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Fermentation kinetics of gluconic acid production by Aspergillus niger was studied in a batch
system. The dependence of the specific growth rate on carbon and oxygen substrates was assumed to
follow either the Monod or Contois kinetic model. The simulation results revealed that for predicting
the fermentation process of gluconic acid production by A. niger, the Contois type model was more
suitable than that based on the Monod equation. The Luedeking—Piret equation was proposed for
gluconic acid production and an equation considering the cell maintenance for glucose and dissolved
oxygen consumption. Estimated parameters of this model indicate that the production of gluconic

acid was mostly growth-associated.

Gluconic acid and its salts are important materials
widely used in pharmaceutical, food, feed, detergent,
textile, leather, photographic, and concrete industries
[1—3]. There are different approaches available for the
production of gluconic acid: chemical, electrochemical,
biochemical, and bio-electrochemical processes [4—6].
Fermentation is one of the dominant routes for man-
ufacturing gluconic acid at present [7]. Gluconic acid
fermentation by A. niger belongs to aerobic fermenta-
tions with high oxygen demand. The biotransforma-
tion of glucose to gluconic acid represents a simple de-
hydrogenation reaction without involvement of com-
plex metabolic cell pathways, which is realized with
a high selectivity, high rate, and high yield of conver-
sion.

The development of kinetic models consists of com-
paring assumed models with experimental data in or-
der to obtain more relevant equations. Kinetic models
enable the bioengineer to design and control micro-
bial processes [8]. In predicting the behaviour of these
processes, mathematical models, together with care-
fully designed experiments, make it possible to evalu-
ate the behaviour of systems more rapidly than with
solely laboratory experiments. Mathematical models
for a microbial process can be developed using two
different mechanisms. Thus structured and unstruc-
tured models can be obtained [9]. Structured models
take into account some basic aspects of cell structure,
function, and composition. In unstructured models,

however, only cell mass is employed to describe the bi-
ological system. In this study, an unstructured model
for cell growth, product formation, glucose consump-
tion, and dissolved oxygen was found to be convenient
to characterize the fermentation process.

In modelling fermentation systems, it is relatively
easy to set up a system of differential equations to
represent the bioprocess dynamics. The most difficult
part in modelling the fermentation process is obtain-
ing the form of the specific growth rate expression
that best represents the observed kinetic behaviour.

Many investigations have been carried out on the
modelling of gluconic acid by A. niger. Takamatsu et
al. [10] reported the structured model to describe glu-
conic acid fermentation by A. niger. Liu et al. [11]
proposed a simple unstructured model using the lo-
gistic equation for growth. Reuss et al. [12] developed
a comprehensive model, they found that due to the
excess of glucose and oxygen during the active growth
period, these two components need not be considered
in the p. However, none of them considered the effect
of the two important substrates (glucose and dissolved
oxygen) in the p used.

In this study, suitable kinetic models for the pro-
duction of gluconic acid by A. niger in a fermentation
process carried out in mechanically stirred bioreactors
with the volumes of 2 dm? and 5 dm?® have been sug-
gested taking into account the glucose and dissolved
oxygen in the pu.
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THEORETICAL

Assuming constant temperature and a constant gas
flow rate, the material balances of the biomass, prod-
uct, and substrates (glucose and dissolved oxygen) can
be written in the following form

ax

ar 2
dP
P (2)
ds
E =TS (3)
dC
d_tl =ka(Cf — Q1) —ro (4)

with initial conditions at ¢t = 0,

X=Xog P=PFP S=5 C=0C, (5)
where rates of formation rx,rp,rs, and ro should be
expressed by an appropriate kinetic model.

If the change of oxygen concentration in the
gaseous phase flowing through the reactor is negli-
gible, the material balance of oxygen in the gaseous
phase can be neglected. This assumption was con-
firmed by experiments [13].

The model employs rate equations for biomass (X),
gluconic acid (P), glucose (S), and dissolved oxygen
(C1) to describe the fermentation process.

Experimental findings suggest a high degree of de-
pendence of biomass growth on both the carbon source
(glucose) and oxygen as substrates. The dependence of
specific growth rate on carbon and oxygen substrates
was assumed to follow the Monod kinetic model which
considers substrate limitation at low concentration,
and the Contois model which assumes biomass inhibi-
tion. The biomass growth can be described as

dx
= X
7 M (6)

where the specific growth rate u is given by the Monod
type model as

S C
Ks+ S Ko+ C

(7)

W= Hm

and by the Contois type model as

S C)
KiX + SKLX + C)

(8)

M= fm

The kinetics of gluconic acid formation was based
on the Luedeking—Piret equation originally devel-
oped for the fermentation of lactic acid [14]. It is
an unstructured model, which combines growth- and
nongrowth-associated contributions towards product
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formation. Thus, product formation depends upon
both the growth dX/d¢ and instantaneous biomass
concentration X in a linear way

(il—];:rpza(il—)t(—i—ﬁ)( (9)
where o and ( are the Luedeking—Piret equation pa-
rameters for growth- and nongrowth-associated prod-
uct formation, respectively.

A carbon substrate such as glucose is used to form
cell material and metabolic products as well as for the
maintenance of cells. Therefore, substrate consump-
tion can be described by the following equation

¢ 1 dx 1d4P
dt ~ %7 Yxg At Ypg dt S

(10)
where Yxs and Ypg are the yield coefficients for
biomass and product, respectively, and mg is the spe-
cific maintenance coefficient.

Substituting eqn (9) into eqn (10) yields

X
dS—rsz—'yd——)\X

- = 11
dit dt (11)

where v and A\ are the parameters for growth- and
nongrowth-associated substrate consumption, respec-
tively, defined as

(12)
(13)

The oxygen uptake rate ro can be described by the
sum of oxygen uptake for cell growth, product for-
mation, and cell maintenance applying, e.g. equation
considering the cell maintenance

1 dX
_YXO de

1 dpP

—_— X
Yoo dt + mo

0 (14)

Substituting eqn (9) and eqn (14) into eqn (4) gives

X
@ = kla(Cl* —01) _5(11_15 —¢X

dt (1)

where § and ¢ are the parameters for growth- and
nongrowth-associated oxygen uptake, respectively, de-
fined by

(16)

(17)
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KINETICS OF GLUCONIC ACID PRODUCTION BY Asperqgillus niger

EXPERIMENTAL

All experiments were carried out in mechanically
agitated bioreactors with a volume of 2 dm? and 5
dm? (Biostat, B. Braun, Germany). The bioreactor
was equipped with a pH electrode, pH titrator, Oq
electrode, an outlet gas analyzer (Tandem Dual gas
sensor by Adaptive Biosystems), and a thermostat.

During the fermentation process the following pa-
rameters were measured and recorded on-line on a PC:
concentration of dissolved oxygen in the medium, tem-
perature and pressure of inlet and outlet gas streams
and their composition (O2 and CO2 content). More-
over, the temperature of the medium inside the re-
actor, the air flow rate, and pH were measured and
controlled on-line. Agitation was set at 300 rpm and
was kept constant for all experiments.

The microorganism Aspergillus niger CCM 8004
with a high activity of glucose oxidase and catalase
[15] was used in this study. The mycelium grew in
a pellet form. The inoculum was prepared in shaked
flasks for 24 h. The bioreactor with a volume of 2 dm3
or 5 dm® was inoculated with 2 vol. %. The reactor
temperature was kept at 30°C. Air flow rate of 8 dm?
min~—! (at 298 K and atmospheric pressure) was cho-
sen as the gas phase for all experiments.

The fermentation medium contained 150 g dm—3
glucose, 0.59 g dm=2 (NH4)2SO0y, 0.25 g dm—3 KCI,
0.25 g dm—2 KHyPOy, 0.25 g dm—3 MgSO, - 7H0,
1.0 g dm~—3 Ca(NO3)s -4H50, and 1.5 cm® dm~3 of a
50 % corn-steep liquor.

The pH of the culture was maintained at the value
of 6.5 during the growth phase and at 5.5 (maximum
glucose oxidase activity) during the production phase
by the addition of 11.7 M-sodium hydroxide. The pa-
rameters of the PID-controller of pH were adjusted to
take into account the volume capacity of the reactor
in order to avoid an undesirable increase of pH above
7.

During experiments under nongrowth conditions
solution containing 150 g dm~2 of glucose with pH
of 5.5 and an appropriate amount of washed biomass
was employed. Different biomass concentrations and
air flow rates have been applied to investigate their
effect on the production rate of gluconic acid.

The concentration of biomass was calculated from
the mycelial dry weight, which was determined by a
gravimetric method. The mycelial suspension was fil-
tered, several times washed with distilled water and
dried to a constant weight at 90°C. The filtrate was
used for HPLC analysis.

Gluconic acid concentration was determined by
HPLC analysis (Knauer, Germany, chromatographic
column polyester OA Hy, 300 mm x 6.5 mm? Id-E.
Merck, Germany) with UV detector.

The concentration of glucose was determined using
HPLC technique (Knauer, Germany, chromatographic
column Eurokat Pb, 300 mm x 8 mm?) with a differ-
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ential refractometer detector.

To determine the kinetic parameters, the values of
kia should be known from independent experiments.
Klein et al. [13] described the method of kja deter-
mination from the experiments of gluconic acid pro-
duction at nongrowth conditions, under which the
dissolved oxygen was consumed merely by the bio-
reaction of glucose to gluconic acid

1
CeH1506 + 502 — CeH1207 (A)

Considering that the dynamics of fermentation
process is much slower than that of oxygen trans-
port through the liquid film, a steady value of con-
centration of dissolved oxygen in the liquid can be
achieved during the experiment after a reasonable
time. It means that the accumulation term on the left-
hand side of eqn (4) can be neglected and the equation
rewritten as follows

ro

== 1
k1a Cl* —Cl ( 8)

The dissolved oxygen is depleted only by the bio-
transformation of glucose to gluconic acid. Thus, the
oxygen consumption rate ro is proportional to the
amount of NaOH necessary for neutralization of glu-
conic acid. From stoichiometry of the bioreaction (A)
and the neutralization reaction, the resultant equa-
tion can be derived for calculation of the oxygen mass
transfer coefficient kja as follows

Mo

TP
Mca
ko = ——-CA 1
=g (19)

RESULTS AND DISCUSSION

For the determination of the values of kja, the
experiments under nongrowth conditions were per-
formed in a 2 dm® fermentor, using different concen-
trations of biomass and rates of aeration. From these
data, value of kja was evaluated according to the pro-
cedure described in [13] using eqn (19). The depen-
dence of the kja values on the applied air flow rate
at different biomass concentrations during nongrowth
conditions is shown in Fig. 1.

It should be noted that the overall oxygen mass
transfer coefficient kja varies with both the air
flow rate and the biomass concentration. During the
growth fermentation experiments the speed of agita-
tion and the air flow rate were constant (300 rpm and
8 dm® min~1!, respectively). As shown in Fig. 1, at 8
dm?® min~! the biomass concentrations have a signifi-
cant effect on the values of kja. In case where the kja
varied within the range of 45—80 h~?!, the influence
of the kja values on the estimated kinetic parameters
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Fig. 1. The effect of the gas flow rate on the volumetric oxygen
transfer coefficient at different biomass concentrations
(0 0.720 g dm™3, V 1.94 g dm™3, A 5.90 g dm—3)
under nongrowth conditions.

was negligible within that range. Therefore, an aver-
age value of 63 h™! was assumed.

The model contains a total of nine kinetic param-
eters that must be determined in order to simulate
the process, these values were evaluated by fitting the
mathematical models (equs (6), (9), (11), and (15))
with Monod and Contois type models (eqn (7) and
eqn (8), respectively), to the experimental data (car-
ried out in the 2 dm® CSTR), using Athena software
package (nonlinear optimization) [16], in order to min-
imize the sum of squares of the deviations between
the experimental measurements and the model predic-
tions. Table 1 presents the values of the nine parame-
ters obtained for modelling this fermentation process.

Fig. 2 clearly shows that the Contois type model
allows to fit very well the behaviour of this fermen-
tation process. The sum of squares of residuals (SSR)
was better with Contois type model, being lower than
half the value obtained with Monod type model.

Although the Monod type model can represent the
product and substrate profiles, it failed to represent
the biomass and dissolved oxygen profile. As shown
in Figs. 2B and 2D the prediction is very good at
the beginning of fermentation (during the first 10 h)
where the biomass concentration is low. After 10 h of
fermentation, however, the model failed to represent
the dissolved oxygen concentration and biomass con-
centrations. This may be attributed to the fact that
Monod equation did not consider the biomass inhibi-
tion. Therefore, the Monod equation is generally more
suitable for describing substrate limited growth with
low cell populations.

On the other hand, the Contois type model fitted
the fermentation process very well. This model is an
extension of the Monod equation considering an in-
hibitory effect of cells concentration on growth and it
is usually better for high cell density cultures. Numer-
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Fig. 2. Comparison of the calculated values and experimental
data (in a 2 dm® batch reactor). A — gluconic acid, B —
biomass, C — substrate, D — dissolved oxygen. Monod
type model (dashed line), Contois type model (solid
line).
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KINETICS OF GLUCONIC ACID PRODUCTION BY Asperqgillus niger

Table 1. Parameter Evaluation Using Batch Reactor Data

Parameter Monod type model  Contois type model

pm/h™1 0.668 0.361
Ks/(g dm™3) 130.902 -
K} - 0.001061
K} - 21.447
Ko/(g dm~3) 0.000363 -
a 2.9220 2.5800
B/h~1 0.1314 0.1704
o 2.1241 2.17680
A/h—1 0.2320 0.29370
5 0.27824 0.2724
¢/h1 0.00487 0.0425
SSR 1262 590

ous authors have studied gluconic acid production by
A. niger, none of them considering the effect of two
substrates (glucose and oxygen) on the specific growth
rate p. Liu et al. [11] using a logistic model for simu-
lation of their own data and those of Takamatsu et al.
[10] found that uy, was 0.22 h=! and 0.33 h=1, respec-
tively. Reuss et al. [12] used the following empirical
specific growth rate equation without considering the
effect of glucose and DO concentration

P
= [ (1_P_> for P< P, (20)

They found from their results that u, at pH = 4.5
was equal to 0.21 h~!.

In the present study, the value of maximum spe-
cific growth rate of 0.361 h—! was calculated. This dis-
crepancy may be caused by different properties of the
strain used and the process conditions like agitation
and aeration. In addition, Liu et al. [11] did not con-
sider the effect of the dissolved oxygen in their model.
Since the magnitude of the nongrowth-associated pa-
rameter (6 = 0.1704) is lower than that of the growth-
associated parameter (o = 2.58), this fermentation ap-
pears to be mostly growth-associated.

The biomass growth, product formation, substrate
uptake, and dissolved oxygen models were tested us-
ing the parameters evaluated from the Contois type
model (Table 1). A comparison of the calculated val-
ues of biomass, substrate, product, and dissolved oxy-
gen with experimental data obtained with a 5 dm?
batch reactor with the same A. niger strain, is given in
Fig. 3. This figure reveals that the model can describe
the gluconic acid fermentation process very well.
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SYMBOLS
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dissolved oxygen concentration g dm~3
equilibrium dissolved oxygen con-

centration g dm™3
Contois oxygen limitation constant

Monod oxygen limitation constant g dm™3
Contois saturation constant

Monod saturation constant g dm—3
overall oxygen mass transfer coefficient h~!
gluconic acid molar mass g mol !
molar mass of oxygen atom g mol ™!
maintenance coefficient; substrate mass
per cell mass per hour h~!
maintenance coefficient; substrate mass
per cell mass per hour h~!
product concentration g dm—3
gas flow rate dm?® min—!
oxygen uptake rate gdm™3 h™!
production rate gdm™3 h™!
substrate uptake rate gdm™3 h™!
biomass growth rate gdm™3 h™!
substrate concentration g dm™3

sum of squares of residuals

time h
biomass concentration g dm™3
yield constant; product mass per oxygen
mass

yield constant; product mass per glucose
mass

yield constant; product mass per oxygen
mass

yield constant; product mass per glucose
mass

Greek Letters

(%

5

28

growth-associated product formation coef-
ficient

nongrowth-associated product formation
coefficient h—!
growth-associated parameter in eqn (11)
for substrate uptake; substrate mass con-
sumed per biomass mass grown

parameter in eqn (15) for oxygen uptake;
oxygen mass consumed per biomass mass
grown

nongrowth-associated parameter in eqn
(11) for substrate uptake; substrate mass
consumed per biomass mass grown per
hour h—!

H. ZNAD, M. BLAZEJ, V. BALES, J. MARKOS

1 specific growth rate h—!

Ihm maximum specific growth rate h—!

10 parameter in eqn (15) for oxygen uptake;
oxygen mass consumed per biomass mass
grown per hour h—!

Subscripts

DO dissolved oxygen

GA gluconic acid

m maximum

S substrate (glucose)

X biomass
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