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CHAPTER I

INTRODUCTION



This work is primarily concerned with the estimation of true growth

yields and maintenance coefficients [1,2] of yeast grown on petroleum hydro-

carbons in batch cultures and evaluation of the consistency of experimental

data using available electron and carbon balances. This work is divided

into chapters each of which is self contained. Tables and Figures appear

at the end of each chapter.

Chapter II provides a review of the literature where enough experi-

mental data were provided to estimate the consistency of the measurements

using available electron and carbon balances and the mean values of the

regularities for carbon weight fraction in biomass and reductance degree

of biomass. "True" growth yields are estimated from both batch and con-

tinuous culture data and the results are compared.

Chapter III is an experimental study in which the progress of biomass

concentration, substrate concentration, specific rate of oxygen consumption,

specific rate of carbon dioxide evolution, and specific rate of substrate

consumption are investigated in the batch cultivation of Candida lipoly tica

grown on n-hexadecane as the main source of carbon and energy. The con-

sistency of the experimental data is examined. "True" biomass energetic

yields and energetic maintenance coefficients are estimated and the results

are compared to estimates from the literature in Chapter 2.
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CHAPTER II

EVALUATION OF DATA CONSISTENCY AND ESTIMATION

OF YIELD PARAMETERS IN HYDROCARBON FERMENTATIONS



INTRODUCTION

The growth of microorganisms on petroleum hydrocarbons has received

considerable attention [1-23] because of the possibility of producing single

cell protein for feed and/or food uses. Since several reviews [8, 14, 27]

covering various aspects of hydrocarbon fermentation are already available,

this review will concentrate on those papers where sufficient experimental

data are available to examine the consistency of the experimental results

using the material and energy balance regularities which Minkevich and

Eroshin have identified [6, 19].

One of the biggest challenges encountered in hydrocarbon fermentation

processes is how to get accurate measurements of the main variables such as

biomass production, substrate consumption, carbon dioxide evolution, oxygen

and nitrogen consumption, etc. Hug et al. [12] discuss some of the analytical

problems present in the biomass and substrate measurements.

Oxygen and substrate requirements, as well as biomass yield, which are some

of the basic parameters that need to be considered in determining the feasibility

of a fermentation process, may be only estimated properly if material and energy

balances can be applied to the fermentation and the accuracy of the measurements

can be tested. Oxygen balances were used in 1964 by Johnson [15]. He pre-

sented a balance equation which deals with oxygen requirements when there is

no product formation, and this was later used by Nagai and Aiba [24] . The

carbon balance has been used to check the accuracy of measurements by Hug

and Fiechter [12], Camargo et al. [3] and Miller et ai [18], Carbon and

oxygen balances have also been used by Herbert [11] to check the consistency

of experimental data in continuous culture. Minkevich and Eroshin [10, 19,

20] have reported material and energy balances based on regularities found

regarding the heat evolution in the fermentation, the weight fraction carbon



in biomass and the reductance degree of the biomass. Erickson et al. [5,

6, 7, 9] have applied these material and energy balance regularities [10,

19, 20] to specific conditions such as continuous fermentations, batch

fermentations, and processes with extracellular products.



THEORY

Regularities and basic approach

The balance equation for microbial growth is [17]

CH 0„ + aXH„ + b0„ = v CH N + zCH N (1)
m , 3 2'cpnq rst

+ cH
2

+ dC0 o

where CH 0,,, CH N and CH N denote the elemental composition of organicm^pnq rst
substrate, biomass and product, respectively. The subscripts denote numbers

of atoms of hydrogen, oxygen and nitrogen per carbon atom. The coefficients

y , z and d are the fraction of substrate carbon converted to biomass, pro-

duct and carbon dioxide, respectively.

The concepc of reductance degree has been introduced and used in the

material and energy balances [19]. The reductance degree, y, , of the biomass is

the number of equivalents of available electrons in that quantity of biomass

which contains one gram atom carbon; that is,

Yb
= 4 + p _ 2n - 3q (2)

Similarly, the reductance degree, y , of the organic substrate is

Y - 4 + m - 2% (3)

and, the reductance degree, y , of the product is
P

Y = 4 + r - 2s - 3t (4)
P

where the number of equivalents of available electrons is taken as four

for carbon, one for hydrogen, minus two for oxygen, and minus three for

nitrogen. Therefore, there are no available electrons in C0 o , H.O and NH_.

Minkevich and Eroshin [19] have shown that the heat of reaction per

electron transferred to oxygen, Qn , is relatively constant for the organic



molecules used as substrates in fermentation, and equal to 27 kcal/

equivalent of available electrons transferred to oxygen. The coefficient

of variation of this average value is 4%. This regularity enables one to

make an energy balance as follows

Q Y + Q b(-4) = y Qv, + zQ
rty (5)os o 'cob ^o'p

where Q y is the energy in substrate, y Q Y^ is the energy in organic

substrate which is transferred to biomass, zQ y is the energy in organic
?

substrate which is transferred to product and

Q = 4Q
Q
b (6)

is the heat evolved in the reaction. Dividing Equation (5) by Q y gives
O o

1 = e + n + =, (7)
P

where

^^
(8)11

=
Q y '

^o ' s
Y

_

3

4b
E —

r
s

zQ y
o'p

P Q Yo s

z v
P

Y
s

(9)

(10)

n, denotes the biomass energetic yield coefficient or the fraction of

organic substrate energy transferred to biomass, % denotes the product

energetic yield coefficient or the fraction of organic substrate energy

transferred to product, and e denotes the fraction of organic substrate energy

evolved as heat.

If a balance is written based on the available electrons in Equation (1),

it results in

Y
s
+ b(-4) = ycYb

+ zYp (11)
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Dividing Equation (11) by y , gives the fractional allocation of available

electrons in the organic substrate

V Z V

Y
J c y Y

s s s

and substituting Equations (8), (9) and (10) into this expression gives

e + n + g =1 (13)
P

Therefore, the constant value Q allows the mass and energy balances to be

coupled together into a nass-energy balance. This equation is the same as

that used by Johnson [15] but in different terms. It gives the oxygen

requirement by using Equation (9)

.

Equations (2), (3) and (4) can be used to estimate the reductance degrees

of biomass, substrate and product if the chemical compositions are known.

However, Minkevich and Eroshin [19] have reported that the reductance degree

of the biomass is relatively constant for any microorganism and equal to 4.291,

with a coefficient of variation of 4%. The average value can be used

when the chemical, composition of the biomass is not known.

According to Equation (I) , the overall carbon balance is given by

y + z + d = 1 (14) .

c

The available electron and carbon balances, Equations (13) and (14), respectively,

may be used to test the consistency of data.

True Yields and Maintenance

Using models containing separate terms for growth and maintenance can

be useful to gain insight into the metabolism of the cell, and to test the

consistency of the data if the values of true yields and maintenance coef-

ficients can be estimated from different sources of data. The model of

Pirt [25]

1 1
m
Si--±-+-£ (15)

Y „max u
s Y

s
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is used to estimate the value of the maintenance coefficient, m , and the

true growth yield, Y , based on organic substrate. Erickson et al. [7]

illustrated the consistency of the model of Pirt in the analysis of contin-

uous culture data. Erickson [5] also studied the energetic efficiency of

biomass and product formation. Equations were developed [5, 7] to write

the model of Pirt in terms of the biomass energetic yield coefficient, n,

and other variables measured in fermentations such as biomass yields based

on carbon dioxide evolution and oxygen consumption.

Maintenance coefficients can be expressed as the energetic maintenance

coefficient, m , which is the rate of consumption of energv (or available
e

electrons) in the organic substrate per unit of energy (or available

electrons) in biomass (hour) ; oxygen maintenance coefficient, m , g moles

O^/g atom carbon in biomass (hour); carbon dioxide maintenance coefficient,

m,, g moles C0
?
evolved/ g atom carbon in biomass (hour); and organic substrate

maintenance coefficient, in , g atom carbon of organic substrate/ g atom carbon

in biomass (hour). The following equations [7] show how these maintenance

coefficients are related.

m = — m = -£i- n (16)
e \ ° Vb °

Y
s

12Y
s

m = — m, = m (17)
e y, d a, v j}

b b b

Y CT Y
m = — m = m„ (18)
e Y

t
a Vb s

Biomass true growth yields can be obtained based on organic substrate

..max . max , , .... , ^

.

consumption, \ , oxygen consumption, y and carbon dioxide evolution,

j, '
. The true growth yields can be related to the true biomass energetic

yield coefficient, r\ as follows [7]
max

-L- - -r (t
1- - D °r -1- = ^k(-1- - i) (19)^x 4 ^^o V ^raax 48 -

yQ
max Y max
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Yb 1
C
b ,

Yb
_ 1 or —±— = — ( !) (20")

max 'yn " Y
maX 12 Y

s
nmaxy s nax 1 ^ s raax

a y
Ymax = _JL_s
S a y^ "max ^ ;

b b

where a and a, are the carbon weight fraction in the organic substrate and
s b

biomass, respectively. Minkevich and Eroshin [19] have found that the value

of a, is relatively constant in bicmass and equal to 0.462 with a coefficient

of variation of 5%. This value can be used when the chemical composition

of the biomass is not known. Herbert [11] has also found that J, is almost

constant.

The values of maintenance coefficients and maximum yields can be obtained

by using linear regression and Pirt's model in graphical form.

Pirt's model can also be written [7] as

Qn = m_ + u (22)x max
Y

Q™ - m + —— P (23)
C0 n D max

D

Q„ = m„ + —— y (24)X
S S max M

S

I.-L-+-* (25)
n n u

max

from which the values of m and n can be estimated by using directly
e max

Equation (25), or by using Equations (22), (23) and (24) and Equations

(16), (17), (18) for m , and (19), (20) and (21) for n .
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METHODS OF DATA CONSISTENCY ANALYSIS

Available Electron and Carbon Balances

When extracellular products can be neglected, the available electron

balance is

n + e = 1 (26)

and the carbon balance is

y + d = 1 (27)J c

When n + e > lory + d > 1, experimental errors are probably present.

When n + e < 1 or y + d < 1, this could be due to either experimental errors

cr product formation. Small deviations of less than 5% may be present because

of the use of the regularities.

Batch Cultures

It is possible to make balances at given times throughout the fermenta-

tion (instantaneous balances) or overall balances (integrated balances)

.

Instantaneous Balances . The available electron balance can be

written as

s s _ b b .

~TT Q
S -~T2- + 4 Q

o
2

(28)

By dividing Equation (28) by its lefthand side, Equation (26) is obtained

where Vbu

n
--^ (29)

a y— Q
12 ^S

and

a y
s s

12 V
S

(30)
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The carbon balance can also be written as

l! Q
s TI +

"co
2

("J

By dividing Equation (31) by its lefthand side, Equation (27) is obtained,

where a, u
b

and

12
yc

- ^- (32)

iK
Qco,

d - 5-^- (33)

if "s

As shown by Equations (28) to (33), it is necessary to have the following

data: Qn , moles 0-/ g dry weight cells (hr) , Q , moles C0 o / g dry weight

cells (hr) , X, g dry weight cells/ I and S, g substrate/ I.

The fact that Q. and Q n are rates, while X and S are not must be

considered in any analysis of errors. The values of X and S must be differ-

entiated graphically to obtain values of the specific growth rate and the

specific organic substrate consumption rate; however, it is difficult

to obtain accurate results because of the errors associated with graphical

differentiation. Moreover, the time constants associated with oxygen and

CO2 measurements are smaller than those associated with biomass and organic

substrate measurements.

These balances have been applied to the data from Fig. 1 of Blanch

and Einsele [2] and the data of Hug and Fiechter [12].

Integrated Balances . When substrate consumption data are not available

and the assumption of complete consumption of organic substrate is valid (S
f
= 0) ,

the available electron balance [Equation (26)] can be applied, where
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(x
f

- V Vb
12

II
-

< S
o

- V Va
(34)

and

12

£ =

<
S
o " S

f > Va
(35)

(X
f - V %

y 12
c

< S
o - S

f> *s

and

12

and the carbon balance [Equation (27)] is applied with

(36)

12

Xd^

d = (37)
(S -S-) a
• o r s

12

where S and S are the initial and final substrate concentrations, g/l, and

X- and X are the final and initial biomass concentrations, g/l.

Equations (34) to (37) have been used x>7ith 31anch and Einsele data [2].

Direct gas measurements (0« and CCU) could be used instead of Q~ and Q _

as in data from Prokop et al. [26].

When the carbon dioxide yield is available, there is no need for inte-

gration in Equation (37) as in data from Miller et al. [13] and Ballerini [1]

•

Continuous Cultures

The consistency of data in continuous cultures is analyzed through

available electron and carbon balances made at each dilution rate. In the

following equations, it is assumed that the organic substrate is completely

consumed in rhe fermentation. The available electron balance can be written as

DS c v c\ Y.

X 12 ° 12 "0 y J
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Dividing Equation (38) by its left hand side, Equation (26) is obtained,

where
DVb

12

D S a yO S3
12X

%
2

D S a yOSS

(39)

and

E =
D i:

12X

The carbon balance can be written as

D S a a

~ir if
= D n +V < 40)

Dividing Equation (40) by its left hand side, Equation (27) is obtained,

where „,

o s

12X

Q,
and

X0 o

d = — (42)
D S cr

o s

12X

These balances are less subject to error than the balances for batch

cultures since the constant dilution rate makes the biomass production and

organic substrate consumption occur at constant rates so that the units

are similar to those of n and rn . Errors due to differentiation are

avoided.

These balances have been applied to data from Hug et al. [11] and

Blanch and Einsele [2]. They were also applied to data from Kanazawa [16].

In this case, S was substituted by X/Y since S was not reported.
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True Yields and Maintenance

The comparison of these parameters when they can be obtained from

more than one source of data is useful to analyze whether or not there

are experimental errors and extracellular products.

Batch Cultures

Estimate, of specific growth rates by differentiation . The curve biomass,

X, vs time can be differentiated and the specific growth rate evaluated as

u - ~ — (43)

Using this estimate of u, Equation (15) or (24), (22), (23) and (25) can be

used to obtain the values of true yields and maintenance coefficients. True

growth yields can be translated into any units by using Equations (19), (20)

and (21), and the maintenance coefficients can be interrelated with Equations

(16), (17) and (18)

.

Equation (15) has been used to analyze the data from Miura et al. [21],

Moo-Young et al. [22] and Blanch and Einsele [2]. Equation (23) has been

applied to data from 31anch and Einsele [2].

Results may be compared, graphically, when enough data are available to

make more than one estimate of the parameters. For example, Qn , Q and Q

data can be used to obtain values of n so that Equation (25) can be used in

all the cases. The equations to find the values of i depending on the variables

measured are: In _
48 Q

1 2- = + 1 (44)
1 Vb u

1 = 2 + _s
(45)

n Vb u Y
b

19 2y
I = i-i (46)

These equations have been applied to data from Hug and Fiechter [10].
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Estimates of Specific Growth Rate from Oxygen, Carbon Dioxide and

Substrate Data . True growth yields and maintenance coefficients may also

be estimated without graphical differentiation of biomass data to estimate

values of specific growth rate; however, these indirect estimates depend

on the consistency of the experimental data. In each case, values of n

and u for use in Equation (25) are estimated from sets of measured values

(see the Appendix for the derivation of these equations) . When Q n and Q

data are available, n and u can be found from the following expressions

i V
n

4Y 3s_
(47)

Vb
u 48(4y

s
Q
g

- Q )

(48)

When Q and Q data are available, n and u are found as follows
Lo^ s

%
Qco

2

n Q y y.H
s a b

(49)

QC0
2

Y
s

16Y
s

w i2(16Q
s

'W (50)

Equationc (47), (48), (49) and (50) have been applied to data from Hug and

riechter [12]

.

When Q and n data are available, the following equations can be
°2 "

CU
2

applied

1 - -f R.Q
n = (51)

Y
s

Y
s— - -f R.Q,

Yb
4
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48 Q
°2

= —S— (52)

Vb(^- 1)
n

Qco,
R.Q. = g—

*

(53)

°2

Equations (51) and (52) were applied to data from Blanch and Einsele [2]

(Fig. 2 in their paper).

Continuous Cultures

Equation (15) has been applied to data from Moo-Young et al. [22],

Blanch and Einsele [2] and Katinger [17], Equation (22) has been applied to

data from Moo-Young et al. [22] and 31anch and Einsele [2]. Equations (15)

and (22) enable one to find true growth yield and maintenance coefficients

from biomass yield and oxygen data, respectively. In these equations, the

dilution rate, D, is the specific growth rate, u. Other maintenance coef-

ficients besides those appearing in Equations (15) and (22) can be found

from Equations (16), (17) and (18), and other true growth yields can be

found from Equations (19), (20) and (21).

Endogenous Respiration

Experiments to determine the endogenous respiration, E.R., of a culture

can be carried out in Warburg flasks. The endogenous respiration is usually

expressed as u£
2
/ nig dry x^eight cell (hr) . These units can be. converted into

those for the energetic maintenance coefficients as follows at standard

conditions

4 E R 12

% =
22,400 c,y.

(54)

O b

m was estimated from data from Singh et al. [28] in this fashion.



20

RESULTS AND DISCUSSION

The consistency of available experimental data for growth on liquid

hydrocarbons is examined in Tables 1-5 using available electron and carbon

balances, Equations (26) and (27), respectively. When the data are consis-

tent, similar values of n and other related yield parameters may be calcu-

lated from values of various sets of measured variables [6,7,9],

Various sets of data have been used to estimate the "true" biomass

energetic yield, r\ , and the maintenance coefficient, m , which are
max e

reported in Tables 6 and 7. These values may be used to evaluate the

consistency of experimental data. The results of linear regression analysis

are shown in graphical form in Figs. 1-12 for those sets of data which

were not previously reported in this form.

After examining the consistency of the results, the estimated values

of n and m from several sets of data are examined and discussed takingmax e °

into account available information on the consistency of the data. Values

of yield and maintenance coefficients estimated from continuous and batch

data are compared. Variations in liquid hydrocarbon composition, organism

strain, agitation conditions, and initial substrate concentration are also

considered in examining the variation of values of the yield and maintenance

coefficients

.

The average value of Y, = 4.291 and a, = 0.462 were used to characterize
b o

the biomass. Since y, and c. have coefficients of variation of UZ and 5%
b b

respectively, small deviations of the results from the consistency condi-

tions of Equations (26) and (27) are to be expected. The 9 5% confidence

intervals corresponding to these coefficients of variation are 0.94 <_ y

+ d < 1.06 and 0.93 < n + e < 1.07.
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Consistency of the data

Continuous Culture.

Table 1 shows the results cf an examination of data consistency using

available electron and carbon balances for growth of yeast on liquid hydro-

carbon in continuous culture. It can be seen that the data of Kanazawa,

Blanch and Einsele (available electron balance), and the data of Hug et al.

(carbon balance) are quite consistent; that is, ( n + e) and (y + d) are

very close to 1. Only some results of Kanazawa and those from Figure 9 of

Blanch and Einsele show experimental errors where n + £ > 1. Values where

n + £ < 0.93 may be due to measurement errors or product formation. This

appears to be appreciable only in Figure 12 of Blanch and Einsele, and in

the results of Hug et al . If n + e < 0.93 because of product formation,

these products were produced without any reduction in the values of the

biomass energetic yield. The results in Table 1 appear to indicate that

products are not produced in substantial quantities in hydrocarbon-limited

continuous culture fermentations. The results for Kanazawa' s data are more

consistent in Table 1 of this manuscript than results in an earlier analysis

[6] where the chemical composition of yeast of Kanazawa was used. Extraction

of lipid mav explain this because extraction changes the values cf a. and v. .r
D b

The results of Blanch and Einsele [2] and Hug et al. [13] indicate that the

biomass energetic yield, n, is relatively constant and (except for two data

points) ranges from 0.37 to 0.39 for Candida tropicalis in continuous culture.

On the other hand, values of £ range from . 34 to 0.82 with the extreme values

occurring at the lowest dilution rates where accurate oxygen uptake measure-

ments are most difficult.

Estimated values of the "true" biomass energetic yield coefficient,

H , and the maintenance coefficient, m , are presented in Table 6. These
max e r
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values have been obtained from biomass data and organic substrate data on

the basis of the assumption of complete consumption of organic substrate

and from oxygen and biomass data in Figures 9, 10, 11 and 12 of 31anch and

Einsele's paper [2]. Values of n are similar except in the data from
TT13.X

Figure 12. The estimates of n based on data from Figure 12 differ
max

because n + e _< 0.92 (Table 1). If these results are due to oxygen uptake

measurement errors, the estimated value of n =0.40 from biomass and
max

hydrocarbon measurements is the more accurate estimate. If extracellular

products are present, other equations [5] which take this into account

should be used to estimate n and m . Since the value n = 0.40 is in
max e max

good agreement with the other estimates, oxygen uptake measurement errors

are probably the reason why n + £ _< 0.9 2 in the data from Figure 12.

Values of the maintenance coefficient, m , estimated from the biomass and
' e'

hydrocarbon data and from the biomass and oxygen data of Blanch and Einseie

[2] are also presented in Table 6. The value of m for Figure 9 from biomass

and substrate data is much lower than the mean value of 0.012 hr . This

is probably due to experimental errors ( ^ + £ > 1 and relatively few data;

see Figure 3) . If the assumption of the organic substrate being completely

consumed were incorrect, (r) + e) would be still higher. The straight lines

1 1
fitted to the model of Pirt, as rp- vs. — , are shown in Figure 3. The plots

s
P

of the oxygen and biomass data as 0~ vs. u are not shown here since they

are depicted in the original paper [2j. It is important to point cut that

the biomass and substrate data almost always appear to be more scattered

than the oxygen and biomass data when Pirt's model is used. (See the values

of the correlation coefficients) This is because the values of increase
9

substantially in magnitude as u increases and measurement errors are fre-

quently small relative to the change in value of Qn
due to the change in u.
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On the other hand, small measurement errors have a large effect on the

estimated value of rn when biomass and hydrocarbon measurements are used.
e

Therefore, care should be taken in analyzing the values of maintenance

coefficients estimated from biomass and hydrocarbon measurements.

When the consistency of the data of Blanch and Einsele is examined

considering the results in both Tables 1 and 6, it appears that they are

quite consistent (0.37 < n < 0.39, 0.38 < n < 0.42, and 0.01 < m < 0.02 hr~ )

Table 6 and Figures 1 and 2 show data from Moo-Young et al. [22]. It

can be seen that verv good agreement exists between the values of m , although
e

the values of n are quite different. However, there was not enough data
max n

to make the available electron and carbon balances; therefore, this difference

could be due to either experimental errors or product formation.

Batch Culture

Table 2 shows the results of an examination of data consistency using

integrated available electron and carbon balances for growth of yeast on

liquid hydrocarbons in batch culture. It can be seen that the data from

Hug and Fiechter [12] are very consistent, the data from Fig. 2 of Blanch

and Einsele [2] are quite consistent, and the rest of the data are net

consistent [Ballerini, Prokop, Blanch and Einsele (Fig. 1), Einsele et al.

and Miller and Johnson]. In general, n + e < 1 and y + d < 1; thus, it

appears that there are either more experimental errors or more extracellular

products in batch cultures than in continuous culture.

Tables 3, 4, and 5 examine the consistency of batch data at points

along the batch curve. Tables 3 and 5 report the results of making instan-

taneous available electron and carbon balances at several different points

in time, during batch growth using the data from Fig. 1 of Blanch and

Einsele and from Fig. 2 of Hug and Fiechter. In Table 4, values of y
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have been estimated using carbon and available electron balances for the

data from Fig. 2 of 31anch and Einsele. In examining these tables, it should

be kept in nind that accurate measurements are more difficult to obtain at

the beginning and end of the fermentation where oxygen uptake, growth, and

CCL evolution rates are small.

Tables 2 and 3 show that the data from Fig. 1 of Blanch and Einsele [2]

are not consistent. The coefficients of variation in the instantaneous

available electron and carbon balances are 41% and 40%, respectively. There

are some measurement errors during the first five hours (y + d > 1 and

H + £ > 1) . During the rest of the fermentation, y + d < 1 and n + z < 1

.

This could be due to either measurement errors or product formation. The

estimates of y and " during the last five hours of the fermentation are con-J c o

sistent and in good agreement with values from other experiments (see Tables

1 and 2). The estimates of £ and d are much lower than one x^ould expect.

Thus, measurement errors in oxygen uptake and C0„ evolution appear to be

an important source of error in Table 3.

According to Table 2, relatively consistent results are obtained using

integrated available electron and carbon balances for the data of Fig. 2 of

Blanch and Einsele. Table 4 shows the estimated values of y which were ob-

rained from instantaneous balances using biomass production, oxygen uptake,

and C0
9

evolution rate data. It can be seen that the values are reasonably

close to the expected value of 6.125 except at the beginning where the

estimates are low and at the end of the fermentation where the estimates

are too large. Higher values than 7 - 6.125 can be due to either over"
s

estimation of oxygen uptake rates or under estimation of C0 o evolution
4.

rates. Product formation may also contribute to errors in the estimation
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of y . It can be also seen in Table 4 that estimates of n from oxvgen and
s

biomass data (Qq ,
X) and carbon dioxide and biomass data (Qrn > X) are

very similar except at the beginning and end of the fermentation. This

is in agreement with the values of y . Estimates of n from oxygen and carbon

dioxide data (Qrn > ) are considered to be very ooor since there is more
LU

2
U
2

error propagation. The estimated value of the biomass energetic yield, n, of

0.31 is somewhat lower than the mean value of 0.38 in continuous culture for

the same strain and substrate while the integrated balance results from

Fig. 1 of Slanch and Sinsele (n = 0.38) are in good agreement with the

continuous culture results. The consistency of the results from Fig. 2 of

Blanch and Einsele appear to be much better than those from rig. 1 of

Blanch and Einsele.

The consistency of the results in Fig. 2 of Blanch and Einsele has also

been examined by using different sets of measurements to estimate the true

biomass energetic vield, n , and the maintenance coefficient, m . As
max e

shown in Table 7, different values of n and m are obtained when using
max e

C0.
?
and biomass data, oxygen and biomass data, and respiratory quotient

and biomass data. These results can be compared to those in Table 6 for

continuous culture of this strain by the same authors. The results obtained

using C0 o and biomass data are in reasonable agreement with the results from

continuous culture while the estimates of n and m from 0„ and biomass
max e 2

data are somewhat larger than those from continuous culture data. This

could be due to over estimation of oxygen uptake rates at low specific growth

rates at the end of the fermentation. When respiratory quotient and biomass

data are used, the estimated values of n and m are even larger and thev
max e

are clearly outside the range of values estimated using data from continuous

culture. The consistency of these three sets of estimates shows that the



data from Fig. 2 of Blanch and Einsele are not sufficiently consistent to

obtain highly accurate estimates of true growth yields and maintenance

parameters. The instantaneous balances and the estimation of yield and

maintenance parameters from different sees of data provide much more severe

tests of data consistency compared to the integrated balances. It appears

that small measurement errors at the beginning and end of the fermentation

do not greatly affect the integrated balances, but they may considerably

affect the estimates of yield and maintenance parameters because of the

important role of data at low specific growth rates in estimating yield

and maintenance parameters.

Table 2 shows that the integrated balances for the data of Hug and

Fiechter give very consistent results. Table 5 shows the results of making

instantaneous available electron and carbon balances; the coefficients

of variation are 23% and 21%, respectively. The largest errors are at

the start and end of the fermentation where specific growth rates

are smaller. The consistency of the results is relatively good during

the rest of the fermentation where the rates are larger and, therefore,

easier to measure accurately.

Table 8 shows several sets of estimates of the reciprocal values of u and n

using different sets of experimental data. Figures 10, 11, and 12 show these

results in graphical form. Figures 10, 11 and 12 indicate that most of

the data fall within a very short interval of specific growth rate, and

that there are very few data at low values of specific growth rate. Data

at very low values of the specific growth rate from the beginning and end of

the fermentation have a greater effect on the values of the slope and inter-

cept, and the estimated parameters, n and m . This effect is illustratedr ' r max e

in Figures 11 and 12 where the least squares line is plotted with and without



27

the data point at the lowest estimated specific growth rate. Tables 5 and !

show that the results at low specific growth rates are not very consistent.

Large errors at low specific growth rates may be another reason why these

values significantly alter the least squares curve. Table 7 shows the

estimated values of the true biomass energetic vield, n , and the main-
max

tenance coefficient, m . Comparison of different estimates of these para-
e

meter shows that there are inconsistencies in the experimental data, but

that the differences are noc extremely large. The effect of neglecting

the data at the lowest specific growth rate is shown in Table 7 and in

Figures 11 and 12 (dashed lines)

.

The low values of (y 4- d) and (n + z) in Table 2 for the data of
c

Prokop et al., Miller and Johnson, Ballerini, and Einsele et al., may

be due to either measurement errors and/or undetected products. Trie

authors did not report product formation. Because the integrated balances

are not consistent, these data were not examined further.

Yield and maintenance coefficients .

Tables 6 and 7 show the values of the "true" biomass energetic yield

coefficient and the energy maintenance coefficient for growth of yeasts

on liquid hydrocarbons in continuous and batch cultures, respectively.

2
The correlation coefficient, r , is also shown to give an idea of the fit

of straight lines by linear regression.

Continuous Cultures

Figures 1, 2, 3 and 4 show straight lines which have been fitted by

linear regression to continuous culture data. Table 6 shows the values of
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2
n_ov > m , r , and type of microorganism and substrate for each set of data

plotted in the Figures. Figures 1 and 2 correspond to data from Moo-Young

et al. [22]. Figure 3 shows the biomass data (assumption of organic sub-

strate completely consumed) from Blanch and Einsele [2] (using data from

Figs. 9, 10, 11 and 12 in the original paper). The lines corresponding to

the same experiments but using oxygen and biomass data are not shown since

they are reported in the original paper as Q vs u. The data from Katinger
2

[17] from three different experiments appear as a pool in one straight line

in Fig. 4. Candida so was used in all the data, and n-hexadecane was used

in ail the experiments except in Moo-Young et al.'s data where n-dodecane

was used.

According to data from Moo-Young et al . and Blanch and Einsele, low

values of m aocear to be characteristic of continuous culture. The
e

agreement is quite good although they used different substrates. The

average value is 0.014 hr , if the value of m - 0.0006 hr (Blanch

and Einsele. Fig. 9, biomass data) is not considered. This value is

much smaller, and there were appreciable errors in the experiments as dis-

cussed in the section on consistency of data.

The value of the biomass energetic vieid, n „ , is higher in n-hexadecane
max

than n-dodecane. It has been reported in the literature [22] that n-hexadecane

shows a higher biomass yield per unit of organic substrate consumed. This

is then also true for the value of n • However, different strains were
max

also used and this could also explain the differences in the value of n^ max

A lower value of ri is estimated using the biomass and hydrocarbon data
max

of Moo-Young et al . compared to the value obtained from their oxygen and

biomass data. As was stated earlier, this could be due to product formation
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and/or measurement errors. Comparison of Figures 1 and 3 with Fig. 2 shows

that biomass and substrate data are more scattered than the oxygen and

biomass data, and this influences the results.

The values of the maintenance coefficient estimated from the data

of Katinger are the only ones that show relatively high values of m

for continuous culture. Fig. 4 shows a straight line fitted to data from

three different experiments (data from Figs. 3, 11 and 12 in Katinger 's

paper) and it gives a pool estimate of m =0.34 which is high compared

to 0.014 from the rest of the data. This could be due to measurement errors;

however, there is not enough data to test for errors and the author did

not say anything about the presence of products. For this reason and the

fact that the data from Blanch and Einsele have been shown to be quite

consistent, a 95% confidence interval for the maintenance coefficient, m ,

for the Blanch and Einsele continuous culture data was found to be

< 0.027. Values from Moo-Young et al.'s data are also within these— e — &

limits. The 95% confidence interval for the true biomass energetic yield,

n , for this same data is 0.35 < n < 0.47; the pool estimate of n
max — max — max

from Katinger' s data is within these limits.

Batch Cultures

Table 7 shows that for most of the data, the estimated values of

the energy maintenance coefficient, m , are larger in batch fermenta-

tion than in continuous culture. This could be due to differences

between batch and continuous culture. The organic substrate concentration

is higher during most of the batch culture. This could influence the
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maintenance energy requirement and/or the efficiency with which organic sub-

strate energy is utilized for maintenance. The analysis of batch endogenous

respiration data from Singh et al. [28] shows a low value of m similar

to that for continuous culture. Since organic substrate concentrations are

low in both of these cases, this agreement is reasonable.

Miura's data and the C0
9
and biomass data from Blanch and Einsele

also show relatively low values of m (0.034 and 0.022 hr , respectively).

The plot of Miura's data appears in the original paper [21] while these

results of Blanch and Einsele are shown in Figure 7.

Figures 5 and 6 show straight lines fitted to data from Moo-Young et al

.

f 22 1 (Figs. 8 and 9 in their paper). The values of n as well as those
L J max

of m are in very good agreement with each other although the experiments

varied in agitation speed (500 rpm and 250 rpm, respectively) . The data

are scattered in both cases and show a hysteresis pattern. The consistency

of the data of Miura and Moo-Young et al . could not be tested because there

was not sufficient data.

Figures 7, 8 and 9 show the plots of Blanch and Einsele's data [2] and

Figures 10, 11 and 12 show those for Hug and Fiechter's data [12]. Analysis

of integrated and instantaneous available electron and carbon balances for

these data, as well as comparison of estimates of n and m obtained fromr max e

different sets of measurements, showed that, these data are the most consis-

tent batch data. Values of m^ appear to be quite high. The estimated 95%

confidence interval values of the maintenance coefficient, m , based on
e

these two experiments range from to 0.11 hr . The values in Table 7

appear to be about two to four times larger than in continuous culture. The

results using data of Moo-Young et al . show that m is about 3 to 4 times
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larger in batch culture. The variance of the estimated values of m is° e

larger in batch culture than in continuous culture because of the diffi-

culty of making precise measurements.

The 95% confidence interval values of the true biomass energetic yield,

n , range from 0.32 to 0.62 for the batch cultures considered in Tables
max °

4 and 5. In comparing estimated values, it is important to realize that

in the linear regression process larger estimated values of m usually also

result in larger estimated values of n
max

Values of n and m from Blanch and Sinsele's data and Hug and
max e

Fiechter's data are very similar. Ranges of values have been obtained from

them since the data are the most consistent. In addition, both sets of

experiments were carried out with the same microorganism. ( Candida tropicalis )

Moo-Young et al. used Candida lipoly tica grown on n-dodecane and similar

results are found with their data. Thus, it appears that operating condi-

tions and strains of microorganisms do not alter greatly the values of

ri and m in batch hydrocarbon fermentations,
max e J

When the "t" test [29] was used with the estimates from the continuous

culture data of Blanch and Einsele [2] and the batch culture data considered

in Tables 4 and 5, the estimated mean values of n and m for batch culture
max e

were found to be significantly different from those from continuous culture.

However, one would not expect n for batch culture to be higher than n
max max

for continuous culture. The 95% confidence interval for batch culture

0.32 < n < 0.62 includes the mean value of n =0.41 for continuous— max — max

culture.
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CONCLUSIONS

Available electron and carbon balances, as well as the comparison of

estimated values of yield and maintenance parameters can be used to test

the consistency of the data in fermentations and to gain insight about the

possibility of product formation. Instantaneous balances in batch cultures

and the comparison of estimates of true biomass energetic yield and main-

tenance coefficients when they can be estimated from more than one source

of data can detect relatively small experimental errors.

The analysis of the data for consistency shows that either more experi-

mental errors or extracellular products appear to be present in batch cul-

tures than in continuous cultures.

Comparison of Tables 1 and 2 indicates that the biomass energetic yield

is frequently slightly larger in continuous culture than it is in batch

culture.

The estimated values of "true" biomass energetic yield appear to be

larger for batch culture than for continuous culture. The estimated values

of the maintenance coefficient are also larger (from two to four times) in

batch culture than in continuous culture. Since one would expect n to be
in3.x

similar, it may be that the larger value of m and n in Table 7 are the
' J ° e max

results of measurement errors in batch cultures.
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NOMENCLATURE

a Moles of ammonia per quantity of organic substrate containing one

g atom carbon, g mole/ g atom carbon

b Moles of oxygen per quantity of organic substrate containing one

g atom carbon, g mol/ g atom carbon

c Moles of water per quantity of organic substrate containing one

g atom carbon, g mole/ g atom carbon

D Dilution rate, hr

d Moles of carbon dioxide per quantity of organic substrate containing
one g atom carbon, g mole/ g atom carbon

E.R. Endogenous respiration, ml 0-/ mg dry wt. (hr)

.

1 Atomic ratio of oxygen to carbon in organic substrate, dimensionless

m Atomic ratio of hydrogen to carbon in organic substrate, dimensionless

m. Rate of carbon dioxide evolution for maintenance, g moles/ g atom
biomass carbon (hr)

m Rate of carbon dioxide evolution for maintenance, g moles/ g dry

biomass (hr)

m Rate of organic substrate consumption for maintenance, g equiv. of
e

available electrons/ g equiv. of available electrons in biomass (hr)

or kcal/kcal of biomass (hr)

m Rate of oxygen uptake for maintenance, g moles/ g atom biomass carbon
° (hr)

m„ Rate of oxygen uptake for maintenance, g moles/ g dry biomass (hr)

m Rate of organic substrate consumption for maintenance, g/g of dry
biomass (hr)

m Rate of organic substrate consumption for maintenance, g atom carbon/
g atom biomass carbon (hr)

n Atomic ratio of oxygen to carbon in biomass, dimensionless

p Atomic ratio of hydrogen to carbon in biomass, dimensionless

Q Heat evolution associated with Equation (1), kcal/g atom substrate
carbon

Q Heat evolution in fermentation per equivalent of oxygen uptake
kcal/g equiv.
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Q rf
, Rate of evolution of carbon dioxide, g moles/ g dry wt (hr)

Qn Rate of consumption of oxygen, g moles/ g drv wt (hr)
U
2

Q Rate of organic substrate consumption g/ g dry wt (hr)

Q Rate of organic substrate consumption, g moles hexadecane/
g dry wt. (hr)

q Atomic ratio of nitrogen to carbon in biomass, dimensionless

R.Q. Respiratory quotient, dimensionless

r Atomic ratio of hydrogen to carbon in products, dimensionless

r Correlation coefncient

S Organic substrate concentration, g/liter

S
f

Final organic substrate concentration, g/i

S Initial organic substrate concentration, g/liter

s Atomic ratio of oxygen to carbon in products, dimensionless

t Atomic ratio of nitrogen to carbon in products, dimensionless

X Biomass concentration, g/liter

Xe Final biomass concentration, g/liter

Y Biomass yield on organic substrate, g dry weight/ g substrate

may
Y_ Maximum biomass yield based on C0

?
evolution, g dry biomass/ g mole

CO p evolved

Y-. Maximum biomass yield based on oxygen, g dry biomass/ g mole
2

Y„
'

Maximum biomass yield based on organic substrate, g dry weight/
g substrate

y Biomass carbon yield (fraction of organic substrate carbon in

biomass), dimensionless

TT13.TC

y Maximum biomass carbon yield, dimensionless

y Biomass yield based on C0
9
evolution, g atoms biomass carbon/ g mole

C0~ evolved

maxy
' Maximum biomass yield based on C0~ evolution, g atoms biomass

carbon/ g mole C0« evolved
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y Biomass yield based on oxygen, g atoms biomass carbon/ g mole 0,
o i

max
o

Maximum biomass yield based on oxygen, g atoms biomass carbon/

g mole 0„

z Fraction of organic substrate carbon in products, dimensionless

Y, Reductance degree of biomass as defined by Equation (2) , equivalents
of available electrons per g atom carbon

Y Reductance degree of products, equivalents of available electrons
? per g atom carbon

Y Reductance degree of organic substrate, equivalents of available
electrons per g atom carbon

s Fraction of energy in organic substrate which is evolved as heat,

dimensionless

n Fraction of energy in organic substrate which is converted to biomass
or biomass energetic yield, dimensionless

ri Maximum biomass energetic yield, dimensionless
max ° J

,_ "I
Y Specitic growth rate, hr

E Fraction of energy in organic substrate which is converted to
^ products, dimensionless

a. Weight fraction carbon in biomass, dimensionless
D

c Weight fraction carbon in organic substrate, dimensionless

9 Time, hr

5^ Final time, hr
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Table 1 . Examination .-: data consistency usins Le

electron and carbon balances for growth of yeasts
on liquid hydrocarbons in continuous cultures
(v, = 4.291, a. = 0.-62; .

Source of data Results Comments

[16] .43 .53 .96

.43 .54 .97

.40 .49 .39

.43 .72 _ .15

.42 .64 1

.45 .53 1 .03

.43 .48 .91

.40 ,
T

. 37
\ •>

. 55 .97

.43 . 51 .99

.29 .55 _
z _

.42 .55 .98

id Einsele |
I

]

1U

)_, biomass and hydrocarbon
yield data from two separate
tables. Experiments :arried

out in 100 nJ rermentor

Heat evolution, bxomass and

hvdrocarbon yield data

On and biomass data. Kydr
carbon is assumed to be :::

oletely consumed. Candida
.33 .82

.74

i .20

. 12

tropicalis on t.-j. "-1
, .

.33
lb 5 —

.33 .66 1 .04 3 =1.0% (w/v)

.37 .63 1 .30 F§T system • 3000 rpm

.35 .34 . 6?

.38 .60 .98 S = 0.55% (w/v)

.37

.37

.59

.53

.96

.90
FBT system 3000 rpm

.37 .50 .

:
~

.37 .59 . 96

.37 . 60 ,97 3 =1.0% (w/v)

.23

.33

.61

. 55

. 99

. 9 3

.39 .60 . 99

.35 .54 .92

.39 .-3 . 37 3 = 0.55% (w/v)

.39

.29

.50

.-9

.39

.88
Circulation, stirrer •

.40 .50 .90

.33 .- .35

2500 rpm

1500 rpm



"T^ble 1. Continued

Source of Data Resul ts

y +d

39

Cornr.ants

Hug et al. [1.

Fix. 3

. oo

00

3 7 .93

35 .91

^6 .35 7 , CO- and bioraass
data. ~ It was assumed

"•6 .85 chat substrata consump-
tion in Fig. 6 -.v-as equal

to that of Fig. 8.

Candida trooicaiis on
~- — -i a vcadecane

.xxns is oetter xn .ijua -' - ::2, ii ana 12 tnan and
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Table 2 . Examination of data consistency using integrated
available electron and carbon balances for growth
of yeasts on liquid hydrocarbons in batch cultures

(Yb
= 4.291, ?

h
= 0.462) .

source of data Results Comments

y +d

Prokop et al [26] .46 .33 .79 .32 .55 .37 0., CO,, and biomass data.
Assumea all substrate was
consumed. Candida lioolvi

Hug and Fiechter [12] .53 .43 1.01 .41 .60 1.01

Tig. 2

31anch and Zinsele [2]

Fig. 1 .55 .23 .73 .33 .32 .70

Fig. 2 . 44 .52 .96 .31 . 75 1.06

on n-alkanes C
1

..
- C 1(,

0-, C0 o , biotnass and sub-
strate data. Candida
tronicalis on n-hexacecine

? , CO j and biomass data.
Hydrocarbon data in Fig. 1.

Assumed all substrate was
consumed in Fig. 2. Caniic,

trooicalis on n-hexadecane

.

Agitation conditions:
Fig. 1 3500 rpm, Fig. 2

850 rpm.

Miller and Johnson [13] .42 .31 .73 . C0
2

and biomass yield data.
Candida intermedi a and C,

Table 2 lipoly tica on n-hexadecane

Bailerini [1] .53 .38 .91 CO., and biomass yield.

Cand ida lipoly tica on
n-hexadecane.

Einsela et al. [4] .51 .30 .31 .25 .42 .77
2

> bionass, respiratory

quotient and biomass yield
Fig. 2,3 data. Candida trcpicalis

on n-hexadecane.
Table 2.
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Table 3 . Examination of data consistency using instantaneous
available electron and carbon balances for growth of

yeasts on liquid hydrocarbons in batch cultures. Data
from Blanch and Einsele, Figure 1 in original paper [2].

Cand].da trop icalis on n-C
16

H
34

(
'J
b

- 462, Y
b

= 4.291).

(hr)

U

(hr"
1

)

y
c

d y +d
J c

n £ n+e

2 .094 .46 .56 1.02 .32 .73 1.05

5 .361 1.07 .43 1.50 .75 .51 1.26

7 .389 .32 .13 .45 .22 .15 .37

9 .438 .36 .13 .49 .25 .18 .43

10 .300 .26 .11 .37 .18 .16 .34

11 .302 .35 .13 .48 .25 .17 .42

12 .304 .40 .13 .53 .28 .19 .47

13 .308 .56 .18 .74 .39 .26 .65

14 .236 .56 .24 .80 .39 .33 .72

15 .19 5 .56 .29 .85 .40 .39 .79

16 .164 .56 .34 .90 .39 .51 .90

17 .142 .56 .35 .91 .39 .51 .90

Integrat ed .55 .23 .78 .38 .32 .70

Results

n, e, y , d and u are estimated from Equations (29), (30), (32),

(33) and (43;, respectively.
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Table 4 . Values of specific growth rate, biomass energetic
yield coefficient and v for growth of Candida

s
tropicalis on n-hexadecane. Data from Figure 2 of
Blanch and Einsele [2]. (cr, = 0.462, y, = 4.291).

b d

8

(hr)
(hr"

1
)

Y
s

nq

co
2

' Q
o
2 v "co

2

'x

1 .069 5.14 -.03 .44 .37

2 .082 5.00 -.15 .46 .33

3 .090 5.17 .05 .45 .38

4 .09 2 5.50 .21 .41 .37

5 .107 5.92 .34 .39 .38

6 .116 6.09 .37 .37 .37

7 .124 6.24 .37 .35 .35

8 .109 6.68 .41 .30 .32

9 .110 6.60 .41 .31 .33

10 .114 6.34 .38 .33 .34

11 .101 6.41 .38 .32 .33

12 .085 6.44 .38 .31 .32

13 .072 6.32 .35 .30 .31

14 .057 6.30 .31 .28 .28

15 .045 6.00 .23 .27 .26

16 .035 6.18 .25 .25 .25

17 .033 7.39 .44 . 22 .27

18 .029 7.86 .48 .22 .28

19 .026 8.5A .52 .21 .29

20 .023 11 . 59 .61 .19 . JO

21 .020 11.94 .61 .17 .33

22 .017 13.54 .63 .16 .35

23 .006 20.00 .64 .06 .20

u, rin ,
n and ru , n are estimated from Equations\ X kC0

?_
A

^co
2

'0
?

(43), (44), "(45) and "(51), respectively.

Y is estimated by the ratio available electrons in consumed

organic substrate/ g atom carbon in consumed organic substrate.
The numerator and denominator are determined with Equations (28)

and (31), respectively. The actual value of y for n-hexadecane is

6.125.
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Table 5 . Examination of data consistency using instantaneous
available electron and carbon balances for growth of

yeasts on liquid hydrocarbons in batch cultures. Data
from Hug and Fiechter [12], Fig. 2 in original paper.
Candida tropicalis on n-C,,.H_,. (o, = 0.462, y. = 4.291)

1 lo Ja b b

,, x ,
yc d v+d n £ n+e

(hrs)
(hr

-l
}

1 .183 1.19 .46 1.65 .83 .79 1.62

2 .229 .82 .34 1.16 .58 .52 1.10

4 .278 .92 .41 1.33 .64 .59 1.23

5 .236 .63 .34 .97 .44 .51 .95

6 .238 .62 .37 .99 .43 .52 .95

7 .238 .58 .34 .92 .41 .49 .90

8 .274 .76 .38 1.14 .53 .58 1.11

9 .243 .72 .43 1.15 .51 .63 1.14

10 .176 .51 .42 .93 .36 .61 .97

11 .136 .46 .50 .96 .32 .72 1.04

13 .012 .24 .82 1.06 .17 .76 .93

14 .002 .07 . 72 .79 .05 .54 .59

Integrated .58 .43 1.01 .41 .60 1.01
Results

n, £, y , d, and u are estimated from Equations (29), (30), (32)

(33) and (43?.



Table 6 . Values of "true" biomass energetic yield
coefficient, t\ , and aaintenar.ee coeffi-

. <- max , .cient, m , from growth or yeast on liquid
hydrocaroons in continuous culture (y, =4.291,
c, = 0.462) .

Source of data Results Comments

n
max

-1
m , hr
e

2
r*"

Moo-Young et ai. {'.12] Candida lipolytica on n—dodecane;
Fig. 6 .29 .013 .36 biomass vield data, Y ; Equation

(15) '
S

•

Fig. 10 .37 .014 .97
2

and bionass data. Equation (22)

31anch and Einsele M 1

I - j Candida trooicalis on n-C, £H»j

Fig. 9 .38 .0006 .90 3icmass data. Assumption: substrate
completely consumed. Equation (15)-

Fig. 10 .39 .014 .64

Fig. 11 .39 .010 .74

Fig. 12 .40 .010 .30

Fig. 9 .40 .020 .99 Oxygen and biomass data. Equation (22)

Fig. 10 .41 - .94
•

Fig. 11 .42 .015 .98

Fig. 12 .46 .012 .99

Katinger [17] Candida s^ on n~C, ,-H,.. 3iomass
, • - „ 19 3*,, -xyield lata, equation (15)

.

Fig. 3 .40 .034 .95

Fig. 11 .49 .062 1.0

Fig. 12 .37 .039 .91

Blanch and Einsele [2] .47 .033 .93 0„ and biomass. Fig. 9, 10, 11 & 12.

Equation (22)

Katinger [17] .40 .036 .56 Biomass yield. Fig. 3, 11 & 12.

Equation (15)



Values of ''"rue" biomass energetic yield
coefficient, -

, and maintenance coeffi-
'- max - . . . ,

cient, ra , trim, growtn or yeast or. liquid

hvdrocaroons in batch culture (Y, = 4.291
.-.' = 0.462).

°

o

Source of data Results Comments

n m r~
max e

hr^

Singh at al. [28] .916 Endo~.-ooos is l ipolytics en r.-C. .

".

Endogenous respiration in Warburg

Miura at el. 'II
1

.49 .05^- .76 Candid.anli -q i r.termecia on n-u. . h nr) ,

Dxygen and biomass data.

Equation (22)

.

j-Ymma at al . f22"!Loo-ioung et ai. -- Landiaa iiooivtica ^ Li

Oxygen and biomass data.

Jig. 3 .40 .043 .31 500 rpn.

Fig. 9 .-1 .046 .51 250 rpm.

31anch ana Zinseie [2] Candida troDicalis on n-C..H,,.
^o ->->

Fig. 2 .37 .322 .57 20 - and bio~nss data. Equation (23)

.45 .064 .66 Or, and biomass data. Equation (22)

.51 .037 .36 Respiratory quotient and biomass data.
Equations (51), (5 2) and (25).

Hug and Fiechter [12". Candida topicalis on n-C,,- >'.,.

_ is estimated from graphical differen-

tiation of biomass data (Equation 43).

Fig. 2 .48 .044 .50
o and biomass data. Equations (43)

(54) and (25) .

.50 .057 .90 C0 o and biomass data. Equations (43),

(45) ana (25).

.53 .049 .33 Hydrocarbon and biomass data. Equatioi

(43), (46) and (25)

a. .50 .03" .84 3_, CO.,, hydrocarbon and biomass data.

Equations (43), (44), (45), (46) ant

(25) (Pool of the data used in first
three estimates;."



.aDi* IliC .u.. '..=:•- 46

source . - - Results Comment;

m 2
rr.ax e r

-1
Chr )

- is estimated without graphical
differentiation of biomass data.

.43 .042 .53
2

, hydrocarbon and biomass -:a
Equations (47) , (48) and (25)

.

48 .359 .99 C0 o ,

equations -'"" -''5
3) , and 25) .

56 .084

considering the print of lowest _

0~, C0 9 , hydrocarbon and biomass
data. "Equation (4.3), (44), (45),
(46) and (25'

.61 ana oiomass cata,

Equations (47), (48) and (25)

.49 .060 .41 C0
2

, hydrocarbon and biomass lata
Equations (49), (30} anc (25).

*5% Confidence intervals for r\ and m
max i

0.46 <
max — 15 ; 0.043 <. me £ 0.057

Estimates of parameters with the sane letter belong to the. sane data
and calculation technique

.
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Tab le 8 . Data for growth of Candida tropicalis on n-C-./-FU,

in batch culture. Hug and Fiechter [12] (Fig. 2

in original paper), y, = 4.291, a. = 0.462.
b b

Data
used

X

slope
l/n

X,Q
u
2

l/n

x >Qco
2

l/n

X % Qco
2

hrs
l/u l/n l/u l/n

18.52 2.61 2.25

1 5.46 1.20 1.95 1.98 22.15 4.86 12.07 2.65

2 4.37 1.74 1.91 2.02 5.29 2.10 5.45 2.17

3 3.88 1.90 2.03

4 3.60 1.56 1.92 2.07 5.59 2.42 5.60 2.42

5 4.24 2.26 2.16 2.20 3.84 2.05 4.07 2.18

6 4.20 2.32 2.20 2.28 3.77 2.08 4.09 2.26

7 4.20 2.47 2.222 2.26 3.35 1.97 3.67 2.15

8 3.65 1.38 2.08 2.15 4.57 2.36 4.49 2.32

9 4.12 1.98 2.24 2.29 5.61 2.70 5.26 2.53

10 5.68 2,80 2.72 2.62 5.26 2.59 5.04 2.48

11 7.35 3.10 3.22 2.96 8.40 3.54 6.73 2,84

12 20.00 4.09 4.10

13 83.33 5.93 5.54 6.68 59.86 4.26 175.0 12.46

Blanks: there vas not enough data

Figs. 10, 11 and 12 correspond co the graphical representation of

Equation (25)

.

Data from Q_ ,0 are depicted in Fig. 10 (Eauations (47) and (48) were
L< S

used.

Data from X,Qn ,
X,Q

, X,Q and l/u , are depicted in Fig. 12

(Equations (43), (44), (45) and (46) were used).
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APPENDIX

The biomass energetic yield coefficient has been presented earlier [7'

as a function of the biomass yield with respect to oxygen as

+ 1 (A-l)
n Y

b yo

as a function of the biomass yield with respect to carbon dioxide evolution

as

i = ^— - 1 (A-2)
yd

Y
s

n

and as a function of the biomass yield with respect to organic substrate as

n = _A_Jl Y (A-3)
G
s

Y
s

S

In addition, the biomass yield coefficients can be expressed by definition

as

°2

CO
9

y = " „ (a-6)
s 226 Q

s

Substituting Equation (A-4) into Equation (A-l), Equation (A-5) into Equation

(A-2), and Equation (A-6) into Equation (A-3) gives Equations (44), (45),

and (46), respectively.
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Equation (48) may be obtained b3/ equating Equations (44) and (46) and

solving for 1/u. Substitution of Equation (48) into Equation (44) gives

Equation (47) . Combining Equations (45) and (46) and solving for 1/p gives

Equation (50). Equation (49) is obtained by substituting Equation (50) into

Equation (45). Equation (52) is obtained by solving Equations (44) for u.

Substitution of Equation (52) into Equation (45) gives Equation (51).
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1.2
10 20

hr

Fi %- 1 - Relationship between the biomass yield, Y
s , and

the specific growth rate, y , for Candida lipolvtica
grown on n-dodecane in continuous culture. Data
from Fig. 6 of Moo-Young et al. [22]. Graphical
representation of Equation (15)

.
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u, hr"

lis^ Relationship between the oxygen uptake rate, Q
and the specific growth rate, for Candida

0,

lipoly tica grown on n-codecane in continuous
culture. Data from Fig. 10 of Moo-Young et al

.

[22]. Graphical representation of Equation (22)
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10 13 20

hr

Fig. 4. Relationship between the bicraass energetic yield

coefficient, n> and the specific growth rate, M,

for Candida sp grown on n-hexadecane in continuous

culture. Data from Fig. 8 (0) , Fig. 11 (£v)
, and

Fig. 12 (Q) of Katinger [7]. Graphical representa-

tion of Equation (15)

.
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O
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<v o
o >.

E —
T3

b U)

^

CM

O
o

.05 .10 .15 .20

JJ, hr
-1

Fig. 5. Relationship between the oxygen uptake rate, Qo 9
> and the

specific growth rate, u, for Candida lipolvtica grown on
n-dodecane in batch culture. Data from Fig. 8 of Moo-Young
et al. [22], Graphical representation of Equation (22).
u is estimated by graphical differentiation of biomass
data (Equation (A3)

.
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OJ

O ~~

o
o u
o >N

p _
T3

E O)

„

J^O

M, hrr1

Fig. 6. Relationship between the oxygen uptake rate, Qq , and the specific
growth rate, \i t for Candida lipolytica grown on n-dodecane in

batch culture. Data from Fig. 9 of Moo-Young et al . [22].
Graphical representation of Equation (22) . u is estimated by

graphical differentiation of bionass data (Equation 43)

.
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/'

4 (-

•Is

C
2 h

.o: .04 .05 .03 .10 .12

JJ. hr
1

Fig- 7. Relationship between the carbon dioxide evolution rate, Qrn , and
the specific growth rate for Candida tropicalis grown on 2

n-hexadecane in batch culture. Data from Fig. 2 of Blanch and
Einsele [2]. Graphical representation of Equation (23). \i is

estimated by graphical differentiation of biomass data
(Equation 43)

.
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12r

10 »-

8-

6 -

C
c

.06 .08 .10 .12

p. hr

Fig. 8. Relationship between the oxygen uptake rate, -0
9

» and the
specific growth rate for Candida tropicalis grown on

n-hexadecane in batch culture. Data from Fig. 2 of
3ianch and Einsele [2]. Graphical representation of

Equation (22) . u is estimated by graphical differentiation
of bicmass data (Equation 43) .
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4r

3-

C L.

10 15 20 25

hr

Fig. 9 . Relationship between the biomass energetic yield coefficient,
n, and the specific growth rate, m , for Candida tropicalis

grown on n-hexadecane in batch culture. Data from Fig. 2 of

31anch and Einsele [2]. Graphical representation of Equation
(25) . f| and \i are estimated from respiratory quotient data
(Equations 51 and 52)

.



59

1

"rf

10 15

_L ,
hr

M

Fig. 10

.

Relationship between the biomass energetic yield coefficient,

n, and the specific growth rate, u, for Candida tropicalis
grown on h-hexadecane in batch culture. Data from Fig. 2

of Hug and Fiechter [12]. Graphical representation of
Equation (25) . n and jj are obtained from Q

with Equations (49) and (50)

.

_,. and data
CU^ s



60

1

n

1 -

10 15 25

hr

FijL^_AI- Relationship between the biomass energetic yield coefficient,
H, and the specific growth rate, u, for Candida tropicalis
grown on n-hexadecane in batch culture. Data from Fig. 2 of
Hug and Fiechter [12]. Graphical representation of Equation
(25). n and \i are obtained from Qq

2
and Q data with

Equations (47) and (48). Dashed line showl the linear
regression line without considering the point of lowest y.
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CHAPTER III

DATA CONSISTENCY, YIELD, MAINTENANCE, AND HYSTERESIS

IN BATCH CULTURES OF CANDIDA LIPOLYTICA GROWN ON N-KEXADECANE
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INTRODUCTION

In the second chapter of this work, the consistency of reported experi-

mental data from growth of microorganisms in petroleum hydrocarbons was

examined using the material and energy balance regularities which Minkevich

and Eroshin have identified [5,11]. Both batch and continuous cultures were

analyzed, and the "true" biomass energetic yield and the maintenance coef-

ficient were estimated from different sets of data. However, further effort

is needed to better appreciate the qualitv of estimates of n and m which
max e

can be obtained in batch culture. This work was designed to obtain sufficiently

consistent experimental data to estimate n and m in hydrocarbon fermentation.
max e

The author is not aware of other batch culture experiments that have been

carried out for this purpose. The yeast Candida lipoly tica was cultured batch-

wise on n-hexadecane as the main carbon source. Biomass production, substrate

consumption, oxygen consumption and carbon dioxide evolution were measured

throughout the fermentation. The consistency of the data obtained was examined

using integrated and instantaneous available electron and carbon balances.

Growth characteristics and difficulties involved in the analytical techniques

are discussed.

Values of ri and m were estimated from three different sets of data;
max e

biomass and oxygen data, biomass and carbon dioxide data, and biomass and organic

substrate data are used. Comparison of estimates is useful to further test the

consistency of the data, and to evaluate the consistency of the estimates.

Estimates of n and m were examined, and compared to values estimated

from data in the literature in the second chapter.

Hysteresis patterns were seen in plots of specific rates of oxygen con-

sumption and carbon dioxide evolution versus the specific growth rate. The

relationship of the hysteresis to growth characteristics and estimates of

n and m is examined,
max e
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MATERIALS AND METHODS

Equipment

A New Brunswick Scientific Model 19 5£ stirred tank fermenter was used

in the cultures. Operations were always aseptic.

Air was supplied with a sparger that was located at the bottom of the

vessel. The air passes through a rotameter before entering the fermenter.

Agitation was provided by a magnetically coupled flat blade turbine agitator.

Temperature was controlled at 30 °C with a thermostat. Hot or cold

water was passed automatically through a coil located inside the vessel.

A thermistor sensing bulb was connected to the thermostat, and a temperature

sensing bulb to a recorder. Both probes were placed in closed tubes deep

in the vessel. Temperature readings were continuously recorded.

The pH was maintained automatically at 5.5 by addition of 2N NaOH,

or, 2N H o S0, using a New Brunswick Scientific model pH-22 system. The pK

was continuously recorded.

Dissolved oxygen was continuously measured and recorded using a New

Brunswick Scientific model D0-32 system.

Foaming was controlled mechanically with a foam breaker.

Strain

Candida lipoly tica ATCC 8662 was cultured using n-hexadecane as the

main source of carbon and energy.

Inoculation

Yeast cells from a slant culture, which was incubated at 30 °C for 24 hours,

were inoculated into 500 mi shake flasks, each containing 100 mi of medium.

After 24 hrs . cultivation, three of these flasks were inoculated into 2.5 2

of medium in the fermenter.
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Culture Media

The main culture nedia was based on the simplified media of Aiba

et al [1]. It contained:

(NH
4 )

2
S0

4
7.5 g/Z FeS0

4
-7H 9 30 x 10~ 3

g/Z

Na
2
HP0

4
1.5 CaCl

9
-2H

2
60 x 10~ 3

KH
2
P0

4
3.5 CuS0

4
-5H

2
15 x 10~°

MgS0
4
-7H

2
0.5 Na

2
B
4 7

-10H
2

30 x 10~ 6

— f~>

nutrient broth 2.0 MnCl,,-4H 60 x 10

ZnSO, -7H„0 150 x 10~ 6

'4 '"2 V

r Io0
4
-7L

2
Na„Mo0, -7H„0 30 x 10

6

2%(w/v) n-hexadecane was used as the main source of carbon. The medium

used for the preculture and stock had the following composition: 40 g of

glucose, 2 g of nutrient brc md 1000 m£ distilled water. For the stock

culture, 15 g/Z agar was used. Shake flasks, each containing 100 ml. of the

medium, were autoclaved at 2 r) psia for 15 minutes. Fermenter was autoclaved

at 20 psia for 30 minutes

.

Sampling

Liquid samples were taken by applying a back pressure and allowing the

culture fluid to run out. The first 50 mZ were discarded, and 30-50 mi

samples were usually collected.

Analytical Methods

3iomass Concentratio n. Samples containing at least 40 ml were taken from

the fermentation broth, and homogenized manually. From this, a 5 mil sample

was removed and combined with 15 mi. of a mixed solvent containing butanol,
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ethanol and chloroform (10:10:1 v/v) . After mechanical shaking, the mixture

was centrifuged at 3500 rpm for 15 minutes. The cells were washed with 5 ml of

distilled water, centrifuged, resuspended in 5 ml of distilled water, and

dried in an oven at 105°C for 24 hours. Concentration was calculated in

g/l. These values were used to estimate the specific growth rate.

Kexadecane Concentration . This was determined using gas chromatography

after extraction with a mixed solvent. Samples containing at least 40 ml were

taken from the fermenter and homogenized manually. From this, a 20 ml sample was

removed and extracted in a separatory funnel with a 30 mil hexane-chloroform

mixture (1:1 v/v). The lower and middle phases were collected. The upper

phase was extracted again with 20 m2 of the mixture of solvents and the

lower phase was collected. The collected volumes were filtered in a 0.45 um

millipore filter. Final filtrate volumes were recorded prior to chromato-

graphy since there was evaporation of solvents with time. Five ml of the

filtrate were used as chromatographic samples and 0.1 ml n- tetradecane

was added. This alkane was used as an internal standard for chromatography.

The operating conditions of the gas chromatograph were as follows: the

column was 1 m x 1/8 inch stainless steel column packed with 10% SE-30

(methyl sylicone) chromosorb WHP; helium was used as the carrier gas at a

flow rate of 30 mi/min.; the temperature was 170°C (isothermal operation);

the detector was thermal conductivity. Hexadecane concentration was cal-

culated in g/l and plotted against time.

Carbon Dioxide and Oxygen Concentrations in the Cas Phase . Gas samples

were taken from the exit gas stream of the fermenter after the liquid samDles

had been taken. Generally, after 4 hours, the concentrations of o and C0
9
by

volume were measured with a Beckman Oxygen Analyzer OM-11, and a Beckman
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Medical Gas Analyzer LB- 2, respectively. The sample passed in parallel flow

to both analyzers, simultaneously. The oxygen analyzer was calibrated at

20.9% oxygen in the air, and the carbon dioxide analyzer was calibrated with

a 5% C0 o standard. Some moisture was removed from the samples by passing

them through drierite before entering the analyzers. The initial oxygen

and carbon dioxide concentrations in the air were determined taking a

gas sample from the exit of the fermenter filled with the medium and at

operating conditions prior to inoculation. The readings were always 20.8%

o , and, 0.045% C0 o in the air. These initial concentrations were used

in the calculation of oxygen uptake and carbon dioxide evolution. These

values together with the biomass data are used to evaluate the specific

rates of oxygen consumption, Q~ , and carbon dioxide evolution, Q rr)
. The

respiratory quotient, R.O. = Q rn /Q~ , was also calculated, and used to

estimate the biomass energetic yield, n

.

Methods of Data Analysis

Specific Growth Rate . This variable is defined in the second chapter

with Equation (43) . A smooth curve was drawn through the biomass concen-

tration versus time data points, and the slopes at the sampling times were

visually read with an adjustable triangle. The ratio of the slope, dX/'dt,

to the value of X at the same point in time gives the estimate of the

specific growth rate, p.

Rate of n-Hexadecane Consumption. This variable is defined as follows;

%'lft CD

A smooth curve was drawn through the hexadecane concentration versus time

data points, and the slopes at the sampling times were visually read with
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an adjustable triangle. The ratio of the slope, dS/dt, to the value of X

at the same point in time, gives the estimate of the rate of n-hexadecane

consumption, Q . Values of Q appear tabulated in Tables 5, 6, 7 and 3 for

Runs 3, 4, 5 and 6, respectively. Consumption of nutrient broth was not

included in calculating Q<-, .

Volume of broth

The initial volume of broth was measured. Corrections were made in

the broth volume to account for the removal of samples from the fermentor.

The volume of broth removed during each sampling period was measured and

subtracted from the fermentor broth volume prior to sampling to obtain an

estimate of the remaining volume of broth in the fermenter. Corrections

in volume were not made for base addition, evaporation of water, nutrient

consumption and formation of biomass and other products. These values were

estimated and found to approximately balance each ether except in Run 3

where evaporation may have exceeded base addition. Errors in liquid volume

should be less than 2%.

Air Flow Rate . A rotameter was used to measure the flow rate of the

air entering the fermenter. This rotameter was calibrated by measuring the

volume of water displaced by the air from a vertical graduated cylinder in

a certain period of time. The air flow rate measured this way in l/min. is

divided by the volume of broth co find the air flow rate per unit of broth

volume, Q , in i/l hr. This value is then corrected to standard conditions
8

to find the air molar rate per unit of broth volume, Q .

m

1 mol gas 273°K
(2)

•m
g
g

X
22.4 I

X
303°K

K }

This molar flow rate was used as the exit molar air flow rate in the calcula-

tion of the rates of oxygen consumption and carbon dioxide evolution. Equa-

tion (2) shows that no correction was made for pressure; 1 atmosphere pressure
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was assumed. The fact that the respiratory quotient was smaller than 1

makes the exit air flow rate on a dry basis lower than the inlet flow rate.

However, water evaporates from the fermenter throughout the fermentation,

and it was found that this increases the exit air flow rate and approximately

compensates for this difference. Thus, there are relatively small errors

in using the inlet molar air flow rate.

Rate of Oxygen Consumption . The calculation of this variable requires

the measurement of the volume of broth, the air flow rate, and the concen-

tration of oxygen in the inlet and exit of the fermenter. The rate of

oxygen consumption is

(%0~ inlet - % 9 exit)

VX " 100— X Qm C3)

The specific oxygen consumption rate, Qn , was evaluated by dividing the fore-
2

going variable by X. Values of 0, appear tabulated in Tables 5,6, 7 and 8

2

for Runs 3, 4, 5 and 6, respectively. These results appear in graphical

form in Figures 2 ^nd 4 of the appendix, Figure 2 of this chapter, and Figure

6 of the appendix, respectively.

Rate of Carbon Dioxide Evolution . Similar measurements are required to

estimate Q p „ ; that is,

(% C0
?

exit - % C0
?

inlet)

"co
2

x " "

ioo
x ^ C4)

The specific carbon dioxide evolution rate, Q _ , was evaluated by dividing

the foregoing variable by X. Values of
n

appear tabulated in Tables 5,

6, 7, 8 for Runs 3, 4, 5, 6, respectively. These results appear in graphical

form in Figures 2 and 4 of the appendix, Figure 2 of this chapter, and Figure

6 of the appendix, respectively.
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Nitrogen Balance . When extracellular products are negligible, the

nitrogen balance can be written as [5]

a - Y cq (5)

Based on 28 experiments [12], an average value of q, the atomic ratio of

nitrogen to carbon in biomass, was 0.165 with a coefficient of variation

equal to 20%. This value can be compared to the value of q found from

Equation (5) to test the consistency of the data. The bicmass carbon yield

can be estimated from Equation (8) of Second Chapter, and a, the moles of

ammonia per quantity of organic substrate containing one g atom carbon, is

estimated as follows

NH„ consumed, moles/ I

a = —-
(6)

(S„ " S-) • Is
f ^

Ammonia consumption was not directly measured. Instead, the addition of

base required to keep a constant pH was measured. The equivalents of

base added per liter of broth are assumed to be equal to the equivalents

of ammonia consumed per liter of broth.

True Grew Yield and Maintenance Coefficient . The "true" biomass ener-

getic vield, n , and the maintenance coefficient, m , have been estimated
max ' e'

from three different sets of data using the following equations from Chapter 2.

Oxygen and biomass data were used in Equation (22) together with Equations

(16) and (19) to find the parameters in appropriate units; when carbon

dioxide and bicmass data were used, the parameters were estimated with

Equations (23), (17) and (20); and when organic substrate and biomass data

were used, the parameters were estimated with Equations (24), (18) and (21). The

results of fitting straight lines to Equations (22), (23), and (24), by

linear least squares, appear in graphical form in Figs. 4-15.
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RESULTS AND DISCUSSION

The first part of this section describes the growth characteristics

of the yeast. Results are presented in Tables 1-16 and Figures 1-15.

The second part of the discussion is an analysis of the experimental

techniques and experimental errors associated with them that could influence

the results. Table 11 shows the experimental conditions of the batch cul-

tures and Table 12 presents a list of the main problems encountered in the

measurements

.

In the third part of the discussion, the consistency of the data is

examined and the results of making available electron and carbon balances

are shown in Tables 9, 13, 14, 15 and 16. The "true" biomass energetic

vield, n , and the maintenance coefficient, m , were estimated from dif-
max e

ferent sets of data, and the comparison of these estimates is also used to

examine the consistency of the data. The results are shown in Table 10.

Hysteresis patterns are identified in plots of specific rates of oxy-

gen consumption and carbon dioxide evolution versus specific growth rates

(Figures 4, 5, 7, 8, 10, 11, 13 and 14). These patterns are examined in

the fourth part of this section, and possible explanations for this pheno-

menon are given.

In the last part of the discussion, the estimated values of n and
max

m are examined and discussed taking into account available information on
e °

the consistency of the data. The r\ and m values from four fermentations
max e

are compared. These results are also compared to estimates obtained from

data in the literature. Variations in experimental conditions and infor-

mation from the measured variables are also considered in examining the

values of the vield and maintenance coefficients

.
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Growth Characteristics

Shake flask Experiments . Several experiments were carried out to

find appropriate conditions for the growth of Candida lipoly tica . This

organism was grown in a basal medium (described in 'Materials and Methods

Section) with variable concentrations of nutrient broth from 0.05 to 0.5%.

The final cell concentrations were always lower than 2 g/i x>/hen the con-

centration of nutrient broth was lower than 0.2%. Thus, some factor

appeared to be limiting in this condition.

Other experiments showed that the optimum incubation time for the

inoculum was 24 hrs., and that changes in the hexadecane concentration

from 10 to 20 g/£ did not affect growth levels.

Fermenter Cultures . Fermentations usually stopped about 23 hours after

inoculation. Fermentations carried out in the past [~] showed longer

times. Nutrient broth was used in considerably lower concentrations this

time and that is why some factor in it is believed to be limiting after

28 hours. The initial (l?d.) o S0, concentration was increased from 5.0 to

7.5 g/A.

Yeast cells were seen surrounding oil droplets under the microscope.

Most of the cells grew in the oval, yeast-like shape.

Accumulation of oil, cells and foam as floes was observed in most of

the fermentation. When the broth was agitated manually, pH decreased

immediately, shewing that considerable activity of the microorganisms

occurred at the surface of the broth. At high cell concentrations, floc-

ulation did not occur. This may have been due to the presence of surface

active materials secreted by the cells in sufficient amounts to lower the

interfacial tension such that floculation did not occur. [7].
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Tables 1-4 show the measured variables in the fermentation runs.

Measured variables were the volume of the broth, percent CO,, and in the

exit gas stream of the fermentor, and biomass and hexadecane concentration.

Growth reached reasonable levels in all the fermentations. The final cell

concentrations were 8.2, 5.19, 5.95, and 7.5 g/l, in Runs 3, 4, 5 and 6,

respectively. The maximum substrate consumption occurred in Run 6, where

44% cf the initial alkane was consumed. Table 1 shows that the difference

in the exit C0
?

and
9
concentrations with respect to the inlet CO.-, and

9

concentrations was small for Run 3 compared to Runs 4, 5 and 6 (Tables

2, 3 and 4). This is due to the fact that the air flow rate was higher

in Run 3. Because of the instability of carbon dioxide measurements

at low C0
?
concentrations, the air flow rate was decreased considerably

(from 1 l/min to 0.375 i/min) in order to detect higher differences. First

readings of percent C0
?

can be seen to be very near the initial concentra-

tion, so that measurements at the beginning are the most inaccurate.

Figure 1 shows the change in bioraass and substrate concentration with

time in Run 5. Figures 1, 3 and 5 in the appendix show these results for

Runs 3, 4 and 6. It can be seen that most of the growth occurred after

twelve hours of fermentation. The fact that biomass and substrate concen-

trations do not greatly change in the early hours, makes these measurements

more difficult.

Table 5, 6, 7 and 8 show the values of specific growth rate, u, speci-

fic rate of consumption of oxygen, Q r. , specific rate of evolution of carbon
°2

dioxide, Q f(
, , specific rate of organic substrate consumption, Q_, and

respiratory quotient, R.Q. Table 9 shows the results of making integrated

available electron and caroon balances to check the consistency of the

data of Runs 3,4, 5 and 6. It can be seen from this table that the
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biomass carbon yield, y , ranges from 0.45 to 0.51; the fraction of organic

substrate carbon evolved as carbon dioxide, d, ranges from 0.40 to 0.49;

the biomass energetic yield, n> ranges from 0.32 to 0.36, and the fraction

of organic substrate energy evolved as heat, e, ranges from 0.68 to 0.72.

The coefficients of variations of these parameters are 5.5, 9.4, 5.0 and

2.5%, respectively; this shows that the results are reproducible. These

values are in very good agreement with those found with data from the

literature (Table 2 in Chapter 2).

Higher specific growth rates were achieved in Runs 4 and 5 (0.168

and 0.164 hr ) where the final cell concentrations were the smallest

(Tables 6 and 7). 3iomass energetic yield' values , however, are not signi-

ficantly different. Tables 5, 6, 7 and 8 show that the specific rates of

oxygen consumption, carbon dioxide evolution and hexadecane consumption

reached a maximum at approximately the maximum value of the specific

growth rate as expected. Chis occurred between 18 and 22 hours of fer-

mentation. At this point in time, the respiratory quotient was also near

a maximum or at a maximum, and it remained almost constant until the end

of the fermentation. The value of the respiratory quotient was always very

small at the beginning, and it continued to increase during the first 12

hours. This may be due to lower carbon dioxide evolution compared to

oxygen consumption because of initial steps of n-hexadecane oxidation,

the inaccuracy of the C0_ analyzer and carbon dioxide (as x^eli as bicar-

bonate) accumulation in the broth. Final values of respiratory quotient

were between 0.40 and 0.45. Figure 2 shows the change in 0~ and C> ...

with time for Run 5. Figures 2, 4 and 6 of the Appendix show these results

for the other runs. They shew maximum values between 18 and 22 hours as

mentioned earlier.



75

Oxygen did not appear to be limiting, except in Run 6 where the reading

of dissolved oxygen was zero in the last hours of the fernentation. In

the other runs, the dissolved oxygen concentration was never lower than

10% of saturation.

There was almost no addition of base during the first 12 hours as Figure

3 shows in Run 5. This means that ammonia nitrogen consumption was small

at the early stages of fermentations and did not bring about appreciable

changes in pH. In addition, acid was always added prior to base, showing

that pH tended to increase initially. This could be due to the effect of

C0„ and bicarbonates dissolved in the medium, or liberation of

basic substances from the consumption of peptones.

The relationship between Q^ , Qrn , and 0- with the specific growth

rate, p, is presented graphically in Figures 4-15 for all the runs. A

straight line was fitted to all the data by least squares, and they showed

high correlation coefficients. These lines show that Q n , Qpr and Q

are directly proportional to u, Estimates of "true" biomass energetic

vield, n , and maintenance coefficient, m , are obtained with these
max e

regression lines. The results are presented in Table 10. These results

will be discussed later in detail.
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Experimental Techniques

The nost significant problem encountered in the experiments

was to take a representative sample from the fermentation broth.

Biomass could be seen adhering to the fermenter -.calls and baffles. Agi-

tation was often insufficient to avoid this problem. For this reason, the

last three fermentations were carried out at the maximum speed of 1000 rpm.

Foam was always seen at the surface, and biomass was associated with it.

Although a higher agitation speed produced more foam, a more uniform broth

was obtained because stagnant foam regions were greatly reduced. However,

foam made final samples more difficult to take and treat. About 10% of

the sample volume appeared to be foam. The agitation was always shut off

for 30 sec, and the system was agitated manually to make a uniform broth

before taking a sample. Duplicate samples were taken periodically and

the comparison of the two measurements shewed differences up to 2.5%.

This is a small difference, but it is significant in measurements at the

early stages of the fermentation from to 12 hrs when growth was usually

very small. In addition, 2.5% variation may affect the estimation of the

specific growth rates significantly. Hug and Fiechter [9] reported cell

lipid extraction during sample treatment with this same mixture of solvents.

Dry weights were lower than they should be. This can be a significant source

of experimental error in this work. After extraction, biomass was calculated

as dry weight. Optical density measurements were carried out, but it was

not possible to prepare a good standard curve. This was probably due to

changes in cell shape and density.

The problem of taking a representative sample is also reflected in

the hexadecane measurements. liexadecane is less dense than water and
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might he non-uniformly distributed in the broth. The presence of baffles

and probes prevented vortex formation and this reduced the efficiency

of vertical mixing. When the liquid sample was subject to a one step

hexadecane extraction procedure, 66% was the highest extraction. When a

second extraction was carried out, the lowest extraction was 92% compared

to the initial hexadecane concentration. Degree of agitation of the

sample, the mixture of solvents, and time of settling to allow the phases

to be formed are important features of the process. Severe mechanical agi-

tation makes an emulsion that takes a long time to produce separable phases

Low agitation produces low hexadecane extraction. Three phases could be

seen in the separatory funnel when fermentation broth with cells was sub-

jected to hexadecane extraction. The upper phase is a water phase and

hexadecane was not detected after two extractions. This phase contains

substances that have the same retention time as n-tetradecane, the internal

standard used in chromatography. The middle phase was mainly comprised

of cells, and the lower phase was a chlorof orm-hexane-hexadecane phase.

The middle phase is very thin at the beginning of the fermentation, and

it increases with fermentation time. After a while, the middle and lower

phases are indistinguishable. Therefore, both middle and lower phases

were always taken together from the separatory funnel. This extract was

filtered in a millipore filter to avoid microorganisms in the chromato-

graphic column. The thermal conductivity detector, using helium as the

carrier gas, is not the most sensitive method. However, reproducibility

was extremely good, giving variations lower than 2%. The results of Runs

1 and 2 are not shown in this work because the methods of measuring biomass

and hexadecane concentrations were not standardized yet, and results were
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extremely inconsistent. Changes in the substrate concentration were so small

in the first hours of fermentation that the substrate values were within

the error range of the analytical techniques. This influences greatly

the estimation of slopes in the S vs. time curve, and therefore the value

of Q and results of instantaneous balances.

Gas samples were taken with aluminum bags, and carbon dioxide and

oxygen measurements were usually carried out after several samples had

been collected in a four hr. time period. Experiments were carried out

to find out whether there were significant losses of gas from the bags

due to diffusion. Carbon dioxide and oxygen concentrations were measured

after taking the sample and four hours later; no differences were detected.

Carbon dioxide concentration readings from the C0 analyzer were very

unstable at low concentrations of CO^. This was probably due to the fact

that carbon dioxide concentrations are very small and close to the concen-

tration in the air in the first hours of fermentation. This makes the

results at this stage of the fermentation very inaccurate. On the other

hand, oxygen measurements were always very stable, but the analyzer gives

only three significant figures and this influences the accuracy of the

measurements

.

Table 1 shows
7
and CO-,% in the exit gas stream in Run 3, and it

can be seen that differences between the concentrations in the inlet gas

and exit gas are smaller than those in Run 4, 5, 6 (Tables 2, 3, A). The

air flow rate was decreased in the last three runs to detect greater dif-

ferences between the inlet and exit gas 0~ and CO,, concentrations, making

the measurements more accurate. Appropriate air flow rates were calculated

with oxygen balances assuming that the gas flow rate is equal in both the inlet
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and exit, that oxygen concentrations are uniform throughout the fermenter,

and that oxygen uptake by the cells is 1 g0 ?
/£ hr.

Curves were prepared [6] to follow the progress of the fermentations

and rapidly obtain the value of n. This instantaneous information would

be useful to make any changes in operating conditions. Unfortunately,

dry weights gave late feedback, and hexadecane, carbon dioxide and oxygen

measurements could not be done immediately after sampling.

Dissolved oxygen measurements were carried out in order to use oxygen

balances to find oxygen transfer rates, but unfortunately, the probe usually

became plugged during fermentations. Besides this, unstable readings

appeared in almost all the fermentations except at the beginning. Devia-

tions were usually higher than 10%. Readings were more unstable as the

biomass concentration increased.

The pH could not be automatically controlled in Runs 3 and 4 because

the pH probe became plugged. The pH was controlled by measuring the pH

of the samples, and adding base or acid as required to bring the pH back

to 5.5.

Ammonia consumption is assumed to be equal to the net equivalents

of base added per liter of broth. The calculation was only made in Run 5

where pK was precisely controlled.



SO

Consistency of the data

Table 9 shows the results of an examination of data consistency using

integrated available electron and carbon balances for the growth of Cai ILZa.

lipolytica on n-hexadecane in Runs 3,4, 5 and 6. It can be seen that the

data are quite consistent since (y + d) and (n + z) are close to 1. The

95% confidence intervals are 0.94 <_ y + d < 1.06 and 0.93 <_ n + -: 1.07

based on the coefficients of variation of 4% and 5% for the regularities

Y, and o* . If the nutrient broth is assumed to be completely consumed,
b b

the average results are: n = 0.32, z = 0.61, n + z = 0.96, y = 0.44,

d = 0.39, and y + d = 0.83. Note that - + £ is still close to 1 if the
c

nutrient broth is consumed completely. Carbon dioxide appears to be under-

estimated. Values of (y + d) are significantly lower than 1, and this

can be due to either product formation of experimental errors, such as

underestimation of carbon dioxide measurements. The values of d and the

respiratory quotients were very small in the early period of each batch

fermentation. This may be due to the accumulation of dissolved C0„ and

HC0_ in the broth. The values of y and n in Runs 3 and 4 are slightly

higher than those in Runs 5 and 6. The coefficients of variation for the

results in Table 9 are 9.4% for d and 2.5% for £. Since the value cf z is

a function of oxygen uptake, this shows that oxygen measurements are more

consistent than carbon dioxide measurements. Pais is in agreement with

what was stated in the discussion of the analytical techniques.

A nitrogen balance was made using the accumulated base addition in Run 5

The value of the atomic ratio of nitrogen to carbon in biomass, q, was cal-

culated and found to be 0.173, which differs by only 4.6% from the average

value cf 0.165 given in the literature [12]. This q value shows that the
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integrated estimate of the biomass energetic yield, n = 0.32, based on bio-

mass and substrate data, is consistent with the ammonia consumption in Run 5.

Tables 13, 14, 15 and 16 examine the consistency of the data at points

along the batch curve with instantaneous available electron and carbon

balances at several different points in time. It should be kept in mind

that for both bionass and substrate curves, differentiations are necessary

in the calculation. This increases considerably the inaccuracy of these

balances. The skill of tracing a smooth curve through the data points

and reading the slopes is very important in getting significant and repro-

ducible results. Two people worked separately tracing and graphically

differentiating the bionass and substrate curves. Mo significant differ-

ences were found in Run 3, 4 and 5: however, significant differences were

found in the values of dS/dt in Run 6. The dS/dt values influence the

values of y , d, n and £ in a linear form. Replication of these values

did not improve the instantaneous balances, and only one set of results

is presented. Errors of 5% in the balances can also be explained by the

use of the regularities in the calculations (y, = 4.291, and a, = 0.462).

Looking at the tables, one can see that (n + S > 1) in the first and

last points of all the fermentations, showing that accurate measurements

are difficult to obtain in these periods. Usually r, + e < 1 before the

11th hour; this could be due to experimental errors, or product formation.

Later on, (n + z) is usually higher than 1. Run 6 was the only one in

which n + e > 1 for every data point.

Values of d are very small at the beginning making y + d < 1. All

the tables show that d is often initially smaller and then slightly higher

than the respective integrated value (Table 9) . This is probably due to
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experimental errors in C0
?
measurements and dissolved C0

?
and HC0~ in

the broth. However, it can be seen that y + d ~ 1 and n + £ = 1 many

times during the fermentations, showing that the data are reasonably

consistent. In addition, the coefficients of variation of (v + d) and
c

(n + e) were always lower than 23%. The data from Hug and Fiechter [9]

in Chapter 2, which was the most consistent batch data, showed coefficients

of variation of about 23% in the values of (y 4- d) and (n + e) from the

instantaneous balances. The data have to be extremely good to show con-

sistent results in the instantaneous balances, whereas small measurement

errors at the beginning and end of the fermentation do not greatly affect

the integrated balances.

The consistency of the results of Runs 3, 4, 5 and 6 can also be

examined by using different sets of measurements to estimate the true bio-

mass energetic vield, n , and the maintenance coefficient, m . The
max e

results are shown in Table 10. It can be seen that the value of ~l did
max

not vary much when calculated from CO., and biomass data, o and biomass

data, and substrate and biomass data; the coefficient of variation was 9.4%.

That was not the case with the value of m , which was verv low when calcu-
e

lated from CO,, and biomass data compared to values of m from o and
2 r

e 2

biomass data, and substrate and biomass data; the coefficient of variation

was 48.5%. Mathematically, m was very low from C0„ data because the initial
e I

respiratory quotients were extremely low. If this is taken into account,

and considering that n never differed in the same run more than 10%,° max

and that differences between m from substrate and biomass data, and

oxygen and biomass data, were lower than 20%, it can be said that the data

are very consistent since the comparison of these estimates is a relatively

severe test for consistency of experimental data.
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Estimates of dissolved C0~ and HCO were made. Dissolved C0
?

and

HCCL is less than 1% of that evolved during the total fermentation period.

Thus, this contributes very little to the integrated carbcn balance.

However, during the early growth period, the accumulation of dissolved

C0 7
contributes more significantly to the instantaneous carbon balance.

In Tables 5, 6, 7 and 8 values of the biomass energetic yield, n,

estimated from the respiratory quotient, R.Q., are reported in order to

show that the reported respiratory quotients are unrealistically low.

when everything is fully considered, it appears that the reported values

for carbon dioxide evolution are smaller than what thev should be.
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Hysteresis

The phenomenon of hysteresis, a nemory phenomenon, has been identified

by Tanner et al [18,19,20] in biochemical systems, and it has been con-

sidered inherent to the structure of consecutive reactions. Plots of a

derivative of the concentration of a product with respect to time versus

the concentration of a generated precursor which does not directly pre-

cede the irreversibly formed product, show a hysteresis loop in batch

cultures. The direction, shape and area of the loop have significant

meaning in the. process.

Figures 4, 5, 7, 8, 10, 11, 13 and 14 show plots of the specific

rates of oxveen consumption, Q„ , and c.?rbon dioxide evolution, 0^^ ,

o C0
?

versus the specific growth rate. Numbers near the data points

refer to the sequence in time of the data points, and they show a history-

dependent pattern. The loop can be seen to be counterclockwise. The

values of the specific rates of 0„ uptake and C0 o evolution are smaller

at the beginning of the fermentation than at the end for a constant value

of y. For example, the values of u in data points 4 and 12 of Figure 5

0.
are 0.099 and 0.095 hr , respectively, whereas the values of Qn are

2

5.911 and 8. 028 m moles/ g dry cell (hr) , respectively.

The specific growth rate is related to a time derivative of the bio-

mass concentration, and it is by itself a product of the fermentation.

On the other hand, Q_ and _ are rates which are related to both growth

and product formation. The incorporation of hexadecane and lipid fractions

into the biomass would appear as growth with very little oxygen uptake

and carbon dioxide evolution. When these stored materials begin to be

utilized, it would appear as low growth with much oxygen uptake and carbon
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dioxide evolution. Therefore, a hysteresis pattern could be seen in the

Q~ and Q n versus y graphs . In the case of accumulation of intermediate

products resulting from the incomplete oxidation of n-hexadecane, the

respiratory quotient would appear to be low as it happened in this work.

However, the carbon dioxide hysteresis could also be explained by accumu-

lation of CO.,, and bicarbonates in the fermentation broth. In the work of

Bos et al . [2], it appeared that lipid biosynthesis increased

significantly when C. lipolytica was grown on hydrocarbon compared to

growth on non-alkane media. Integrated available electron and carbon

balances have shown that (n + z) and (y + d) are close to 1; thus, it
c

appears that extracellular products other than carbon dioxide are not

present in significant amounts. If intermediates were formed at

the beginning, as instantaneous available electron and carbon balances

might show (n + e < 1, y 4- d < 1) , they are later utilized. In addition,

Kennedy et al . [10] found intracy toplasmic hydrocarbon inclusions in bac-

teria grown on such hydrocarbons. Therefore, it appears that lipid bio-

synthesis and storage of hydrocarbon could be important features of hystere-

sis in hydrocarbon fermentations.

The following Figures of Chapter 2, Figures 5 and 6 (data from Moo-

Young et al. [13])) and Figures 7 and 8 (data from Blanch and Einsele [2]),

show clear hysteresis patterns. They are also Qn and _ vs u clots.
2 2

Nutrient broth was used in the main media for the cultures. The

biomass energetic yield, n, associated with utilization of biocert may

be higher than that associated with hexadecane. Higher values of rj pro-

duce lower values of Q [5], and this could explain the lower values of
2

0~ at the beginning. However, the value of the respiratory quotient
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associated with organic substrates whose y are lower than Yt_ of the micro-
S b

organism, such as nutrient broth (y = 4, y = 4.291 for the biomass) , is

usually higher than 1. It can be seen from Tables 5,6,7 and 8 that

the respiratory quotient was very small at the early hours of fermentation;

therefore, it appears that the hysteresis phenomenon can not be attributed to

early consumption of nutrient broth. The values of r\ also do not indicate

early consumption of nutrient broth.

Figures 6, 9, 12 and 15 are plots of the specific rate of hexadecane

consumption, Q„ , versus the specific growth rate, u. A hysteresis pattern

can not be clearly seen as it was seen in Qn and 0__ versus u plots.

The gap between the forward and reverse arcs in Figures 9 and 12 is verv

small. Figure 15 shows a hysteresis pattern but there are few data points

to be considered.

?

The hysteresis pattern of the curves where Qn and Q r ~ are
2 2

lotted against u (Figures 4, 5, 7, 8, 10, 11, 13 and 14) makes difficult

the estimation of the "true" biomass energetic vield, n , and the&
- ' max'

maintenance coefficient, m , by least squares since they are calculated

from the slope and intercept of the straight lines fitted to the data.

This fact will be discussed later.
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Yield and Maintenance Coefficient

Table 10 shows the values of the "true" biomass energetic yield coef-

ficient estimated from three different sets of data in each of the Runs 3,

4, 5 and 6. The three different sets of data were carbon dioxide and bio-

mass data shown in Figures 4, 7, 10 and 13, oxygen and biomass data shewn

in Figures 5, 8, 11 and 14, and hexadecane and biomass data shown in

Figures 6, 9, 12 and 15. In addition, the data from Runs 3, 4, 5 and 6

were used as a dooI to find mean values of r\ and m . Straight lines
max e

were fitted by least squares to the data in those graphs and relatively

high correlation coefficients were usually found. The values of the

2
correlation coefficient, r , are smaller in Run 3 than in Runs 4, 5 and

6 because of the larger air flow rate for this run. The results using

C0 ? and biomass data have considerably smaller correlation coefficients

than the results obtained using oxygen and biomass data or n-hexadecane

and biomass data.

The fact that straight lines describe the data when 0« , 0^^ and Q_

are plotted versus u, shows that n and m do not depend on the specific
max e r

growth rate in the batch culture of C. lipolytica on n-hexadecane under

the operating conditions in the fermentation. However, it has been reported

that in a number of cases a straight line has not been obtained [3,15,17];

negative values of m [4] , and negative values of "true" growth yields

[14] have also been found. The presence of a significant amount of extra-

cellular products, and high amount of energy-uncoupled growth have been

associated with such results.

It should be pointed out that maintenance coefficients are subjected

to considerable variation if a change in biochemical pathway or uncoupling
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of oxidative phosphorylation occur. In addition, the ionic strength of

the medium has been reported to influence the maintenance coefficients

significantly [15]; however, little is known about variation of mainten-

ance coefficients with operating conditions.

The fact that hysteresis patterns appear in Q_ and vs u plots

influences considerablv the estimation of n and m . Figures 4 and 5
max e °

show that values in the forward part of the loop decrease the values of

m and n whereas values in the backward part of the loop increase the
e max r r

values of m and n • Figures 7, 8, 10, 11, 13 and 14 also show similar
e max

effects for the values of m .

e

Values of n and m were investigated because they Drovide
max e

useful information to relate biochemical pathway information to energetic

efficiencv. Knowledge of n and m can be used to compare the energetic
max e

efficiency of continuous and batch cultures. As Tables 6 and 7 of Chapter 2

show, higher correlation coefficients are found for the model of Pirt in con-

tinuous cultures than in batch cultures; this is because more accurate measure-

ments are made in continuous cultures. In addition, the dilution rate is

the specific growth rate in continuous cultures, whereas differentiation

of the biomass is necessary to estimate the specific growth rate in batch

cultures. Efforts have been made in this work to improve the quality of

the estimates of n and a in batch cultures,
max e

When estimates of 1 from different sets of variables are comcared
max

within each run, similar values can be seen. The standard deviations are

0.059, 0.015, 0.010 and 0.038 for Runs 3, 4, 5 and 6, respectively and

H ranges from 0.39 to 0.55. The mean value of n is 0.^-4 and itsmax ° max

coefficient of variation is 9.4%. This mean value was compared to the
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mean value of n = 0.41 in continuous cultures in Chapter 2 using the
max

"t" test [16]. The results indicated that these values are not signifi-

cantly different at the 95% confidence level. Similarly, the same value

of n =0.44 was not significantly different from the mean value of
max

0.47 reported in Chapter 2 for batch cultures of Candida tropicalis

growing on n-hexadecane. When the data from all four of the fermentations

are used to find mean values of r, from oxvgen and biomass data, carbon
max

dioxide and biomass data, and n-hexadecane and biomass data, the results

were 0.41, 0.43 and 0.40, respectively, which shows that similar values of

n were found independentlv of the data used. These results appear in
max r

Table 10. The 95% confidence intervals of these estimates were 0.38 <_

H < 0.45, 0.39 < n < 0.48 and 0.35 < n < 0.46, respectively,
max — — max — — max — - J

Table 10 shows that the values of m range from 0.014 to 0.064 hr
e °

The lowest and highest values correspond to Run 3, where experimental

errors are appreciable. The mean value is 0.033 with a coefficient of

variation equat to 48.5%.

A low value of m can be seen in all the runs , when carbon dioxide and
e

biomass data were used; this is in agreement with the results in Chapter 2

using data of Blanch and Einsele [2] . Low values of carbon dioxide evolu-

tion during the early hours of the fermentation explain this fact. However,

m ranges from 0.014 and 0.017 in all the runs, showing that the data are

very consistent with each other. The value of m was 0.015 •/hen all the
e

carbon dioxide and biomass data were used as a pool. Higher values of mr ° e

were obtained from both oxygen and biomass data, and substrate and biomass

data. The best estimate according to the author is the one from oxygen and
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biomass data, and ranges from 0.034 to 0.051 hr . The values using all

the oxygen and biomass data is 0.036 hr . The value of m from all the
e

hexadecane and biomass data in Runs 3, 4, 5 and 6, is 0.029 hr , which

is reasonably close to 0.036 hr . The 95% confidence intervals for the

values of m estimated from all the carbon dioxide and biomass data 0.015,
e

all the oxygen and biomass data 0.036, and all the substrate and biomass

data 0.029 hr" were < m < 0.040, 0.015 < m < 0.057 and < m < 0.063,— e — — e — — e —

respectively. It can be seen that the intervals are relatively wide due

to the hysteresis in the data; these are confidence intervals for the inter-

cept of a straight line. The mean value of m from continuous culture

data in Chapter 2 (0.012 hr ) is within two of these intervals. However,

when the mean value of m of Runs 3, 4, 5 and 6 (0.033 hr ) was compared

usin^ the "t" test to m = 0.012 hr , significant differences were found
e

at the 95% confidence level indicating that m is higher in batch cultures
e °

than in continuous cultures. In addition, the hypothesis that the mean

values of m in batch culture data from the literature in Chapter 2 (0.054 hr )
e

and in the batch culture data of this chapter m = 0.033 hr were equal

was rejected with 95% confidence. This shows that somewhat lower values

of m were found in this work than in the earlier batch culture work.
e

Data from Moo-Young et al . [13] using C. lipolytica on n-dodecane showed

slightly higher values of m (0.046 and 0.048 hr ) than those reported here.

Nutrient broth was used in the medium, and contributed both carbon and

energy to the yeast. The amount of nutrient broth actually consumed during

the fermentation was not measured. However, the results of instantaneous

available electron and carbon balances do not detect preferential nutrient

broth consumption during the early period of the fermentation. Estimated
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values of n and n from oxygen, carbon dioxide, and biomass data do not
e max

deoend on organic substrate consumption, whereas estimates of m and n
e max

from substrate and biomass data are dependent upon substrate (including

nutrient broth) consumption. The mean value of m from substrate and

biomass data, 0.029 hr , is lower than the mean value of m from oxygen

and biomass data. This could be due to nutrient broth.

In order to appreciate the human element in preparing smooth curves

and differentiating to find the values of \i and Q_, two different workers

analyzed the data. For Runs 3, 4 and 5, the results were not significantly

different; however, in Run 6, the results differed because of the small

number of data points which were collected at the lower range of specific

growth rates

.
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CONCLUS IONS

Application of material and energy balance regularities to examine

the consistency of batch culture data for Candida lipolytica cultured on n-

hexadecane shows that the available electron balances are more consistent

than the carbon balances. The integrated balances, instantaneous balances,

and the values of respiratory quotient all suggest that carbon dioxide

evolution measurements are lower than one would expect. The instantaneous

balances indicate that the largest errors frequently occur at the beginning

and end of the fermentation where accurate measurements are difficult to

obtain.

An appropriate air flow rate is necessary to detect significant varia-

tion in percent
9

and C0„ between the inlet and exit gas streams of the

fermenter, and therefore increase the accuracy of the measurements. Experi-

mental errors were found to be larger in Run 3 due to a higher air flow rate

The mean values of growth parameters based on four fermentations were:

p = 0.35, e = 0.70, y =0.50 and d = 0.44. These values are similar to
c

the values calculated from data in the literature.

The estimated values of the "true" bicmass energetic yield range from

0.39 to 0.55 with a mean of 0.44 and are within the range of values calcu-

lated from literature data. The values of n , estimated from all the
max

oxygen and biomass data, all the carbon dioxide and biomass data, and all

the n-hexadecane and biomass data, were 0.43, 0.41 and 0.40, respectively,

and they show little variation. These values are not significantly differ-

ent from the n values estimated from continuous cultures,
max

The estimated value of energetic maintenance coefficient, m , ranged

from 0.011 to 0.064 hr~ with a mean of 0.033 hr~ . The values of m
e
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estimated from all the oxygen and biomass data, all the carbon dioxide and

biomass data, and all the n-hexadecane and bionass data, were 0.036, 0.015

and 0.029 hr , respectivelv. Low values of m from carbon dioxide also
e

appear in Chapter 2. Low carbon dioxide evolution measurements, due to

either experimental errors, carbon dioxide and bicarbonates in the medium

or hysteresis, decrease the value of m . The estimated values of m for
e e

these batch cultures are significantly higher than the mean value of 0.012

hr for continuous culture.

Even though estimates of m varied with the set of variables in the° e

calculation, estimates using the same variables showed little variation

when fermentations 3, 4, 5 and 6 are compared.

Hysteresis patterns could be seen in the plots of specific rates of

oxygen consumption and carbon dioxide evolution versus specific growth

rate. This phenomenon could be explained by incorporation of organic

substrate or lipids into the biomass in early periods of fermentation, and

utilization of these materials in later periods.
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NOMENCLATURE

a Moles of ammonia per quantity of organic substrate containing
one g atom carbon, g mole/ g atom carbon

d Moles of carbon dioxide per quantity of organic substrate containing
one g atom carbon, g mole/ g atom carbon

m Rate of organic substrate consumption for maintenance, g equiv. of
available electrons/ g equiv. of available electrons in biomass (hr)
or kcal/kcal of biomass (hr)

Q Air flow rate, Z/hr

Q Molar air flow rate, g mole/hr
m

Q _ Rate of evolution of carbon dioxide, g moles/ g dry cell (hr)

Qn Rate of consumption of oxygen, g moles/ g dry cell (hr)
2

Q<, Rate of organic substrate consumption g/ g dry cell (hr)

q Atomic ratio of nitrogen to carbon in biomass, dimensionless

R.Q. Respiratory quotient, dimensionless

2
r Correlation coetficient

S Organic substrate concentration, g/liter

S Initial organic substrate concentration, g/liter
o

S _ Final organic substrate concentration, g/liter

X Biomass concentration, g/liter

y Biomass carbon yield (fraction of organic substrate carbon in

biomass) , dimensionless

Y, Reductance degree of biomass as defined by Equation (2) in Chapter 2,

equivalents of available electrons per g atom carbon

y Reductance degree of organic substrate, equivalents of available
electrons per g atom carbon

z Fraction of energy in organic substrate which is evolved as heat,

dimensionless

n Fraction of energy in organic substrate which is converted to biomass

or biomass energetic yield, dimensionless

r\ Maximum biomass energetic vield, dimensionless
max



y Specific growth rate, h

95

-1

a. Weight fraction carbon in biomass, dimensionless

a Weight fraction carbon in organic substrate, dimensionless

9 Time, hr
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Table 1. Measured variables in the batch fermentation of Candida

lioolvtica. Run 3. Air flow rate = 1 i/min; Agitation

800 rpm. Inlet Air: ?
= 20.8%, C0o = .045%.

3 Vol broth
9

in

exit

C0
?

in

exit

X S

hrs ml air, % air, % g/A g/A

C 2748 20.70 0.04 0.72 18.15

4 2603 20.40 0.09 0.90 18.04

6 2483 20.30 0.12 1.05 17.88

9 2333 20.00 0.19 1.40 17.57

11 2235 20.00 0.17 1.70 17.30

13 2128 20.00 0.21 2.00 17.02

15 2005 19.20 0.55 2.50 16.69

17 1890 18.95 0.65 3.00 16.26

19 1791 18.40 0.48 3.70 15.62

21 1690 17.35 1.49 5.00 14.62

22.5 1587 17.05 1,62 5.90 13.65

23.5 1449 17.45 1.38 6.95 12.87

25.5 1329 18.55 0.96 7.40 11.34

27 1209 19.05 0.76 8.10 10.57

28 1085 19.30 0.66 8.20 10.20
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Table 2. Measured variables in the batch fermentation of Candida

lipolytica. Run 4. Air flow rate = 0.375 £/min. Agita-
tion = 1000 rpm, Inlet Air: °2

=
:10.8%, C0

?
= 0.045%.

g Vol broth 9 in

exit air,
CO

2
in

exit
X S

hrs ml v air, % gy* g/A

2712 20.50 0.05 0.45 17.35

2 2612 20.45 0.105 0.48 17.82

4 2509 20.40 0.13 0.50 17.78

3 2401 20.15 0.225 0.62 17.65

10 2301 19.95 0.32 0.75 17.54

12 2198 19.50 0.55 0.85 17.38

14 2072 18.50 0.89 1.18 17.08

16 1944 17.20 1.33 1.52 16.70

18 1861 15.00 2.25 2.20 16.00

19.5 1717 13.35 2.95 2.80 15.35

21.5 1630 13.90 2.30 3.78 14.27

23.5 1505 15.40 2.15 4.65 13.41

25.5 1302 17.00 1.605 5.08 12.85

26.5 1152 17.90 1.295 5.19 12.69
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Table 3. "sured variables Lr the batch fermentation of Candida
lipolytica. Run 5

.

\ir flow rate = 0.375 i/min.
Agitation = 1000 rpm. Inlet Air:

2
= 20.:5*

, C0
9
= 0.045%.

3 Vol broth o in

exit air

CO in

, exit air,

X S

hrs m
w

% g/i g/A

2729 20.7 5 0.05 0.35 19.35

2 2627 20.65 0.07 0.38 19.32

4 2521 20.40 0.13 0.42 19.29

6 2412 20.20 0.215 0.48 19.22

8 2305 20.15 0.255 0.57 19.13

10 2212 19.45 0.50 0.70 13.98

12 2115 18.90 0.905 0.93 18.73

14 2015 17.80 1.26 1.28 18.38

16 1921 16.95 1.50 1.77 17.85

18 1839 15.40 2.475 2.44 17.21

20 1751 14.10 3.34 3.30 16.26

22 1670 13.30 3.28 4.32 15.22

24 1604 14.30 2.90 5.13 14.20

26 1536 15.80 2.245 5.66 13.49

28 1471 16.75 1.33 5.95 13.00
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Table 4. Measured variables in the batch fermentation of

Candida lipolytica . Run 6. Air flow rate =

0.375 2,/min. Agitation = 1000 rpm. Inlet Air:
= 20.8%, C0

9
= 0.045%.

9

hrs

Vol broth

ml

?
in

exit air,

%

C0„ in

exit air,

%

X S

g/A

2810 20.40 0.105 0.45 19.31

6 2715 19.35 0.59 0.60 19.20

14 2621 16.15 2.085 1.76 18.41

16 2531 15.20 2.61 2.26 17.62

19 2441 10.65 4.61 3.49 16.20

21 2366 7.30 6.12 4.52 14. SI

23 2296 6.20 6.46 5.80 13.80

25 2206 9.50 5.135 6.83 12.42

27 2126 11.65 4.17 7.50 11.59
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Table 5. Calculated variables in the batch fermentation of

Candida lipolytica. Run 3.

-

V Q
;

Q C0 9 % R.Q. n

hr"
1

mmo 1 e mrr.ole CO,.,

g substrate
nrs

g dry cell(hr) g dry ceii(hr) g dry cell(hr)

0.040 1.219 0.020 0.70

4 0.069 4.121 0.515 0.078 0.13 0.65

6 0.093 4.647 0.743 0.089 0.16 0.64

9 0.099 5.911 1.111 0.088 0.19 0.63

11 0.091 5.082 0.813 0.075 0.16 0.64

13 0.088 4.536 0.953 0.075 0.21 0.61

15 0.112 7.702 2.465 0.074 0.32 0.54

17 0.120 7.875 2.600 0.091 0.33 0.54

19 C.135 10.346 3.942 0.124 0.33 0.49

21 0.130 9.850 4.137 0.118 0.42 0.46

22.5 0.125 9.666 4.079 0.132 0.42 0.45

23.5 0.095 8.028 3.211 0.112 . 40 0.48

25.5 0.056 5.500 2.261 0.085 0.41 0.46

27 0.026 4.342 1.780 0.060 0.41 0.46

2S 0.023 4.120 1.693 0.038 0.41 0.46
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hrs

Table 6. Calculated variables in the batch fermentation of

Candida lipolytica . Run 4

.

hr

^°2

tnmoles

g dry cell(hr)

vco
2

ramoles
g substrata

g dry cell(hr) g dry cell(hr)

R.O

0.010 2.051

2 0.028 2.432

4 0.035 2.863

8 0.072 4.002

10 0.089 4.403

12 0.112 6.402

14 0.149 8.435

16 0.149 10.945

18 0.164 12.820

19.5 0.168 13.998

21.5 0.133 10.100

23.5 0.070 6.986

25.5 0.030 5.209

26.5 0.005 4.398

0.051

0.438

0.630

1.084

1.408

2.433

3.121

3.940

4.872

5.460

4.039

2.725

2.136

1 .RQ2

0.017 0.025 0.69

0.028 0.18 0.63

0.040 0.22 0.61

0.072 0.27 0.53

0.088 0.32 0.54

0.102 0.38 0.49

0.128 0.37 0.50

0.138 0.36 0.51

0.164 0.33 0.49

0.178 0.39 0.49

0.144 0.40 0.48

0.082 0.39 0.49

0.056 0.41 0.47

0.028 0.43 0.44
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Table 7. Calculated variables in the batch fermentation of
Candida lipolytica . Run 5

.

hrs hr
-1

^°2

mroole 0,

x co
2

mmole CO,

0.0075 0.600

2 0.046 1.361

4 0.053 3.419

6 0.071 4.690

8 0.097 4.477

10 0.127 7.890

12 0.156 8.800

14 0.160 10.527

16 0.164 10.302

18 0.152 10.898

20 0.141 10.530

22 0.114 9.430

24 0.066 7.149

26 0.034 5.205

28 0.017 4.200

0.042

0.245

0.786

1.313

1.433

2.660

3.960

4.263

4.120

4.905

5.161

4.055

3.142

2.290

1.848

e substrate
g dry cell(hr) g dry cell(hr) g dry cell(hr)

R.Q

0.020 0.07 0.68

0.039 0.18 0.63

0.067 0.23 0.60

0.094 0.28 0.57

0.123 0.32 0.54

0.183 0.34 0.53

0.226 0.45 0.42

0.195 0.41 C.47

0.181 0.40 0.48

0.176 0.45 0.42

0.164 0.49 0.37

0.130 0.43 0.44

0.068 0.44 0.43

0.065 0.44 0.43

0.048 0.44 0.43
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Table 8. Calculated variables in the batch fermentation of
Candida lipolytica . Run 6

,

: y s Qco
2

% R.Q. n

hrs hr-
1

nnole
2

mmole C0
? g substrate

g dry cell (hr) g dry cell(hr) g dry cell(hr)

0.034 2.S46 0.427 0.031 0.15 0.64

6 0.114 7.960 3.018 0.081 0.38 0.49

14 0.119 9.102 4.005 0.083 0.44 0.43

16 0.126 8.824 4.059 0.100 0.46 0.41

19 0.136 10.780 4.851 0.144 0.45 0.42

21 0.139 11.424 5.141 0.147 0.45 0.42

23 0.108 9.908 4.360 0.125 0.44 0.43

25 0.061 6.796 3.058 0.081 0.45 0.42

27 0.037 5.200 2.340 0.052 0.45 0.42
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Table 9. Examination of data consistency using integrated

available electron and carbon balances for growth
of Candida lipolytica on n-hexadecane in batch

cultures. (yb
A. 291, ?

b
= 0.462).

2
, C0

? ,

biomass and hydrocarbon data.

Source of data Results

y d y +d n £ n +e
J
c c

Run 3 0.51 0.^0 0.91 0.36 0.72 1.08

Run 4 0.50 0.41 0.91 0.35 0.71 1.06

Run 5 0.4S 0.45 0.93 0.34 0.68 1.02

Run 6 0.^5 0.49 0.94 0.32 0.71 1.03

Pool of data

of Runs 3,4,5 and 6 0.50 0.4a 0.94 0.35 0.70 1.05
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Table 10. Values of "true" biomass energetic, yield coefficient,

H , and maintenance coefficient, m , from growth of
max e °
Candida liDolvtica on n-hexadecane in batch culture.

(Y, - 4.291, av = 0.462)
b b

Source of data Results Comments

T) m 2
max e r

hr"
1

Run 3 0.46 0.014 0.30 C0
2

and biomass data

0.44 0.044 0.66
2

and biomass data

0.55 0.06^ 0.68 Substrate and biomass data

Run 4 0.44 0.017 0.70 C0 o and biomass data
z

0.41 0.040 0.81
2

and biomass data

0.42 0.032 0.97 Substrate and biomass data

Run 5 0.43 0.017 0. CO.., and biomass data

0.42 0.034 0. 0„ and biomass data

0.44 0.029 0.. Substrate and biomass data

Run 6 0.39 0.017 0.73 C0
9

and biomass data

0.40 0.051 0.S7
?

and biomass data

0.46 0.040 0.72 Substrate and biomass datJ

Pool of data 0.43 0.015 0.57 C0 o and biomass data
Runs 3, 4, 5

and 6 0.41 0.036 0.78 n and biomass data
z

0.40 0.029 0.32 Substrate and biomass data



10 s

Table 11. Experimental Conditions for growth of Candida
lipoly tica on n-hexadecane in batch cultures.

Run Air flow rate Agitation

.e/min RPM

3 1 800

4 .375 1000

5 .375 1000

6 .375 1000



Table 12. Problems associated with the experimental techniques.

109

Measurement Difficulty

3iomass Sampling
Cell lipids extraction

Hexadecane Sampling
Extraction
Sensitivity of chromatography

2

CO,

Accuracv to 0.1 mole'

Unstable readings at verv small values

?
and C0

?
Appropriate air flow rate

Dissolved oxygen
Drobe

Unstable readings at high biomass
concentration.

Plugging of probe at high biomass
concentration.

pH probe Plugging of probe at high biomass
concentration

Consumption of base False readings from pH probe due to

plugged probe
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Table 13. Examination, of data consistency using instantaneous
available electron and carbon balances for growth of

Candida lipolytica on n-C. ,H~, in batch culture.
Run 3. (j

b
= 0.462, Yb

= S.291) .

6 y d v+d n £ n + £
c ' c

hrs

1.09 1.09 0.76 0.56 1.32

4 0.48 0.09 0.57 0.34 0.49 0.83

6 0.57 0.12 0.69 0.30 0.43 0.78

9 0.61 0.13 0.79 0.33 0.44 0.76

11 0.66 0.15 0.81 0.46 0.62 1.08

13 0.64 0.13 0.82 0.45 0.56 1.00

15 0.82 0.47 1.29 0.58 0.96 1.54

.17 0.72 0.40 1.12 0.50 0.80 1.30

19 0.59 0.45 1.04 0.50 0.91 1.41

21 0.60 0.49 1.09 0.42 0.7

22.5 0.52 0.43 0.95 0.36 0.67

23.5 0.46 0.41 0.87 0.32 0.66

25.5 0.36 0.38 0.74 0.30 0.70

27 0.24 0.42 0.66 0.17 0.67

28 0.33 0.63 0.96 0.23 1.00

1,.19

1 .04

i .98

) 1 .00

' .84

) 1 .23
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Table 14. Examination of data consistency using instantaneous
available electron and carbon balances for growth of
Candida lipolytica onn-C," itch culture.

. ^ 4 ± 5 34
Run 4. (a

b
= 0.462, vb

= 4.291)

.

9 y d y -fd n £ H + £

hrs

0.31 0.04 0.35 0.22 1.11 1.33

2 0.54 0.22 0.76 0.38 0.80 1.18

4 0.47 0.22 0.69 0.33 0.66 0.99

3 0.54 0.21 0.75 0.38 0.51 0.39

10 0.54 0.23 0.77 0.38 0.46 0.85

12 0.60 0.34 0.94 0.42 0.58 1.00

14 0.63 0.34 0.97 0.44 0.61 1.05

16 0.59 0.40 0.99 0.41 0.73 1.14

18 0.54 0.42 0.96 0.38 0.72 1.10

19.5 0.51 0.43 0.94 0.36 0.72 1.08

21.5 0.50 0.40 0.90 0.35 0.65 1.00

23.5 0.47 0.47 0.94 0.33 0.79 1.11

25.5 0.37 0.69 1.C6 0.26 1.09 1.35

26.5 0.10 0.95 1.05 0.07 1.45 1.52
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Table 15. Examination of data consistency using instantaneous
available electron and carbon balances for growth of

Candida lipolytica on n-C
1
,H^ , in batch culture.

Run 5. (a,. = 0.462, y, ="4.291) .

b d

e y c
d v +d

' c
n £ n + z

hrs

0.59 0.03 0.67 0.41 0.79 1.20

2 0.71 0.10 0.81 0.50 0.36 0.86

4 0.53 0.21 0.74 0.37 0.58 0.95

6 0.57 0.27 0.84 0.40 0.63 0.93

8 0.60 0.23 0.83 0.42 0.46 0.38

10 0.60 0.32 0.92 0.42 0.62 1.04

12 0.62 0.41 1.02 0.43 0.59 1.02

14 0.59 0.40 0.99 0.41 0.65 1.06

16 0.60 0.39 0.99 0.42 0.64 1.06

13 0.56 0.46 1.02 0.39 0.67 1.06

20 0.54 0.52 1.06 0.38 0.69 1.07

22 0.51 0.47 0.98 0.36 0.71 1.07

24 0.43 0.52 0.95 0.30 0.73 1.08

26 0.41 0.72 1.13 0.29 1.07 1.36

28 0.24 0.69 0.93 0.17 1.02 1.19
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Table 16. Examination of data consistency using instantaneous
available electron and carbon balances for growth of

Candida lipolytica on n-C ,H_, in batch culture.

Run 6. (a, = 0.462, y. = 4.291).
b b

hrs

y c
d y c

+d n ^ n +

0.60 0.20 0.80 0.42 0.85 1.27

6 0.77 0.53 1.30 0.54 0.91 1.45

14 0.77 0.68 1.45 0.54 1.01 1.55

16 0.68 0.57 1.25 0.48 0.81 1.29

19 0.51 0.48 .99 0.36 0.69 1.05

21 0.51 0.49 1.00 0.36 0.71 1.07

23 0.47 0.^9 0.96 0.33 0.73 1.06

25 0.42 0.53 .95 0.29 0.77 1.06

27 0.39 0.64 1.03 0.27 0.92 1.19
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Fig. 8 . Rel.acior.3hi? between Che specific oxygen uptake rate,
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The consistency of experimental data for growth of yeast on petroleum

hydrocarbons in batch and continuous cultures was examined using carbon

and available electron balances and the mean values of the regularities for

carbon weight fraction in dry biomass and biomass reductance degree. Com-

parison of estimated values of yield and maintenance parameters were also

used to detect experimental errors. The analysis of the data for consistency

showed that in general continuous culture data are more consistent than

batch culture data.

When literature data were used, the maintenance coefficient, m , was
e

higher in batch cultures than in continuous cultures, and the "true" biomass

energetic yield was also higher in batch cultures. Relatively few consis-

tent batch culture data were found in the literature. Therefore, experi-

ments were carried out to obtain sufficiently consistent experimental data

to estimate "true" growth yields and maintenance coefficients in batch

cultures. The yeast Candida lipolytica was grown on n-hexadecane as the

main source of carbon in batch cultures. The progress of the fermentations

was followed by measuring the biomass concentration, hexadecane concentra-

tion, oxygen consumption and carbon dioxide evolution. The data were found

to be reasonably consistent when examined by making integrated and instan-

taneous available electron and carbon balances, and comparing values of the

"true" biomass energetic yield, n , and the maintenance coefficient, m ,° J max e'

estimated from different sets of variables. The results suggest that the

carbon dioxide evolution measurements are smaller than what they should be.

Largest errors frequently occured at the beginning and end of the fermenta-

tion where accurate measurements are difficult to obtain.

Four reasonably consistent sets of data were obtained, and they were

used to get estimates of n and m . The results were compared to values
max e

estimated from literature data and they were in very good agreement.








