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An investigationi was undertaken to determine the
oxygen absorption rates of a submerged culture of
Bacillus anthracis at all stages of its growth cycle. The
determination of oxygen absorption rates of a patho-
genic fermentation such as this by analysis of the ex-
haust gases seemed to present fewer technical difficulties
than did those methods that depended upon polaro-
graphic determination of dissolved oxygen. Some re-
sults of this investigation are reported here.
A survey of the literature would indicate that it is

not usually practicable to determine oxygen absorption
rates of a submerged fermentation from analysis of the
exhaust gas and a material balance. The difficulty arises,
of course, from the fact that, when percentage absorption
is low, oxygen analyses and other measurements must be
very precise to be significant. Finn (1954) states that
absorption of oxygen seldom exceeds 2 per cent in
fermentation processes. The data in table 1 seem to
support this assertion.

However, Hromatka and Ebner (1951) used analyses
of exhaust gases to study the oxygen uptake of a sub-
merged vinegar fermentation where air rates were low.
Hoover et al. (1954) measured the oxygen uptake of a
"balanced flora" by analyzing the gas phase for the
percentage of oxygen and suggested that the method
might be useful in most aerobic fermentations. Maxon

l Present address: D)epartment of Chemical Engineering,
Rose Polytechnic Institute, Terre Haute, Indiana.

and Johnson (1953) analyzed the exhaust gas of a con-
tinuous yeast fermentation for carbon dioxide and cal-
culated oxygen uptake from these and other data.
Roth et al. (1955) reported oxygen absorption data on

sulfite solutions on a reciprocal shaker. They found
that cultures of B. anthracis and Bacillus globigii
(Bacillus subtilis morphotype globigii) aerated at sulfite
values of 0.7 to 1.0 mg moles of oxygen per L per min
completely sporulated in 24 hr. When subcultures were
initiated at peak vegetative growth, rates of only 0.1
to 0.2 mg moles of oxygen per L per min were required
for complete sporulation at 24 hr.

This report gives oxygen absorption rates of a B.
anthracis fermentation calculated from exhaust gas
analyses. These data on a fermentation aerated by sub-
merged orifices are compared with those of Roth et al.
(1955) obtained by sulfite methods for shake flask
fermentations.

Reported here also are oxygen absorption coefficients
determined by the sulfite method for the equipment
used in this study. In these unbaffled vessels, agitation
was furnished by air discharging from submerged ori-
fices at supercritical pressure ratios (that is, at or above
sonic velocities) (Perry, 1950). Data on two orifice de-
signs are given. These coefficients are compared with
those indicated by Roth's data for shake flasks. Shake
flask aeration and submerged orifice aeration are com-
pared.

TABLE 1. Oxygen absorption of several fermentations as reported by various investigators

Conditions Oxygen Absorption Data*
Organism

Type of agitation Superficial air agsorbedn gas Investigators

ft/min % % (vol)

Bakers' yeast .Continuou s fermen- 1.1 14.4 18.0 Maxon and Johnson (1953)
tation, mechani-
cal

Yeast ........................Air 1.0 0.179-0.064 20.96-20.92 Hixson and Gaden (1950)
Streptomyces griseus.Mechanical 1.2 0.895 20.78 Bartholomew et al. (1950a)
Penicillium chrysogenum. Mechanical 1.2 1.31 20.69 Bartholomew et al. (1950b)
Penicillium chrysogenum . Mechanical 1.69 20.61 Rolinson (1952)
Vinegar bacteria.Air 80.9-42.5 12.0-4.0 Hromatka and Ebner (1951)
Bacillus anthracis.Air..Air 2.25-2.91 28.5-2.70 20.4-15.0 This paper

* Calculated from data given in the indicated papers.
Volumetric air rate at average conditions of fermentation, ft3/mint ' =Superficial air velocity, ft/min.

Cross-section area of fermentor, ft2
Moles 02 in exit gas stream
Moles 02 in inlet gas stream
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W. W. BOWDEN

Using sulfite absorption coefficients and fermentation
oxygen absorption data, dissolved oxygen concentra-
tions corresponding to peak rates of oxygen absorption
are calculated. These concentrations are then the mini-
mum which occur during the fermentation. They are
compared with reported critical dissolved oxygen
values.

MIATERIALS AND AIETHODS

Organism used. The organism studied was a typical,
chain forming, virulent strain of B. anthracis.
Medium used. The medium employed consisted of

the following: thiamine HCl, 0.0025 per cent; K2HP04,
0.50 per cent; FeSO4, 0.001 per cent; MgSO4, 0.005 per
cent; MnSO4, 0.003 per cent; CaCl2, 0.005 per cent;
autolyzed yeast, 0.67 per cent (dry basis); cerelose, 0.75
per cent; sufficient hydrolyzed casein (by H2SO4) to
give a final total N2 of 1.2 mg N2 per ml; final pH 7.5.
Method of seeding. Seeding was accomplished by

building up from standard seed stock using an inoculum
volume of 5 per cent (vol) in each step. The final seed
step was transferred during the early part of its loga-
rithmic growth phase. However, run no. 7 (tables 2, 3A;
figures 4, 5) was seeded by a volume amounting to 0.01
per cent.

Cell and spore coutnting. Standard surface plate count-
ing methods were used. Cell count was taken as the
total viable count at the end of fermentation and spore
count as the total viable count after heat shocking for
25 to 30 min at 65 C. Tryptose agar was used as the
plating medium.
Methods of growing and aerating cultures. Sterilized

air was used to aerate and agitate the medium. The air

stream was applied to the medium through three sub-
merged orifices operating at supercritical pressure
ratios (Achorn and Schwab, 1948; Perry, 1950). Two
types of orifices (figures 1 and 2) were tested. The
superficial air velocities (Finn, 1954; Wegrich and
Shurter, 1953) used in these experiments were in the
range of 2.2 to 2.9 (ft/min). Fermentor head pressure
was varied from 0 to 6 psig. The use of air enriched to
31 per cent oxygen was tested to a limited extent.

Mlethod of determining oxygen absorption rates. Oxygen
conicentrations in the exit gas were determined using
the Haldane-Guthrie Gas Analysis Apparatus2.

Air rates were determined from calibrations of the
submerged orifices and confirmed by rotometer read-
ings (Leibson et al., 1955). In runs 10 and 12 (table 2
and figure 6) oxygen was metered into the inlet gas
stream from weighed cylinders whose weight was re-
corded at 5-min intervals. Gas sample lines were flushed
thoroughly before each sampling. Absorption solutions
were checked frequently for efficiency.
Oxygen absorption and carbon dioxide evolution

rates were calculated as shown below.
The following equation for calculating oxygen ab-

sorption rates is found from material balances of N2,
02 and CO2 across the fermentation (moisture in the air
was neglected):

TV02 =V-X 28.32 L 1000 mg moles
V ft3 22.41 L

>[o.~ (1-00- X02j - XCO2) 2]

= 1263 X V [0.2097

- ( 0.79 - (Xo2)];

(1)

where TV,,2 = mg moles 02 absorbed per L per min,
Vo = ft3 air/min, 1 atm. 0 C = (inlet air rate),
V = vol media, L,
X02 = mole fraction 02 in exit gas

= Vol per cent 02/100, and
XC02 = mole fraction CO2 in exit gas

= vol per cent CO2/100.
In runs 10 and 12, enriched air was used and the mole

fraction of 02 and N2 in the inlet gas were modified
accordingly.
The analogous carbon dioxide evolution rate equa-

tion is as follo6ws:

TVco2 = 1263 X v°

[02 00- - - 0.0003];
(2)

FIG. 1. Sharp-edged orifice and experimental orifice
FIG. 2. Views of the experimental "shark tooth" orifice

2 Fisher Scientific Company, Pittsburgh, Pa. Catalogue no.
10-816.
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AERATION OF B. ANTHRACIS IN SUBMERGED FERMENTATION

where Wc02 = evolution rate of CO2 mg moles CO2 per
L per min.
When the respiratory quotient, (moles CO2 out)/

(moles 02 in), is unity, equations (1) and (2) simplify
to equations (3) and (4), respectively.

02= 1263 X VO X [0.2097 - Xo2] (3)

Vc02 = 1263 X V X [xC02 -0.0003] (4)

An inspection of the tabulated data revealed that the
correction factor, (0.79)/(1.00 - XOI - Xc02), for
equations (1) and (2) was in the range 1.000 ± 0.005.
Therefore, in these calculations, equations (3) and (4)
were used. In cases where oxygen absorption is low,
and highly precise oxygen and carbon dioxide deter-
minations are available, it would be worth while to use
equations (1) and (2). Equipment limitations prevented
complete oxygen absorption data from being taken on
runs 8-12 (table 2 and figure 6). Scattered data indi-
cated, however, that CO2 and 02 bore the same relation
to each other as in runs 1-6.

Determination of Oxygen Absorption Coefficients by
Sulfite Mllethod

Oxygen absorption rates were determined using
0.5 N Na2SO3 solution with 10-1 N CUSO4 as a catalyst
(Bartholomew et al., 1950; Cooper et at., 1944). Air
rates and batch volumes were varied to obtain coeffi-
cients over a range of superficial air velocities. Oxygen
absorption rates were also determined independently
from oxygen and nitrogen material balances using the
above-mentioned analyzer for the oxygen determina-

4

3

2

A

SHARK TOOTH

ORIFICE

/ j- SHARP-EDGED
ORIFICE

KEY

A - SULFITE TITRATION

0- GAS ANALYSES

3 4 5 6 7 a 9

SUPERFICIAL AIR VELOCITY (FT/MIN)

FIG. 3. Absorption coefficients (L/min) versus superficial air
velocity (ft/min).

tions. The absorption coefficients were calculated from
the absorption data using equation (6) (Finn, 1954).

W = (KLa) (C* - CL); (5)
wNhere W = (mg moles 02 absorbed)/(min) X (L),

C* = equilibrium 02 concentration in liquid,
(mg moles 02)/L,

CL = 02 concentration in bulk of the liquid,
(mg moles 02)/L, and

(KLa) = (coefficient)
mg moles 02

(min) (L) X (mg moles 02 difference) /
(L)

In the case of sulfite solutions, where

CL = 0,

(KLa) =C*) (6)

C* can be calculated from the partial pressure of oxy-
gen using Henry's Law Constant (Perry, 1950). The
abscissa values of figure 3 were calculated by the
method given by Wegrich and Shurter (1953). The or-
dinate values (absorption coefficients) were calculated
from the arithmetic average of the oxygen partial pres-
sure in the fermentor. The two sparger designs tested
are shown in figures 1 and 2.

Performance of different aeration equipment should
be compared in terms of coefficients (Finn, 1954). In
converting the data of Roth et al. (1955) to coefficients,
equation (6) was again used. It was assumed that the
partial pressure of oxygen in the gas contacting the
liquid was equal to 0.21 atmosphere in all cases. The
coefficients thus obtained fall in line with those re-
ported by Finn (1954).

Calculation of Dissolved Oxygen Concentrations

Equation (5) was used to calculate CL. In order to
make this calculation the following assumptions were
made:

(a) The sulfite coefficient is valid for the fermenta-
tion and is constant.

(b) C* of the media is the same as that of water for
the same conditions of temperature and pressure, and
is constant during the fermentation.

RESULTS

Oxygen absorption coefficients. Figure 3 represents
the correlation of absorption coefficient (KLa) (L/min)
versus superficial air velocity (SAV) (ft/min) for a
sharp-edged orifice (figure 1) and an experimental ori-
fice developed at Fort Detrick (figure 2) operating at
or above sonic air velocities. The close agreement be-
tween results from sulfite titrations and gas analyses
is to be expected. It should be noted that the co-
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FIG. 4. Oxygen absorption rate for Bacillus anthracis; stand-
ard conditions except run 7. Run 7 and composite of runs 2-5.
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efficients for the two types of orifices become closer
at lower SAV values.
Oxygen and carbon dioxidle transfer rates. Figures 4, 5

and 6 give the data in terms of mg moles 02 (or C02)/
L X min transferred. Usually, oxygen uptake rates are

given in terms of the specific oxygen uptake; that is,
(mg moles 02)/(min)(mg cell). However, the volu-
metric rate seemed adequate for the purpose of this in-
vestigation. The transfer rates were calculated from fer-
mentor exhaust gas analyses and material balances of
oxygen, carbon dioxide and nitrogen. As mentioned
above, run no. 7 was seeded by a different technique
which accounts, in part, for its anomalous behavior.
The runs employing pressure and enriched air appear

to arrive at peak oxygen and carbon dioxide transfer
rates earlier than the standard runs. The slightly
higher peaks of the pressure and enriched air runs are

not considered to be significant.
Cell growth and sporulation. Table 2 gives the final

cell and spore counts and final fermentor age for: (a)
the standard series, and (b) the series employing pres-

sure and enriched air, and more efficient orifices. In-
spection of these data reveals no significant difference
in cell or spore counts caused by increasing the pressure,

or using enriched air and more efficient orifices. It does
appear that these factors shortened the time required
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FIG. 5. Carbon dioxide evolution rate for Bacillus anthracis.
Run 7 and composite of runs 2-5.
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FIG. 6. Carbon dioxide evolution rate for Bacillus anthracis;
6 psig, enriched air, and improved orifices. Runs 8-12.
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AERATION OF B. ANTHRACIS IN SUBMERGED FERMENTATION

for substantially complete sporulation. More extensive
data are required, of course, for complete evaluation.

Calculated dissolved oxygen concentrations. The dis-
solved oxygen concentrations given in table 3A were
calculated from "sulfite" coefficients shown in figure 3,
equilibrium oxygen concentrations calculated by
Henry's Law, and the peak oxygen absorption rates
shown in figures 4-6, using equation (5).

TABLE 2. Cell and spore coutnts uinder different experimental
conditions

Run Superficial rermentor Cells Spore
No. Orifice Type Air Head Pressure per Ml per Ml Age

Velocity

fl/min psig millions millions hr

1 sharp-edged 2.62 0.0 1260 1000 24
2 sharp-edged 2.62 0.0 1870 950 24
3 sharp-edged 2.62 0.0 1400 740 26
4 sharp-edged 2.62 0.0 840 760 24
5 sharp-edged 2.62 0.0 1000 770 31
6 sharp-edged 2.62 0.0 1890 1650 24

Avg. sharp-edged 2.62 0.0 1388 1018 25.5

8 shark tooth 2.27 6 1830 640 22
9 shark tooth 2.27 6 1150 590 21
10 shark tooth 2.62 31.0 per cent 1720 1410 19

02, 0.0
11 shark tooth 2.36 1750 1720 21
12 shark tooth 2.62 31.0 per cent 1620 1050 22

O2, 0.0

Avg. shark tooth 1608 1074 21

7* shark tooth 2.95 3.0 2100 2240 32

* See text "Method of seeding."

TABLE 3A. Dissolved oxygen concentration calculated from
sulfite coefficient and fernientor absorption data

Calculated
Type of Run (KLa) C* Dissolved 02

Concentration

L/mnin mgntoles mg mioles 02/L

Standard .................. 1.55 0.297 0.135
Pressure .................. 1.40 0.378 0.157
Enriched air .............. 1.55 0.500 0.300
Run 7.................... 1.80 0.297 -0.037

These concentrations are an order of magnitude higher than
the critical dissolved oxygen concentrations given by Finn
(1954), as shown in table 3B.

TABLE 3B. Critical dissolved oxygen concentrations (Finn, 1954)

Organism Critical Dissolved Oxygen
Concentration

mg moles 02/L

Luminous bacteria .................... 0.010
Azotobacter vinelandii ........ .......... 0.018-0.049
Escherichia coli ....................... 0.0082
Yeast ............................... 0.0031-0.0046
Penicilliumn chrysogenum ............... 0.022

Although the numerical values found here are proba-
bly not the true ones (because of deviation from the as-
sumptions upon which this calculation is based), their
consistency with other results makes it seem likely that
they reflect actual dissolved oxygen concentrations.

Comparison of shake flask and submerged orifice aera-
tion. When the oxygen absorption coefficients (L/min)
are calculated from the oxygen absorption data of Roth
et al. (1955), it is found that recommended aeration
levels of 0.70 to 1.0 mg moles 02/L X min correspond
to coefficients of 2.95 to 4.25 L/min. However, the
fermentation reported here was aerated under condi-
tions corresponding to coefficients of 1.35 to 1.95 L/min.
The reasons for sporulation at 24 hr or less when using
submerged orifice aeration are not clear, but may have
been due to slight differences in strains or media used.
This lack of agreement notwithstanding, a safe predic-
tion for aeration conditions was made from shake flask
sulfite methods.

DIscUSSION

Oxygen absorption coefficients. Finn (1954) tabulated
absorption coefficients for unagitated, single orifice
systems of about 0.4 (L/min) at an SAV of 2 ft/min.
Comparing the coefficients in figure 3 with those given
by Finn it is apparent that the orifices operating at or
above sonic air velocities give considerably higher co-
efficients than other types at equal superficial air
velocities. It is also apparent that the "sonic orifices"
will not give coefficients easily attainable by mechanical
agitation (that is, 5 to 10 (L/min) at SAV of 1.0
(ft/min)). The increase in efficiency given by the
"shark tooth" orifice deserves further study.
Oxygen and carbon dioxide transfer rates. The general

shape of the curves in figures 4-6 explains, and at the
same time confirms, the results of Roth et al. (1955).
Their findings that (a) initial aeration requirements
are low, (b) sporulation at 24 hr requires aeration of
young vegetative cells at comparatively high rates,
(c) a change of requirement occurs at 6 to 8 hr, and
(d) spores continue to develop with low utilization of
oxygen once the "spore precursors" have been formed
all are confirmed by these data.
These data indicate that oxygen uptake rates of at

least some submerged bacterial fermentations can be
determined by analysis of the exhaust gas stream. This
result suggests industrial applications of the technique
in process control and process variable studies. In this
connection, Riggs (1953) discussed several oxygen
analyzers which are commercially available. Jacobson
(1953) reported on electrochemical methods for de-
termining oxygen in gases. Maxon and Johnson (1952)
published specifications for an easily built, highly ac-
curate continuous carbon dioxide analyzer. Riggs (1953)
also discussed industrial carbon dioxide analyzers to a
limited extent. Watkins and Gemmill (1952) reported
on the use of an infrared carbon dioxide analyzer.
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W. W. BOWDEN

Dependence of fermentation upon dissolved oxygen.
Based on the above results, the working hypothesis was
made that production of cells in this fermentation was
at no time dependent upon dissolved oxygen. Had cell
production been limited by this factor, use of pressure,
or especially enriched air, would have resulted in
sharply increased cell count. The relatively high calcu-
lated dissolved oxygen concentrations of table 3A are
consistent with this conclusion. Critical dissolved oxy-
gen concentrations are given in table 3B for comparison.
Dissolved oxygen possibly may have been limiting in
run 7. This run should be viewed as a confirmation of
the assumption that the maximum possible oxygen
transfer rates had not been attained in the other runs.
(Maximum oxygen transfer rates correspond, of
course, to minimum dissolved oxygen concentrations.)
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SUMMARY

In this study, it has been shown that it is practicable
to determine oxygen uptake rates of a submerged Bacil-
lus anthracis fermentation at all stages in its cycle from
exhaust gas analyses. Absorption data obtained in this
way confirmed the results obtained by Roth et al. (1955)
in shake flasks by sulfite methods.

Sulfite oxygen coefficients are reported for two de-
signs of submerged orifice operating at sonic air veloci-
ties. Both of these designs give higher coefficients (at
equal superficial air velocities) than values reported for
other orifice types.

Cell production under fermentation conditions re-
ported here does not appear to be a function of dissolved
oxygen concentration, as indicated by the results
obtained when air containing 31 per cent oxygen, 6 lbs
per in. gage fermentor head pressure, and improved
orifice designs were used.

Dissolved oxygen concentrations calculated from

peak oxygen absorption rates and sulfite absorption
coefficients were consistent with the effects of increased
oxygen upon cell production.
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