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Introduction
in view of the backdrop of rising crude oil prices, depletion 
of resources, political instability in producing countries and 
environmental challenges in recent years, biomass fuels, like 
ethanol produced by microorganisms, have a promising future 
(1, 15, 24, 26). thus, studies focused on ethanol fermentation 
are under consideration on a large scale. today, ethanol is used 
as an additive to oil so as to increase the octane level of oil and 
also decrease the co level of the exhaust gases (25).

in addition to combustion, ethanol is put to a variety of 
uses as a solvent, grease, cleaner or as a basic chemical for the 
emerging chemical industry. Accordingly, it is accepted as a 
unique organic component throughout man’s history (1, 18).

the main limitation criterion of the ethanol fermentation 
is choosing the proper substrate and, in general, biological 
ethanol fermentation from molasses and starch is a mature 
technology (20). there are two main methods for the 
production of ethanol from biomass: enzymatic saccharification 
and fermentation, and fermentation by microorganisms. 
Enzymatic saccharification utilizes enzyme blends for 
recovering carbohydrates from the hydrolyzate generated after 
pretreatment (7, 9, 19). Today, simultaneous saccharification 
and fermentation (SSF) of the pretreated hydrolyzate is 
preferred. once the structure of the biomass is disrupted, starch 
is enzymatically converted to sugars by the saccharification 

process. During the fermentation process, yeasts such as 
Saccharomyces cerevisiae, or Zymomonas mobilis bacterium 
convert the sugars to ethanol. the advantage of SSF over 
separate hydrolysis and fermentation (ShF) is higher yields of 
ethanol but SSF requires more than double the fermentation 
time (10, 15, 25, 26). Recently, co-immobilized systems, in 
which enzyme and microorganism are immobilized together, 
are in demand. Several studies indicate that Zymomonas 
mobilis as a fermentative strain and amyloglucosidase (AMG) 
as a degradation enzyme in co-immobilization are preferred 
(4, 8, 10, 14).

in the last two decades, numerous microorganisms have 
been engineered to selectively produce ethanol. Among them, 
Zymomonas mobilis, a Gram-negative bacterium, is considered 
an alternative organism for large-scale fuel ethanol production, 
because of its higher sugar uptake, higher ethanol yield, and 
lower biomass production (18, 24). Furthermore, Z. mobilis 
is generally regarded as safe (GRAS) and some researchers 
advocated it as superior to S. cerevisiae for conversion of 
starch to ethanol (5).

in the present study, besides choosing a cheap raw starch 
as the substrate, the aim of the study was to use a more 
effective microorganism and more productive process for the 
fermentation. AMG bound on chitin was co-immobilized with 
Z. mobilis cells in a Na-alginate gel, and α-amylase was used as 
a liquefying enzyme to provide degradation of starch. in spite 
of recent demands focused on packed-bed reactors or fluid-
bed reactors, a continuously-stirred bioreactor was preferred 
in the experiments described here. it is intended to provide 
accelerating mass transfer and allow co2 to leave from the 
reactor with ease due to the continuous stirring.
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ABSTRACT
Continuous ethanol production from starch was studied in a continuously-stirred bioreactor using co-immobilized 
amyloglucosidase (AMG) and Zymomonas mobilis cells. In this process, saccharification of starch and fermentation to ethanol 
were carried out in a single reactor.
The experiments were carried out at three sets of conditions for which temperature and centrifuged cell weight were 35 °C 
and 20.3 g; 30 °C and 19.0 g; 35 °C and 29.2 g, respectively. The maximum volumetric ethanol productivity (7.6 g·L-1·h-1) was 
achieved with 0.45 g·g-1 yield at the 0.20 h-1 dilution rate at 35 °C, with the initial centrifuged cell concentration of 29.2 g. The 
maximum ethanol concentration (43.5 g·L-1) was obtained at the 0.15 h-1 dilution rate with a 96 % conversion of substrate.
When experimental conditions in the reactor were compared to each other, the initial concentration of immobilized cells was 
found to have a significant positive influence on the kinetic parameters of ethanol fermentation.
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Materials and Methods
Microorganism
in this investigation, the strain Zymomonas mobilis Atcc 
10988 was used. the stock culture was grown in YPG broth 
containing yeast extract (10 g·l-1), bacto-pepton (10 g·l-1), 
glucose (20 g·l-1) and activated monthly. the initial ph of the 
medium was adjusted to 5.0 for growing of bacterium, and the 
medium consisted of glucose (40 g·l-1), yeast extract (5 g·l-1), 
Kh2Po4 (2 g·l-1), (nh4)2So4 (1 g·l-1), MgSo47.h2o (1 g·l-

1). Wheat starch, packaged as 1 kg, was obtained from local 
markets and it was detected that 1 g (with 9 % humidity) of 
starch is equaled with 0.99 g of glucose.

Enzymes
Two enzymes, α-amylase (E.C.3.2.1.1) XIIA (Sigma 
Catalog Number: A-3403) from Bacillus licheniformis, and 
amyloglucosidase (AMG) (E.C.3.2.1.3) (Sigma Catalog 
Number: A-3042) from Aspergillus niger were employed. the 
activities of the enzymes were one million units and 6100 units 
per ml, respectively.

Preparing the starch medium
the fermentation medium was prepared according to Özçelik 
et al. (17) and consisted of starch equaled with 100 g of 
glucose, and reconstituted in tap water. the starch total sugar 
concentration was estimated at a 0.99 glucose equivalent. 
Besides starch, 10 g·l-1 of yeast extract and 1.5 g·l-1 of cacl2 
was added to the medium. the aim of adding cacl2 to the 
medium was to achieve gel stabilization during immobilization 
process.

First, the ph of the fermentation medium was adjusted to 
6.5 with 2 mol·l-1 naoh and 0.1 % (ml·g-1 starch) α-amylase 
was added to decrease the initial viscosity and obtain 
liquidification. At this condition the medium was applied to 
75 °C in a water bath for 30 min. Then 0.1 % (mL·g-1 starch) 
α-amylase was added to the medium for the second time and 
the medium was applied to 95 °c in the water bath for 1 h. 
Finally the ph of the medium was adjusted to 5.5 which is 
the initial value for the fermentation process and the Brix was 
adopted to be 10.

TABLE 1
Kinetic parameters and obtained data for continuous ethanol fermentation under the following conditions: 35 °C and 20.3 g 
centrifuged cell weight

Sample 
Number

S0,
g·L-1

D,
h-1

Time,h
X,

g·L-1 pH Total sugar, 
g·L-1

Glucose, 
g·L-1

Ethanol, 
g·L-1

Vp, g·L-

1·h-1
Substrate 

conversion, %
Yp/s, 
g·g-1

1 102.9 0.05 18 0.16 4.24 3.5 0 42.1 2.3 97 0.42
2 102.9 0.05 25 0.10 4.20 0 0 44.7 2.2 100 0.43
3 102.9 0.10 22 0.35 4.31 2.2 0.2 44.5 4.5 98 0.44
4 102.9 0.10 24 0.22 4.26 1.5 0.1 44.8 4.5 98 0.44
5 102.9 0.10 24 0.13 4.20 1.8 0.3 43.6 4.4 98 0.43
6 102.9 0.16 25 0.83 4.18 10.8 1.2 40.2 6.4 88 0.44
7 102.9 0.15 23 1.01 4.14 12.1 2.8 40.6 6.1 88 0.44
8 102.9 0.15 24 0.79 4.16 10.5 0.7 41.2 6.2 90 0.45
9* 102.9 - 28 - - - - - - - -
10 102.9 0.19 20 1.95 4.20 25.8 13.6 33.7 6.4 75 0.44
11 102.9 0.20 24 2.01 4.16 26.7 15.3 32.8 6.6 74 0.43
12 102.9 0.20 24 1.55 4.13 28.1 16.2 32.3 6.5 72 0.43
13 102.9 0.24 24 1.65 4.15 45.6 26.7 22.9 5.5 56 0.40
14 99.2 0.25 24 1.15 4.21 50.8 28.1 21.2 5.3 49 0.44
15 99.2 0.25 27 2.62 4.25 47.3 26.2 21.6 5.4 52 0.42
16 99.2 0.30 24 1.39 4.32 64.8 38.3 14.7 4.4 35 0.43
17 99.2 0.30 21 2.83 4.35 62.2 35.0 16.1 4.8 38 0.44
18 99.2 0.29 24 2.62 4.28 61.3 33.4 16.8 4.6 38 0.44
19 99.2 0.10 24 1.01 4.25 5.2 0.2 39.2 3.9 95 0.43
20 99.2 0.10 25 1.33 4.22 3.5 0 41.3 4.1 96 0.43

* no sample was collected; S0: initial substrate concentration; D: Dilution rate; Time: hours for keeping the reactor at the same dilution rate; X: cell density 
of the samples taken from the reactor; pH: ph values of the samples; Total sugar: Glucose concentration after applying hydrolysis of the samples; Glucose: 
Glucose concentrations in the samples; Ethanol: ethanol concentrations in the samples; Vp: Volumetric ethanol productivity; Substrate conversion: Substrate 
conversion percent; Yp/s: Yield of ethanol on substrate
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Immobilization methods
the enzyme, AMG, was immobilized on powered chitin using 
the procedures of Stanley et al. (21). For co-immobilization 
of cells and the enzyme, the culture (dry cell weight of 19.0 g 
to 29.2 g with 23.7 % to 24.2 % Brix) was centrifuged and 
resuspended in 80 ml of physiological saline and the enzyme 
was added to this suspension. After mixing with 75 ml volume 
of 4 % sodium alginate, the suspension was extruded drop by 
drop using a peristaltic pump into a 0.2 mol·l-1 cacl2 solution 
with continuous stirring. The small beads 2 mm to 3 mm in 
diameter thus formed, were allowed to harden in the solution at 
4 °c for 1 h. the total volume of the beads was approximately 
(85–95) ml.

Fermentation process
The continuous saccharification and ethanol fermentation 
process was performed in a continuously-stirred glass reactor. 
By means of mixing slowly with a Teflon-covered stirrer, the 
biocatalyst beads gained mobility in the reactor. the working 
area of the reactor was measured as 180 ml. in order to avoid 

accumulation of co2 during fermentation, a filter was placed 
to the upper part of the reactor. After filling the reactor with 
the beads, the total volume of the beads was calculated as (85–
95) ml and the working area (liquid volume) was calculated as 
(80–90) ml. All kinetic data were determined considering this 
working area volume.

Analytical methods
cell density was detected by measuring the optic density 
values spectrophotometrically (Shimadzu UV-1208) at 
600 nm. A Shimadzu Gc-14B Gas chromatograph equipped 
with a glass column with 1/8 inc inner diameter and 2 m height 
filled Chromosorb 101 (80/100 mesh) was used to determine 
the ethanol contained in the samples after clarification. The 
column oven was operated at 160 °c and the detector and 
injection ports were kept at 250 °c and 220 °c, respectively. 
nitrogen was used as the carrier gas and the combustion gas 
was a mixture of hydrogen and air.

Glucose was quantified by enzymatic methods in a 
Shimadzu UV-1208 digital type spectrophotometer using 

TABLE 2 
Kinetic parameters and obtained data for continuous ethanol fermentation under the following conditions: 30 °C and 19.0 g 
centrifuged cell weight

Sample 
Number

S0,
g·L-1

D,
h-1

Time,
h

X,
g·L-1 pH Total sugar,

g·L-1
Glucose,

g·L-1
Ethanol,

g·L-1
Vp,

g·L-1·h-1
Substrate 

conversion, %
Yp/s,
g·g-1

1 99.3 0.05 18 0.15 4.38 1.7 0.0 41.5 2.1 98 0.43
2 99.3 0.05 25 0.13 4.32 0.3 0.0 45.1 2.3 100 0.46
3 99.3 0.05 24 0.12 4.42 0.5 0.0 45.8 2.3 100 0.45
4 99.3 0.10 24 0.10 4.35 6.7 0.0 42.3 4.2 93 0.46
5 99.3 0.10 23 0.19 4.38 8.2 0.0 42.5 4.3 92 0.47
6 99.3 0.10 25 0.10 4.40 9.3 0.0 41.8 4.2 91 0.46
7 99.3 0.15 24 0.19 4.43 21.4 1.2 36.4 5.5 78 0.47
8 99.3 0.16 24 0.73 4.45 18.6 1.4 36.3 5.8 81 0.45
9 99.3 0.15 24 1.46 4.47 22.1 2.6 37.1 5.6 78 0.48
10 99.3 0.20 24 0.93 4.52 32.5 14.2 30.6 6.1 67 0.46
11 99.3 0.20 24 1.07 4.50 31.8 13.8 31.2 6.2 68 0.46
12 99.3 0.20 24 1.26 4.53 30.3 12.3 31.0 6.2 70 0.45
13 100.8 0.25 23 0.60 4.46 48.3 18.6 23.7 5.9 51 0.46
14 100.8 0.25 24 2.04 4.48 51.6 20.1 22.3 5.6 48 0.47
15 100.8 0.25 24 2.57 4.45 52.1 19.4 22.9 5.7 48 0.47
16 100.8 0.30 22 1.31 4.42 63.8 23.4 16.8 5.0 37 0.45
17 100.8 0.30 24 2.01 4.40 65.3 25.7 17.1 5.1 35 0.48
18 100.8 0.30 24 2.46 4.45 64.6 26.1 16.7 5.0 36 0.46
19 100.8 0.10 25 1.79 4.35 10.3 0.3 40.6 4.0 90 0.45
20 100.8 0.10 24 1.19 4.32 12.1 0.6 39.4 3.9 88 0.44
21 100.8 0.10 23 1.34 4.28 11.6 0.3 40.1 4.0 88 0.45
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SPinReAct enzymatic test-UV/hexokinase kits. the total 
sugar was measured according to a modified Miller method 
using DNS (3,5-dinitrosalicylic acid) (6).

Results and Discussion
Effect of fermentation temperature on continuous ethanol 
production in co-immobilized system
the major challenge of the system which is used for both 
saccharification of the starch and fermentation of sugar to 
ethanol in the same reactor is that the working temperature 
of AMG (55 °c to 60 °c) is much higher than the optimum 
working temperature of the bacterium (30 °C to 35 °C). 
Because of this challenge, it is necessary to choose the proper 
working temperature. in the present study, the reactor was 
incubated at 30 ° and 35 °C to provide saccharification and 
ethanol fermentation in a continuously-stirred bioreactor in a 
co-immobilized system. the samples were taken daily from 
the reactor which was kept at the same dilution rate condition 
for 2 or 3 days. The samples were analyzed for pH, cell density, 
total invert sugar after hydrolysis, glucose, ethanol, yield of 

ethanol on substrate (Yp/s), volumetric productivity (Vp; g·l-

1·h-1) and product yields (%).
First, the reactor was run at 35 °C with co-immobilized 

beads consisting of AMG bound to 7.5 g of chitin and 20.3 g of 
Z. mobilis cells with 23.7 % dry weight. The obtained data and 
the calculated kinetic values are given in Table 1.

the yields for ethanol (Yp/s of 0.42 to 0.45) obtained in 
this experiment were higher than those (0.39–0.42) achieved 
by Georgieva and Ahring (7) with continuous fermentation in a 
fluidized-bed reactor but lower the ones (0.46–0.48) from other 
studies (11, 22, 23). The main result of this determination is 
the loss of some ethanol steam, besides co2 gas leaving easily 
from the continuously-stirred reactor which was run at 35 °C.

The initial pH of the substrate has a significant effect on 
the fermentation and it is reported that maximum ethanol 
concentration can be achieved at pH 4.93 (4). In this study, 
notwithstanding the initial ph values of the starch solutions 
prepared in 2 parts were 5.5 before autoclaving, the ph values 
of the samples taken from the reactor were between 4.13 and 
4.29. Similar results were also reported by other researchers 
(13, 16).

TABLE 3 
Kinetic parameters and obtained data for continuous ethanol fermentation under the following conditions: 35 °C and 29.2 g 
centrifuged cell weight

Sample 
Number

S0,
g·L-1

D,
h-1

Time,
h

X,
g·L-1 pH Total sugar,

g·L-1
Glucose,

g·L-1
Ethanol,

g·L-1
Vp,

g·L-1·h-1
Substrate 

conversion, %
Yp/s,
g·g-1

1 98.8 0.06 16 0.24 4.28 2.1 0.0 39.8 2.4 98 0.41
2 98.8 0.05 24 0.09 4.32 1.0 0.0 43.1 2.2 99 0.44
3 98.8 0.11 24 0.18 4.26 0.0 0.0 43.2 4.8 100 0.44
4 98.8 0.10 24 0.23 4.30 1.2 0.2 43.5 4.4 99 0.45
5 98.8 0.10 23 0.33 4.25 0.7 0.0 42.6 4.3 99 0.43
6 98.8 0.16 25 0.30 4.22 2.2 0.2 43.5 7.0 98 0.45
7 98.8 0.15 24 1.02 4.30 1.3 0.0 43.1 6.5 99 0.44
8 98.8 0.15 23 0.63 4.28 4.2 0.0 43.2 6.5 96 0.46
9 98.8 0.21 25 1.29 4.33 16.5 2.3 36.2 7.6 83 0.45
10 98.8 0.20 24 2.39 4.30 10.5 0.8 36.8 7.4 89 0.42
11 98.8 0.20 24 2.15 4.34 12.0 1.2 37.1 7.4 88 0.43
12 98.8 0.24 24 2.28 4.35 27.2 8.6 30.8 7.4 72 0.43
13 98.8 0.25 24 2.42 4.30 32.8 11.2 30.5 7.6 67 0.46
14 97.6 0.25 23 2.27 4.42 31.3 10.6 29.1 7.3 68 0.44
15 97.6 0.31 25 2.07 4.38 48.6 25.3 21.7 6.7 50 0.44
16 97.6 0.30 24 2.57 4.35 45.8 25.3 23.1 6.9 53 0.45
17 97.6 0.15 24 2.07 4.28 7.4 1.8 38.6 5.8 92 0.43
18 97.6 0.16 24 1.79 4.25 8.6 1.2 37.1 5.9 91 0.42
19 97.6 0.15 24 1.63 4.22 6.8 2.5 39.1 5.9 93 0.43
20* 97.6 - - - - - - - - - -
21 97.6 0.10 24 1.77 4.20 2.2 0.0 41.2 4.1 99 0.43
22 97.6 0.05 24 0.30 4.25 0.6 0.0 41.8 2.1 99 0.43

* no sample was collected
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the early time samples of the study were seen considerably 
transparent but after 6 days of fermentation the samples started 
to show opacity. Despite not detecting any deformation on the 
biocatalyst beads, the observed increase in the optic density 
of the samples made us believe that the opacity was due to 
cell density. it was seen that during the fermentation process 
the strain Z. mobilis kept growing on the surface of the beads 
and some bacteria were removed from the beads and left the 
reactor with the samples.

As shown in Table 1, cell densities (X, g·L-1) of the samples 
taken after 6 days of the process were in fluctuation (0.79 g·L-

1 to 2.83 g·L-1). Accordingly, it can be reported that the lost 
cells from the reactor are not associated with any parameter, 
including production time and dilution rate. Özçelik et al. (16) 
notified similar results in the study conveyed in a packed-bed 
reactor. 

it is known that the survival of Z. mobilis cells depends on 
ethanol concentration and incubation temperature (2). thus, 
the growth of the bacterium can be decreased dramatically 
by high concentrations of ethanol at 35 °C and therefore, 
a new fermentation experiment was run at 30 °C. For the 
new experiment at 30 °C, the reactor was filled with the 
co-immobilized beads composed of AMG bound on 7.5 g 
chitin and 19 g Z. mobilis Atcc 10988 cells with 24 % dry 
weight. the obtained data and calculated kinetic values of this 
experiment run at dilution rates (D, h-1) between 0.05 -1 and 
0.30 h-1 are summarized in Table 2.

From the study run at 30 °C, it can be concluded that 
the yields of ethanol on the substrate (0.43 g·g-1 to 0.48 g·g-

1) were lower than the values (0.49 g·g-1) calculated in the 
study carried out by Sun et al. (22), but higher than the values 
(0.43 g·g-1 and 0.31 g·g-1 to 0.34 g·g-1, respectively) obtained 
by lee et al. (14) and those by Kadar et al. (9), carried out with 
an SSF process. When compared to the study run by Bai et 
al. (3) with a continuously-stirred reactor, the presents results 
for ethanol yield can be considered similar to the 0.484 g·g-1 

obtained in that study.
comparing the two experiments run at different 

temperatures, the ph values of the samples (4.28–4.52) taken 
in the second one (30 °C) were substantially higher than those 
of the first experiment (35 °C) samples. Considering the initial 
ph of the starch solution, it is obvious that the ph was reduced 
only between 0.98 and 1.22 units, which is a significant finding 
of this work.

Effect of cell concentration on ethanol production in co-
immobilized system
Regarding the data obtained in the first two experiments run 
at 35 °C and 30 °C, the glucose concentrations in the samples 
taken from the reactor were considerably high, especially 
at high dilution rates. that is why a third experiment was 
performed with high cell concentrations of Z. mobilis cells, 
taking into account the fact that this would result in conversion 
of glucose to ethanol efficiently.

Unlike the first two experiments, 29.2 g of Z. mobilis 
cells with 24.2 % dry weight were used in co-immobilization 
with AMG bound on 7.5 g of chitin in a new assay and the 
fermentation temperature was set as 35 °C as in the first 
experiment. Table 3 summarises the data obtained from the 
third experiment.

the most remarkable result of this part of the study was 
at 0.15 h-1 dilution rate in the samples taken during the first 
8 days, glucose was not detected throughout the experiment 
and the total sugar after hydrolization was maximum 4.2 g·l-

1. this result indicated that the rate of conversion to glucose 
was lower than the fermentation rate. in other words, as soon 
as the starch was degraded to glucose, this glucose could not 
accumulate in the reactor and was converted to ethanol and 
co2.

the highest volumetric ethanol productivity was 7.6 g·l-

1·h-1 at 0.21 h-1 with 0.45 yield for this experiment. But the 
substrate conversion was calculated to be 83 % at this dilution 
rate, which was minimum 96 % for the other dilution rates. 
According to the results, it is thought that the initial cell 
amount has a significant effect on the kinetics data.

the maximum yield of ethanol on substrate (0.46 g·g-1) 
obtained from the experiment performed at 35 °C with 29.2 g 
of cells was lower than the values obtained from the second 
assay run at 30 °C and also lower than 0.488 g·g-1 calculated 
by Tao et al. (23). The volumetric productivity results (2.1 g·L-

1·h-1 to 7.6  g·l-1·h-1) obtained in this study were similar to the 
data (7.2 g·l-1·h-1) reported by Rebros et al. (19) but lower 
than the values (3 g·L-1·h-1 to 17 g·l-1·h-1) reported by Sun et 
al. (22).

Similarly to the first two experiments, the loss of cells with 
the samples taken from the reactor was increased from the 6th 
day of the fermentation. even though it was not very high, 
Özçelik et al. (16) also reported the same issue in their study 
performed with a packed-bed reactor.

Fig. 1. effect of dilution rates on ethanol concentrations under the following 
conditions: Ethanol 1: 35 °C, 20.3 g centrifuged cell weight; Ethanol 2: 
30 °C, 19 g centrifuged cell weight; Ethanol 3: 35 °C, 29.2 g centrifuged cell 
weight.

All ethanol concentrations acquired in the three 
experiments at different dilution rates were compared and 
are shown in Fig. 1. While at low dilution rates (0.05 h-1 to 
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0.10 g·l-1·h-1) almost no differences were detected; some 
small differences seen in the graph originated from the initial 
substrate concentrations. When the dilution rate was 0.15 h-1, 
the ethanol concentrations were similar in the first and the third 
experiment and higher than those in the second experiment.

Fig. 2 shows the total sugar and glucose concentrations 
depending on the dilution rates for all three experiments. As it 
is seen from the graphs, the glucose conversion to ethanol was 
better when the cell weight was as high as 29.2 g. it could be 
concluded that the initial cell weight had a positive effect on 
the SSF process.

Fig. 2. total sugar and glucose concentrations detected at dilution rates under 
the following conditions: 35 °C, 20.3 g centrifuged cell weight (A); 30 °C, 
19 g centrifuged cell weight (B); 35 °C, 29.2 g centrifuged cell weight (C).

For 0.20 h-1, 0.25 h-1 and 0.30 h-1 dilution rates, the ethanol 
concentration in the third experiment, in which the initial cell 
concentration was high, was dramatically higher than that in 
the other two experiments. As mentioned earlier, these findings 
are directly associated with the cell amount and, accordingly, 
with efficient fermentation process even at high dilution rates. 

considering the volumetric ethanol productivity values, at 
the beginning of the study all the data were similar but later on 
the first and the second experiment gave considerably different 
results with respect to the second experiment (Fig. 3). the 
highest productivity in all the experiments was achieved 
at 0.20 h-1 dilution rate: 6.5 g·l-1·h-1 with 74 % substrate 
conversion, 6.2 g·l-1·h-1 with 68 % substrate conversion, 
7.5 g·l-1·h-1 with 87 % substrate conversion, respectively for 
the three experiments.

Fig. 3. effect of dilution rate on volumetric ethanol productivity under 
following conditions: 35 °C 20.3 g centrifuged cell weight (1); 30 °C, 19 g 
centrifuged cell weight (2); 35 °C, 29.2 g centrifuged cell weight (3).

in the current study, the highest volumetric productivity 
value 7.6 g·l-1·h-1 (with 83 % substrate conversion) obtained 
was much better than the 3.44 g·L-1·h-1 reported by Xu et al. 

(27). However, our values were lower than 37 g·L-1·h-1 (12) 
and 72.2 g·l-1·h-1 (12) obtained in other studies using packed-
bed reactors. Likewise, Sun et al. (22) (38 g·L-1·h-1) and 
Krishnan et al. (13) (15.1 g·L-1·h-1) reported higher values, 
when compared to the present study.

Conclusions
In the present study, simultaneous saccharification and 
fermentation of starch to ethanol with co-immobilized 
beads composed of AMG and Z. mobilis cells was run in 
a continuously-stirred bioreactor. During the successful 
production period of more than 3 weeks, no contamination or 
deformation on the biocatalyst beads was detected.

of the experiments carried out at three sets of conditions 
for which the temperature and centrifuged cell weights 
were 35 °C and 20.3 g ; 30 °C and 19.0 g; 35 °C and 29.2 g, 
respectively, the third experiment was found to be the most 
successful one. At 35 °C and with 29.2 g cell weight, down 
to 0.15 h-1 dilution rate, almost all the substrate could be 
converted to ethanol (98 %) with a 0.45 yield. the initial cell 
weight can be adjusted to get this result.

the highest volumetric ethanol productivity of 7.6 g·l-1·h-1 
(0.45 g·g-1 yield), which was obtained from the experiment 
run at 35 °C with 29.2 g cell weight, is rather low. This could 
probably be attributed to loss of some ethanol steam from 
the reactor because of the fermentation temperature. in order 
to overcome this problem, a simple mechanism, such as a 
condenser, can be attached to the reactor.
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