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Abstract. A mathematical model is described for the simultaneous 
saccharification and ethanol fermentation (SSF) of sago starch using 
amyloglucosidase (AMG) and Zymomonas mobilis. By introducing 
the degree of polymerization (DP) of oligosaccharides produced 
from sago starch treated with c~-amylase, a series of Michaelis- 
Menten equations were obtained. After determining kinetic parame- 
ters from the results of simple experiments carried out at various 
substrate and enzyme concentrations and from the subsite mapping 
theory, this model was adapted to simulate the SSF process. The 
results of simulation for SSF are in good agreement with experimen- 
tal results. 
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rate coefficient of production 
maximum specific growth rate 
AMG concentration 
glucose concentration 
glucose concentration consumed 
glucose concentration formed 
n-met maltooligosaccharide concentration 
ethanol inhibition constant for ethanol pro- 
duction 
glucose inhibition constant for glucose pro- 
duction 
glucose limitation constant for ethanol pro- 
duction 
glucose limitation constant for cell growth 
Michaelis-Menten constant for n-mer oligo- 
saccharide 
enzyme limitation constant 
proportional constant 
maximal velocity for n-mer digestion 
substrate limitation constant 
maintenance energy 
molecular weight of n-mer oligosaccharide 
ethanol concentration 
initial ethanol concentration 
maximal ethanol concentration 
maximum specific ethanol production rate 
branched n-met oligosaccharide concentra- 
tion 
initial starch concentration 
starch concentration 
total sugar concentration 
maximum digestion rate of n-met oligosac- 
charide 
initial glucose formation rate 

X g/1 cell mass 
X 0 g/1 initial cell mass 
Yp/~ g/g ethanol yield 
Y~/~ g/g cell mass yield 

1 Introduction 

For industrial ethanol fermentation, starch is being used as 
a main substrate due to its global abundance and compara- 
tively low price [1-3].  In order to be utilized by ethanolo- 
genic microorganisms such as yeasts or a bacterium Zy- 
momonas  mobilis, however, starch must be hydrolyzed into 
glucose units prior to alcohol fermentation. This can be 
achieved by use of two enzymes, namely, e-amylase and 
amyloglucosidase (AMG). The former reacts endogenously 
with e-(1--*4) glucosidic linkages of polysaccharides to pro- 
duce oligosaccharides and the latter hydrolyzes exogenously 
the nonreducing end ~-(1 ~4),  a-(1-~6) and ~-(l ~3)  gluco- 
sidic linkages of oligosacchafides to produce glucose [4]. The 
reaction rate of each enzyme depends on the chain length of 
the oligosacchafides [5]. 

The conventional ethanol fermentation processes using 
liquefied starch as substrate comprise two separate opera- 
tions which have significant consequences viz. costs; the pre- 
saccharification of starch and ethanol fermentation. In con- 
trast, the simultaneous saccharification and fermentation 
(SSF) process combines these two steps into one to offer the 
potential of an increased rate of hydrolysis. In this cost-effec- 
tive alternative process, the product  inhibition on saccharifi- 
cation by glucose can be diminished since the glucose pro- 
duced from oligosacchafides is consumed immediately by 
the cells and converted into ethanol [1]. 

Although considerable attention has been paid to SSF 
itself, there are few studies reporting practical kinetic models 
for SSF process [6-8].  Especially for glucose production by 
exo-cleavage of starch, no adaptable models have been re- 
ported. Concentrated on this fact, attempts were made to 
propose a reliable kinetic model for this single step process, 
which can be used to develop or optimize SSF processes 
using Z. mobilis cells and sago starch as substrate. 
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2 M o d e l  s y s t e m  

2.1 Assumptions for kinetic studies 

(1.) After liquefaction by a-amylase, oligosaccharides with 
the degree of polymerization (DP) below 7 are main prod- 
ucts of a-amylase from Bacillus licheniformis [5]. Among 
them, only residual maltose, maltotriose and maltopentaose 
are major products of liquefaction. Consequently, the e- 
(1 ~6)  and e-(l ~3)  terminal bonds are taken into consider- 
ation only in the oligosaccharides of DP 2, DP 3 and DP 5. 
(2.) The rates of hydrolysis of e-( l~6)  and e-( l~3)  bonds 
by AMG are approximately one-twentieth of the rate of 
corresponding e-( l~4)  bond [9]. (3.) Kinetic parameters, 
Michaelis-Menten constant (Kin) and molecular activity 
(km,~) for the hydrolysis of oligosaccharides (from DP 2 to 
DP 7) were determined by the subsite mapping theory [10- 
12]. (4.) There is no change in enzymatic activity during 
fermentation period [1, 13]. Thus, the enzyme affinities to 
each oligosaccharide are irrelevant to enzyme and substrate 
concentrations. 

# # # # #  # 1  
G T ~ G ~ - ' ~ G ~  " G.'---~G3"-'-~G2"-'~G~ 

Fig. 1. The schematic diagram for glucose production by AMG. G, 
and S, denote linear and branched n-mer oligosaccharides, respec- 
tively 

Table 1. Theoretically obtained parameters for AMG-catalyzed hy- 
drolysis of oligosaccharides 

Substrate DP (n) K,,, km,x n 
( x io ~, M) O/si 

Maltose 2 1.20 3.01 
Maltotriose 3 0.402 9.97 
Maltotetraose 4 0.273 16.7 
Maltopentaose 5 0.204 21.1 
Maltohexaose 6 0.100 16.0 
Maltoheptaose 7 0.121 20.3 

2.2 Models for glucose production by AMG 

According to the subsite mapping theory, AMG has 7 sub- 
sites which can produce enzyme-oligosaeeharide complexes 
and their affinities to oligosaccharides are closely related 
to the chain length of oligosaccharides [14-18]. Thus, in 
AMG-catalyzed saccharification of oligosaccharides, the in- 
crease in the degree of polymerization of substrates results in 
the increase of reaction velocity (V) and concomitant de- 
crease of Michaelis-Menten constant (Kin) [I 1, J 2]. Based on 
the assumptions made previously, the reaction rate of releas- 
ing free glucose units from oligosaccharides can be expresed 
by a series of Michaelis-Menten equations as follows: 

dG,* _ V m . . . .  "Gn Kg (n=2 to 7), (1) 
dt K m , n + G  . K o + G  1 

dS, = _ (Vmax,n/20) Sn. K o (n = 2, 3, 5), (2) 
dt K,, , ,+S, Ko+G 1 

dG, dG* dG,+l 
- (n = 3, 5, 6 ) ,  (3) 

dt dt dt 

* dS.+ dG. dG* dG.+l 1 
~ - -  (n--2, and 4), (4) 

dt dt dt dt 

dGf IV/v--laG"\ (dG 2 + dS2~ 
dt = - - \ , ~ 3  dt j - 2 \  dt dt J '  

(5) 

where G, is the molar concentration of n-mer maltooligo- 
saccharides, dG*/dt is the pure cleavage rate of those n-mer 
oligosaccharides, dG,/dt is the net change rate including the 
formation rate from (n + 1)-met digestion and S. is the molar 
concentration of e-(l--.6) and c~-(1~3) branched n-mer 
oligosaccharides. The schematic diagram of this reaction 
series is shown in Fig. 1. Thus, the resulting Eq. (5) repre- 

sents the total formation rate of glucose without any con- 
sumption. Kin,, and V m .... are Michaelis-Menten constants 
and the maximum cleavage velocities for given n-mer sub- 
strates, respectively. 

Table 1 represents the parameters obtained by the subsite 
mapping theory for the above equations. The Vma x values, 
however, must be calibrated from the maximum molecular 
activity, K . . . .  by considering both enzyme and initial sub- 
strate concentrations before introducing the above model 
equations. From the assumption (4), this correction can be 
made by the fact that the initial glucose formation rate, V o, 
must equal to the sum of all components as in Eqs. (6) and 
(7): 

7 

V o (E, So) = • V m .... (E, So), (6) 
n = l  

E So 
Vm . . . .  (E, S0) = ]s . . . . .  " kes"  E -~ k e S O -[- k s ' (7)  

where E and So are AMG and the initial starch concentra- 
tions in the fermentation broth, respectively, and ke~, k e and 
k~ are constants. In this summation, the portions attributed 
from e-(1 ~ 6) and e-(1 ~ 3) branched n-mer oligosaccharides 
can be neglected by using the assumption (2). 

Simultaneous integration of Eqs. (1) through (5) by the 
fourth order Runge-Kutta-Gill method [19] gives the glucose 
(Gt) profile. Total sugar concentration (Stot) and starch 
(oligosaccharides) concentration (Ss,,) are expressed as in 
equations (8) and (9), respectively: 

7 
S, ot= Z (G," MW,)+  Z (S,. MW,) ,  

n = l  n = 2 , 3 , 5  

S.,. = S,o, - G1 " M W1 , 

M W . =  180 n -  18 ( n - l ) ,  

(8) 

(9) 

(lo) 
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where MW, is the molecular weight of the n-mer oligosac- 
charide. 

2.3 Models for other fermentation variables 

For cell growth, the following model is used by modifying 
the growth kinetic models proposed by Levenspiel [20], 
Ghose et al. [21] and Bazua and Wilke [22] which take the 
dependence of cell growth on the concentration of glucose 
and ethanol present in the fermentation broth into account: 

~ -=#ma x  i G I + K x  1 - ~  X .  (11) 

where Pm is the maximal ethanol concentration for cell 
growth and can be determined easily by a simple experiment. 
The substrate inhibition by the high concentration of glu- 
cose has been neglected in this model equation since glucose 
does not accumulate in SSF process. 

For ethanol production, a modified partially growth-as- 
sociated Ludeking-Piret model [23] is introduced by taking 
the ethanol inhibition and glucose limitation terms into ac- 
count: 

F ll- ' 1 d~ : Qpm [_G, +K,J [_K~+PJ x+ e d~ 

The rate of glucose consumption can be calculated by 
using product yield coefficient (Yp/s) calculated from the ba- 
sis of total substrate consumed as follows: 

dG c 1 dP 1 
= -  M--~l " d~ " yp/~ (13) d~ 

Finally, the rate equation for glucose accumulation in the 
fermentation broth can be obtained by the summation of 
Eqs. (5) and (13): 

dG 1 dGy dGc 
= + - -  (14) 

dt dt dt 

Simultaneous numerical integration of Eqs. (11), (12) and 
(14) gives the most important fermentation variables such as 
cell mass, ethanol and glucose concentrations. Eqs. (8) and 
(9) also can be used to calculate starch and total sugar con- 
centrations during the fermentation processes. 

Metroxylon sagu and a mixture of 27% (w/w) amylose and 
73% (w/w) amylopectin [25] was used as substrate. This 
starch has been assessed as substrate for ethanol production 
and proven to be an effective substitute for glucose [26]. The 
total sugar concentration estimated by measuring the dex- 
trose equivalent (DE) produced by hydrolysis with 1 N HC1 
for 2 h at 100 ~ was 0.93 g/g of sago starch. The fermenta- 
tion medium consisted of 50-250 g sago starch and 10 g 
yeast extract (Difco, USA) per liter of tap water and was 
sterilized by autoclaving for 15 rain at 121 ~ after e-amylase 
treatment. 

3.2 Enzymes used for liquefaction and saccharification 
of starch 

Two enzymes, thermostable e-amylase (Thermamyl-60) of 
Bacillus licheniformis origin, and amyloglucosidase (AMG 
2001) from Aspergillus niger, were employed. The enzymatic 
activites of these enzymes were 60 KNU/g and 200 AGU/ml, 
respectively, as defined by Novo Industri [27]. 1 KNU is 
defined as the amount of enzyme that can hydrolyze 5.26 g 
soluble starch per hour at pH 5.6 and 37 ~ and 1 AGU is 
the amount of enzyme which cleaves 1 gmole of maltose per 
rain at pH 4.3 and 25 ~ 

3.3 Experimental conditions 

A slurry of sago starch powder in tap water (50-250 g/l) was 
adjusted to pH 6.5 by the addition of 1 N NaOH. Lique- 
faction of starch was carried out by adding 0.2% (v/w) 
Termamyl to the slurry and incubating at 95 ~ for 1 h. A 
250 ml flask was used as the reactor for the starch digestion 
experiment to calculate the initial glucose formation rate. 
The flask containing desired amount of initial starch was 
incubated at pH 5.0 and 35 ~ in a shaking water bath after 
proper amount of AMG was loaded. At regular intervals, 
1 ml of sample was collected to measure the glucose con- 
centration. SSF was carried out in a 21 fermentor (New 
Brunswick Chemostat, Model C-32) under non-aerated con- 
ditions at desired temperatures with mild agitation. The ini- 
tial pH was adjusted to 5.0 using 1 N HC1. Inocula (50 ml) 
were grown in 250 ml flasks at 35 ~ for 20 hours and added 
to the fermentation medium (t 1). The AMG dosage was 
0.2-1.0% (v/w). 

3 Materials and methods 

3.1 Strains and media 

The strain used for this study was Z. mobilis ZM4 (ATCC 
31821). It was maintained and grown in a liquid medium 
containing 100g/1 glucose, 10g/1 yeast extract, l g/1 
KHzPO4, 1 g/l (NH4)2SO 4 and 0.5 g/1 MgSO 4 �9 7HzO [24]. 
This medium was also used to prepare an inoculum. For 
fermentation, sago starch which is a product extracted from 
the seed or tuberous stems of palms and cycads such as 

3.4 Analytical methods 

Ethanol, dry cell weight, total sugar and reducing sugar were 
determined as described previously [26]. Glucose was deter- 
mined by the glucose oxidase/peroxidase method using Sig- 
ma diagnostic kits (Glucose No. 510). 

4 Results and discussion 

Measurements of initial reaction rate for the calculation of 
parameters corresponding to initial glucose formation rate 
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(Vo) were carried out at various A M G  and starch concentra- 
tions at pH 5.0 and 35 ~ Typical trends of V o with various 
concentrations of A M G  loaded and initial starch concentra- 
tions are shown in Fig. 2. From the experimental data, three 
constants (k~, k~ and k~) in Eq. (7) were evaluated to obtain 
V 0 as a function of A M G  concentration (E) and initial starch 
concentration (So). The resulting values are listed in Table 2. 
By use of these values as correction factors, Vma x values for 
each substrate concentration were calculated at various con- 
centrations of A M G  and S O from Eqs. (6) and (7). 

Simultaneous numerical integration of Eqs. (1) through 
(5) using the values derived from Eq. (7) and initial concen- 
trations of each oligosaccharide at initial starch concentra- 
tion of 150 g/1 and enzyme concentration of 1.0% (v/w) en- 
abled us to predict the actual concentrations of glucose and 
other oligosaccharides with D P  2 to D P  7 excellently. The 
initial values used in the numerical integration are shown in 
Table 3. The comparison of calculated and experimental 
profiles of glucose together with the estimated concentra- 
tions of oligosaccharides is demonstrated in Fig. 3. From 
these results, it can be seen that the hydrolysis of oligo- 
saccharides with D P  2, D P  3 and D P  5 in which there are 
c~-(1--.6) and/or ~-(1 ~3)  linkages besides ~-(1 ~4)  is slower 
than that of the others which contain only c~-(1 --*4) linkages. 
The reaction rate differences between these oligosaccharides 
are due to the fact that A M G  has higher affinity for longer 
chains [14]. 

Comparisons of the model predictions for the glucose 
production with experimental data were made at various 
concentrations of initial starch and/or AMG. As can be seen 
in Fig. 4, the rate of saccharification in the model predictions 
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Table 2. Values of constants used in the model equations 

Constant Value Reference 

ke~ 0.369 
k e 0.462% (v/w) 
k~ 32.4 g/1 
Yp/s 0.487 g/g 
Yx/~ 0.0146 g/g 
P0 3.o g ;  
P,, 90.0 g/1 
Qpm 5.1 g/g/h 
X o 0.18 g/l 
#~.~ 0.303 1/tl 
c~ 11.0 g/g 
K a 1.0 mmol/l 
K~ 55.0 g/1 
K v  7.0 mmol/1 
K x 2.0 mmol/l 
m~ 0.02 g/g 

calculated 
calculated 
calculated 
ex )erimental 
ex ~erimental 
ex ~erimental 
ex ~erimental 
ex ~erimental 
ex ~erimental 
ex )erimental 
simulated 
simulated 
simulated 
simulated 
simulated 
simulated 

Table 3. Initial values used in numerical integrations 

D P  (n) G,/S o (S,/So) V~axn 
(fraction) (fraction) ( x 10 -4, i/h) 

1 0.0077 - - 
2 0.0734 0.0313 1.0836 
3 0.1328 0.0432 3.5892 
4 0.0975 - 6.0120 
5 0.2244 0.0493 7.5960 
6 0.2683 - 5.7600 
7 0.0723 - 7.3080 
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Fig. 2. Effect of AMG concentration E on initial saccharification 
rate of starch. Lines represent predicted values and symbols exper- 
imental values. (e) 0.2%; (A) 0.6%; (u) 1.0% 
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Fig. 5. Effect of initial starch concentration S O on growth (X) of 
Zymomonas mobilis. Comparison of calculated curves (lines) from 
Eq. (11) with experimental data (symbols). So: (e) 100 g/l; (A) 150 gfl; 
(=) 200 g/1 

also fits well with experimental data. It was clear that the 
increased initial starch and/or AMG concentrations resulted 
in an increased initial rate of saccharification over the ranges 
tested. 

SSF was undertaken with various initial sago starch and 
AMG concentrations at pH 5.0 and 35~ In most rood- 

elling studies for Z. mobilis ethanol inhibition kinetics are 
of a linear type with a threshold ethanol concentrations 
[28-31]. For the adaptation of models in the fermentation 
process, the threshold ethanol concentrations for cell growth 
(Pro) are to be measured and taken into consideration in the 
model equations. In this study, the value of P,~ was 90 g/1. 
The cell mass profiles could be obtained easily from the 
integration of Eq. (11). Fig. 5 shows the resulting growth 
curves of simulation compared with the measured data 
points of dry cell weight with an inoculum amount of 0.18 g/1 
and the AMG concentration of 1.0% (w/v). The difference in 
the initial growth rates at different starch concentration 
seems to be affected by glucose. At higher initial concentra- 
tion of starch, higher glucose concentration will be generated 
so as to inhibit cell growth. A slight decay of cell mass in a 
stationary phase at the initial starch concentration of 200 g/1 
is due to cell death caused by high ethanol concentration in 
the fermentation broth. 

To obtain ethanol and glucose concentration profiles in 
SSF system, parameters in Eq. (12) were determined first. 
Because the fermentation variables, e.g. X, P and G, are 
mutually related to each other, iteration of simultaneous 
numerical integration of Eqs. (11), (12) and (14) was per- 
formed to estimate the parameters of Kp, Ki, Kx and a. This 
iteration was done until the mean square errors converged to 
a minimum value using the fourth order Runge-Kutta-Gill 
method. Other constants such as Yp/~ and Qpm were calculat- 
ed from the experimental data. Table 2 lists the values of 
these constants. Figs. 6 and 7 show the calculated profiles of 
progress curves of ethanol and glucose concentrations in 
SSF process. 

To test the validity of this model system, simulation of 
whole SSF system was performed at various concentrations 
of AMG and initial starch. The results predicted were in 
good agreement with the experimental values. Fig. 8 shows 
the comparison of calculated profiles of cell growth, ethanol 
and glucose concentrations with experimental data at 200 g/1 
of initial starch concentration with 1.0% (v/w) AMG. The 
predicted values of ethanol are slightly higher than experi- 
mental data during exponential phase. For glucose, this sys- 
tem seems to fail to follow up the rapid increase of glucose 
,concentration observed in the early stage of SSE This phe- 
nomenon is probably due to the over-estimation of ethanol 
concentration in the early stage. As the predicted profile of 
glucose in the later stage is close to experimental ones, how- 
ever, this over-estimation in the early production phase is 
not so significant in this system to develop and optimize SSF 
process. 

In conclusion, a mathematical model should be able to 
estimate the variations of important fermentation variables 
such as glucose, starch, total sugar, ethanol and cell mass. 
The kinetic model proposed in this study could clearly sim- 
ulate the experimental data of cell growth, glucose concen- 
tration, and production of ethanol in SSF process. However, 
simulations would also be needed to check directly whether 
suboptimal conditions exist in any operation or not, albeit 
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Fig. 7. Effect of initial starch concentration S O on simulated (lines) 
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(A) 150 g/l; (m) 200 g/1 

this preexamination does not always fit directly in the deter- 
mination of optimal conditions for the process as a whole. 
Consequently, the model equations should be assessed in the 
other systems, e.g. semi-batch SSF with cell recycle or con- 
tinuous SSF with immobilized biocatalysts to verify a gener- 
ality of the proposed model for its further application. 
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