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Batch sorbose productions were done using Gluconobacter oxydans and initial
sorbitol concentrations of (y4, = 200 kg m~®). The average batch kinetic data was used
to develop an unstructured mathematical model to represent the sorbose production
system. Model parameters were identified using a non-linear regression technique as-
sisted by a computer program which minimized the deviation between the model pre-
dictions and actual batch experimental data. F-test indicated a 99% confidence on the
prediction of model using optimized parameters. Parametric sensitivity analysis indi-
cated maximum specific growth rate (u ) to be the most sensitive model parameter.
The batch model was then used to identify nutrient feeding strategies to maintain a
constant noninhibitory and non-limiting supply of sorbitol for fed-batch cultivation, in
order to improve the sorbose productivity. The adequacy of the fed-batch model was
tested by comparing actual fed-batch cultivation data with the model predictions. Ex-
cellent agreement was found between experimental data and model simulation. The
fed-batch model was found to be a powerful tool for designing feeding strategies for en-
hancing yield and productivity of sorbose production.
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1. Introduction

L-sorbose is an intermediate in the industrial
production of Vitamin-C. It is produced by the mi-
crobial oxidation of p-sorbitol by Gluconobacter
oxydans?. Chemical oxidation of p-sorbitol pro-
duces both p and L-sorbose. Since biochemical oxi-
dation yields only the L isomer, this process is in-
dustrially employed for the production of L-sor-
bose.

Sorbose production exhibits both substrate 3-5
and product inhibitions®8. The rate of oxidation
declines drastically with increasing initial sorbitol
concentrations in a batch bioreactor3. Sorbitol
concentration above 500 kg m™ has also been
known to decrease the water activity of cultiva-
tion medium resulting in reduced oxygen transfer
rate through liquid-microbial biomass interface,
which eventually gives rise toward cell growth\pro-
duct formation rates? . Since the initial concentra-
tion of sorbitol is restricted due to its inhibition, it
is extremely difficult to obtain high concentra-
tions of sorbose in batch processing. Furthermore,
a high concentration of sorbose in the fermenta-
tion broth can lead to the simultaneous crystalli-
sation!® and makes the sorbose recovery opera-
tions easy and economical. Batch processing also
features very large unproductive downtime (for
harvesting, cleaning, recharging etc.), leading to
lower overall reactor productivities.

In order to obtain a high concentration of
sorbose, it is absolutely necessary to biooxidise
large quantities of sorbitol, keeping its concentra-
tion below inhibitory levels, with maximum utili-
zation of full working capacity of the bioreactor.
The fed-batch mode of processing provides an ex-
cellent means of regulating the nutrient feed rate
in order to prevent over-and under-feeding of nu-
trients into the bioreactor. In fed-batch processing
highly concentrated sorbitol along with other nu-
trients can be added when culture is in the ac-
tively growing log phase, and the sorbitol concen-
tration in the fermenter becomes low. Thus, the
ultimate concentration of sorbitol in the reactor
can be kept below inhibitory levels*. Furthermore,
the substrate concentration in the medium can be
kept at a predetermined appropriate (non-limiting
and non-inhibiting) level by controlling the inlet
concentration, feed rate and feeding time of the
nutrients in fed-batch cultivation. This eventually
leads to maximum specific growth rate, which can
be maintained throughout the cultivation result-
ing in faster oxidation of sorbitol to sorbose. Suit-
ably designed fed-batch cultivation has been indi-
cated to be beneficial for substrate inhibited ki-
netics for growth and product formation!!.

Continuous fermentation of sorbitol to sor-
bose with and without cell recycle of microbial
cells were conducted!?. High product formation
rates to a level of 91 kg m=h™! were obtained for
the cell recycle continuous fermentation, however,
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the practical application of the production strat-
egy was not feasible due to unusual cultivation
conditions (pure oxygen, high rpm, complex cell
recycle device) used by the investigators'?. It has
been generally observed that product inhibition
can be eliminated by continuous cultivation since
the inhibitory product is continuously withdrawn
from the bioreactor. However, literature reports'®
indicates that up to a sorbose mass concentration
of 770 kg m= can be accumulated without consid-
erable inhibition by sorbose. Since sorbitol to
sorbose bioconversion is not a severely product in-
hibited system, fed-batch processes which can be
easily adopted to industrial conditions, are ideal.

Attempts were made in the past to eliminate
sorbitol inhibition and to improve reactor produc-
tivity by fed-batch cultivation.*#6:1%13 Trial and er-
ror procedure for substrate feeding has been
adopted for these fed-batch cultivation. Mathe-
matical models can be used as a valuable tool for
the design of feeding strategy to maximize the
product concentration and reactor productivity.

In the present investigation, a batch kinetic
model was developed for sorbose production using
average batch kinetic data for an initial sorbitol
concentration of 200 kg m=. The adequacy of the
model was tested by conducting fed-batch sorbose
production with constant flow rate of 0.2 dm? h!
(inlet sorbitol concentration, 500 kg m=) and by
comparing the observed fermentation kinetics
with the model simulation.

2. Materials and Methods

2.1 Chemicals

D-sorbitol solution (w = 70 %) was supplied
by M/s Anil starch products, Ahmedabad, India.
Yeast extract powder, ammonium dihydrogen
phosphate and magnesium sulfate were obtained
from M/s Qualigens fine chemicals, Mumbai, In-
dia. All chemicals were of Analytical Reagent (AR)
grade.

2.2 Media

2.2.1 Standard liquid medium

The composition of the standard liquid me-
dium (in y/kg m=3) was as follows :

D-sorbitol, 5.0; yeast extract powder, 5.0; am-
monium dihydrogen phosphate, 3.0; magnesium
sulfate, 1.0; The pH of the medium was maintai-
ned at 6.0 by addition of 3 mol dm= HCl/NaOH.

2.2.2 Culture maintenance media

The culture was maintained on agar slants
having composition similar to the standard liquid
medium (as indicated in 2.2.1) + agar 20 kgm™. A
48 hour growth at 30 °C was preserved at 4 °C.

2.3 Microorganism and maintenance

Gluconobacter oxydans subsp. suboxydans
NRRL B-72 strain was used in this work.

2.4 Inoculum development

A loop of microorganism from the slant was
transferred into 0.01 dm? standard liquid medium
in test tubes having the same composition as
above (as mentioned in 2.2.1). The test-tubes were
incubated at 30 °C for 72 hours. The growth was
characterised by the appearance of a thick pellicle
on the surface and uniform turbidity. It was then
transferred into 1.0 dm? capacity flasks containing
0.1 dm? standard liquid medium (as mentioned in
2.2.1). The flasks were incubated in a rotating
shaker (Adolf Kuhner, Germany) at 30 °C and 250
rpm. Subsequent transfer into the bioreactor was
done when the biomass concentration in the flasks
was about 2.5 to 3.0 kg m3.

2.5 Inhibition studies

In order to establish the nature of relationship
between # and yg, inhibition studies were con-
ducted in shaking flask cultivation. The standard
liquid medium as described in section 2.2.1 was used
except that the sorbitol mass concentrations were
(kg m3), 100, 150, 200, 250, 350, 450 and 510. The
flasks were incubated in a rotating shaker (Adolf
Kuhner, Germany) at 30 °C and 250 rpm.

The biomass concentration (yx) was estimated
by measuring the optical density of the cell suspen-
sion at intervals of one hour during the initial
phases of culture growth (8 hours) when there was
very little sorbose formation and thereby less oxy-
gen limitation. Specific growth rate was calculated
from (In yx vs t) plot. A graphical correlation be-
tween u and yg, as shown in figure 1, was obtained.

The maximum substrate mass concentration,
Ysm» at which the growth completely stopped and
the dimensionless inhibition exponent ‘@’ which
indicated the type of inhibition by the substrate
on specific growth rate (concave, linear or convex)
were determined to be 510 kgm™ as described by
Luong!*.
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Fig. 1 - Effect of increasing initial substrate concen-
tratin on specific growth rate.
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2.6 Cultivation
2.6.1 Baich cultivation

Batch cultivations were carried out in a 7.0
dm?® fermenter (Bioengineering AG, Switzerland)
equipped with 2 sets of flat-blade turbine impel-
lers under the following conditions: working vo-
lume 4.5 dm?, airflow rate 2.2 dm?® dm= kg1, agi-
tation speed 700 rpm, temperature 30 °C. The pH
was maintained at 6.0 by a pH controller through
the automatic addition of 3 mol dm= HCl/NaOH.
The cultivation medium used was the standard
liquid medium described in section 2.2.1 except
that the initial sorbitol concentration was 200
kg m3.

2.6.2 Fed-batch cultivation with constant
feed rate of 0.2 dm3 h7!,
500 kg m= sorbitol

Fed-batch cultivations with constant feed
flow rate of 0.2 dm® h™1, 500 kg m= sorbitol, were
initiated as a batch with yg, = 225 kg m™. After 8
hours, when log phase growth with a biomass con-
centration of 1.8 kg m= was established, fresh nu-
trient medium containing 500 kg m3 sorbitol was
added at a constant feed rate of 0.2 dm® h!. After
completion of feed addition at 18 hours, the resid-
ual sorbitol in the reactor was allowed to ferment
batchwise. The fermentation was terminated
when the dissolved oxygen level in the reactor in-
dicated an abrupt increase.

2.7 Analytical Techniques

2.7.1 Biomass concentration

Optical density (OD) of the suitably diluted
samples was measured at 600 nm in a UVIKON
930 spectrophotometer (Kontron Instruments,
USA). Biomass was estimated from a OD vs con-
centration (kg m™3) correlation which was deter-
mined a priori as follows:

Biomass concentration of a known volume of
the samples was determined gravimetrically after
measuring the OD at 600 nm. A standard curve
was plotted between OD of the samples and their
respective biomass concentrations to arrive at the
following correlation.

Biomass (kg m™) = 0.73 x ODg,

2.7.2 Sorbitol and sorbose concentrations

Sorbitol and sorbose concentrations were esti-
mated by HPLC (Waters Associates, USA) using a
Supelcosil LC-NH,, (Supelco, USA) column (25 cm
X 4.6 mm ID) equipped with Refractive Index (RI)
detector and using W (acetonitrile:water) = 75:25
as eluent with a flow rate of 0.06 dm3 h-! at ambi-
ent temperature.

3. Results and Discussions
3.1 Batch experiments

Fig. 2 describes the average batch cultivation
kinetic data at initial substrate concentration (yg,)
= 200 kg m=3. The cultivation was over in 14
hours and an overall sorbose productivity of 13.58
kg m3h! was obtained. The biomass formation
was 5.9 kg m™ at hour 14 and the dissolved oxy-
gen concentration value decreased from initial
value of 100 % (8ppm) to 0 % (0 ppm) in 14 hours.
This resulted in a biomass yield value of 737.5
based on oxygen consumption. Sorbitol fed to the
reactor was converted to sorbose to the extent of
96.0 %. The observed batch kinetic data were uti-
lized for the development of mathematical model.

3.2 Model development

The model development was based on the fol-
lowing assumptions.

3.2.1 Assumption

1. Sorbitol is the only limiting nutrient

2. There is no effect of oxygen on the sorbitol
to sorbose bioconversion. This was ensured by se-
lecting the maximum possible air flow rate (2.2
dm?® dm= kg!) under the available experimental
conditions.

3. There is no process limitation by nitrogen,
phosphorous and growth factors (ex. yeast ex-
tract) and they are in excessiv supply in the fer-
mentation medium.

4. There is no change in temperature and pH
of culture growth throughout the -cultivation.
Yeast extract has been indicated to be a rate limit-
ing nutrient®!® in sorbose production. Therefore,
optimal supply of yeast extract was taken
alongwith assumption 1.

3.2.2 Model equations

The system of differential material balance
equations which represented the general mathe-
matical model capable of describing the batch dy-
namics of sorbose production is summarized be-

low:
o UmYs (_ vs VK,
ﬂ_(VsJFKs)kl (Vst J(Kp +Vp) W

dyyx _ ﬂmys(_ysaﬁ( K, J
m _(VS‘FKS)LI (Vsm] )Kp-i-)/p rx (2

Equation (2) represents the rate of biomass
formation featuring Monod type sorbitol (sub-
strate) limitation. Since the inhibition phenomena
is not completely understood the empirical model
suggested by Luong’® for the inhibitory effects of
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ethanol on yeast growth is extended to inhibition
by sorbitol on the growth of Gluconobacter
oxydans. Similarly the product inhibition is repre-
sented by the exponential decay model'® of the
specific growth rate with increasing product con-
centration.

The specific rate of substrate consumption
(r) was best mathematically described by equa-
tion (3) which is a modified form of the Leudking
and Piret'” model to account for substrate con-
sumption for product. The complex lumping of the
parameters was done to better represent the spe-
cific substrate consumption rate.

1 1
ro=-— Yx,u+yprp+ms) 3)

d’ys 1 1
o KWX +Ylorp3’x+mst) (3a)

Where m, represent the maintenance energy
requirement of the cell and Y and Y_ are respec-
tive yields of the metabolic product and biomass
based on substrate. The specific rate of sorbose
production (r)) could be represented by growth-
-associated and non growth associated product
formation terms®17-18

r,=au+p 4)

where ¢ and B are constants which include
sorbose formation in exponential (growing) and in
statlonar); (non growing phase) by bacterial

growth®!’ respectively.
dy
SR +Brx (4a)

dyy HmYs vs | [ Ko

P _ m 1—| L5 + 4b
dt a('ys +Ks ysm K + rx ﬁX ( )

Substituting r_ in equation 3a from equation

4 yields the substrate consumption rate (dyg/dt) as
expressed by equation (5)

d
T8 = (K, uyx +Koyx) (5)

Where K, refers to the sum of reciprocals of
the growth associated yield term for biomass and
metabolic products.

1 a
K=—+— (6)
VY, Y,

and K, reflects the sum of substrate energy frac-
tion channelled towards maintenance of cellular
functions and that expended for total substrate
energy for growth non-associated product forma-
tion.

B
The equations (2) (5) and (4b) represent the
Model equations for rates of biomass, substrate
and product concentrations for the batch sorbitol

to sorbose biooxidation process.

3.3 Evaluation of model parameters

For optimal estimation of the model parame-
ters, non-linear regression technique!® assisted by
a computer program?’?! was used to minimize
the deviations between the model predictions and
batch exponential data. For calculation of the
model predictions the system of differential equa-
tions (2), (56) and (4b) which describe the batch
sorbose production kinetics were solved by an in-
tegration program based on Runge-kutta method
of fourth order?. The optimization program for
the direct search of the minimum of a multiva-
riable function was based on the original method
of Rosenbrock??. The minimization criteria used in
the program were as follows:

SSWR = 22 ” ®)

=1 j=1 i'

where SSWR represents the sum of the squares of
weighed residues. (n) and (m) represents the num-
ber of experimental data points and the number of
variables respectively, W; represents the mass of
each variable (usually the maximum value of each
variable) and A.. denotes the difference between
the model and tile experimental value.

The value of the optimized parameters for fer-
mentation conducted at yg, = 200 kg m= is given in
Table 1. The value of u,,,, K. and K, were found to be
0.71, 37.32 and 160.83. The value of u , compares

Table 1 - Model parameters and parametric sensitiv-
ity values 3for batch fermentation (yg, =

200 kg m
pﬂ‘;ﬁier Units | Value | APS: | RPSP
K, kg m3 37.32 -108.45 3.3
K, kg m3 160.83 22.32 2.93
“, = 0.71 33,2886 19.34
K, kg kg! 3333 34406  10.11
K,  kgkg'h! 0 1,004.6 0
a kg kg!  33.04 8437  2.27
B kg kgth  0.0001 0 0
7Smax kg m 510 independently
a dimensionless  0.81 determined

# APS : absolute parameter sensitivity
> RPS : relative parameter sensitivity.
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fairly well with 0.661 for G. oxydans (ATCC 621)°,
however u,, K, and K, were reported to be 0.3 hY,
14.4 & 205.0 for A. suboxydans (NBIMCC 902)% .
The variation in the kinetic parameter values could
be due to the variation in culture, growth medium
and culture conditions. The model equations were
simulated on the computer using the optimum
value of the model parameters. The comparison of
the model simulation (smooth curve) and experi-
mental data (points) is shown in fig. 2. The experi-
mental data and the model simulation demon-
strated good agreement.
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Fig. 2 — Model simulation (smooth curve) and experi-
mental data (points) for batch sorbose pro-
duction (ygy = 200 kg m=3) by Gluconobacter
oxydans.

In order to further evaluate the degree of reli-
ability of the model, a method recommended by
Bard' was used to test the hypothesis of a zero
mean deviation of the model and experimental
data. The mean residual of each variable ‘A;” was
calculated as follows:

1 n
Aj=;i§A,.j 9)

where ‘n’ is the total number of experimental data
points, and A; is the difference between the exper-
imental value of a variable and its model simula-
tion value. The variance of the error of a residual
(Sj) was then estimated as follows:

1 < .
Vs = DAY forj=1m  (10)
J =1

where m is the number of variables. The value of
the statistics (A) defined as follows:

B (n—m)niA%‘j

T (n=Dm S; (11)

J=1

‘A’ was calculated. The statistics ‘A’ has the
F distribution. It was calculated as 10.33 for

m, n-m

fermentation using yg, = 200 kg m™3, which was
less than the ‘Fs” value (obtained from F tables)
for 99 % confidence for the whole experimental
set. This established the accuracy of the developed
mathematical model.

3.4 Fed-batch model equations

In order to design suitable nutrient feeding
strategies, the developed batch model was extrap-
olated to fed-batch conditions by incorporating the
dilution term, D. The fed-batch model equations
are summarised below:

a
1— Vs
Vs,

: K
Vs p
I I (R R
()/Sm] (Kp+pr X (13)

Kyyx+D(yg —vs)

dy, =( Hm?s
VS+KS

[ Ky ] D (12)
- |rx— Dy«
K,+7,

%= _Kl( Um?s )
yS+Ks

dyy [ swys s | | Es
dt -« VS+KS 1_ '}/Sm Kp+yp Vx+ (14)
ﬂyX_Dyp
dv
—= 15
” Q (15)
Q
== 16
v (16)

The feeding strategies were designed as based
on the computer simulation of equations (12) -
(16) and implemented in actual fed-batch fermen-
tations.

3.4.1 Fed-batch fermentation with constant
feed glow rate of 0.2 dm® h™', using
inlet sorbitol concentration of 500 kg m™

3.4.1.1 Model simulation

In order to test the adequacy of the fed-batch
model (for ygq, = 200 kg m™3), a fed-batch cultiva-
tion with constant feed rate was simulated and
implemented experimentally. The fed-batch culti-
vation was simulated at a feed rate of 0.2 dm? h!
with an inlet sorbitol concentration of 500 kg m™3.
The nutrient feeding was done during hour 8 to
hour 18. After completion of feed addition at 18
hours, the fermentation was simulated as batch
till the residual sorbitol was consumed. The model
demonstrated a sorbose accumulation of 321.17
kg m™3 with a productivity of 14.59 kg m™ hL

3.4.1.2 Experimental observations

The fed-batch cultivation with constant feed
rate of 0.2 dm® h™! (500 kg m2 sorbitol) was initi-
ated as a batch with yq, = 225 kg m™. At hour 8,
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when the biomass concentration in the reactor was
1.8 kg m=3, nutrient medium containing 500 kg m3
sorbitol was added at a constant feed rate of 0.2
dm? hl. After completion of feed addition at 18
hours, the cultivation was continued as a batch to
consume the residual sorbitol in the reactor.

The experimental observation (data points) and
model simulation (smooth curves) for fed-batch cul-
tivation with constant feed rate is shown in Fig. 3
(biomass), Fig. 4 (sorbose) and Fig. 5 (sorbitol).

The cultivation was over in 24 hours with a
sorbose concentration of 336.24 kg m= against the
simulated value of 321.17 kg m™3. 96% of the
sorbitol fed was converted to sorbose with a pro-
ductivity of 14.01 kg m™ h™! as against the simu-
lated value of 14.59 kg m™ h™l. Excellent agree-
ment was found between experimental data and
model simulation which indicated that the devel-
oped model can serve as a powerful tool for de-
signing feeding strategies for enhancing yield and
productivity of sorbose production.

Several researchers have attempted to in-
crease the sorbose productivity by implementing
different feeding strategies in fed-batch cultiva-
tion*6:13,  Bosnjak et al* attempted gradient
fed-batch cultivation and obtained a sorbose pro-
ductivity of 11.62 kg m=3 h™!. Mori et al.® used G.
oxydans (ATCC 621) pure oxygen supply to the
bioreactor and enhanced the sorbose productivity
to 44.85 kg m3 h!. Bull et al.? used partial recy-
cling of microbial cells in chemostat and could en-
hance the product formation rates to a level of 91
kg m~3 h™! . However, unusual design of cell reten-
tion device'? pure oxygen®1? sorbitol powder us-
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Fig. 3 — Time course of biomass mass concentration
for model based fed-batch sorbose produc-
tion at constant feed rate: smooth curve-mo-
del simulation; data points-experiment, 0 — 8
h batch (ygy = 225 kg m 3) 8 - 18 h fed-batch
(inlet sorbitol 500 kg m™3, feed flow rate 0.2
dm3hl), 18 -24 h batch cultivation.
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Fig. 4 — Time course of sorbose concentration for
model based fed-batch sorbose production at
constant feed rate: smooth curve-model sim-
ulation; data points-experiment, 0 — 8 h
batch (ygq = 225 kg m™), 8 — 18 h fed-batch
(inlet sorbitol 500 kg m‘3 feed flow rate 0.2
dm3 h™l), 18 — 24 h batch cultivation.
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Fig. 5 — Time course of sorbitol concentration for
model based fed-batch sorbose production at
constant feed rate: smooth curve-model sim-
ulation; data points-experiment, 0 — 8 h
batch (ygq = 225 kg m 3) 8 — 18 h fed-batch
(inlet sorbitol 500 kg m™3, feed flow rate 0.2
dm3hl), 18 -24 h batch cultivation.
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age® and high rpm utilized!? in their investiga-
tions, restricted the industrial applicability of
their production strategies. Srivastava and Las-
rado'® cultivated Gluconobacter oxydans (NRRL
B-72) in fed-batch cultivation by feeding sorbitol
and fresh nutrients via exponentially increasing
feed and obtained a productivity of 12.6 kg m™
hl. The present work demonstrated a producti-
vity of 14.01 kg m= h™! which is higher compared
to that reported by earlier workers except Mori et
al. and Bull et al.'? .

4. Conclusions

The average kinetic data from batch cultiva-
tion conducted at yg, = 200 kg m= was used to de-
velop the unstructured mathematical model. Mo-
del parameters were identified by the non-linear
regression technique assisted by computer pro-
gram. Parametric sensitivity analysis indicated u
to be the most sensitive model parameter. Excel-
lent agreement was found between batch experi-
mental data and model simulations. Statistical va-
lidity (F-test) of the model indicated 99% confi-
dence on the predictions of the model for yg, =
200 kg m™3. The batch model was extrapolated to
identify nutrient feeding strategy for fed-batch
cultivation with a constant feed rate of 0.2
dm? h!, 500 kg m™ sorbitol. The fed-batch culti-
vation demonstrated increased sorbose concentra-
tions of 336.24 kg m= and a productivity of 14.01
kg m~2h~!. Fed-batch model predictions were close
to experimental observations which proved that
the developed model can be used to design diffe-
rent feeding strategies for fed-batch sorbose cul-
tivations.

Nomenclature

D - dilution rate, h!

K, — monod’s saturation constant for substrate,

kg m3
Kp — inhibition constant for sorbose, kg m3
m, — maintenance energy constant, kg kg th!
r, — specific substrate consumption rate, kg kg 'h!
rp specific product formation rate, kg kg™t h™!
Q - feed flow rate, dm® h™!
t — time, h
V - volume, dm?
K, - Sum of reciprocal of growth associated yield term

for biomass and metabolic products, kg kg™

Ral

— Sum of substrate energy fraction channelled to-
wards maintenance of cellular-functions and for
growth non associated sorbose production

w — mass fraction

Subscript

a — exponent

n - number of data points

m — number of process variables
p — product (sorbose)

s — substrate

x — biomass

Greek letters

a — coefficient of proportionality between the rate of
product formation and growth rate, kg kg™*

B — coefficient of proportionality between the rate of
product formation and biomass fraction, kg
kg 'h!

u  — specific growth rate, h!

Ay - difference between experimental and model simu-
lated value of a process variable.

S. — means residual of each variable

Y — volume ratio, dm?® dm™
sorbose concentration, kg m™
ys — substrate concentration, kg m™

Ysm — Maximum value of substrate concentration at
which there is no growth, kg m™

Yg, — initial substrate concentration, kg m™

y, — inlet substrate concenration, kg m™

Yy — biomass concentration, kg m™

dy/dt — rate of reaction for the component X, S, P

3

<
]
I

3

References

1. Kulhanek, M., Adv. Appl. Microbiol. 12 (1970) 11

2. Bourdant, J., Enzyme Microb. Technol. 12 (1990)
322

3. Damodaran, M., Subramanian, S. S., J. Sci.
Industr. Res. 510 (1951) 7

4. Bosnjak, M., Pintar, P., Gomercic, K., Med. Fac.
Landbouww. Rijksuniv. Gent. 56 (1991) 1723

5. Bonomi, A., Augusto, E. F. P., Barbosa, N. S.,
Mattos, M. N., Magossi, L. R., Santos, A.L., dJ.
Biotechnol. 31 (1993) 39

6. Mori, H., Kobayashi, T., Shimizu, S., J. Chem. Eng.
Jpn. 14 (1981) 65

7. Beschkov, V., Tepavicharova, I., Comptus Rendus
Acad. Bulg. Sci. 37 (1984) 73

8. Elenkov, D., Beschkov, V., Mitov, S., Biocatalysis. 2
(1989) 283

9. Mihaljevic, K. Bosnjak, M. Food Technol.
Biotechnol. 35 (2) (1997) 89.

10. Bosnjak, M., Mihaljevic, K., Meded. Fac.
Landbouww. Rijksuniv. Gent. 58 (1993) 1939

11. Yano, T., Kurokawa, M., Nishizawa, Y., J. Ferment.
Bioeng. 71 (1991) 345

12. Bull, D. N., Young, M. D., Biotechnol. Bioeng. 23
(1981) 373.

13. Srivastava, A. K., Lasrado, P. R., Bioproc. Eng. 18
(1998) 457

14. Luong, J. H. T, Biotechnol. Bioeng. 27 (1985) 280

15. Joshi, V. K., Tamhane, D. V., Indian J. Exp. Biol.
12 (1974) 422



140

R. GIRIDHAR et al., Model Based Constant Feed Fed-Batch, Chem. Biochem. Eng. @. 14 (4) 133-140 (2000)

16.

17.

18.

Ierusalimsky, N. D., Bottlenecks in Metabolism as
Growth Rate Controlling Factor, in Powel, E. O.,
Eans, C. G. P., Strange, R. E. and Tempest, D. W.,
(Ed) Microbial physiology and continuous culture,
H.M.S.O., London, 1967, pp 23-33

Luedeking, R., Piret, E. L., J. Biochem. Microbiol.
Tech. Eng. 4 (1959) 393

Humphrey, A. E., Chem. Eng. Commun. 45 (1986) 1

19.

20.
21.

22.

Bard, Y., Dynamic Models in Nonlinear Parameter
Estimtion, Academic press, New York, 1974, pp.
219-233

Votruba, J., Acta Biotechnologica 2 (1982) 119
Volesky, B., Votruba, J., in Modelling and Optimiza-
tion of Fermentation Processes, pp. 47, Elsevier,
The Netherland, 1992

Rosenbrock, H. H., Computer J. 3 (1960) 175



