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ABSTRACT 

Ethanol production from Jerusalem artichoke was studied using 
inulinase and Z. mobilis by simultaneous saccharification and fermen- 
tation (SSF) process. The SSF process showed higher ethanol yield 
and productivity than the acid or enzymatic prehydrolyzed two-step 
process. The optimum temperature and inulinase concentration for 
SSF were 35~ and 0.25% (v/w, 4.4 units/g of sugar), respectively. In 
order to operate the SSF process in a continuous mode, inulinase and 
Z. mobilis cells were coimmobilized in alginate beads, using chitin as a 
matrix for enzyme immobilization. The maximum ethanol productivity 
of the continuous SSF process was 55.1 g/L/h, with 55% conversion 
yield. At the conversion yield of 90%, the productivity was 32.7 g/L/h. 
The continuous SSF system could be operated stably over 2 wk with 
an ethanol concentration of 48.6 g/L (95% of theoretical yield). 

Index Entries: Jerusalem artichoke; inulinase; Zymomonas mobilis; 
ethanol fermentation; simultaneous saccharification and fermentation. 

INTRODUCTION 

Among the various sources of biomass, Jerusalem artichoke (JA) has 
drawn much attention in recent years as a potential energy crop. JA pos- 
sesses several agricultural advantages, including significantly high carbo- 
hydrate yields (1000-13,600 lb/acre/y), tolerance to frost and plant diseases, 
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and no or little fertilizer requirement (1). The major carbohydrate of JA 
tuber, inulin, can be hydrolyzed to free sugars by mild acid or an enzyme, 
inulinase (EC 3.2.1.7), treatment (2-6). The conventional techniques to 
produce ethanol from JA consist of the acid or enzymatic hydrolysis Of in- 
ulin, followed by fermentation of the resulting free sugars into ethanol (7). 
These processes, however, have some disadvantages, including byprod- 
uct formation, product inhibition during hydrolysis, and subsequently, 
high production cost. Although some yeast strains with inulinase activity 
were used to convert inulin to ethanol directly (8-12), the yeast strains 
had shown low ethanol yield and fermentation rate owing to the weak 
inulinase activity. 

Zymomonas mobilis, a gram negative bacterium, was proven as a good 
alternative to yeast strains (13,14). Since Zymomonas strains, however, 
can not dissimilate inulin directly as a carbon source, inulin should be 
hydrolyzed to fructose and glucose prior to fermentation. In the present 
investigation, these problems could be overcome by employing the simul- 
taneous saccharification and ethanol fermentation (SSF) process. We im- 
mobilized inulinase and Z. mobilis cells separately or coimmobilized the 
enzyme and cells to evaluate various SSF processes for the one-step pro- 
duction of ethanol from JA tubers. 

MATERIALS AND METHODS 

Microorganism and Culture Media 

The bacterial strain used in this study was Z. mobilis strain ZM4 (ATCC 
31821). It was cultured and maintained in a liquid medium, as previously 
described (6). 

Preparation of Jerusalem Artichoke Juice 
The JA tubers were washed, sliced, and crushed out to homogenized 

juice with a blender. The acid hydrolysis was carried out at pH 1.5 with 
concentrated H2SO4, and enzymatic hydrolysis was carried out at pH 4.5 
and 60~ for 48 h. The pHs of the crude and hydrolyzed juice were ad- 
justed to 5.0 using concentrated H2SO4. The resulting juice was autoclaved 
at 121~ for 15 min and filtered through tissue papers (Kimwipe). 

Enzyme and Chemicals 

A commercial inulinase preparation from Aspergillus ficuum was sup- 
plied by Novo Industri A/S (Seoul, Korea). Sodium alginate was from 
Junsei Chemical Co. (Tokyo, Japan). Chitin (powder type) from crab 
shells, inulin from dahlia, and glutaraldehyde were obtained from Sigma 
Chemical Co. (St. Louis, MO). 
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Immobilization Procedure 

The procedure of immobilization of Z. mobilis cells in sodium algina~:e 
gels was described previously (15). Inulinase and Z. mobilis cells were co- 
immobilized by two different methods: (1) colloidal chitin was prepared 
using the procedure of Hsu et al. (16) and used for coimmobilization. The 
enzyme solution was added to the chitin with 3% glutaraldehyde in 0.1M 
acetate buffer, pH 5.0 and allowed to stand at room temperature for I h, 
followed by standing overnight at 4~ The resulting products were 
washed with distilled water and 0.1M acetate buffer, pH 5.0; and (2) col- 
loidal chitin was treated with 3% glutaraldehyde at room temperature for 
overnight and washed with 0.1M acetate buffer, pH 5.0. The enzyme 
solution was added to the chitin treated with glutaraldehyde and allowed 
to stand at room temperature for I h, followed by standing overnight at 
4~ The resulting products were used to coimmobilize without washing. 

Exponentially growing Z. mobilis cells (6 g dry cell weight) were har- 
vested by centrifugation and resuspended with the inulinase immobilized 
on chitin in 50 mL of physiological saline. The suspension was mixed 
with 50 mL of 4% sodium alginate solution. The mixture was then added 
dropwise using a syringe pump (Cole-Parmer, Chicago, IL) equipped with 
10 mL syringe to 0.05M CaC12 solution with continuous stirring. Beads of 
3-4 mm diameter were formed in this solution and stored at 4~ 

Batch and Continuous Fermentation 

The batch fermentation was carried out in a 1 L Bioflow fermentor 
(New Brunswick Scientific Co., Edison, NJ) using 400 mL of JA juice con- 
taining 154.2 g/L of total carbohydrate at pH 5.0. The continuous fermen- 
tation was performed in a water-jacketed packed bed reactor of 2.2 cm 
diameter and 40 cm long using 100 g/L of JA juice at pH 5.0 and 35~ The 
dilution rate and ethanol productivity were calculated on the void volume 
basis of the reactor. The void volume of the reactor was 23 mL and corre- 
sponded to 26% of the total working volume. 

ANALYTICAL METHODS 

Total sugar, reducing sugar, and glucose were determined by the 
Anthrone method (17), dinitrosalicylic acid method (18), and glucose oxi- 
dase--peroxidase method (19), respectively. D-Fructose was determined as 
the difference between the amount of total reducing sugars and D-glucose 
(20). Ethanol was determined by gas chromatography (15). 

Inulinase activity was assayed by the following procedure. The reac- 
tion mixture, composed of 100 mL of 2.5% inulin solution (dissolved in 
0.1M acetate buffer, pH 5.0) and a proper portion of soluble or immobilized 
enzyme preparations, was incubated at 50 ~ for 20 min. One unit of inu- 
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linase was defined as the amount of enzyme that liberates 1 #mol reduc- 
ing sugar/rain at 50~ and pH 5.0. 

RESULTS AND DISCUSSION 

Immobilization of Inulinase 

In order to increase the operational efficiency, the coimmobilization 
of inulinase and Z. mobilis cells was tried. For coimmobilization, the en- 
zyme was immobilized on chitin before entrapment in alginate gel beads 
with cells. Glutaraldehyde was used as a crosslinking agent to provide 
both chitin and inulinase with active aldehyde groups. When the inulinase 
was immobilized on chitin with a simultaneous treatment of 3% glutaral- 
dehyde, the activity retained about 26% of the total activity of the soluble 
enzyme initially added. The remaining activity was decreased to only 9.4% 
when the enzyme was entrapped with Z. mobilis cells into alginate gel 
beads. However, the activity retention of the enzyme was increased to 
16.4% in cases that the enzyme was immobilized on the chitin, which was 
pretreated with 3% glutaraldehyde (Table 1). This increase in the activity 
retention is likely owing to the differences in preparation of the immobi- 
lized inulinase on chitin. In the first method, a large portion of the enzyme 
was removed together with the excess glutaraldehyde during the wash- 
ing process. In contrast, the glutaraldehyde washing was carried out 
before the immobilization in the second method to entrap more enzyme 
molecules. 

Effect of the Hydrolysis Process  
on Ethanol Fermentation from JA 

The results of ethanol fermentation, using acid or enzymatic hydro- 
lyzed JA juice, are shown in Table 2, compared with the simultaneous 
saccharification of inulin and ethanol fermentation. The total carbohydrate 
content of the jucie used was 154.2 g/L. In the prehydrolysis process, the 
degrees of hydrolysis were 81.2 and 92.5% for acid and enzymatic hydro- 
lysis, respectively. Both fermentations were almost completed in 24 h at 
30~ by employing free Z. mobilis cells. 

The reducing sugars produced by hydrolysis were converted to etha- 
nol with a similar yield in both cases. Although the degree of acid hydro- 
lysis could be increased by an increase of reaction time (6, 7), this resulted 
in the formation of byproducts that may inhibit growth of cells and 
ethanol fermentation (8). Consequently, it was believed that enzymatic 
hydrolysis was more desirable method than acid hydrolysis under these 
conditions. The addtion of yeast extract (10 g/L) did not influence the 
kinetics and yield of ethanol fermentation, indicating that the juice from 
JA tuber contains almost all nutrients needed for Z. mobilis cells for 
ethanol fermentation. The SSF was carried out using JA juice containing 
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Table 1 
Immobilization of Inulinase 
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Method I a Method IIb 

Initial Activity Activity Activity Activity 
Activity on chitin in beads on chitin in beads 

Activity, unit 1683 434.2 157.5 745.7 275.9 
Activity retention, % 100 25.8 9.4 44.3 16.4 

aInulinase was immobilized on chitin with 3% glutaraldehyde, washed with acetate 
buffer, and then entrapped into alginate gel beads with dead cells of Z. mobilis. 

bChitin was treated with 3% glutaraldehyde and washed with acetate buffer, and then 
inulinase was added and entrapped into alginate beads with dead cells of Z. mobilis. 

Table 2 
Effect of Hydrolysis Process on Ethanol Fermentation 

System Ethanol Concentration, g/L Ethanol Yield, a % 

Prehydrolysis Process 
Acid Hydrolysis 
Enzymatic Hydrolysis 

Yeast Extract, 10 g/L 
None 

Simultaneous Saccharification 
and Fermentation Process 

61.5 78.0 (96.1) b 

69.6 88.3 (95.5) b 
69.7 88.5 (95.6) b 
73.1 92.8 

aEthanol yield was calculated on the total carbohydrate basis. 
bEthanol yield was calculated on the reducing sugar basis, considering the hydrolysis 

yields. 

154.2 g/L of total sugar, 0.25% (v/w, 4.4 U/g sugar) of inulinase and free 
Z. mobilis cells (5% inoculum size) at pH 5.0 and 30~ The SSF process 
showed higher ethanol and cell mass yield than obtained in the prehydro- 
lysis process. This result is similar to that reported previously in an SSF 
using starch as a substrate (21). The SSF process seems to eliminate the 
product inhibition by rapidly utilizing reducing sugars being produced. 

Optimization of Operating Conditions 
for SSF Process 
Since the opt imum reaction temperature of inulinase from Aspergillus 

ficuum lies at approximately 60 and 65~ (22), whereas at 30 and 35~ for 
ethanol fermentation by Z. mobilis (23), it is important to optimize the 
operating temperature in the first place. To optimize the operating tem- 
perature for the SSF process, the experiment was initiated using JA juice 
(154.2 g/L), 0.25% (v/w) of inulinase and exponentially growing Z. mobilis 
cells. The kinetics of ethanol fermentation at various temperatures are 
shown in Fig. 1. The most beneficial result was obtained at 35 ~ with 96% 
ethanol yield. 
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Fig. 1. Effect of temperature on SSF process using inulinase and Z. 
mobilis. Closed symbols; ethanol, open symbols, reducing sugars, o - -o ,  30~ 
A--A, 35~ and O--O, 37.5~ 

Table 3 
Effect of Enzyme Dosage on Hydrolysis 

and SSF Process Using JA Juice (154:2 g/L) at 35~ 

Enzyme Hydrolysis Final ethanol Ethanol 
dosage, yield, a concentration, yield, 
%, v/w % g/L % 

Ethanol 
productivity, a 

g/L/h 

0.10 39.8 62.3 79.1 2 . 6  
0.15 42.4 73.0 93.9 3 . 0  
0.20 52.0 75.6 95.9 3 . 5  
0.25 57.7 76.0 96.4 3. 7 
0.30 58.6 76.1 96.6 3. 7 

aHydrolysis yield and ethanol productivity were calculated on the basis of hydrolysis 
and fermentation for 29 and 20 h, respectively. 

The effect of enzyme dosage on hydrolysis and SSF process with JA 
juice (154.2 g/L) at 35 ~ are also examined (Table 3). The enzyme concen- 
tration was varied in the range from 0.1 to 0.3% (v/w) at pH 5.0. The 
degree of hydrolysis increased as inulinase concentration became higher. 
However, the hydrolysis progressed very slowly at this temperature (35 ~ 
and attained only 58.6% in 29 h with 0.3% (v/w) of inulinase. It should be 
because of the product inhibition by the fructose and glucose produced. 
In the SSF process, the higher ethanol yield of more than 95% of theoreti- 
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Table 4 
Comparison of Various SSF Processes in Batch Fermentation 
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System 

Final ethanol Ethanol Ethanol 
concentration, yield, productivity, a 

g/L % g/L/h 

Free enzyme-cell system 

Separately immobilized system 

Coimmobilized system 

76.6 97.2 3.7 

74.0 93.9 3.6 

72.0 91.4 3.5 

a Ethanol productivity was calculated on the basis of fermentation for 20 h. 

cal yield could be obtained in the enzyme concentrations above 0.2% (v/w). 
The fermentation was nearly completed in 24 h, in most cases, except 
with the low enzyme dosages of 0.1 and 0.15% (v/w). Considering the 
ethanol yield and productivity, the optimal conditions for SSF process 
were selected as the temperature of 35 ~ and inulinase concentration of 
0.25% in the present study. 

Comparison of Batch SSF Processes 
Various SSF processes, using free enzyme and cells, immobilized 

enzyme and cells, and coimmobilized enzyme and cells, were compared 
batchwise at 35~ and pH 5.0 with 154.2 g/L JA juice supplemented with 
0.3% CaC12 as an alginate gel stabilizer. For SSF using a separately immo- 
bilized system, the inulinase was immobilized on chitin (434.2 U/5 g of 
chitin) and the Z. mobilis cells were immobilized in sodium alginate beads. 
For the SSF using a coimmobilized system, the inulinase immobilized on 
chitin was entrapped in sodium alginate gel beads with Z. mobilis cells. As 
shown in Table 4, ethanol yield and productivity were slightly higher in 
free enzyme-cells system than others. The decrease in the fermentation 
rate, resulting in lower productivity in the batch SSF, was likely owing to 
the rate-limiting of hydrolysis reaction caused by mass transfer limitation 
between the biocatalysts and substrates (24,25). If the recovery of biocata- 
lysts and operational facilities of continuous fermentation are taken into 
consideration, it is plausible that the coimmobilization system has many 
advantages over the other systems. 

Continuous SSF Using Coimmobilized System 
The continuous SSF process by coimmobilized inulinase and Z. mobilis 

cells was carried out in a packed-bed column reactor at 35~ and pH 5.0 
(Fig. 2). The reactor was packed with 65 mL of sodium alginate beads con- 
taining 92 g cells and 4245 U of inulinase activity/L of beads, which were 
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Fig. 2. Continuous SSF using coimmobilized system at various dilution 
rates. &--A, conversion yield; I - - I ,  ethanol; o - -o ,  productivity; and O--O,  
reducing sugar. 

equivalent to 68 g cells and 3136 U of enzyme activity/L of total reactor 
volume. The 10% JA juice, containing 0.3% CaC12 as gel stabilizer, was 
fed into the column. 

The maximum ethanol productivity of 55.1 g/L/h was obtained at a 
dilution rate, D = 1.96/h with 55% conversion yield. The productivity was 
decreased to 32.7 g/L/h with an increased conversion yield of 90%. On 
the basis of liquid phase mean residence time, the maximum ethanol pro- 
ductivity reached 104 g/L/h, which is higher than previously reported for 
the yeast Kluyveromyces marxianus (10). 

In order to assess the operational stability of the continuous SSF, using 
coimmobilized inulinase and Z. mobilis cells, the reactor containing 65 mL 
of alginate gel was operated at a fixed dilution rate (D= 0.26/h) using 100 
g/L JA juice supplemented with 0.3% CaCI2. Figure 3 shows the ethanol 
concentration monitored from the exit line. Relatively high conversion to 
ethanol (average 48.6 g/L) could be maintained stably longer than 14 d 
without causing serious problems, such as disruption of beads or pressure 
drop of the reactor. 

CONCLUSIONS 

The direct conversion of inulin into ethanol by inulinase and Z. mobilis 
could be achieved in various one-step batch and continuous SSF processes. 
Among these, the continuous SSF process using coimmobilized inulinase 
and Z. mobilis was particularly interesting in terms of ethanol productivity 
and operational stability. 
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Fig. 3. Operational stability of continuous SSF using coimmobilized 
inulinase and Z. mobilis. 
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