentioned (29, 36, 52). Strecker
and Korkes (73) demonstrated that the lactone formation reaction is
easily reversible, The simplified reaction scheme given here is
therefore feasible at least with respect to the reversibility of the
reactions,

In writing rate equations for enzyme systems, it is a standard
practice to assume that the free enzyme concentration and the concen-
tration of the enzyme-substrate complex rapidly approach constant
values, Thus the net rate of formation of the activated complex can
be written as

1
Ales) o g E]s] - (i + k[0 ]PES] + g E) M)
: (30)
Since there is no growth of cells in the medium it can be assumed

that the total enzyme concentration is a constant:

[e]o = [E] + [&s] (31)

Equations (30) and (31) can be rearranged and combined to give [E] and

[ES] in terms of [E]O:

(<] - o o] ],

T (32)
ky[S] + Ky + k3[0o 7 + 1, [L][W] *
rss] - ky[s] + ¥y [L][w] (5], )

ki [5] + kp + ky[0p ] + iy [L][w]

Under pseudo-steady state conditions d[L]/dt is zero, so that, if it
is assumed that [L]? << [1], and that [W] can be replaced with ac-

tivity units, with a = 1, an expression for the lactone concentration
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can be written, making use of Equations (32) and (33):

kiks[E]g
koky[E], ki ke kok kaks

[sMo.)* [ [sllel”  [s]

If it is assumed that the sugar is present in large excess, and hence

(34)

(1]

is of essentially constant concentration, then

K Ky [0,)?
L] = & - 3 oF (35)
— + Kt + Kz[02)°
[e2]?
The rate of product formation can thus be written
1
A - - el - L o
| o+ Klog]?
If Kz(oz)% >> Ky then
LY T ks = k[E]o[s] = k[t] (37)

dt K

since K, = keky = kykgks[E], and K = kgks/[s].

Equations (36) and (37) may be compared with the phonomeno-
logical characteristics of the gluconic acid fermentation pointed out
above, First, Equation (36) predicts that provided K, is sufficiently
large, the rate of acid production will be independent of the dis-
solved oxygen concentration above some value determined by the kinetic
constants of the enzyme system, This is in agreement with the experi-

mental results, This concentration may be identified with the classi-

cal "eritical” oxygen concentration, Its formation agrees with the
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hypothesis of Winzler (86) that the criticel concentration is dew
termined by the chemistey of the enzyme system rather than by physie
cal factors,

Second, Eguation (37) predicts that the controlling veaction
when the dissolved oxygen concentration is above the critical will be
the rate of formation of the activated enzyme.glucose complex,

The model given here can also be used to predict the form of
the equation describing the rate of disappeararce of lactone from the
broth when the air supply is cut off. Assume the case wherein a
pseudowsteady state is achieved, and then the air supply is suddenly
cut off', and nitrogen gas is passed through or over the fermentation
medium, After all the oxygen has been consumed metabolically or
stripped away the following reactions remain from the scheme given

above:

I
jﬁlb z }j& “"«l’ x‘?)
ky
k.
5
Lo+ W > A

The reaction ES + %ﬂz == o 4 W oneed not be ceonsidered il the as.
sumption is made that oxygen molecules are stripped sway by the nitroe

gen as soon as they are produced. WNote that the overall effect of
this scheme is a competition betwesn the noneenzymatic hydrolysis of

the lactone to gluconic acid and the regeneration of glucose by re-

versed electron flow through the eytochrome ¢ and nucleotide carriers,
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The rate of disappearance of lactone can be written, assuming

ay = 1:
_dlt] | k[E][L] + ks[r] (38)

Proceeding as before, [E] can be expressed in terms of [E]O

k[E],

[e] - k[S] + Kk + ky[L] (39)
Substituting Bquation (39) in Equation (38)

L0 I N R -

dt k[s] + k + kL]

Once again, assuming constant [S]

"EE[%]" = A fé[izm + ks[L] | (41)
It k,[L] >> &,

A

rra, +kg[L] = Kg + ks[L] = p[B], + kg[L]  (42)

It K, >> k,[L]

at Ky

[2] + x[t] = [t] (3)

Finally, the rate of acid production for the conditions under con-

sideration is simply
afa] _
- ks[L] D)

In Table II of the Experimental Results section values of the

kinetic constants Kg and k. are given, Data for these calculations
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were collected by cutting off the air supply to a fermentation and
measuring the rate of disappearance of lactone from the broth. Primed
constants designate the cases where nitrogen was bubbled through the
broth, and unprimed constants designate the cases where nitrogen was
passed through the head space of the fermentor.

The model developed in this Discussion appears to be satisfac-
tory for describing the effects of oxygen concentration and lactone
concentration on the rate of gluconic acid formation by resting cells
of P. ovalis. These effects are that at a given steady lactone con-
centration, the rate of oxygen uptake, and hence the rate of acid
production, will be independent of the dissolved oxygen concentration
above a certain level, Manipulation of the interphase oxygen trans-
fer driving force will have no effect on the fermentation if all other
factors remain the same. This was shown to be true by Bennett (10),
who varied the partial pressure of oxygen in the gas fed to his fer-
mentor by bleeding nitrogen into the feed air, The total gas flow
rate was constant, In this way the dissolved oxygen level could be
varied at constant agitation rate and gas flow rate. Inspection of
Bennett's data for these experiments shows that above a characteristic
dissolved oxygen level the rate of acid production became independent
of dissolved oxygen.

A1l of the above is consistent with the widely accepted concept
of the Meritical oxygen concentration. However, with this fermenta-
tion it was also found that acid production rates could be increased
by increasing the agitation rate, even when the dissolved oxygen cone

centration was always above the critical, The phenomenon has been
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previously reported by Bennett and Kempe (11). They also found that
although steady state acid production rates incesased when the agita.
tion rate was increased, the rate of oxygen uptake as measured by
oxygen depletion rates after the air supply had been cut off was ine
dependent of both the agitation rate and the dissolved oxygen concen-
tration, when that concentration was above the critical, Subsequent
experiments reported herein have shown the latter to be an artifact.
The transient rates as well as steady state rates increased with ine
creasing agitation intensity. It is probeble that Bennett and Kempe,
unaware of the accumulation of the intermediate gluconclactone, did
not allow sufficient time to elapse bstween their transient weasure.
ments for the lactone concentration to change significently. In eXe
periments reported in this thesis, the minimm time required to
establish a new steady state after changing the agitation rate was
one hour or more, Therefore, Bennett and Kempe did not observe any
changes in the oxygen depletion rate.

Nevertheless, the fact remains that increasing the agitation
rate increased the fermentation rate in the experiments reported in
both Bennett's thesis and in this thesis, although the oxygen concen
tration was always above the critical, This wag found to be true

state acid

"Il

whether the fermentation rate was measured by the steady e
production rate, or by the trensient oxygen depletion rates after the
pas supply was cut off, Thus, the rates measured hy dissolved oxygen
depletion increased with increasing agitation, provided a new steady

state acid production rate, and hence & new lactone concentration,

) kS

was established prior to each transient measurement, At the same
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time, all of the transient measurements were independent of the dis-
solved oxygen concentration, That is, plots of dissolved oxygen as a
function of time after the air supply was cut off were linear for
each agitation rate, A correction for reasration through the surface
was applied to these data, This result is in agreement with Equa-
tion (36). The slopes of the plots, however, increased with ine
creased agitation rate,

Theoretically, if the rate of oxygen uptake is independent of
the dissolved oxygen concentration then, for an absorber of this type,
increasing the agitation rate should have no effect on the absorption
rate or the fermentation rate. DBennett and Kempe suggested that the
reason this did not obtain for the gluconic acid fermentation was due
to the existence of tw; parallel paths for transfer of oxygen from
air to the cells, One path is through the resistances listed in the
Introduction, as suggested by Bartholomew et al. (8), The other path
suggested by Bennett and Kempe was also first pointed out by
Bartholomew and his co-workers, In this path, some of the cells are
assumed to adsorb on the surfaces of the air bubbles as they pass
through the liquid. 1In this way, one of the liquid film resistances
and the bulk liquid resistance are eliminated for a portion of the
cells, It has been shown, however, that the resistances of the bulk
liquid and the liquid-cell film are negligible compared to the resis-
tance of the liquid film around the bubble (31, 55). Therefore,
elimination of the former would have no effect on the fermentation,
even if mass transfer were controlling, In any case, it is evident

from Astarita's work (7) that chemical reaction is the controlling



process for a fermentation of this type, provided that the dissolved
oxygen level is maintained above the eritical,

The dependence of the fermentation rate on the agitation rate,
even though oxygen transfer is not limiting, seems to indicate that
the surfaces of the bubbles, that is the gas.liquid interface, may be
an important factor, If this is so, then since the fermentation is
controlied by chemical or biochemical reaction rates, the effect
would have to be due to an inerease in the rate of at least one of
the chemical reactions in the system., This charnge would have to rew
sult from the presence of the interface, Ixperiments have been de.
scribed in which the rate of disappearance of the chemical intermedi-
ate gluconolactone was measured in the absence of sny oxygen transfer,
This rate was larger when bubbles of the inerl gas nitrogen were
passed through the broth than it was when nitrogen was passed only
over the top of the broth, No oxygen was present in either case, so
oxyeen transfer was eliminated as a factor in these experiments, Thus

Y

the surfaces of the bubbles seem to afford an increased reaction rate

over that observed in the bulk solution,

Before proceeding to an analysis of this observation, 2 brief

“

discussion of the physicowchemical factors which might allow an ine

crease in & chemical reaction at a gas.liquid interface will first be

made,
The energies of activation for reactions in the bulk phase and
in surface layers are usually equal, The only known exceptions are

K}

found in films which expand at a constant surface pressure over a

limited temperature range., The expansion of the film will provide an
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increased accessibility of reactive groups in the {ilm molecules (22).

A second possibility is sterie factors, However, such effects
are confined to dense monolayers for the most part., In addition,
they almost always lead to reductions in reaction rates over those in
bulk fluids (23).

An interesting way in which it is apparently possible to alter
chemical reactions at a gas-liquid interface was suggested recently
by Sprow and Prausnitz (70). They pointed out that substances which
are surface active will tend to concentrate at the gas~liguid intef-
face, The activities of such substances will in general be different
from the activities in the bulk solution, The difference in activity
~ of a surface active compound in a surface film from its activity in

the bulk solution can bé expressed by (28)

ag
A a.
1 RT 1
i i ai

Here Yy represents the surface tension of the mixture, 71 the sur-
face tension of pure component i, A; the molar surface area of come
ponent i, and Ki the partial molar surface of component i in the sur-
face solution,

Sprow and Prausnitz pointed out that if the surface active comw
ponents in a solution are capable of undergoing a chemical reaction,
the equilibrium constant for that reaction in the surface will in
general be different from the equilibrium constant in the bulk solu-
tion., This is because the activities in the surface phase are
different, Butler (14) derived an equation for the ratio of the

equilibrium constant in the surface phase to the equilibrium constant
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in the bulk phase., The concept has been reviewed more recently by

Eriksson (28). The ratio of constants is given by
1
. 1 -
1n(K_/Kb) = RTZ v (A7 - A7)
i

where the vi are the stoichiometric coefficients

:E: ”iBi = 0
i
The By are the reacting species,

The shift in equilibrium will be favorable if the products of
the reaction have a lower surface tension than the reactants. For ex-
ample, Sprow and Prausnitz (70) gave sample calculations for the
hydrolysis of ethyl acetate at 20 °c. They calculated that in a
dilute solution such that ¥ = 65 dynes/cm, the equilibrium constant
in the surface phase would be about 140 times the equilibrium constant
in the bulk solution. This is a large increase, and even a relatively
small ratio of surface phase volume to bulk volume could bring about
a significant improvement in the equilibrium yield.

Sprow and Prausnitz suggested that better yields could be ob-
tained for certain reactions by dispersing the liquid to produce a
high surface-to-volume ratio, While this is theoretically correct,
it would still be necessary to return to a lower surface-to-volume
ratio eventually, in order to extract the products, When this was
done, the usual equilibrium constant obtained in the bulk would pre-
vail, and the reaction would proceed in the reverse direction., This
problem could be overcome only if the reaction rates were sufficiently
slow to allow the recovery of products before the reverse reaction

had proceeded to an appreciable extent.
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Superficially, it would seem that if the equilibrium constant
is altered in the surface phase then the kinetic coefficients for the
reaction would be changed, also. This would seem to be so since the
equilibrium constant for a chemical reaction can be expressed as a
ratio of the chemical kinetic coefficients. However, it has been
pointed out that the kinetic rate constants are altered in the sur-
face phase only for certain very restricted cases (22),

The equilibrium in the surface phase is not simply a chemical
equilibrium, There is also an exchange equilibrium for surface ace
tive chemical species between the surface phase and the bulk phase,
If the products of a chemical reaction are highly surface active,
then they will be adsorbed into the surface phase., The products in
the surface phase will then be in excess, causing the formation of the
original reactants., The original reactants, if they are not strongly
adsorbed, will desorb into the bulk phase., This will upset the
equilibrium in the bulk phase, causing the formation of more of the
products, This will cause more of the products to adsorb into the
surface phase, and so on. This cyclic process will be superimposed
on the normal chemical equilibrium, If the rates of the various
processes are favorable, then the concentrations of products in the
surface film will be considerably higher than would be found at chemi-
cal equilibrium in the bulk phase,

It is probably some such process as this that causes the equil-
ibrium concentrations in a surface film to be displaced from the
equilibrium concentrations in the bulk phase. The process does not

bring about any change in the rate constants for the reaction,
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Therefore, a phenomenon of this sort could not be responsible for the
increase in reaction rates observed in surface films for the gluconic
acid fermentation.

Another effect in the surface layer is one which might possibly
result from the net charge on the surface of bacteria, When bacteria
are free in the bulk of a solution, the electrostatic lines of force
due to the surface charge of the bacteria are more or less symmetri-
cally arranged, When cells are at the interface, the gas phase acts
as an electrical insulator, and the lines of force are directed into
the liquid. Very large electrical gradients may be set up in this
manner, which may attain local values of one million volts per centi-
meter. The effect is often important relative to thermal energy at
distances as great as several hundred Angstroms from the surface (23).

The pertinent effect arising from cells or any other particles
bearing a net charge being in the vicinity of the gas-liquid inter-
face is to change the concentration of ions near the interface, most

importantly the pH. Quantitatively, the changes are expressed by
(23):

-1b
[OH J exp(+ € ¥ /kT) (45)

[0 exp(e ey /xm (46)

1—5—-: —
+ B
| FRSRCREE B S— )
Q qQ
] ]

The superscript o refers to conditions in the surface phase, and the
superscript b refers to conditions in the bulk phase. The symbol €
represents the electronic charge in e.s.,u., and ¥ is the potential
due to the charged particles at the interface.

Inspection of Equations (45) and (46) reveals that if the parti-

cles at the surface bear a net negative charge, then the pH in the
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surface phase will be lower than the pH in the bulk phase. Conversely,
if the net charge on the particles is positive, then the pH in the
surface phase will be higher than the pH in the bulk phase. Such
changes in pH can be rather large in some cases, Peters (59) found
that half.ionization of a long chain acid adsorbed at the interface
between benzene and water occurred about three pH units to the alka-
line side of the point at which such materials are half-ionized in
aqueous solution. On the other hand, amines are apparently half=
ionized in the surface at about 3 or 4 pH units to the acid side of
the point of half-ionization in bulk aqueous solution,

For changes in the soluble ion concentration to occur at an
interface it is only necessary that charged particles be found at that
interface, However, the effect will be enhanced if there is an excess
concentration of particles at the surféce relative to the bulk liquid,
Such an excess of particles could produce charge densities many times
greater than would be possible in the bulk solution., An excess con-
centration of particles in the surface phase will occur if the par-
ticles become adsorbed at the gas-liquid interface. Bennett and
Kempe (11) hypothesized adsorption of P. ovalis cells on gas bubble
surfaces in attempting to explain the increase in the gluconic acid
fermentation rate which they observed when the agitation rate was in-
creased, They suggested that since cells of P. ovalis could be con-
centrated by foam fractionation, then possibly the cells also concen-
trated in the liquid film around gas bubbles in their fermentor,

Gibbs (33) first showed that adsorption of charged particles at

a gas-liquid interface could be related to the interfacial tension
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between the phases, He derived an equation from thermodynamic c¢one
siderations relating surface tension to the concentration of particles
in the interface, For the adsorpiion of bacteria in the presence of
excess salts the equation can be written as

ay . .
- Gy (-840 = KT (47)
g 0% 7 ’

Bquation (47), which is one form of the so-called Gibbs adsorption
Asotherm, is derived in Appendix 4, Here Cp is the concentration of
bacterial cells in the bulk liquid, 7 is the interfacial tension,
and n is the excess concentration of cells in the surface phase, relaw
tive to the bulk liquid eell concentration, It follows from
Bquation {47) that if the presence of cells in the liquid brings
about a depression of the gas.liquid interfacial tension, then n is
finite, Therefore, adsorption of cells at the gas<liquid interface
takes place,

Depression of the gaseliquid interfacial tension by cells of
P, ovalis is only indirect evidence of adsorption. Observation of
such an effect by no means constitutes oroof that adsorption of cells
oceurs, Nevertheless, a simple experiment was conducted in the fol.

Lowing wanner, Cells of P, oval

s

ware grown in Medium A on the

shaker for 18 hours, Then the cells were centrifuged from the broth,

washed once with distilled water, and vesuspended in 2 smell amount

of Medium B, For this experiment t

wowas omithed freom
Mediam B, Suspensions of various cell concentrations were made by

adding swall portions of this suspension to o lsrger amount of

ured at each

Medium B, The pgas«liquid ivberia:
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cell concentration with a duNouy ring tensiometer, Figure (15) shows
the variation of gas-liquid interfacial tension for such suspensions
as a function of bacterial cell concentration. The concentration of
bacteria is given in terms of the readings from a Klett-Summerson
.photocolorimeter using a blue, 420 mpu filter., Such readings are a
linear function of concentration up to a reading of about 200 Klett
units,

Figure (16) is a plot of -Cg(dy / 0Cg)qp versus the Klett read-
ing for the data of Figure (15), in accordance with Equation (47).

It is important to remember that the ordinate is a measure of the ex-
cess surface concentration of cells, not the absolute concentration.
The drop in the excess surface concentration at the higher Klett
readings does not mean that the absolute surface concentration is
dropping. Rather it indicates that the surface concentration is ap-
proaching a constant value, This has been shown to be true by
Nilsson (57) for sodium lauryl sulphate ions,

That adsorption of cells of P. ovalis takes place at the gas-
liquid interface is at least indirectly indicated from the inter-
facial tension data given, Cells of P, ovalis are negatively charged
at pH values above the isoelectric point, The isoelectric point of
P. ovalis was determined by Daniels (21) to be 3.9. According to
Equation (46), the pH will be lowered in the vicinity of any cells
which are adsorbed at the bubble surfaces in a sparged gluconic acid
fermentation, when the bulk pH is above about 4,0, Assuming that ad-

sorption of cells does occur, resulting in a lowered pH in the liquid
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film around bubbles, the effect of pH on the rate equations for the
production of gluconic acid can be considered.

_ Papers have appeared in the literature describing systems in
which charge effects have resulted in increased reaction rates in
monolayers, For example, Llopis and Davies (49) succeeded in increas
ing the rate of acid hydrolysis of a cholesterol formate in a film by
an order of magnitude by incorporating a small amount of long chain
sulphate into the film, Conversely, addition of long chain cation
retarded the reaction,

The alkaline hydrolysis of octadecylacetate monolayers can be
accelerated by as much as seventeen times by incorporating a little
C18H37N(CH3); into the monolayers (22),

In the case of the gluconic acid fermentation by P. ovalis,
there are many reactions occurring simultaneously, and all of them
are pH dependent, The intermediate gluconolactone is hydrolyzed non-
enzymatically to gluconic acid, The rate of hydrolysis decreases as
the pH is lowered. Since the bacteria are negatively charged, the pH
in the surface film will be lowered. The rate of hydrolysis of lac-
tone will thus be decreased in the surface film, Changes in the rate
of hydrolysis of lactone in the film therefore cannot be responsible
for the accelerated fermentation rate in the presence of bubbles,

Actually, according to the kinetic model developed in this
chapter, the rate of hydrolysis is not the controlling reaction in
the fermentation, This is consistent with tﬁe theoretical expectation
that the rate of lactone hydrolysis will be decreased in the surface

film, If the lactone hydrolysis rate were controlling, then it would
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be expected that increasing the surface area would decrease the over=
all fermentation rate, It has been shown experimentally in this
thesis that increasing the interfacial area increases the fermentation
rate,

It is hypothesized that the fermentation rate increases with an
increase in interfacial area due to pH effects in the surface film,

If this is to be accepted then the effect must be due to an increase
in the net rate of formation of the lactone. This net rate is the
difference in the rate of formation of the lactone from glucose, and
the rate of formation of glucose from the lactone, In the steady
state the difference is necessarily equal to the rate of hydrolysis
of the lactone to gluconic acid,

The phenomenological efféct of an increased net rate of forma-
tion of lactone will be an increased concentration of gluconolactone
in the steady state. This is in fact what was observed experimentally.
An increase in the interfacial area, brought about by an increase in
the agitation rate, resulted in an increase in the lactone concentra-
tion at steady state,

An increase in the net rate of lactone formation will be brought
about whenever there is an increase in the differencé between the
rate of formation of lactone from glucose and the rate of formation
of glucose from lactone, In the formulation of equations from the
kinetic model, the lactone concentration at steady state was assumed
to be constant, This implies that d[i]/dt is zero, The equation for

d[L]/dt can be written as follows:

L L wfes]e ] - kL] - wfi] 8)
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The last term in this equation represents the rate of hydrolysis of
the lactone to gluconic acid., The first two terms on the right there-

fore represent the net rate of formation of lactone, Thus

Ll [ 1 N @)

dt

Net
Substituting for (ES) and (E) in terms of (E)o
. .
kyk3[] [0,]7 - koky[L] (6]
o

L0/
Net  Ky[S] + ky + Ky[0,]% + ig[1L]

dt

(50)

In the steady state the net rate of formation of glucono-lactone
is equal to the rate of acid formation, In this thesis, measurements
were reported of steady state fermentation rates and lactone concentra-
tions as a function of pH, Referring to Figure (12), it can be seen
that there was an optimum pH for acid production, The maximum steady
rates occurred at pH 7.3 to 7.5. As the pH is lowered from the opti-
mun, the steady state acid production rate decfeases monatomically,
The steady state lactone concentration becomes progressively higher
as the pH is lowered from the optimum, Thus if the pH were to be
lowered from 7,0, the steady state acid production rate would drop,
while the lactone concentration would rise,

However, the phenomenon under examination is a transient, not a
steady state, effect, Two factors contribute to this. First, the
air bubbles passing through the broth have short residence times,
relative to the overall length of the fermentation, Furthermore,
even during the relatively short life of a bubble, the liquid sur-

rounding the bubble is continually being renewed due to viscous drag
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effects, Thus, the time during which a given cell will be in the
surface film around the bubbles will generally be somewhat less than
the average residence time of those bubbles, From Equations (48) and
(49) it can be seen that

afL]| | alt] |, <[]
dt

dt lyey  dt

(51)

In the steady state d[i]/dt is zero, Consider, however, what will
happen when a cell is brought into the surface film around a bubble.
The presence of the cell in the film will contribute to a drop in the
PH by an undetermined amount., The cell is effectively subjected to a
disturbance or perturbation from its environment in the steady state
at pH 7 to a non-steady state at a lower pH. The net rate of lactone
production in the film will then be given by Equation (51).

It is not known how much the pH will drop in the bubble surface
film, In addition, only a small portion of the cells in the broth
will be subjected to this lower pH at any given moment, However, it
is possible to produce a disturbance in a bulk fermentation which
might be expected to approximate on a larger scale the situation
which obtains in the surface film. The experiment measuring the
response of the fermentation system to a step change in pH produced
Just such a disturbance. Referring to Figure (13), in this experi-
ment a steady state was achieved at pH 7.0, and then the pH was
abruptly changed to 6.7, The drop of 0.3 pH unit was entirely arbi-
trary. As was stated before, when the pH was first lowered to 6.7,
the rate of acid production abruptly dropped. This occurred because

the lactone hydrolysis constant is lower at pH 6,7 than it is at



-128-

pH 7.0. The rate of acid production just after the FH was lowered
was estimated for the experiment of Figure (13) as the product of the
rate constant for lactene hydrolysis at pH 6.7 and the lactone con-
centration at pH 7.0 just prior to lowering the pH. The rate con-
stant at pH 6.7 was determined from the steady state acid production
rate and lactone concentration at pH 6,7, The steady state acid pro-
duction rate at pH 6,7 was 2,93 meq/1/hr. The corresponding lactone
concentration was 7,25 mmol/l (or meg/l). The lactone hydrolysis
rate constant at pH 6.7 was therefore 2,93/7.25 = 0,405 hr'l.

The steady state lactone concentration at pH 7.0 just prior to
lowering the pH was 6,23 mmol/l. The rate of acid production just
after the pH was lowered to 6.7 was therefore 0.405 x 6,23 = 2,52
meq/1/hr. The rate of acid production as measured by the rate of
alkali addition was only 1.76 meq/l/hr. However, the phH change was
not instantaneous, and a certain amount of acid was produced during
the interval. No alkali was added to neutralize this portion of acid.
Therefore the larger figure of 2.52 meqg/l/hr is probably more accurate.
This figure is therefore to be used for d[A]/dt in Equation (51).

The rate of change of the lactone concentration after the pH
was lowered was determined from the slope of the curve of lactone
concentration versus time in Figure (12), This rate, d[L]/dt. was
1,76 mmol/1/hr,

The net rate of lactone production just after the pH was changed
from 7.0 to 6.7 is therefore given by

d[L]/dt‘Net = d[L])/at + d[a]/at = 1.76 + 2.52

4.28 “eq/l/hro
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The net rate of lactone production at pH 7.0 at steady state was
equal to the rate of acid production, about 3.96 meq/l/hr,

The net rate of lactone formation just after the pH was lowered
‘to 6,7 was therefore higher than the steady state rate at pH 7.0.

This was true even though‘the steady state rate at pH 6.7 was lower
than the steady state rate at pH 7.0.

These findings are not necessarily contradictory. The rate of
formation of lactone from glucose is a function of the concentrgtion
of glucose, and of the kinetic rate cénstant. The glucose was present
in large excess, and its concentration could be considered constant;
The new rate of formation of l#ctone from glucose at pH 6,7 was there-
fore established immediately, The rate of the back reaction, the for-
mation of glucose from lactone, depends on the kinetic rate constant
and the concentration of lactone. The rate of this back reaction,
therefore, will not be a maximum until the lactone concentration
rises to a new value, The back reaction therefore lags the forward
reaction during the transient period,

As was stated before, it is not known how much the pH dropped
in the surface film during the experiments measuring the effect of
agitation on the fermentation rate., However, the experiment measur-
ing the transient response of the fermentation system as a whole to a
step change in pH shows how it is possible to increase the net rate
of lacteone formation briefly, A similar phenomenon might be occur-
ring in the surface film around the bubbles during steady state ex-
periments.

The overall process might be as follows., Consider an element
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of the bulk fluid in the fermentor at a steady state at pH 7.0, When
this element is brought into the vicinity of a bubble surface, the pH
in the element will drop. In addition, & certain number of excess
cells will be brought into the element, causing a further drop in pH.
The fluid element will no longer be in the stéady state, and the net
rate of lactone formation will be higher than when the element was in
the bulk fluid, The result will be a rise in the lactone concentra-
tion in the element,

Eventually the fluid element will be returned to the bulk fluid.
The lactone concentration in the element will be higher when the ele-
ment leaves the bubble surface than when it was first brought to that
surface., The net result is to raise the concentration of lactone in
the bulk fluid, Since the acid production rate is proportional to
the lactone concentration, it will also be raised., The larger the
bubble surface area, the larger will be the fraction of cells at the
lower pH at a given moment, Thus the larger the surface area, the
higher the acid production rate.

It has been shown that the net rate of lactone formation can be
increased momentarily in the gluconic acid fermentation by abruptly
lowering the pH of the fermentation broth, It has been hypothesized
that near the gas-liquid interfaée around the air bubbles in the fera
mentor, the pH will be lowered by an undetermined amount. It is
therefore plausible that the net rate of lactone formation in the vi-
c¢inity of the gas-liquid interface will be higher than the rate in the
bulk liquid., If such a phenomenon does occur, then it follows that

increasing the gas-liquid interfacial area in the fermentor will
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result in an increase in the net rate of lactone formation. This
will cause an increase in the bulk lactone concentration, and the
rate of formation of gluconic acid will therefore be increased, In
experiments reported in this thesis, the bulk lactone concentration
and the gluconic acid production rate both increased when the gas-
liquid interfacial area was increased by raising the agitation rate.

In another series of experiments reported in this thesis, the
effect of the gas-liquid interfacial area on certain aspects of the
fermentation were measured independently of oxygen transfer, 1In these
experiments a steady state was established and then all of the oxygen
was displaced from the fermentor with nitrogen gas, Any dissolved
oxygen in the broth was either stripped away or quickly metabolized.
Thus in a relatively short time all molecular oxygen was removed from
the system. The lactone concentration at this point was still high.
The rate of disappearance of the lactone, and the rate of production
of gluconic acid, after all molecular oxygen had been removed, were
measured for two cases: 1) with nitrogen bubbled through the broth
at 1,0 VVM, the same rate as air had previously been bubbled through,
and 2) with nitrogen passed only through the head space of the fera
mentor. The difference between the two cases was that in the former
case the gas-liquid interfacial area was approximately the same as
during the steady state with oxygen present, while in the latter case
the interfacial area was negligibly small,

If the hypothesized lowering of the pH in the vicinity of the
gas-liquid interface actually occurred, then it would be expected

that the presence of inert gas bubbles would decrease the rate of
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lactone hydrolysis to gluconic acid. This was found to be the case
experimentally, The apparent kinetic rate constant for the production
of gluconic acid was smaller in the presence of nitrogen bubbles, in
every instance studied except one.

The apparent kinetic rate constant for the overall rate of dis-
appearance of the lactone in the presence of nitrogen bubbles was
higher than the rate constant when nitrogen was passed through the
head space of the fermentor in every case., Moreover, the apparent
rate constants for lactone disappearance were larger than the apparent
rate constants for acid production., Thus not all of the lactone pres=
ent in the broth was hydrolyzed to gluconic acid. The chemical re-
actions are all reversible except for the hydrolysis of the lactone
to gluconic acid., Therefore, it is reasonable to assume that any
lactone not hydrolyzed to gluconic acid was used to form glucose,

The difference between the rate constants calculated for the overall
rate of lactone disappearance and the rate constants for acid produc-
tion is a measure of the rate of formation of glucose from the lac-
tone. This difference was larger in the presence of nitrogen bubbles
than it was when nitrogen was péssed through the head space of the
fermentor. Thus it might be inferred that the back reaction was
faster in the surf#ce phase than it was in the bulk phase. This does
not necessarily contradict the hypothesized effect. However, in
order for the hypothesized effect to obtain under such a condition

it would be necessary for the forward reaction to increase even more,

In such a case Equation (37) would no longer be valid.
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Actually, the numbers obtained from the data are not suffici-
ently accurate to allow any conclusions to be drawn concerning changes
in the relative rates. The important finding is that there is a sig-
nificant difference between the rate of lactone disappearance and the
rate of gluconic acid production under the anaerobic conditions of
these experiments, This demonstrates indirectly that the enzymatic
reactions are reversible,

Finally, some discussion of the experiments on the effects of
viscosity on the fermentation rate is warranted, It was found ex-
perimentally that increasing the viscosity of the fermentation broth
with Natrosol 250H by an amount sufficient to reduce the specific
oxygen transfer coefficient kfa by about one half had no significant
effect on the rate of acid production., The amount of viscosity addi-
tive used was not sufficient to cause the dissolved oxygen level to
fall below the critical, Therefore, according to current concepts,
as outlined in the classification scheme of Astarita (7), increasing
the viscosity by this amount should have no effect on the fermenta-
tion rate, as was found experimentally,

However, one of the effects of Natrosol 250H is to increase the
interfacial area obtained in the fermentor at a given aeration and
agitation rate, If the surface effects hypothesized in this section
do occur, #hen it would seem that increasing the interfacial area
should increase the rate of acid production at steady state, Ac-
tually, the question is somewhat more complex. The magnitude of the
hypothesized surface effect should depend somewhat on the rate at

which fresh bulk fluid is brought into the surface film, Although
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addition of Natrosol 250H to the fermentation broth probably did in-
crease the interfacial area, it also reduced the circulation rate of
liquid around the bubble, This reduced circulation might have re-
duced the pH effects.in the surface phase sufficiently to offset the
effect of an increased interfacial area,

The hypothesis presented here is extremely tentative, and much
work can be suggested for further investigation., For instance, it
should be fruitful to determine if the increase in the acid produc-
tion rate brought about by inereased agitation can be demonstrated
at bulk pH values other than 7.0, The optimum pH for acid production
was about 7.3, It would be interesting to determine if the phenomenon

will occur at a pH higher than the optirmum,



SUMMARY

Aerobic fermentations are usually found to proceed at a rate
that is independent of the dissolved oxygen activity in the fermenta-
tion broth, provided the activity is above the "eritical" value which
is characteristic of the organism involved. In this thesis, it has
been shown theoretically that such fermentations are controlled by
chemical reaction rates,

One consequence of the theory of the critical oxygen concentra-
tion is that increasing the agitation intensity should have no effect
on the rate of the fermentation, The conversion of glucose to-glu-

conic acid by resting cells of Pseudomonas ovalis in a nitrogen-free

medium has been shown to be a fermentation for which a critical dis-
solved oxygen concentration exists, The rate of gluconic acid produc-
tion in the steady state was independent of the dissolved oxygen
activity when that activity was above the critical level, Neverthe-
less, it was found that increasing the agitation rate increased the
rate of acid production in the steady state. This was true even
though the dissolved oxygen activity was always above the eritical.
In the conversion of glucose to gluconic acid by P. ovalis the
cells dehydrogenate glucose to produce a gluconolactone, which is
then nonenzymatically hydrolyzed to gluconic acid. When the steady
state rate of production of gluconic acid was increased by increasing
the agitation rate, it was found that the concentration of glucono-
lactone in the broth was also increased, Since the acid production
rate was proportional to the gluconolactone concentration, the in-
crease in the latter was responsible for the increased rate of glu-

conic acid production,
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A kinetic model of the fermentation was developed which predicts
that the rate of production of gluconic acid in the steady state will
be proportional to the lactone concentration; it will also be inde-
pendent of the dissolved oxygen concentration when the latter is
above a certain critical level,

It was hypothesized that the increase in the rate of production
of gluconic acid was caused by an increase in the net rate of lactone
formation. The principal consequence of an increase in the agitation
rate in the fermentation was an increase in the gas-liquid inter-
facial area. Therefore, it was proposed that the net rate of forma-
tion of lactone was higher in the film around a gas bubble than in
the bulk liquid, Experiments showed that the rates of disappearance
of lactone from the broth in the absence of molecular oxygen were
altered in a complex manner by the presence of bubbles of pure nitro-
gen in the broth,

A mechanism was proposed to explain the hypothesized increase
in the net rate of lactone formation at the gas-liquid interface. It
was proposed that cells adsorb on the surfaces of bubbles, Since the
cells are negatively charged, they attract protons to the interface,
This caused the pH to be lowered in the surface film around the
bubbles, It was proposed that the net rate of lactone formation at
the lower pH existing in the liquid around the bubbles was higher
than the net rate in the bulk fluid, during the relatively short life
of the bubbles,

The response of the fermentation system to a sudden reduction

of the pH was evaluated, It was found that the net rate of lactone
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formation immediately after the pH was reduced was higher than it had
been just previous to this event, This experiment was proposed as an
approximation, on a larger scale, of the phenomenon hypothesized for
the surface film around bubbles,

A small amount of a hydroxyethyl ether of cellulose was added
to the broth in a fermentation which was operating in the steady
state. The cellulose ether increased the viscosity of the broth to
approximately 200 cp. This was sufficient to lower the oxygen trans-
fer coefficient from air to the broth by about 50 per cent., The ad-
dition of the cellulose ether had no effect on the rate of production

of gluconic acid.



APPENDIX A

Derivation of the Gibbs Equation for Adsorption at a
Gas-Liquid Interface.

Gibbs (33) derived an equation relating surface adsorption to
interfacial tension, from thermodynamic considerations., The deriva-
tion of this equation given here follows closely the derivation out-
lined by Davies and Rideal (23).

Consider the gas-liquid interface to be situated along the
plane CC' in Figure (17). The actual interface is not well defined,
and it will have a finite thickness. Therefore, it will be main-
tained that the surface is somewhere between two planes AA' and BB'.
These planes are defined such that at and near AA} the properties of
the sysﬁem are identical with those of the liquid phase, and at and
near BB' the properties are identical with those of the gas phase,
In this surface phase the total internal energy is given by

7 = 15%. pvT 4+ yA + § un® (52)

where Y is the interfacial tension, A is the total area, p is the
chemical potential of any given species, and n is the number of mole-
cules of tﬁat component, If we subtract from this equation the cor-
responding quantities which would have obtained had the bulk phases

been unchanged up to the plane CC', the result is
Ug = TS + YA + ) png (53)

where the subscript s refers to the excess quantity in the real sur-
face. The temperature, pressure, and chemical potential are constant

throughout the system. The term in Y A does not enter the equations
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for the bulk phases, The volumes between AC and CB add up to v,
These factors were taken into account in writing Equation (53).

Equation (53) can be differentiated, leading to

dUg = TdSg + SgdT # YdA + AdY + ) pdng +) ndu  (54)

For a small, reversible change in the surface phase very close to

equilibrium, the change in the internal energy is given by
d0%= 1457 - PaVT + YdA + ) pdn® (55)

Proceeding as before, subtracting from Equation (55) the corresponding
quantities which would have contributed to U had the bulk phases been

unchanged up to the plane CC', we have
dUg = TdSg + YdA + ) pdng (56)
Eliminating dUg between Equation (54) and Equation (56) we have

ST + AdY = - ) ndp (57)

At constant temperature

JAMED) nd#'T (58)

where n = ng/A. Equation (58) is the Gibbs adsorption isotherm for
the adsorption of surface active substances at a gas-liquid interface.
It follows from Equation (58) that if the interfacial tension
of a fermentation broth is affected by the presence of bacteria, then
adsorption of bacteria is taking place. In the case of such adsorp-
ﬁion in the presence of excess phosphate salts, the Gibbs equation

can be written

67|T “[“a pg g+ Opye +"Pof‘ d/“'po;‘;] ,T (59).
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At equilibrium the chemical potentials in the liquid phase and in the

surface phase are equal, so for each ionic species
pS= p = Fo + kT1nC (60)

In Equation (60) it has been assumed that the concentration of a
chemical species can be substituted for its activity,
Using Equation (60), Equation (59) can be written

Consz
T=-kT[nB—c—-+n + — P04 ]

ay .

(61)

Since the salt is present in excess, the last two terms of Equation

(1) are negligible, so we have

QY
- CB('E-E};T = kTn (62)

where CB is the concentration of bacteria,



APPENDIX B

Calibration of the Klett-Summerson Photocolorimeter for the
Colorimetric Determination of Gluconolactone,

Calibration of the Klett-Summerson photocolorimeter was done
according to the method of Lien (47), For this calibration, 1 ml
samples of gluconic acid were prepared at pH 1.5 to 2.0 in Klett-
Summerson tubes. The pH was adjusted with hydrochloric acid. The
samples varied in gluconic acid concentration from 0,001 M to 0.01 M,
in increments of 0,001 M, The tubes were loosely covered with stain-
less steel caps and autoclaved at 15 pounds gage pressure for 15 min-
utes. The autoclaving quantitatively converted the gluconic acid to
gluconolactone,

Each sample was then treated as follows., Two millimeters of
hydroxylamine reagent were added to the sample, The reagent was pre-
pared by mixing equal volumes of 4 M hydroxylamine hydrochloride and
4 N sodium hydroxide, and adjusting the pH to 8.0. The reaction mix-
ture containing the sample and the hydroxylamine reagent was then
acidified with 1 ml of 4 N hydrochloric acid., Color was formed by
the addition of 1 ml of a solution of ferric chloride, containing
100 grams per liter of FeCl3 in 0,1 N HCl. Photometric determinations
were made with the Klett-Summerson photocolorimeter using a green,
540 mu filter., Untreated samples were maintained at 80 to 90 0C,
until just before treatment, The blank was made by treating a sam-
ple of 0,01 M gluconic acid in the manner just described, but without
autoclaving,

The readings of the photocolorimeter obtained as a function of

the lactone concentrations of the samples are presented in Figure (18),
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Figure 18, Calibration of the Klett-Summerson
photocolorimeter at 540 mu for the
determination of gluconolactone.



APPENDIX C

Sample Calculation of the Specific Physical Oxygen
Absorption Coefficient,

The experimental data for the calculation of oxygen absorption
coefficients were obtained as continuous recorder traces of E versus
t. In order to calculate the absorption coefficients, it was neces-
sary to choose a time interval and note the oxygen electrode readings
at each time. The instantaneous specific physical absorption co-
efficient for any given experimental conditions between times t, and
tn+1 could then be determined from Equation (29), after slight re-
arranging:

En+l = En

En+1 +En
2

kga =

(et = ) (Bg = )

For example, for the date of Figure (3) for the absorption of
oxygen to Medium B at 434 RPM and 1,0 VVM, the electrode reading
changed from 80.0 mv to 83,2 mv between the 0,8 minute and 0.9 minute

marks. Therefore, for this time interval,

S 2.2 - 0.0 = 1.7% min®

(0.9 - 0.8) (100,0 - 53:2 * 0.0y

1

The average coefficient was estimated by calculating kga for each

time interval over the entire span in Figure (3), and then calculat-
ing the average of all values of kfa. The complete calculations for
this case are presented in Table XI. The calculations for all absorp-
tion coefficients reported in this thesis were exactly similar, The
exception was that no average values were determined for surface re-

aeration, since those coefficients were concentration dependent,
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TABLE XT

CALCULATION OF THE COEFFICIENT FOR THE ABSORPTION OF OXYGEN FROM AIR
TO MEDIUM B, AGITATION RATE, 434 RPM; AERATION RATE, 1,0 VVM; LIQUID

VOLUME, 2 LITERS; TEMPERATURE, 25 °C.

E, AE/At Eg - Eav o,

Time Per Cent Per Cent Per Cent ky
min, Saturation per Minute Saturation min=1
0.1 28,5

0.2 40,8 123 65.35 1.88
0.3 51.0 102 54,1 1,89
0.4 59.2 82 4,9 1.83
0.5 65.8 66 37.5 1,76
0.6 71.4 56 31.4 1.78
0.7 76,0 L6 - 26.3 1.75
0.8 80,0 40 22,0 1.82
0.9 83,2 32 18,4 1,74
1.0 85.7 25 14,55 1,72
1.1 87.9 22 13.2 1,67
1,2 89,8 19 11,15 1,71
103 91-4 16 9.[4, 1.70
1.4 92.8 14 7.9 1.77
1.5 93.9 11 6.65 1,66
1.6 o4.8 9 5.65 1.39
1.7 95.6 8 4,8 1.67

Average value of kfa =1.75 min=1,
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APPENDIX D

Calculation of the Oxygen Utilization Rate from the Rate of Gluconic
Acid Production,

The rate of oxygen utilization, as measured by the steady state
rate of gluconic acid production, can be calculated from the rate of
alkali addition to the broth:

W, d
?; -g% (mmoles/1/hr)

1
% T2
R; 1s the rate of oxygen utilization, N, is the normality of the base,
and dv,/dt is the volumetric rate of alkali addition.
For the run of Figure (10), with a 0,490 N sodium hydroxide solu-
tion, the rate of alkali addition at 390 RPM was 22,2 ml/hr., There-

fore,

0.490
= % (——52-) (22,2) = 2,72 mmoles/1/hr.

To calculate the rate of oxygen utilization by the acid produc-
tion rate just after aeration was stopped, the rate of alkali addition
during the five-minute interval after the air supply was cut off was
used for dvi,/dt. For the run of Figure (10), at 390 RPM, 2.1 ml of
0,490 N alkali were added during this five-minute interval, which was

an alkali addition rate of 25,2 ml/hr. Therefore,

1 0,490
Rep = 3 (__52_) (25.2) = 3.09 mmoles/1/hr.

where Rjq is the rate of oxygen utilization just after aeration was

stopped.
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APPENDIX E

Calculation of the Oxygen Utilization Rate using the Qxygen Eleétrode.

In some experiments, the oxypen uptake rate was computed by
measuring the rate of depletion of dissolved oxygen in the fermenta-
tion broth, after the air supply to the sparger had been cut off,

The rate of oxygen utilization in such a case is proportional to the
rate of change of the oxygen electrode reading, However, a small
correction must first be applied to the rate of change of the elec-
trode reading. This correction accounts for the small amount of leak-
age of oxygen which will occur through the surface of the liquid
during removal of dissolved oxygen from the broth by the cells.

Such corrections were calculated in the following manner. For
the run of Figure (10), at 390 RP¥, the electrode reading changed
from 58.5 mv to 54.4 mv during the time interval from 0.4 minutes to
0.6 minutes of the dissolved oxygen depletion curve, This was a rate
of change of 20,5 mv/min,, at an average dissolved oxygen concentra=
tion of 56,45 mv, or per cent saturation, The average driving force
for surface absorption during the interval was 100 - 56,45 = 43,55 mv,
Regardless of the prior agitation rate, the agitation rate was al-
ways changed to 121 RPM during the depletion rate measurements, in
order to minimize surface reaeration. A curve for surface reaeration
similar to Figure (9) was therefore obtained at 121 RPM. The data
for such a curve at 121 RPM are presented in Table XIT., From this
table, the rate of surface reaeration at a driving force of 43,55 mv
was approximately 0.6 mv/min, The total rate of oxygen uptake by the

cells during the time interval from 0.4 to 0.6 minutes was therefore
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TABLE XIT

THE RATE OF SURFACE REAERATION OF MEDIUM B WHICH HAD BEEN STRIPPED
WITH NITROGEN, LIQUID VOLUME, 2 LITERS; AERATION RATE, 0 VVIM;

AGITATION RATE, 121 RPM; TEMPERATURE, 25 °c.

Es = EAvG AE/Dt,
Per Cent Per Cent
Saturation per Minute
24,05 0.31
27,45 0.37
30.4 0.4l
32.6 0.4
35.8 0.52
37.45 0.54
40,3 0.60
43,135 0.62
46,65 0,70
50,3 0.76
54,2 0,8
57.1 0.9
58.95 0.95
60.85 0.95
62,85 1,05
64,95 1.05
67.05 1,05
69.2 1.1
71.55 1.25
74,1 1.3
76.7 1.3
79.4 1.4
82,15 1.35
85.0 1.5
88.05 1.55
91,2 1.6
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g

= 20.5 4+ 0.6 = 21,1 mv/min.
dt

Finally, dE/dt was converted to appropriate units:

60 Cs 9B _ 0 68
(SE? ?EZ:777§;7 pry (55)(I55)( 1.1)

2.69 mmoles/1/hr.

RE =

Ry is the rate of oxygen utilization measured with the oxygen elec-
trode.

Calculations were carried out for the entire oxygen depletion
curve, as shown in Table XIII. The actual value of dE/dt used to
calculate Rg at 390 RP¥ for Figure (10) was estimated from these data

as about 21 mv/min,



TABLE XIIT

CALCUIATION OF THE RATE OF OXYGEN UTILIZATION FROM THE RATE OF

DEPLETION OF DISSOLVED OXYGEN IN THE MEDIUV AFTER THE AIR SUPPLY HAD

BEEN CUT OFF,

LIQUID VOLUME, 2 LITERS; AGITATION RATE, 390 RPM; pH,

7.0; TEMPERATURE, 25 oC; CELL CONCENTRATION, 10C KLETT UNITS.

E, Es - Eayg  (AE/At)  (AE/At),  (AE/At)7
Time, Per Cent Per Cent Per Cent Per Cent Per Cent
min, Saturation Saturation per Minute per Minute per Minute
0 66.9
0.2 62,5 35.3 22,0 0.5 22,5
0.4 58.5 39.5 20,0 0.6 20,6
0.6 54,4 43,55 20.5 0.6 21.1
0.8 50.3 47.65 20,5 0.7 21.2
1.0 b6,3 51.7 20,0 0.8 20,8
1.2 L2.1 55.8 21,0 0.85 21,85
1.4 38.1 59.9 20.0 0.95 20.95
1.6 3.1 63.9 20,0 1.05 21.05
1.8 30.5 67.7 18,0 1.05 19.05
2.0 26.8 71.35 18.5 1.2 19.7
2,2 23.1 74,05 18.5 1.3 19.8
2.4 19.5 78.7 18.0 1.35 19.35
2.6 16.0 82.25 17.5 1.35 18.85
2.8 12.7 85.65 16.5 1.5 18,0
3.0 9.4 88.95 16.5 1.55 18,05
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APPENDIX F

Calculation of the Kinetic Constants for lactone Disappearance in the
Absence of Molecular Oxygen,

Measurements of the kinetic constants for the disappearance of
lactone, as presented in Table X, were calculated from the equations
d[r)
- = L
=2 = K[t]
d[
—_ kL
= s[L]
02
Re = kg °[1]

The unprimed constants apply to the cases for which nitrogen was

passed through the head space of the fermentor. Primed constants, for
the cases in which nitrogen was sparged through the fermentor, were
calculated from equations identical in form to the above,

The actual calculations were carried out using differences

rather than derivatives:

K9

ks

-(AL/DAt) Ly

1]

(AA/DL) Ly

For the calculations of K9 or Ké, it was dimensionally sound to use
the Klett readings obtained, rather than the actual lactone concentra-

tions. This could not be done, however, in calculating k5, ké, or
02
5 .
For the data of Figure (14) at 310 RPV, with nitrogen passed

k

through the head space of the fermentor, during the time interval
from 20 minutes to 24 minutes the lactone concentration changed from

a Klett reading of 265 to a reading of 245, This was a rate of change
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of 5 units/min, The average Klett reading during the interval was

255. Therefore, for this interval

Ky = 5/255 = 1,9 x 10"2min'1

During this same interval, 0,7 ml of 0.497 N sodium hydroxide solution

were added, so
ala] | 1 0.7y - -2 .
- 3 (0,497)( n ) 4,35 x 107" meq/1/min

The average lactone concentration during the interval was 255 Klett
units, From Figure (18), this corresponds to a lactone concentration

of 3,7 meq/l. Therefore, for this interval

ks = 4,35 x 10'2/3.7 = 1,18 x 10‘2min71

The complete calculations for this case are presented in Table XIV.
Values of the constants entered in Table X are the average values
from Table XIV,

During the steady state, prior to the introduction of nitrogen
into the fermentor, alkali was being added to the fermentor at a rate

of 0,37 ml/min,, so

-2
Be = 2 (0.37)(0.597) = 9.2 x 10 meq/L/min

The steady state lactone concentration was 415 Klett units, or
6.02 meq/l, Therefore

0 - -
ke 2 - 9.2x107°/6.02 = 1.53 min~t



TABLE XIV

CALCULATION OF THE RATE OF ACID PRODUCTION AND THE RATE OF DISAPPEAR-
ANCE OF GLUCONCLACTONE FROM A FERMENTATION BROTH IN THE GLUCONIC ACID

FERMENTATICN OF Pseudomonas ovalis AFTER THE ATR SUPPLY HAD BEEN CUT

OFF., THE HEAD SPACE OF THE FERMENTOR WAS FILLED WITH NITROGEN GAS.
LIQUID VOLUME, 2 LITERS; AGITATION RATE, 310 RPM; TEMPERATURE, 25 °C;

CELL CONCENTRATION, 100 KLETT UNITS.
(2) (3)
Average Average
(1) Iactone lIactone lactone (4)
AA/AE Conc,, Cone., Conc.,, -AL/At (4)/(23 (1)/(3;
Time, x 10 Klett Klett mmol/l Klett Units Ky x 10 kg x 10

min., meq/l/min Units Units per min, m1 mln‘l
0 - 375 - - - - -
L 7,45 #5360 5,22 - - 1.43
8 5,60 25 335 L,86 5.0 1.49 1.15
12 5.60 295 310 4,49 7.5 2,42 1,24
16 2,49 270 282,5 4,10 6.25 2.21 0.61
20 6.22 260 265 3.84 2.5 0.94 1.62
24 3.73 27  253,5  3.68 - 3.25 1,28 1.01
28 1,87 235 241 3.50 3.0 1.24 0.53
32 b.35 220 227.5  3.30 3.75 1,65 1.32

Average value of Ky = 1,60 min~!,

Average value of kg = 1,11 min"l,
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APPENDIX G

Nomenclature

Gas-liquid interfacial area per unit volume of liquid
Activity of species i in the bulk phase

Activity of species i in the surface phase

Total cell interfacial area per unit volume of liquid
Activity of water

Total gas-liquid interfacial area

Concentration of gluconate

Molar surface area of species 1

Partial molar surface area of species i

Reacting species i

Dissolved oxygen concentration

Dissolved oxygen concentration at saturation

Dissolved oxygen concentration at the gas-liquid interface
Dissolved oxygen corcentration at chemical equilibrium
Critical dissolved oxygen concentration

Concentration of bacteria

Diameter of cells

Diffusivity of oxygen in the fermentation medium

Reading of the oxygen analyzer at a dissolved oxygen
concentration of C

Reading of the oxygen anmalyzer in a solution devoid of
molecular oxygen

Reading of the oxygen analyzer in a solution saturated with
molecular oxygen

Concentration of free enzyme

Total enzyme concentration, equal to [ﬁ] + [ES]
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Concentration of enzyme-glucose complex

Outlet gas flow rate from the fermentor

Inlet gas flow rate to the fermentor

Henry's law coefficient

Boltzmann constant

Specific reaction rate constant, defined by r=k.a C..

Gas phase oxygen transfer coefficient

Kinetic rate constants in the reaction model for the
production of gluconic acid

First order rate constant for acid production with nitrogen
passed through the head space of the fermentor

First order rate constant for acid production with nitrogen
sparged through the fermentation medium

First order rate constant for acid production in the steady
state with a constant lactone concentration

Coefficient for absorption of oxygen with chemical reaction
Coefficient for physical absorption of oxygen

Coefficient for oxygen transfer from the bulk liquid to
cells

Specific oxygen transfer coefficient for chemical absorption
Specific oxygen transfer coefficient for physical absorption

Specific oxygen transfer coefficient for physical absorption
through the top surface of the liquid with no sparging

Equilibrium constant in the bulk phase
Equilibrium constant in the surface phase
Overall gas phase oxyzen transfer coefficient
Michaelis constant

Lumped kinetic coefficients in the reaction model for the
production of gluconic acid
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K9 First order rate coefficient for the disappearance of
lactone with nitrogen passed through the head space of the
fermentor

Ké First order rate coefficient for the disappearance of
lactone with nitrogen sparged through the fermentation
medium

[L] Concentration of gluconolactone

m Constant of proportionality in converting oxygen analyzer

readings to concentration units

n Excess concentration in the surface phase per unit interw
facial area, equal to nS/A

ng Excess concentration in the surface phase

Nsh Sherwood number, k,d/Dy,

N Number of time increments in the determination of kga
[CQ] Dissolved oxygen concentration

P Pressure

q Instantaneous oxygen absorption rate

r Volumetric rate of oxygen consumption by the cells

R Universal gas constant

Rp Rate of oxygen utilization measured with the oxygen

electrode

Rate of oxygen utilization determined from the steady state
acid production rate

0

Rate of oxygen utilization determined from the acid
production rate just after the air supply was cut off

g

S Entropy of bulk phase

Sg Excess entropy of surface phase
5 Entropy of surface phase

fs] Concentration of glucose

t Time

tp Equivalent diffusion time, defined in Equation (16)



X X o

m

* T F
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Reaction time, defined in Equation (17)
Absolute temperature

Internal energy of bulk phase

Fxcess internal energy of surface phase
Internal energy of surface phase

Volume of liquid medium

Volume of surface phase

"Concentration" of water, assumed equal to ay

Mole fraction of oxygen in the exhaust gas from the
fermentor

Mole fraction of oxygen in the inlet gas to the fermentor
Interfacial tension of a mixture against air

Interfacial tension of pure species 1 against air
Electronic charge in e,s.u.

Electrostatic potential at the gas~liquid interface due to
a net negative charge in the surface film

Chemical potential
Chemical potential in the standard state
Chemical potential in the surface phase

Stoichiometric coefficient of species i
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