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Summary. The specific growth rate of Alcaligenes 
eutrophus ATCC 17697 was observed to depend 
upon the ratio of ammonium sulfate (nitrogen) 
and fructose (carbon) concentration used for pro- 
duction of poly-fl-hydroxybutyric acid (PHB). 
The growth rate was stimulated at low concentra- 
tion ratios and inhibited at higher ratios. A math- 
ematical expression was then proposed to fit the 
substrate inhibition kinetics: 
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Together with the Luedeking-Piret product for- 
mation equation, the proposed model describes 
the experimental data as well as literature data, 
for substrate consumption, growth of A. eutro- 
phus, and poly-fl-hydroxybutyric acid formation. 

Introduction 

Under certain unbalanced growth conditions, sev- 
eral microorganisms are known to synthesize 
poly-fl-hydroxybutyric acid (PHB), a biodegrada- 
ble intracellular polymer (Byrom 1987). PHB is a 
polyester polymer with potential applications as 
biodegradable thermoplastic and surgical materi- 
als (Senior 1984). This polymer can be formed 
into films, fibers, sheets or molded into shapes 
and bottles (Byrom 1987). Various medical appli- 
cations of PHB and its copolymers are under de- 
velopment by several companies using the PHB 
product supplied by Marlboro, a subsidiary of 
Imperial Chemical Industries (ICI). 
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Alealigenes eutrophus, presently used by ICI 
for PHB production, synthesizes this polymer 
from a variety of carbon sources under certain nu- 
trient limiting conditions. The ICI process em- 
ploys a glucose-salt medium to culture A. eutro- 
phus in a fed-batch mode. 

Mathematical models are necessary for the de- 
sign, scale-up, optimal control and economic 
analysis of biopolymer fermentation processes. 
Consequently, development of kinetic models for 
describing biopolymer processes has been at- 
tempted by several workers. To date, literature 
models have employed logistic (Ollis 1983) or 
modified logistic equations to quantify the bio- 
mass accumulation rate. Such models were ade- 
quate in representing the data of extracellular po- 
lymers such as xanthan and pullulan. However, 
they were not applicable for the description of 
PHB fermentation processes (Mulchandani et al. 
1988; Mulchandani and Luong 1988). 

The biomass growth rate in the logistic and 
modified logistic models is independent of the 
growth limiting substrate. Their inability to repre- 
sent the kinetics of PHB fermentation may be due 
to an absence of relationship between the growth 
rate and the limiting substrate concentration. 
Also, recent data on the PHB fermentation using 
Protomonas extorquens indicate a likelihood of 
substrate inhibition on the growth of the organism 
(Suzuki et al. 1986). Otherwise, there are no data 
available on this subject. 

The main objective of this study was to de- 
velop the kinetic data for describing the inhibitory 
effect of substrate on the growth of A. eutrophus. 
A kinetic model was then proposed to represent 
the experimental data. The results of the process 
simulation derived from the proposed model us- 
ing the experimental data of this study and the lit- 
erature were compared and discussed in detail. 
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Materials and methods 

Microorganism and culture medium. Alcaligenes eutrophus 
ATCC 17697 was maintained on nutrient agar slants at 4°C. 
Inocula were prepared by cultivating the cells for 24 h at 30°C 
and 160 rpm in a 500 ml shake flask containing 75 ml of the 
mineral salt medium. The culture medium contained (in % 
weight/volume): 

KH2PO4 0.2; Na2HPO4 0.06; MgSO4 • 7HzO 0.02; CaCI2 
0.002; ZnSO4 • 7H20 0.0013; FeSO4 • 7H20 0.00002; 
(NH4)6M07024" 4H20 0.00003; HaBO3 0.00003; yeast extract 
0.1; (NH4hSO4 0.2 and fructose 4. Fructose, yeast extract, and 
salt solutions were sterilized separately and then reconstituted 
aseptically at room temperature (23-25 ° C). The pH of the me- 
dium was adjusted to 7.0 by 3M NaOH solution. 

Culture conditions. The bacterium was grown batchwise using 
300ml Nephelo culture flasks equipped with a side arm 
(Bellco Glass Inc., Vineland, NJ, USA) or a 3.5 1 bench-sale 
fermentor (Chemap AG, Volkestwil, Switzerland). 

For growing A. eutrophus in Nephelo culture flasks, 50 ml 
of culture medium containing 0.5% fructose and 0-0.13% (w/ 
V) (NH4)2804 was inoculated with 2% of inoculum and incu- 
bated at 30°C and 160 rpm on a rotary shaker. O.D60o was 
measured periodically to determine specific growth rates. The 
experiment was performed in triplicate. 

The 3.5 1 laboratory fermentor was operated with 2.5 1 cul- 
ture medium. The culture broth was agitated at 600 rpm by 
two six-bladed turbine impellers. The temperature was con- 
trolled at 30+ 1.5°C and oxygen supplied by sparging an air 
stream at a flow rate of 4.5 1/min (1.8 vvm). The pH was auto- 
matically controlled at 7.0+0.2 by adding either 3 M NaOH 
or 1.5 M H2804. Samples were collected at regular intervals 
for determination of cell dry weight, (NH4)2804, fructose, cel- 
lular protein content, and poly-fl-hydroxybutyrate (PHB). 

Analytical procedures 
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Fig. 1. Effect of  the ratio of ammonium sulfate to fructose 
concentration on A. eutrophus growth: (O) experimental data; 
( . . . . .  ) simulation using Eq. (3); ( . . . .  ) simulation using Eq. 
(4); ( ) simulation using Eq. (5) 

Numerical calculations. Numerical calculations for model eval- 
uation and computer simulation were performed using a 11/ 
750 VAX computer at the Biotechnology Research Institute, 
Montreal, in an interactive mode. All the programs were writ- 
ten in FORTRAN language and compiled with a VAX FOR- 
TRAN compiler. 

Cell dry weight. 5 ml of the cell containing broth was centri- 
fuged for 15 min at 3000 g-force in a centrifuge, model Centra 
4 (International Equipment Co., Needham Heights, Mass., 
USA). The pellet was washed twice with distilled water and 
transferred to a preweighed aluminium weighing dish. The 
cells were dried to a constant weight at 90°C under slight va- 
cuum. 

Cellular protein. Cell pellet recovered from 5 ml of culture 
broth was washed twice with distilled water, resuspended in 
5 ml of 1 N NaOH and heated for 10 rain at 90 ° C to solubilize 
the protein. The protein concentration was determined by the 
Lowry's method (Lowry et al. 1951) using 1% bovine serum 
albumin as an external standard. 

PHB concentration. Intracellular PHB was determined by the 
gas chromatographic method developed by Braunegg et al. 
(1978) using benzoic acid as an internal standard. 

Fructose concentration. Fructose concentration was estimated 
by YSI Model 27 (YSI Incorporated, Yellow Springs, Ohio, 
USA) Industrial Analzyer. The polarographic electrode was 
used together with an immobilized galactose oxidase enzyme 
membrane. 

Ammonium sulfate concentration. (NH4)2SO4 concentration in 
the supernatant broth was measured by an ammonia electrode 
(Orion Research Inc., Cambridge, MA, USA). 

Results and discussion 

Values of  the maximum specific growth rate coef- 
ficient,/,t, were determined for each initial am- 
monium sulfate to fructose concentration ratio by 
plotting In X vs. time (figure not shown). 

Figure 1 shows the effect of the ratio of  am- 
monium sulfate to fructose concentration in the 
culture medium on the specific growth rate of  A. 
eutrophus. The data were generated by varying the 
ammonium sulfate concentration from 0 to 1.3 g/1 
while fructose was kept constant at 5 g/l. The re- 
lationship is one of  conventional substrate inhibi- 
tion kinetics, where the growth is stimulated at 
low concentrations of  ammonium sulfate and in- 
hibited at high concentrations. The maximal value 
of  the specific growth rate ~ = 0 . 1 5 8  h -1) was 
achieved when the ammonium sulfate to fructose 
ratio was in the range of  0.12-0.16, corresponding 
to ammonium sulfate concentration of  0.6-0.8 g/1. 

In order to validate the relationship between 
the specific growth rate and the (NH4)2804 to 
fructose concentration ratio two additional ex- 
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periments were conducted. In these experiments 
the concentration of fructose was 20 g/1 and 40 g/l, 
while (NH4)2504 was kept constant at 2 g/1. Un- 
der these conditions (concentration ratio of 0.05 
and 0.1) the maximum specific growth rates were 
determined to be 0.14 h -a and 0.15 h -a, respec- 
tively. These results compared favorably with 
previously determined values for same concentra- 
tion ratios (Fig. 1). 

Figure 2 depicts the dynamics of the fermenta- 
tion of A. eutrophus grown on 40 g/1 fructose and 
1.88 g/1 ammonium sulfate as carbon and ni- 
trogen source, respectively. After a lag period of 
approximately 10 h, the biomass (dry weight) in- 
creased slowly to 6.4 g/1 after 47 h. In this period, 
ammonium sulfate was completely consumed, 
whereas approximately 15 g/l of fructose was me- 
tabolized. The synthesis of PHB, the product of 
interest, commenced after approximately 18 h and 
then reached a final concentration of 3.78 g/1. 
The PHB yield based on the amount of fruc- 
tose consumed was 0.25 g/g. This was signifi- 
cantly higher than the value of 0.07 g/g reported 

by Ramsay and Cooper (1987). In this study, the 
whole cell dry weight is considered to consist of 
two parts, namely, PHB and residual biomass. 
The residual biomass, a difference between cell 
dry weight and PHB concentration can be consid- 
ered as the catalytically active biomass. As shown 
in Fig.2, after 46 h of fermentation the residual 
biomass concentration increased to a maximum 
of 2.8 g/1 corresponding to a total depletion of 
ammonium sulfate. Similarly, the cellular protein, 
an indicator of the residual biomass synthesis, 
was also synthesized until the growth limiting 
substrate, ammonium sulfate, was completely de- 
pleted. Throughout the experiment, the dissolved 
oxygen concentration was always observed to be 
higher than 80% of saturation level. 

Mathematical modelin 9 

Based on the experimental data, a batch fermen- 
tation kinetics model was developed to represent 
PHB biosynthesis by A. eutrophus. 
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Fig. 2. Dynamics of PHB fermentation. ( 0 )  Total dry weight; 
( × ) Residual biomass; ( • ) Ammonium sulfate; ( • ) Fructose; 
( • )  PHB: ( 0 )  Protein 

Rate of cell 9rowth. The exponential growth rate 
of a microorganism can be expressed by 

dX 
dt ~ X  (1) 

where the rate of change of cell concentration 
(dX/dt) is related to the cell concentration by the 
specific growth rate,/.t. 

As indicated earlier, the cell components of A. 
eutrophus consist of two main parts -- i.e. 
PHB(P) and the residual biomass (XR). This resid- 
ual biomass is the catalytically active component 
of the cell and it is responsible for the metabolic 
activity of the cells. The term X in Eq. (1) was 
therefore replaced by XR to represent the autoca- 
talytic growth of the cells. 

dXR 
dt --/-tXg (2) 

Figure 1 obviously showed that the specific 
growth rate was a function of the ratio of ammon- 
ium sulfate and fructose concentrations. The rela- 
tionship appeared to follow conventional sub- 
strate inhibition kinetics. In this study, two sub- 
strate inhibition models proposed by Andrews 
(1968) [Eq. (3)] and Luong (1987) [Eq. (4)] were 
attempted to describe the inhibition kinetics data 
of A. eutrophus (Fig. 1). 
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S 
].ti=~.tin S.q_ gs .~  a2//gs i (3) 

S 1 - (4) 
J'li = JJm S _~_~-gs 

In addition, assuming a common mechanism be- 
tween product and substrate inhibition, the rela- 
tionship proposed by Luong (1985) to describe 
product inhibition kinetics was used to correlate 
substrate inhibition [Eq. (5)]. 

#=/.tin S + ~  1 -  (5) 

The exponents m and n in Eqs. (4) and (5), respec- 
tively, are fitting parameters, with no physical sig- 
nificance. 

The values of the model parameters, (Table 1), 
i.e. #m, Ks, Sm, m and n, were determined by fit- 
ting the substrate inhibition data to Eqs. (3) to (5) 
using a non-linear regression technique. Figure 1 
shows the comparison of the three models with 
the experimental data. As shown in this figure, 
Eq. (3) was only able to represent the data reason- 
ably well up to a ammonium sulfate to fructose 
concentration ratio of 0.2. At higher ratios, the 
model predictions were significantly higher than 
the experimental data. Furthermore, the model 
implies that the cells are capable of growing inde- 
finitely, which is contrary to the observed reality. 

Eqs. (4) and (5) were virtually similar in their 
ability to describe the experimental data. Howev- 
er, a careful observation of the model parameters 
(Table 1) showed that the value of K~ obtained by 
fitting these data to Eq. (4) was very high and ap- 
proached Sin, concentration at which the growth 
is completely inhibited. The Monod's constant, 
Ks, is defined as the substrate concentration at 
which the specific growth rate is half of its maxi- 
mum value. Therefore, it cannot surpass Sin. Con- 
sequently, model equation (5) was selected for 
representing the rate of biomass accumulation in 
the PHB synthesis process simulation. Eq. (1) can 
now be written as 

Table  1. Va lues  o f  t he  m o d e l  p a r a m e t e r s  fo r  subs t r a t e  inhibi -  
t ion  

M o d e l s  ].~m Ks Ksl S,,, rn n 
[h - I ]  

Eq.  (3) 1.48 0.41 0.02 - -  - -  - -  
Eq.  (4) 1.08 0.31 - -  0.33 1.37 - -  
Eq.  (5) 0.72 0.15 - -  0.3 - -  1.22 

s[ 
dt -- ~tm S - ~ - ~  1 -  Sin 

Rate of PHB accumulation. Figure 2 indicated that 
A. eutrophus synthesized PHB both in the growth 
and stationary phases. This phenomenon of 
growth and non-growth associated synthesis can 
be represented by the Luedeking-Piret type model 
(Luedeking and Piret 1959). 

dP kl dXa 
d~ = & -  + k2Xe (7) 

Rate of ammonium sulfate consumption. An exam- 
ination of the experimental data (Fig. 2) indicated 
that ammonium sulfate was completely consumed 
in the exponential growth phase and corre- 
sponded to an increase in the residual biomass 
growth rate. The rate of ammonium sulfate con- 
sumption therefore can be expressed by 

dSN dXR 
k3 - -  ( 8 )  

dt dt 

Rate of fructose utilization. The fructose balance 
for the PHB biosynthesis process may be written 
a s  

dSF k7 dXR dP 
at ~ -  + ks --~ + k6 XR ( 9 )  

In Eq. (9) the last term represents the substrate 
consumed to support cell viability, even in ab- 
sence of growth. These activities include cell mo- 
bility, enzyme turnover, osmotic work, nutrient 
storage and other processes referred to as mainte- 
nance functions. Substituting Eq. (7) in Eq. (9) 
gives 

dSr dXR 
= (k7+k,k8) + (k6+kak2)XR (10) 

o r  

dSF = k4 dXR 
- d~- d T +  ksXR (11) 

where 

k4 = k7 -1- klk8 (12) 

and 

ks = k6 q- ksk2 (13) 
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The system of Eqs. (6), (7), (8) and (11) repre- 
sents a mathematical model of the batch kinetics 
of PHB biosynthesis by A. eutrophus metabolizing 
ammonium sulfate and fructose. 

The proposed model was then used to repre- 
sent the experimental data obtained in this study. 
The model parameters kl -ks ,  were first evaluated 
by solving the model equations and minimizing 
the weighted residuals of the sum of the squares 
between the model and the experimental data. 
These values (Table 2) were then used to simulate 
the profiles of residual biomass, ammonium sul- 
fate, fructose, and PHB concentrations during the 
course of the fermentation. 

Figure 3 shows that there was good agreement 
between the simulation results and the experi- 
mental data. The proposed model appeared to 
provide an adequate representation of growth and 
fermentation kinetics of A. eutrophus. 

The above calculations for parameter estima- 
tion and process simulation were performed for 
period t>  10 h, when the cells enter the exponen- 
tial growth phase. 

It was of further interest to extend the applicab- 
ility of the proposed model to the literature data. In 
the study of Heinzel and Lafferty (1980), A. eutro- 
phus  H 16 (ATCC 17699) was grown on a medium 
containing ammonium sulfate and gaseous sub- 
strates consisting of CO2, H2 and 02. These ga- 
seous substrates were present in excess quantity at 
constant pressure and flow rate. Since no data 
were available on the rate of consumption of 
these gases, simulation was only performed for 
ammonium sulfate. Furthermore, the dynamics of 
product concentration indicated that the storage 

Table 2. Values of the kinetic parameters for process simula- 
tion 

Kinetic PHB fermentation PHB fermentation 
constants (this study) (Heinzel and 

Lafferty 1980) 

/-tin 0.72 h -  1 0.3 h - 1 
Ks 0.15 - -  
K* --  0.88 g/1 
sm 0.3 - 

S* - -  5.47 g/1 
n 1.22 1.77 
kl 0.106 gprod/geeli N/A  
k2 0.059 gprod/gceIl " h N/A  
k3 0.685 gsub/gce. 0.65 gsuJgcen 
k4 5.75 gsub/gc~. N / A  
k5 0.001 gs~b/goell " h N / A  
Xm N / A  4.03 
p N / A  0.15 gprod/gcelJ " h 
a N / A  0.023 h -1 
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Fig. 3. Comparison of simulation results with the experimen- 
tal data of this study. (A) PHB; (B) Fructose; (C) Ammonium 
sulfate; (D) Residual biomass 

polymer was synthesized only in the stationary 
phase with steady decrease in the accumulation 
rate. In order to account for this behavior Ollis 
(1983) proposed a modified form for product ac- 
cumulation rate and therefore Eq. (8) was re- 
placed by 

dP 
dt ~ = p Xm(1 - at') (14) 

where t' was measured from the onset of the sta- 
tionary phase (=  15.5 h). 

Figure 4 shows that the simulation results us- 
ing the proposed substrate inhibition model com- 
pared favorably with the experimental data for all 
the process parameters. The logistic and modified 
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logistic models were able to represent only the 
biomass and PHB concentration data adequately. 
In view of ammonium sulfate consumption there 
was a significant deviation between the simula- 
tion results and the experimental data (Mulchan- 
dani et al. 1988; Luong et al. 1988). 

It is apparent from the above that the specific 
growth rate of/1. eutrophus is a function of the 
ratio of ammonium sulfate (nitrogen) to fructose 
(carbon) concentration. The growth rate of the 
microorganism is stimulated at low concentration 
ratios and inhibited at higher ratios. The growth 
rate model accounts for this phenomenon, and it 
can be used together with Luedeking-Piret prod- 
uct formation model to describe the kinetic data 
of batch PHB fermentations by/1. eutrophus. 
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Fig. 4. Comparison of simulation results with experimental 
data of Heinzel and Lafferty (1980) (Q) Residual biomass; 
(A)  Ammonium sulfate; (B)  PHB 

Nomenclature 

a, constant in Eq. (14) (h-1) 
kl, kinetic parameter in Eq. (7) (gprod/gc~10 
k2, kinetic parameter in Eq. (7) 

(gprod/gceil • h) 
k3, kinetic parameter in Eq. (8) (gs,b/gce.) 
k4, kinetic parameter in Eq. (11) (gsub/g:e.) 
ks, kinetic parameter in Eq. (11) 

(gs.b/gcel~'h) 
k6, kinetic parameter in Eq. (9) (gs,b/goeH ' h) 
k7, kinetic parameter in Eq. (9) (g~ub/g~e.) 
ks, kinetic parameter in Eq. (9) (gsub/gprod) 
Ks, saturation constant in Eqs. (3)-(6) 
K*, saturation constant (Table 2) (g/l) 
K,i, inhibition constant in Eq. (3) 
m, exponent in Eq. (4) 
n, exponent in Eqs. (5) and (6) 
p, constant in Eq. (14) (gprod/gcell " h) 
P, PHB concentration (g/l) 
S, ratio of (NH4)2SO4 to fructose concentration 
Sf, concentration of fructose (g/l) 
S,,,, ratio of (NH4)2SO4 to fructose concentration at which 

specific growth rate to zero 
S*,, maximum (NH4)2SO4 concentration at which specific 

growth rate is zero (Table 2) (g/l) 
X, total biomass concentration (g/l) 
XR, residual biomass concentration (g/l) 
Xm, maximum biomass concentration attained in the station- 

ary phase (g/l) 

Greek letters 

#, specific growth rate (h-1) 
/z,n, maximum specific growth rate (h-1) 
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