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ABSTRACT

Different concentrations (150, 200, 280 and 300 gL™) of rice flour were hydrolysed either by one-step
(simultaneous) or two-steps liquefaction and saccharification with a-amylase (2.5 KNU g DS™) and glucoamylase
(2.3 AGU g DS? for 4h. Hydrolysis of rice flour suspension (10L) by two-steps process led to better starch
hydrolysis than the single step process. The hydrolysate (DE 88.2) obtained by the hydrolysis of 280 gL™ rice flour
fermented by bakers yeast led 25.3 gL™ ethanol at 48h. Addition of glucoamylase (0.53 AGU mL™) increased
ethanol production to 64 gL™ at 96h. When 280 gL™ rice flour liquefied with 2.5 KNU g DS* was subjected to
simultaneous saccharification with different amounts of glucoamylase at 48h, 95.3 gL™ ethanol was obtained with
2.3 AGU g DS*. Replacing the commercial glucoamylase with that produced in the lab gave similar ethanol yield
and efficiency. With yeast cell recycling, the efficiency and yield of ethanol production were decreased.
Intermittent addition of nutrient medium improved the ethanol production by yeast recycling.
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INTRODUCTION

Ethanol is a large volume low value product obtdibg the fermentation of glucose/sucrose. For ethamduction
much attention has been paid to make it econorgivéble. For this purpose two major factors sasttost of the
substrate and mode of fermentation are taken iotasideration. Most common organisms used for ethano
production areSaccharomyces cerevisiae and Zymomonas mibilis. As these organisms lack starch/cellulose
hydrolyzing ability, modified carbon sources [1-d4hd alternative organisms [1, 5-1@kre tried. Naturally
available amylolytic yeasts have shown low ethdal@rances and limited dextrin conversions [10-T&netically
modified yeast possessing amylolytic properties alas tried for direct starch conversion to ethgéer]. Since
the use of alternative organisms to was not sufidessmultaneous saccharification and fermentatétiquefied
starch/cellulose was tried [14-22]. SinGaccharomyces cerevisiae is not viable at and above %) simultaneous
liquefaction, saccharification and fermentationnist feasible. Hence thermotolerant yeasts wees §23]. In
another study raw cassava root starch was transtbinto ethanol by one-step process of fermentationhich
liquefaction, saccharification and fermentation ev@ombined [24]. As these were not feasible igdascale
operations it is possible to combine saccharificatind fermentation [11, 16-18]. Combining sacification and
fermentation reduces the use of more number oftoen@nd reactor volume[21]. Further the osmotiect of
glucose on the organisms and inhibitory effectlotgse on glucoamylase can be reduced.

We have reported the advantages of using one-tseghshydrolysis to glucose [25-28]. In this papgdrolysis of
starch in rice flour either by combining the ligaefion and saccharification (one-step) or by cagyut the above
two processes in two-steps is reported. To comiieréwo processes and to select the best prostessh in rice
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flour of different concentrations was hydrolysed ddgmylase and glucoamylase. To achieve high ethgietd
saccharification and fermentation were combinedthrdossibility of recycling yeast cells was sadi

MATERIALS AND METHODS
Materials
Rice was purchased from local market and pulverineal domestic grinder. Thermostalleamylase oBacillus
licheniformis (Termamyl 60L, Activity 67.5KNUg) and glucoamylase fromspergillus niger (Spiritamylase 150L,
Activity 159.9AGUg") were purchased from Novo Industries, Denmark. UkNKilo Novo Unit: AGU — Amylo
Glucosidase Unit, DS - Dry Substance; One KNUeafingéd as the amount of enzyme which breaks do@@ &/h
starch (Merk Amylum Soluble, Erg.B.6 Batch 99472@637C and pH 5.6, whereas one AGU is defined as the
amount of enzyme which hydrolysegmol/min at pH 4.3 and 2&.

Microorganisms
Aspergillus niger CFTRI 1105 was from Central Food Technical Regdednstitute, Mysore, India and a bakers
yeast, (Fermipan) was from Gist Borcades, The Nisthés.

Analytical method
Reducing sugar [29], total sugar [30], ethanol [343ble yeast cell count [33] and glucoamylaséviygt[34] were
determined by standard methods.

Hydrolysis of starch in rice flour

Simultaneous liquefaction and saccharification - erstep process

Rice flour suspended in tap water (160, 200, 280300 L%) was hydrolysed bg-amylase (2.5 KNU g D§ and
glucoamylase (2.3 AGU g D'$ at pH 5.0 and AT. Total weight was adjusted to 10 kg with tap evaand
incubated at 7T for 4h while mixing. The hydrolysate was fikdrthrough a Whatman Number one filter paper
and the extract was analyzed for reducing [29]tatel sugar [30].

Liguefaction and saccharification in two-steps —dwsteps process

Rice flour suspended in tap water (160, 200, 28D 300 gL*) at pH 7.0, hydrolysed with-amylase (2.5 KNU g
DS?) for 1h at 98C. For saccharification, to the cooled hydrolyssttpH 4.6, glucoamylase (2.3 AGU g B)Svas
added and incubated at’&0for 3h while mixing.

Preparation of yeast inoculum

Dry yeast (5 gl}) was added to sterile sucrose solution (50)gat pH 4.5, and incubated at°85 The 18h old
inoculum was inoculated (10%, v/v) to a sterileogise solution (10 gt) and incubated for 18h and used as
inoculum.

Fermentation of rice flour hydrolysate obtained bytwo-steps process
Rice flour hydrolysate at pH 4.5 inoculated with%2.& cells mL?, 10%, v/v) yeast inoculum and incubated at
35°C and 100 rpm. Ethanol produced [abH residual total [30] and reducing sugar [29]enestimated.

Addition of glucoamylase to rice flour hydrolysatibtained by two-steps process
To sterile rice flour hydrolysate obtained by twegs process, glucoamylase (0.53AGUgR%ind yeast inoculum
(2.9x10 cell mL?, 10%, v/v) were added and incubated &C3%100 rpm).

Simultaneous saccharification with different concemations of glucoamylase & fermentation

Rice flour suspended in tap water (280%ykt pH 7.0 was liquefied with-amylase (2.5 KNU g D§ at 95C and
pH 7.0 for 1h. Liquefied starch solution at pH #&s mixed with glucoamylase of different concetntres (0.53,
1.15 and 2.3 AGU g D§ and yeast inoculum (10%, V/v).

Simultaneous saccharification by glucoamylase (preped in the lab) & fermentation of liquefied starch
Production of glucoamylase by solid-state fermeintat

Glucoamylase was produced Agpergillus niger in solid medium [34]. Liquefied rice flour starettract at pH 4.5
was subjected to simultaneous saccharification fanghentation (SSF) either with commercial or lalodurced
glucoamylase preparations (2.3 AGU g Hand yeast (10%, v/v).

Recycling of yeast cells fo6SF by of liquefied starch
Liquefied rice flour starch extract (pH 4.5) mixedth lab produced glucoamylase (2.3 AGU g H%nd yeast
(10%, v/v). Ethanol [31] produced and the totdl][&nd reducing sugar [29] in the medium were nwei. At 48h
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the cells were allowed to settle and the extract decanted. Then to the cells liquefied rice flstiarch and lab
produced glucoamylase were added. This procedase@peated till the ethanol production decreased.

Yeast cell recycling inSSF with intermittent addition of nutrient rich medium

During SSF with cell recycling, whenever ethanalgistarted to decrease, to the residual cell$ fseerile nutrient
medium (consisting of 4 gtyeast extract, 1 gt.(NH,),SO, and 10 gL* glucose) was added and incubated for 24.
Then liquefied rice flour starch extract and glungtase produced in the lab (2.3 AGU g f)Svere added.
Whenever ethanol production decreased, to the patisent medium was added. This procedure wasatep«ill

the ethanol production decreased.

RESULTS AND DISCUSSION

Hydrolysis of starch rice flour

Starch in rice flour can be hydrolyzed either bynbining the liquefaction and saccharification (@tep) or by
carrying out the above two process in two-step$. [2® compare the two processes and to seledbébeprocess,
starch in rice flour of different concentrationssaydrolysed withui-amylase (2.5 KNU g D and glucoamylase
(2.3 AGU g DS"). At all rice flour concentrations studied tteovery of reducing sugars and the DE were higher
when the hydrolysis was performed in two-steps thaone-step process. With increase in rice floumoentration
from 160 to 300 gl* the recovery in one-step process decreased thaimtthe two-steps process (Table 1). When
the process was carried out in 10mL level, it whaseoved that the one-step process was superibettwo-steps
process [26] but scaling up of the process has shbat one-step process is inferior to the twosf@pcess. The
reduction in recovery and DE in one-step procesddcbe because the conditions are not optimum th be
amylase and glucoamylase [26]. For further stutheshydrolysate obtained from 280 gkice flour suspension
was selected because mixing of the 300 gte flour suspension in the initial stages ididit.

Table 1: Recovery of reducing sugars and DE values tined by the hydrolysis of different concentratiors of rice flour
either by one —step (simultaneous liquefaction anshccharification) or two-steps (liqguefaction and secharification in
separate steps) processes usingamylase (2.5 KNU @ DS) and glucoamylase (2.3 AGUYDS) for 4h

Rice flour Recovery (%) DE (%)

(gL One-Step  Two-Steps  One-Step  Two-Steps
160 85.4 99.4 76.6 95.0
200 70.8 93.8 74.2 91.4
280 56.8 92.1 70.0 88.2
300 55.0 90.9 69.3 83.8

In all the processes the total volumes of the reachixture were 10 litres.

Fermentation of rice flour hydrolysate

Fermentation of rice flour hydrolysate (280 jtice flour by the two-steps process, DE 88.2%,.@2f1" total
sugar) by yeast produced 25.3'ghf ethanol at 48h, and extended incubation timéoueh has not increased the
ethanol production (Control, Table 2). The effiaig of ethanol production was 83.9% while the yielas 22.9%.
Of the total sugar available in the medium, 72.78he sugars were not utilized. The incompletdizaiion of
sugar could be due to several reasons. The DEediytrolysate used was 88.2 and hence some sugeggpvesent
as oligosaccharides, having more than two sugas,umhich cannot be utilized by yeast because tharasm can
use only mono and disaccharides [7]. Another neasould be that high amount of reducing sugar wcadste
exerted osmotic pressure and inhibited the abilitthe cells to multiply and ferment [2]. Inoculumas prepared in
glucose solution and it is devoid of other nutrserithe rice flour hydrolysate extract contained §L.4 soluble
proteins and 0.2 gt total amino acids. Thus even though the organista activated in glucose solution, for
fermentation studies, proteins and amino acidsatoimy rice flour hydrolysate was used as the madiTherefore
insufficiency of nutrients cannot be consideredhaserious factor to affect the ability of the ongams to produce
ethanol. The main factor that could be considésdatie incomplete hydrolysis of starch. Therefaneeaperiment
was performed by adding glucoamylase to the hydeiby (DE 88.2) and to perform simultaneous sadotetion

of the residual oligosaccharides and fermentation.

Addition of glucoamylase to rice flour hydrolysateobtained by two-steps process during fermentation

After the addition of glucoamylase, the sugar i llydrolysate was better utilized and ethanol pctdn efficiency
was 78.4%, while the yield was 46.9% at 48h (Te€sable 2). At 72h, the efficiency of ethanol prodantand
ethanol yield were 83.2 and 53.5% respectivelythvilirther increase in incubation time, the ethaneld has not
increased significantly. These experiments wareied out in 10 litre volumes. The sugar utilipativas better in
the test than in the control. In the test andcinatrol 72.7 and 34.1% of the total sugar respeltiwas left at 48-
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96h. Thus the addition of glucoamylase has impdotlee saccharification and the sugar was utiliratior
feermenttion. However this has not continued bdygh. This could be due to insufficient amount of
glucoamylase added or the yeast cells have reatieelhg phase and have not fermented the sugadsiged by
saccharification process. But it is evident frohe tresults that there was no increase in the redusugar
concentration after 48h (Table 2). Thus from theults, it can be concluded that the glucoamylaskedadvas not
sufficient for the hydrolysis of the residual trietra- and oligosaccharides in the medium. Asréselts obtained
with the addition of glucoamylase with simultanedeisnentation gave better ethanol yield and ethanadluction
efficiency an experiment was carried out to find sluitable concentration of glucoamylase for SSF.

Table 2: Effect of glucoamylase (0.0-control and 0.5@st AGU g L) on the fermentation of rice flour hydrolysate
obtained by the hydrolysis of 280 gl* rice flour in two-steps process (DE 88.2)

Time Reducing sugar Total sugar Ethanol
) (gL™ @@L @@L
Test Control Test Control Test Control
0 194.6 194.6 220.6 220.6 - -
24 118.6 149.7 140.5 175.7 35.6 20.7
48 68.6 132.3 88.7 160.3 51.7 25.3
72 59.6 132.3 78.7 160.3 59.0 25.3
96 58.0 132.3 75.2 160.3 64.0 25.3

Simultaneous saccharification by different concentations of glucoamylase & fermentation

In this experiment when the liquefied starch wasdufer ethanol production (no glucoamylase was dptghest
amount of ethanol was produced at 48h and the ethaeld and ethanol production efficiency were 7.and
43.4% respectively (Table 3). When glucoamylas@.68, 1.15 and 2.3 AUG g D%ctivity were added, highest
ethanol was produced at 72, 72 and 48h. At thegmeotive glucoamylase concentration and time thanet yields
and efficiencies were 47.8 & 91.3%; 72.5 & 94.0% &0.7 & 93.6%. With increase in added glucoamylase
concentration, ethanol yield was increased. Ethpramluction efficiency was increased and was atrsame with
1.15 and 2.3 AGU g DSglucoamylase concentrations. Since the higheanettproduction and ethanol yield were
achieved at 48h with 2.3 AGU g B$lucoamylase, it was decided to use this glucoasgytoncentration to obtain
highest ethanol production yield and efficiencyshort time. Thus here the same glucoamylase ctnatiem used
with two-steps process was able to provide bettiear®l yield and ethanol production efficiency. #amhigh
substrate concentration was fermented in acceptabtewhen high enzyme levels were used for sadidstion
[20]. The results indicated that the reducing ssigmoduced by the saccharification process wasibetilized by
yeast and the ethanol production efficiency wasrawgd as the initial reducing sugar concentratias Vess, which
usually exert osmotic effect on yeast and reduse<scell metabolism [2 & 20]. Simultaneous sacditation and
fermentation was able to improve ethanol producyietd and efficiency. One advantage with thisyene was that
the optimum pH for the activity of glucoamylase wi6 [26] and the fermentation was also carriedadyiH 4.5.
Thus the enzyme activity was 100% at this pH. lamriglucoamylase is also inhibited by high conaians of
glucose [14]. Glucoamylase also has the revemsifegt of saccharification and forming polymersgtidicose, if it
is incubated with the glucose for long time [35hc®@ the highest glucoamylase concentration wascsal, it was
decided to replace the commercial enzyme with laishpced glucoamylase [34].

SSF of liquefied starch in rice flour with lab prepared or commercial glucoamylases and yeast

Highest ethanol produced in the medium containingnmercial and home made glucoamylase were 95.3 and
96.8gL™ at 48h, i.e. there was no significant differentéhie ethanol production efficiency (86.4 & 87.8fayield
(94.2 & 95.3%). Hence the commercial glucoamylzese be replaced with the home made glucoamylase.

Yeast cell recycling and SSF

To avoid the repeated inoculum preparation celyekng was tried When liquefied rice flour extract of DE of 45.3
having 210.6 gl* total sugars was used as medium (without additipreein & other nutrients) in the first cycle at
48h, 96.8 gI* ethanol was obtainedwith increase in the cell recycle process from Vitg ethanol produced has
decreased from 96.8 to 11.9 §LEthanol production efficiency and yield werecatiecreased. Decrease in ethanol
production could be due to the removal of youndsoeith the decanted spent medium and accumulatiatead
cells in the residue obtained when the fermentat@tium was allowed to settle. This was suppowtéd the
viable cell number in the residue (Table 5).
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Table 3: Simultaneous saccharification and fermention of sugars in liquefied rice flour hydrolysate(DE 45.3) by different amounts of glucoamylase angeast. Control indicates the
activity of glucoamylase on liquefied starch at 3% and pH 4.5 without the inoculation of yeast.

Glucoamylase AGU mL*
0.0 0.53 1.15 2.3
Control Test Control Test Control Test Control Test

- Sugar Sugar Sugar Sugar Sugar Sugar Sugar
< (gL (gL — (gL (gL — (gL™ QLY ~ QL) PN
Q - — - -
E 2 = 2 2
" 2 2 2 2

E) E) < E) E) < 8) 8) < E) E) <

5] 'S 5 o 'S = 'S 'S 5 'S 'S =

3 f< 3 8 e f< 3 5 o3 I 3 I e f< 3 5 w

o} o} o} o o} o 9] Q o o o

04 [ 04 = 04 [ 04 [ o = o = o [ o =
0 95.3 210.6 953 2106 0.0 953 2106 953 2106 0.0 953 2106 953 2106 0.0 953 2106 953 2106 0.0
24 100.2 2100 77.9 193.2 5.2 150.3 2113 68.4 21583.3 185.3 210.1 120.3 130.6 38.6 198.6 210.0 2 96104.3 48.6
48 1028 211.0 233 1346 16,5 1759 2118 5.8 410045.2 208.6 2125 52.1 594 746 2093 2112 7.8 .3 853
72 103.6 2108 23.1 1323 165 190.2 2114 5.6 410060.9 209.3 2104 432 483 76.3 2100 2126 6.6 .2 T795.2

Table 4: Simultaneous saccharification and fermemittion of liquefied starch in rice flour (DE 45.3) @ pH 4.5 and 38C by commercial glucoamylase (Spiritamylase 2.3 AGd DS?)
or locally produced glucoamylase (2.3 AGU g DY and yeast (Fermipan, 18Cells mL?)

Glucoamylase (2.3 AGU g D9

Locally Prepared

) Commercial
Time
) Sug_ar ) Sug_ar )
(gL™ Ethanol (gL™) (gL™ Ethanol (gL?)
Reducing Total Reducing Total
0 95.3 210.6 - 95.3 210.6 -
24 96.2 104.3 48.6 98.4 100.5 48.3
48 7.8 8.3 95.3 6.3 7.4 96.8
72 6.6 7.2 95.2 6.5 7.3 96.5
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Table 5: Simultaneous saccharification and ferment#on of liquefied starch in rice flour (DE 45.3) atpH 4.5 and 35C by
locally prepared glucoamylase (2.3 AGU g D) and recycling of yeast cells

Cycle  Time Sugar (gL Ethanol
Number h) Viable Cell No. Reducing  Total Amount  Efficiency  Yield
(9L (%) (%)
| 0 95.3 210.6 0.0
24 98.4 100.5 48.3
48 8.0x18 6.3 74 96.8 95.8 91.9
I 0 95.3 210.6 0.0
24 125.5 128.5 32.1
48 7.9x10 154 16.0 76.1 78.2 72.2
i 0 95.3 210.6 0.0
24 136.2 138.2 21.8
48 45x16 19.3 20.4 57.3 60.2 54.3
v 0 95.3 210.6 0.0
24 116.2 119.2 20.0
48 6.2x18 30.6 325 42.5 47.7 40.3
\Y 0 95.3 210.6 0.0
24 129.8 134.8 14.9
48 3.1x16 40.3 44.8 32.6 39.3 30.9
W 0 95.3 210.6 0.0
24 140.4 143.4 9.85
48 1.6 x16 58.4 60.8 22.0 29.3 20.8
Wl 0 95.3 210.6 0.0
24 146.5 149.6 6.8
48 7.8x18 100.1 103.2 11.9 22.1 11.2

Thus alternative measure has to be taken to maittiai viable cells in the medium. One alternativald be the
addition of nutrient rich synthetic medium to aeti® the cells in between the cycles. The usualemitmedium
used for the activation of yeast cells consist.6fgl* yeast extract, 1.0 gL.(NH,),SO, and 10 g[* glucose [36].
The rice flour hydrolysate contained 0.4 gsoluble proteins and 0.2 gltotal amino acids. For single batch of
experiment with yeast, the nutrients availableide flour hydrolysate was acceptable but for repeatell use, the
yeast cells seems to require nutrient rich medidmerefore an experiment was carried out by addirtgent rich
medium at the end of first batch/cycle fermentatibinen the nutrient rich medium was added aftecytle of the
process. This was repeated till the ethanol prisaluceduced.

Yeast cell recycling inSSF with intermittent addition of nutrient medium

When the nutrient medium was added performancénefcells was improved. In the first two cycleseafthe
addition nutrient medium (i.e. in Il and Il cycleSable 6) the ethanol yield and efficiency were game as in |
cycle. In the IV cycle (Table 6) this was decrehas in the Il cycle of the previous experimentt€a5). Thus
intermittent addition of nutrient medium improveldet performance of the cells as with the freshlypared
inoculum.

Since the ethanol production has decreased aftdivticycle (Table 6) again fresh nutrient mediunswrgroduced
and the cells were incubated for 24h. Then this eetre allowed to sediment and liquefied rice flentract with
glucoamylase was added. Ethanol production wasavegl in the V cycle but was less than that inl lard IlI
cycles and it was better than the IV cycle. Howetree performance in the VI cycle was reduced aot n
comparable Ill cycle. Further decrease in eth@notluction was seen in the VIl cycle. Additionfofsh nutrient
medium has also not helped in keeping the perfocamaf the cells in VIl and IX cycles. In a coniwus ethanol
production usingSaccharomyces cerevisiae, immobilized on gelatine coated glass beads andstinked with
glutaraldehyde nutrients rich medium was addedmmitéently to recharge the cells in immobilized t&ya [36].
Here when the cells are decanted loss of youndgeviedlls cannot be avoided unless a membrane féteised.
Addition of nutrient medium did not help to maimtahe viable cells in the residue. The resultscaigd that the
use of immobilized cells is superior to this pracf&6]. However here we were able to produce etharthe range
of 69.8 to 96.8 gl*; by cell recycling using simultaneous sacchartf@aand fermentation process in 6 cycles, with
intermittent addition of nutrient medium.

The advantage with this procedure is the achievem&high ethanol concentration by removing theilitory
effect of sugars at high concentration. Simultaisesaccharification and fermentation offers theaatage of
removing the osmotic stress on the cells and reduthe reactor volume [2 & 17] in addition to theeegy
expenditure [22]. Further Simultaneous sacchatifitmn and fermentation also can reduce the totaé tof the
process [20]. Thus the Simultaneous saccharifinatéind fermentation is turned out to be an ecoranimcess
[21].
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Table 6: Simultaneous saccharification and ferment#on of liquefied starch in rice flour (DE 45.3) atpH 4.5 and 35C by
locally prepared glucoamylase (2.3 AGU g DY and recycling of yeast cells, while intermittentf adding nutrient medium.

) ) Sugar (gL Ethanol
N(lj)rfrfII)Zr TEE;E Vla(tl)\lli ;?ell Reducing Total Amount _ Efficiency Yield
i QL (%) (%)
0 95.3 210.6 0.0
24 98.4 98.4 48.3
48 8.0x18 6.3 7.4 96.8 95.8 91.9
Addition of fresh sterile nutrient medium
0 95.3 210.6 0.0
Il 24 97.4 99.4 48.9
48 6.5x 16 5.8 6.4 97.3 95.3 90.5
0 95.3 210.6 0.0
1 24 98.3 100.2 38.1
48 9.3x 10 6.1 7.2 85.8 84.4 81.5
0 95.3 210.6 0.0
[\ 24 124.3 129.6 319
48 4.3x10 17.3 18.4 74.3 77.3 70.6
Addition of fresh sterile nutrient medium
0 95.3 210.6 0.0
\Y 24 113.2 114.3 38.6
48 6.4 10 38.3 36.3 85.3 97.9 81.0
0 95.3 210.6 0.0
Vi 24 128.4 134.3 28.3
48 9.8x16 53.2 55.2 69.8 89.8 66.3
0 95.3 210.6 0.0
VI 24 138.6 142.7 25.4
48 43x16 69.4 73.8 58.4 85.4 55.5
Addition of fresh sterile nutrient medium
0 95.3 210.6 0.0
VIl 24 133.2 138.6 28.2
48 9.4x16 87.2 89.3 48.3 79.6 45.9
0 95.3 210.6 0.0
IX 24 165.4 168.2 17.3
48 2.7x10 110.3 112.4 23.5 47.9 22.3
CONCLUSION

Time reduction in the industrial processes makegptiocess economical. When raw starch has todzbascarbon
source combining liquefaction and saccharificaor5SF can reduce the process time. From thik/ stican be
concluded that the SSF is better than combiningefigction and saccharification. Further combirged recycling

with SSF has shown that intermittent addition dfiemt medium is useful to improve the cell viatyilin reactors to
enhance ethanol production.
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