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Abstract

Modeling and simulation of Polyhydroxybutyrate (PHB) pro-
duction by Protomonas extorquens in fed-batch culture were
conducted in this research. The fed-batch model, developed
for this process, employed a kinetic model proposed by other
researchers. Several kinetic models were investigated to
choose the best model. The criterion for this selection was
goodness of fit (52). Haldane kinetic model was selected
since it leads to the lowest 02. Experimental data that have
been used in this study were extracted from literature. The
kinetic model was then incorporated into the process model.
The values of process model parameters were estimated by
employing an optimization routine developed in this study
and using two sets of experimental data. These data were
obtained applying two different methods of fed-batch cultiva-
tion. The values of 62 for these two methods were 2.5 and
0.0016 respectively. Finally, simulation results were com-
pared with two other sets of experimental data to validate the
model.
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INTRODUCTION

Polyhydroxybutyrate (PHB) is an intracellular storage
compound that accumulates as carbon and energy
reserve in several bacteria under advers growth condi-
tions such as nitrogen, phosphorous, sulfur, magne-
sium or oxygen limitation (Kim et al., 1994). It accu-
mulates as distinct inclusions in the cell and compris-
es up to 80% of dry cell weight in some strains of bac-
teria (Shimizu et al., 1992).
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PHB is a biodegradable thermoplastic that can be
used in several applications similar to those of conven-
tional petrochemical plastics (Lee et al., 1997).
Currently the main obstacle, which limits the wide-
spread use of PHB and its copolymers is its relatively
high cost compared to petrochemical polymers. The
costs of the fermentation process as well as substrates
and product recovery are the major causes for the high
price of PHB (Byrom, 1987). Several studies are have
been reported that tackle this problem from different
approaches (Yu, 2001; Chen et al., 2001; Marangoni et
al., 2002; Leibergesell et al., 1991). One approach is to
develop a mathematical model of the culture that can
be employed to improve the design, operating condi-
tions, economics and control of the process
(Shahhoseini, 2004).

Fed-batch culture system has been the most pop-
ular method to achieve a high cell density, which is
often necessary for high productivity and yield of the
desired product (Yamane et al., 1996; Lee et al., 1997).
This system is frequently applied to the production of
partially growth associated products such as polyhy-
droxyalkanoates (PHAs) (Shahhoseini, 2004). In fed-
batch culture, it is possible to keep the substrate con-
centration at a low level to prevent the undesired
effects of high substrate concentration such as inhibi-
tion of microbial growth. However, in this system,
higher productivity compared with that of batch cul-
ture, can not be achieved without having a good feed-
ing strategy. A proper feeding strategy can be designed
in simulation of the environment and thus employing
an appropriate model of the system. Therefore, in this
work a mathematical model of fed-batch culture was
developed to simulate the process of PHB production
during fed-batch culture.
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MODELING

Choosing the best kinetic model for bacterial
growth: Fed-batch experimental data extracted from
literature were employed to estimate model parameters
and then to evaluate simulation results. These experi-
ments were conducted by Suzuki and his co-workers to
produce PHB by P. extorquens (previously known as
Pseudomonas sp. K) in fed-batch culture (Suzuki et
al., 1986a). Kinetic models proposed by several
researchers were investigated in order to select the
one, which results in better performance of the process
model. The criterion for this selection was &2 as
described in Equation 1. An optimization routine was
used to estimate model parameters.

(model data—experimental data)’

Equation 1. 52— 2
degree of fieedom

Where, degree of freedom is defined as the difference
between number of experimental data and estimated
parameters.

Suzuki and colleagues selected P. extorquens among
51 bacterial strains from soil due to its capability of
accumulating intracellular PHB and good growth on
methanol as a sole carbon source. Methanol concentra-
tion was kept automatically between 0.50.2 g/l and the
initial concentration of nitrogen source used, was
0.2 g/l (Suzuki et al., 1986a). Suzuki and colleagues
employed two different culture methods. Each method
was divided into two phases. The initial stage of the
first method was the cell growth phase in which
ammonia was added to the media according to the pH-
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Figure 1. Specific growth rate versus methanol concentration for PHB pro-
duction by Protomonas extorquens (Suzuki et al., 1986a).

that could fit into data involving growth rate versus
methanol concentrations were investigated. These data
are depicted in Figure 1. The list of kinetic equations
are shown in Table 1.

An optimization program was written in order to
calculate the values of 82 for each model using data
from of Figure 1. These values are shown in Tables 2
and 3. These results indicate that the Haldane model
leads to the lowest value for 62. Therefore this kinetic
model was selected to be incorporated into the fed-
batch culture model of the PHB production process.

Table 1. Selected kinetic equations for PHB production modeling
(Mulchandani and Luong, 1989).

stat mode and the second phase involved PHB accu- Model Equation
mulation. When biomass concentration in the culture 3 My oS
reached 60 g/l, nitrogen f;eding was stopped and Haldane e (K, +8) (1+ % )
methanol was added continuously. In the second i
method, nitrogen feeding was switched from pH-stat S
i ' ; Edwardz 1 o Y T
mode to continuous nitrogen feeding at a constant flow VRIEE H=r s exp( )
rate (Suzuki et al., 1986a).
A high concentration of methanol inhibits on bac- Edwardz 2 H=p,(exp(S/K;) —exp(S/K,) )
terial growth. Therefore, the Monod model, that is the s
most popular kinetic model, would not be appropriate Mulchandani =4, ——1-(S/S5,)"]
for use in this process. Four different kinetic models K, +S
Table 2. Estimated parameters for the kinetic models.
Model Hy () K. (@ Ki (2/) &’
Haldane 0.2556 0.0251 10.4854 2.75x10™"
Edwardz 1 0.2334 0.0149 19.784 451x107%
Edwardz 2 0.2304 0.0469 20.16 3.78x1074
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Fed-batch model

Mass Balance equations:

In this section mass balance for nutrient sources and
the product were written and Haldane kinetic model
was added to the equations.

Equation 2. Mass balance for residual biomass.

dx, u,.S 1 dV—|

dt W_?E

»

I

Equation 3. Carbon source (methanol) mass balance.

ﬁz—KI%—K2Xy+i—Sd—V
dt dt 14 Vdt

Equation 4. Nitrogen source mass balance.

dSy g X, Fy g dv
dt eV Vdt
Equation 5. Product mass balance.
P X P
AP dX, e PV
dt dt vdt

Equation 6. Total feed rate to the bioreactor.

a;l—l: = Feed rate—Volumeloss

In equation 6, volume loss is equal to the sampling
volume per hour plus the rate of volume loss due to the
evaporation.

RESULTS

Simulation results of the first method: The first
phase of this method involved growth during which a
nitrogen source was added to the reactor. The second
phase was the PHB production stage, where no nitro-
gen was fed into the reactor. In the present work, an
optimization program was written in order to estimate
the values of K|-K5 parameters by using experimental
data from the first cultivation method as shown in
Figure 2. In each iteration of the optimization proce-
dure, equations 2 to 6 were solved and the values of
calculated biomass, PHB and nitrogen source concen-
trations and culture volume were compared with corre-

Table 3. Estimated parameters for Mulchandani’s model.
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Figure 2. Optimization curves (-) and a set of fed-batch experimental data (*).



Shahhoseini and Jamalzadeh

Table 4. Estimated values of K-K5 parameters using experimental data.

K, [ gsub Kz[ g.sub Kj{ g,sub] K, g prod K_gg' g.prod \| 52
\ g.cell | geellh goell geell \ gcelh )
5.522 0 0.005 0.4312 0.0074 2.5
S 200 S 02
i< b4 X
£ [s]
% 150 % 0.15
5 5
g 100 2 0.1
5 5
o o
w0 1]
g 50 2 00
5 £
o o< . . . E 0 . " .
0 50 100 150 200 0 50 100 150 200
Time(h) Time(h)
s 200, 2
E &
5 150 T
5 g 1.5
g 100 g
: : 2
o
0= . . . ] 0.5 . . .
0 50 100 150 200 0 50 100 150 200
Time(h) Time(h)

Figure 3. Comparison between fed-batch data (*) and simulation results (-).

sponding values of experimental data as presented in
Figure 2. The objective of the optimization was mini-
mizing total error squares between the data and model
predictions. The equations were solved numerically by
employing a program, written in this work. Table 4
shows estimated parameter values and 52.

The values of the K,-Ks parameters from Table 4
were inserted into the model in order to simulate the
process. Another set of fed-batch culture experimental
data were used for comparison with the model predic-
tions in order to validate the model. Figure 3 depicts
these data and corresponding simulation results.

Simulation results of the second method: Four
experiments are reported by Suzuki et al.(1986a) who
applied the following strategy. In the first phase, culti-
vation was conducted by applying the pH-stat strategy.
In the second phase, the feeding of ammonia was
changed from the pH-stat mode to continuous feeding
rate. In this phase, ammonia feeding rate was set at
0.02 g NHy/h for the first experiment and 0.08, 0.26
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and 0.53 g NH3/h for the second to fourth experiments
respectively.
Equation 7. 9op =Gpp), &P (1)

Where, qpyp is specific production rate of PHB, t is the
time starting from when complete consumption of
nitrogen source occurs (qpyg)o, 1S the value of gpyg
when t = 0 and ky is the specific reduction rate of PHB.
Physical meaning of qpyy is the same as K in equation

7 thus when simulating the second method cultivation
K in equation 7 was substitute with qpy.

Therefore, the number of parameters were reduced
to four in this section leading to more accurate param-
eter estimation. The values of (qpy3), and ky were esti-
mated by employing data from four experiments (the
second method experiments) reported by Suzuki et al.,
1986a) . These estimated values are shown in Table 5.

Parameters K;-K, were estimated by employing
an optimization program using experimental data



IRANIAN JOURNAL of BIOTECHNOLOGY, Vol. 4, No. 2, April 2006

S 100 S 03
5w 5
g ’ g 0
g 8
§ 40 § )
2 g o : '
© 20 ¢ 5
£ T g
@ 0 - E 0.1 .
0 50 100 150 0 50 100 150
Time(h) Time(h)
100 2 -
% 80 =
o Q
% 60 ; E 15
g / 3
D 40 & g 9 o
8 2 1
% 20 (3
o ¥
0 50 100 150 0 50 100 150
Time(h) Time(h)

Figure 4. Optimization results for parameter estimation in the second method Experimental data (*),

calculated results (-).

where mass flow rate of NH; was constant at 0.02 g/h.
Figure 4 depicts the model profiles and experimental
data used for this optimization. Values of K;-K, and
are also shown in Table 6. Finally, K;-K, values were
inserted into the model to simulate the process.
Simulation results and experimental data obtained at
another mass flow rate of NH; (0.08 g/h) were com-
pared in order to evaluate the model predictions.
Figure 5 indicates model predictions and the experi-
mental data.

DISCUSSION

The possibility of modeling and simulation of PHB
production by P. extorquens in fed batch culture was
studied in this research. MATLAB codes were written
to solve model equations and to estimate model param-
eters applying optimizations methods. Fed-batch
experimental data of two different feeding strategies
were employed for parameter estimation and model
validation.

Table 5. The values of specific PHB production and reduction rates.

Experiment number Ammonia feeding ky(h™)  (¢), [g.mm]

(Second method) rate (g/h) \ gcell.h
1 0.02 0.0115 0.0459
2 0.08 0.0124 0.0452
3 0.26 0.0176 0.0449
4 0.53 0.0299 0.0425

Table 6. Estimated parameters for the differential equations in the second method.

K, [ g.sub "|
\ g.cell |

K, [ gsub K; | gsub K, [ gprod 8
gcellh goell geell

7.6668 0.0057

0.0959

0.01 0.0016
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Figure 5. Comparison between simulation results (-) and experimental data (*).

To find an appropriate kinetic model the most
promising kinetic equations were collected from liter-
ature to be tested against data from Figure 1. The val-
ues of 82 in Tables 1 and 2 indicate that Haldane kinet-
ic model can be fitted into the data of Figure 1 a with
relatively smaller value of 82, thus this model was
selected to be incorporated into the fed-batch model.

A visual comparison between model predictions
and experimental data in Figures 2 and 3 reveals that
they do not exhibit similar trends in relation to residual
biomass and PHB concentrations. However, model
predictions are in good agreement with experimental
data in the cases of ammonia concentration and culture
volume. A good optimization strategy to solve such a
problem is to increase the influence of biomass and
PHB concentration data against the effect of ammonia
concentration and culture volume data by multiplying
the former data by a number (weight) larger that one.
However the magnitude of biomass and PHB concen-
tration data are approximately around hundred times
larger than the magnitude of ammonia concentration
and culture volume data. In addition, an attempt to
solve this problem by applying the above strategy did
not lead to improvements in terms of smaller 82. The
value of 62 in Table 4 is also relatively high. Therefore,
it can be concluded that the model cannot be a suitable
choice to simulate the first method of fed-batch cul-
ture. In other words, the model structure is not rigor-
ous enough to predict the process.
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A comparison between simulation results and
experimental data in Figures 4 and 5 indicates that the
model profiles follow the trends of data reasonably
well. In addition, the value of 82 in Table 6 is much
lower than the corresponding value in Table 4.
Therefore, the model can be an appropriate choice to
simulate the second method of fed-batch culture. Since
the second method of fed-batch has now been reason-
ably simulated in this research, in future studies this
model can be employed to design fed-batch cultures
with higher productivity.

Nomenclature
. g.NH;
Fn nitrogen mass flow rate [T]
g.methanol
Fiy methanol mass flow rate (Tj
K, inverse growth yield of substrate [iifg]
. . sub
K, specific substrate consumption rate ( ff”hj
. . . g.sub
K3 inverse of cell growth yield from nitrogen (ﬁ)
K, growth related production rate [gg iZf]
Ks non-growth related production rate [ ;Zﬁ]
kq specific reduction rate (h-1)
K; Haldane model constant basis to growth inhibition (g/1)
Ky saturation constant (g/1)
K saturation constant (g/1)
n an exponent (dimensionless)
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P product concentration (g/1) (&P ’;1; ]
T specific PHB production rate e

. . g.PHB
(Gpus)o specific PHB production rate at t=0 [ g_ce,,_h]
S carbon source (methanol) concentration (g/1)
Sy nitrogen concentration (g/1)
T time (s)
\Y volume (1)
Xy residual biomass concentration (g/1)
82 goodness of fit (dimensionless)
pum maximum specific growth rate (h-1)
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