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Abstract Response surface methodology based on the 24

factorial central composite design (CCD) was applied to

optimize the liquefaction and saccharification process for

the enhancement of sugar production from raw corn starch.

Optimum level of the pre and post-cooking a-amylase and

glucoamylase dose were found to be 3.0 and 1.5 U/ml,

respectively, while saccharification temperature for the

maximum sugar production was found to be 50 �C. The

quadratic model predicted that maximum conversion effi-

ciency for the enhanced sugar production from raw corn

starch was 93.65 % under the above mentioned optimum

level of variables. Additional experiments performed in

triplicate with the optimized level of variables showed

maximum conversion efficiency of 94.12 %, in close

agreement between the predicted and experimental results.

The generated sugar was subjected for the bioethanol

production in separate fermentation system using yeast

while simultaneous saccharification and fermentation sys-

tem was also evaluated.

Keywords Bioethanol � Saccharification � Fermentation �
Glucoamylase � a-Amylase

Introduction

The conventional method of starch hydrolysis using acid

has been replaced by processes using starch saccharifying

enzymes, accounting for approximately 15 % share in the

world enzyme market. There are numerous bacteria and

fungi from which amylases can be isolated but the most

thoroughly studied are Bacillus and Aspergillus spp. [1].

Industrially important enzymes including amylases have

traditionally been obtained from submerged cultures

because of ease of handling and greater control of envi-

ronmental factors such as temperature and pH. Solid state

fermentation (SSF) is an interesting alternative since the

metabolites produced are concentrated and purification

procedures are less costly [2, 3]. A low-cost SSF process

can supply enzyme extracts with a high potential for

application in the cold hydrolysis of raw starch from

agroindustrial cakes [4].

Increasing price of crude oil and other fossil fuels have

raised interest in alternative fuel sources around the world.

The most common bio-fuel is bio-ethanol, accounting for

more than 90 % of total bio-fuel usage. Fuel alcohol pro-

duction from starch needs constant process improvement in

the biomass conversion to fuel alcohol for making it eco-

nomically viable. Around 60 % of the total ethanol is

produced by fermentation [5]. Research and development

efforts aimed at commercial production of ethanol by fer-

mentation from renewable resources such as crop residues

and biomass waste [6–11], municipal solid wastes (MSW)

[12–16], municipal sludge [17], and dairy/cattle manures

[18] have increased.

Several methods reported for the fermentative produc-

tion of ethanol from starch include (1) simultaneous sac-

charification and fermentation with a mixed culture of

amylolytic and an ethanol-producing microorganism [19],

(2) use of amylolytic enzymes from bacteria and ferment-

ing yeast both together for the saccharification and fer-

mentation of starch [20], (3) addition of glucoamylase to

the raw starchy materials prior to fermentation, which is a

common practice in industry [21].
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We have already optimized the production and purifi-

cation process of glucoamylase and a-amylase from Col-

letotrichum sp. KCP1 and Bacillus amyloliquefaciens

KCP2, respectively [22–24]. In the present investigation

we have used a low cost SSF system for production of

thermo-stable liquefying and saccharifying amylases from

isolates for the hydrolysis of the raw corn starch as well as

mess food waste. Response surface methodology (RSM)

using central composite design was employed for the

optimization of liquefaction and saccharification for the

enhanced sugar production. The generated sugar slurry was

again subjected for the alcohol production using yeast

strain.

Materials and Methods

Microorganisms and Maintenance

A bacterial isolate identified as Bacillus amyloliquefaciens

KCP2 using 16s rDNA (Accession No: KF112071) and the

fungal isolate identified as Colletotrichum sp. KCP1 using

18S rDNA (Accession No: GU353321) were studied pre-

viously for the alpha-amylase and glucoamylase produc-

tion, respectively under solid state fermentation [22, 24]

have been selected in the present investigation based on the

suitability of the organisms to grow on solid state base such

as wheat bran, the property of thermostable alpha-amylase

and fungal glucoamylase and the levels of enzyme yields.

Bacillus amyloliquefaciens KCP2 was stored at 4 �C on

Bushnell Hass Agar (BHA) slant containing 1 % starch.

Bushnell Hass mineral salts solution has the following

composition (gm/lit): MgSO4 0.2, KH2PO4 1.00, CaCl2 0.02,

FeCl3 0.05, NH4NO3 1.00, K2HPO4 1.00 while Colletotri-

chum sp. KCP1 was stored at 4 �C on potato dextrose agar

(PDA). These cultures were subculture every 2–3 weeks of

interval.

Glucoamylase Production by Colletotrichum sp. KCP1

Under SSF

Previously optimized medium having starch 1.5 g, whey

0.1 ml and casein acid hydrolysate 0.1 g, per 5 g of wheat

bran was used for production of glucoamylase under SSF.

Production flasks were inoculated with 3 agar plugs of 8 mm

diameter from 7 days grown fungal culture on Czapek Dox

agar plate and incubated at 30 �C for 5 days. Subsequently

the enzyme was extracted with 50 ml of 0.05 M sodium

acetate buffer (pH 5.0) on rotary shaker at 150 rpm for

30 min at 25 �C. The content was filtered through muslin

cloth, centrifuged at 8,000 rpm for 15 min and clear super-

natant was used for determining glucoamylase activity

expressed as U/gds (Units/gram dry substrate) and liberated

reducing sugars (glucose equivalents) were estimated by

dinitrosalicylic acid (DNS) method [25]. One unit of glu-

coamylase is defined as the amount of enzyme releasing

1 lmol of glucose equivalent per minute under the assay

conditions.

Alpha Amylase Production by B. amyloliquefaciens

KCP2 Under SSF

Alpha amylase production was carried out in 250 ml

Erlenmeyer flasks containing starch 0.01 g, ammonium

sulphate 0.2 g and 5 mM calcium chloride per 5 g wheat

bran as solid substrate and 10 ml of the salt solution

(gm/lit: MgSO4 0.2, KH2PO4 1.00, FeCl3 0.05, NH4NO3

1.00, K2HPO4 1.00) to provide the adequate moisture

content. After inoculation, all the experimental flasks were

incubated under static condition at 37 ± 2 �C and were

harvested after 72 h interval followed by the enzyme

extraction with 40 ml of 0.05 M phosphate buffer (pH 8.0)

on a rotary shaker at 150 rpm for 30 min at 25 �C. The

content was filtered through muslin cloth, centrifuged at

8,000 rpm for 25 min and the clear supernatant was used

for determining alpha-amylase activity, which is expressed

as U/gds (Units/gram dry substrate). The reaction mixture

consisted of 1.0 ml of 1 % starch, 0.9 ml 0.05 M phos-

phate buffer (pH 8.0), and 0.1 ml of enzyme extract. After

10 min of incubation at 65 �C, the liberated reducing

sugars were estimated by the dinitrosalicylic acid (DNS)

method [25]. The colour developed was read at 560 nm

using a spectrophotometer (Shimadzu UV-160).

Substrates Used for the Saccharification Study

Raw Corn Starch

Fresh corns were procured from the market and corn seed

separated from the corn cobs. Corn seed were crushed and

soaked in water for separation of starch which settled at the

base of container. At a regular time interval the water was

changed and deposited starch was collected. The process

continued till the release of the starch stopped. The starch

thus collected was subjected to drying at 60 �C, till fine

powder was formed.

Food Waste

Food waste was collected from the mess of Vallabh Vid-

yanagar, Gujarat where around 500 students take their

meals daily. It was mixed with water at ratio of 1:2 and

crushed into small particles. The characteristic of the food

waste mixture used in this study were pH 5.7, total solid

11.2 %, and total chemical oxygen demand 82.4 g/l. The

average elemental composition of food waste mixture was
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carbon 52.8 %, nitrogen 5.9 %, hydrogen 6.8 % and oxy-

gen 34.5 %. These characteristic of the food mixture were

found to be similar to other reported values [26, 27].

Application of Microbial Enzymes in the Hydrolysis

of Raw Corn Starch Using Response Surface

Methodology

Raw corn starch (10 %) slurry was prepared in 250 ml

Erlenmeyer flask with distilled water followed by addition

of bacterial alpha amylase and the temperature was main-

tained at 65–70 �C during pre-cooking in water bath for

30 min. The slurry of raw corn starch was then cooked

under pressure in an autoclave at 121 �C for 30 min. After

gelatinization, the contents of the flasks were allowed to

cool and another dose of alpha amylase was added while

the temperature was maintained at 65 �C for another

30 min for starch liquefaction. After cooling the liquefied

mash fungal glucoamylase was added for saccharification.

The flasks was then incubated for 12 h and the liberated

reducing sugars were determined according to [25]

(Fig. 1). All the results represent the mean of at least three

independent experiments. Conversion efficiency in mash-

ing was calculated as follows:

Sugars obtainable from starch hydrolysis as determined

from stoichiometrical calculation were 1.01 g/g [28].

The interactive effect of four variables (pre-cooking

alpha amylase, post-cooking alpha amylase, glucoamylase

and saccharification temperature) which influence the raw

corn starch saccharification significantly were analysed and

optimized by response surface Central Composite Design

(CCD). RSM is useful for small number of variables (up to

five) but is impractical for large number of variables, due to

Fig. 1 Schematic flow diagram of overall process for the ethanol production

¼ Reducing sugars produced in raw corn starch mash/reducing sugars obtainable from corn starchð Þ � 100:
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high number of experimental runs required. According to

the design, the total number of treatment combinations is

2k ? 2k ? no, where k is the number of independent

variables and no is the number of repetition of experiments

at the central point. Each factor in the design was studied at

five different levels (-a, -1, 0, ?1, ?a) as shown in

Table 1. All variables were set at a central coded value of

zero. The minimum and maximum ranges of variables were

determined on the basis of our previous experiments. The

full experimental plan with respect to their values in actual

and coded form is presented in Table 2. The % conversion

efficiency of microbial enzymes for raw corn starch sac-

charification was measured in triplicate for all 30 different

experimental runs. The raw corn starch saccharification

was analyzed using a second order polynomial equation,

and the data were fitted into the equation by multiple

regression procedure. The model equation for analysis is

given as:

Y ¼ b0 þ
X

biXi þ
X

biiXi2 þ
X

bijXiXj ð1Þ

where bo, bi, bii and bij represent the constant process

effect in total, the linear, quadratic effect of Xi and the

interaction effect between Xi and Xj, respectively for the

raw corn starch saccharification. Later, an experiment was

run using the optimum values for variables given by

response optimization to confirm the predicted value and

experimental value of raw corn starch saccharification.

Software and Data Analysis

The results of the experimental design were analyzed and

interpreted using Design Expert Version 8.0 (Stat-Ease

Inc., Minneapolis, Minnesota, USA) statistical software.

Fermentation of Mess Food Waste and Raw Corn

Starch Slurry

The experiment was carried out in 250 ml of Erlenmeyer

flasks with working volume of 100 ml. The collected mess

food sample was diluted with water at a ratio of 1:2 and was

treated with the optimized condition and level of post and

pre-cooking alpha amylase and glucoamylase for maximum

sugar production. The liquid phase of the food waste

hydrolysate obtained by enzymatic saccharification was

stored in the -20 �C freezer before ethanol fermentation.

Ethanol fermentation was carried out using Saccharomyces

cerevisiae under anaerobic condition using food waste

hydrolysate without addition of any nutrient components

while 0.5 g % of yeast extract was added to the raw corn

starch slurry. To ensure anaerobic condition, the flasks were

sealed by the rubber stopper after inoculation of 2 % (v/v)

pre-cultured inocula and were kept at 30 ± 2 �C for 48 h.

Simultaneous Saccharification and Fermentation (ssf)

At the end of liquefaction process, the raw corn starch slurry

and food waste were cooled to 30 ± 2 �C from 65 ± 2 �C

and subjected to simultaneous saccharification fermentation

with yeast culture, after supplementation of fungal gluco-

amylase and with 0.5 g % of yeast extract in case of raw

corn starch slurry while food waste slurry was used without

addition of any nutrient components. The flasks were cov-

ered with (a sterile plug or) rubber stopper and incubated at

30 ± 2 �C in rotary shaker at 200 rpm. Samples of the

fermentation slurry were collected after 48 h of fermentation

period for estimating ethanol production.

Ethanol Extraction and Estimation

The fermentation slurry was subjected to distillation at

79 �C using Soxhlet’s apparatus. The ethanol content from

distillate was measured using dichromate method after

qualitative estimation by gas chromatography.

Results and Discussion

Response surface methodology is generally used to inves-

tigate a combined effect of several variables and to find

optimum conditions for a multi-variable system. The most

common experimental design used in RSM is CCD which

has equal predictability in all directions from the center. In

addition, CCDs are optimized designs for fitting quadratic

models [29].

Table 1 Experimental range and levels of the independent variables of selected components used for response surface central composite design

Variables Components Range Levels of variable studied

-a -1 0 ?1 ?a

X1 Pre-cooking alpha amylase (U/ml) 1.00–5.00 -1.00 1.0 3.00 5.00 7.00

X2 Post-cooking alpha amylase (U/ml) 1.00–5.00 -1.00 1.0 3.00 5.00 7.00

X3 Glucoamylase (U/ml) 0.05–3.00 -1.43 0.05 1.52 3.00 4.47

X4 Temperature (�C) 40–60 30 40 50 60 70
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In the present work, experiments were planned to

obtain a quadratic model consisting of 24 trails. The plan

includes thirty experiments and two levels of concentra-

tion for each variable. In order to study the combined

effect of these variables to obtained maximum sacchari-

fication, experiments were performed at different combi-

nations. Table 2 summarizes the central composite

experimental plan along with the predicted and observed

response for each individual experiment. It shows the

conversion efficiency (%) of the microbial enzyme cor-

responding to combined effect of all four variables in the

specified ranges. RSM was used for the optimization of

enzymatic hydrolysis of maize starch for the higher

glucose production and the maximum conversion effi-

ciency of 96.25 % was achieved [28].

The optimum levels of the selected variables were

obtained by solving the regression equation and by ana-

lyzing the response surface contour and surface plots [30].

The regression equation obtained after the analysis of

variance (ANOVA) provides an estimate of the level of

%conversion efficiency of the microbial enzyme as a

function of combine effect of pre-cooking alpha amylase,

post-cooking alpha amylase, glucoamylase and saccharifi-

cation temperature.

The % conversion efficiency of the enzymes may be best

predicted by the following model:

Table 2 Full experimental central composite design with coded and actual level of variables and the response function for enzymatic

saccharification

Run

no

A: Pre-cooking alpha

amylase (U/ml)

B: Post-cooking alpha

amylase (U/ml)

C: Glucoamylase (U/ml) D: Temperature (�C) Conversion

efficiency (%)

Coded

level

Actual

level

Coded

level

Actual

level

Coded

level

Actual

level

Coded

level

Actual

level

Observed Predicted

1 -1 1 -1 1 -1 0.05 -1 40 72.1 70.05

2 ?1 5 -1 1 -1 0.05 -1 40 80.12 79.94

3 -1 1 ?1 5 -1 0.05 -1 40 75.82 74.73

4 ?1 5 ?1 5 -1 0.05 -1 40 86.13 87.23

5 -1 1 -1 1 ?1 3 -1 40 76.89 75.43

6 ?1 5 -1 1 ?1 3 -1 40 81.1 79.72

7 -1 1 ?1 5 ?1 3 -1 40 79.45 83.05

8 ?1 5 ?1 5 ?1 3 -1 40 87.13 89.94

9 -1 1 -1 1 -1 0.05 ?1 60 82.57 78.55

10 ?1 5 -1 1 -1 0.05 ?1 60 89.99 84.75

11 -1 1 ?1 5 -1 0.05 ?1 60 81.62 81.36

12 ?1 5 ?1 5 -1 0.05 ?1 60 89.92 90.17

13 -1 1 -1 1 ?1 3 ?1 60 86.57 83.84

14 ?1 5 -1 1 ?1 3 ?1 60 84.56 84.44

15 -1 1 ?1 5 ?1 3 ?1 60 90.62 89.59

16 ?1 5 ?1 5 ?1 3 ?1 60 92.38 92.79

17 -a -1 0 3 0 1.525 0 50 74.32 77.41

18 ?a 7 0 3 0 1.525 0 50 90.75 90.50

19 0 3 -a -1 0 1.525 0 50 69.67 76.84

20 0 3 ?a 7 0 1.525 0 50 94.21 89.88

21 0 3 0 3 -a -1.425 0 50 81.37 85.69

22 0 3 0 3 ?a 4.475 0 50 95.18 93.70

23 0 3 0 3 0 1.525 -a 30 70.8 68.70

24 0 3 0 3 0 1.525 ?a 70 75.1 80.05

25 0 3 0 3 0 1.525 0 50 89.37 93.17

26 0 3 0 3 0 1.525 0 50 97.16 93.17

27 0 3 0 3 0 1.525 0 50 91.3 93.17

28 0 3 0 3 0 1.525 0 50 97.44 93.17

29 0 3 0 3 0 1.525 0 50 96.91 93.17

30 0 3 0 3 0 1.525 0 50 86.81 93.17
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¼ 93:165þ ð3:272917 � Aþ 3:260417 � Bð Þ
þ 2:002083 � Cð Þ þ 2:837083 � Dð Þ
þ 0:650625 � A � Bð Þ
� ð1:40063 � A �CÞ � 0:92187 � A � Dð Þ
þ 0:734375 � B � Cð Þ � 0:46687 � B � Dð Þ
� 0:02312 � C � Dð Þ � 2:30156 � A2

� �

� 2:45031 � B2
� �

� 0:86656 � C2
� �

� 4:69781 � D2
� �

ð2Þ

where Y is conversion efficiency (%), A is pre-cooking

alpha amylase dose (U/ml), B is post cooking alpha amy-

lase dose (U/ml), C is glucoamylase dose (U/ml) and D is

saccharification temperature (�C).

Statistical significance of respective model equation was

checked using F-test analysis of variance (ANOVA)

(Table 3). The model F-value of 5.41 implies the model is

significant. There is only a 0.12 % chance that a model F-

value could be large due to noise. Values of Prob [ F less

than 0.0500 indicate model terms are significant. In this

case A, B, D, A2, B2 and D2 are found to be significant

model terms. The lack of fit F-value of 1.00 implies the

lack of fit is not significant relative to the pure error. Non-

significant lack of fit indicates that the experimental data

obtained are in good agreement with the model. Adequate

Precision measures the signal to noise ratio. A ratio greater

than 4 is desirable. In our case we found the ratio of 7.654

indicates an adequate signal for the model. The R2 value

(multiple correlation coefficient) closer to 1 denotes better

correlation between observed and predicted values. The

coefficient of variation (CV) indicates the degree of pre-

cision with which the experiments are compared. The

lower reliability of the experiment is usually indicated by

high value of CV. In the present case a low CV (5.44 %)

denotes that the experiments performed are reliable.

The effect of interaction of variables to generate more

sugars and consequently increase the overall % conversion

efficiency was studied against any two independent variables

while keeping the other independent variables at their con-

stant level. These response surface plots or contour plots can

be used to predict the optimal values for different test

variables. Therefore, six response surfaces were obtained by

Table 3 Analysis of variance (ANOVA) for response surface quadratic model of enzymatic saccharification

Source Sum of squares df Mean square F value p value

Model 1,616.807 14.00 115.486 5.411 0.0012 Significant

A: Pre-cooking alpha-amylase 257.088 1.000 257.088 12.045 0.0034 Significant

B: Post-cooking alpha-amylase 255.128 1.000 255.128 11.954 0.0035 Significant

C: Glucoamylase 96.200 1.000 96.200 4.507 0.0508

D: Temperature 193.177 1.000 193.177 9.051 0.0088 Significant

AB 6.773 1.000 6.773 0.317 0.5815

AC 31.388 1.000 31.388 1.471 0.2440

AD 13.598 1.000 13.598 0.637 0.4372

BC 8.629 1.000 8.629 0.404 0.5345

BD 3.488 1.000 3.488 0.163 0.6917

CD 0.009 1.000 0.009 0.000 0.9843

A2 145.294 1.000 145.294 6.808 0.0197 Significant

B2 164.682 1.000 164.682 7.716 0.0141 Significant

C2 20.597 1.000 20.597 0.965 0.3415

D2 605.333 1.000 605.333 28.362 \0.0001 Significant

Residual 320.147 15.000 21.343

Lack of fit 213.620 10.000 21.362 1.003 0.5336 Not significant

Pure error 106.527 5.000 21.305

Cor total 1,936.953 29.000

CV = 5.44 %; Adequate precision = 7.65

Fig. 2 Response surface graph showing the interaction effect of

a pre-cooking a-amylase and post-cooking a-amylase keeping fixed

level of glucoamylase (1.52 U) and temperature (50 �C), b pre-

cooking a-amylase and glucoamylase keeping fixed level of post-

cooking alpha-amylase (3.00 U) and temperature (50 �C), c pre-

cooking a-amylase and saccharification temperature keeping fixed

level of post-cooking alpha-amylase (3.00 U) and glucoamylase

(1.52 U), d post-cooking a-amylase and glucoamylase keeping fixed

level of pre-cooking alpha-amylase (3.00 U) and temperature (50 �C),

e post-cooking a-amylase and saccharification temperature keeping

fixed level of pre-cooking alpha-amylase (3.00 U) and glucoamylase

(1.52 U), f glucoamylase and saccharification temperature keeping

fixed level of pre-cooking alpha-amylase (3.00 U) and post-cooking

alpha-amylase (3.00 U) on the conversion efficiency (%) for the

enhanced sugar production

c
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considering all the possible combinations. Three-dimen-

sional response plot shown in Fig. 2a describes the behav-

iour of microbial enzyme for maximum conversion

efficiency (%), main effect, interaction effect and squared

effect (nonlinear) of pre-cooking alpha amylase and post

cooking alpha amylase at different dose level. Both the

components at their lower dose did not show any significant

effect on the conversion efficiency. The shape of the

response surface curves showed a good interaction between

these tested variables and increase in the dose level of both

variables leads to maximum sugar production and ultimately

high conversion efficiency. Figure 2b depicts three dimen-

sional curve and contour plot of the calculated response

surface from the interaction between glucoamylase and pre-

cooking alpha amylase dose while keeping fixed level of

other two variables. Interaction of both glucoamylase and

alpha amylase at more than middle level showed positive

effect and leads to maximum sugar production while both

variables at their lower dose did not show any significant

effect. Figure 2c shows the interaction between the sac-

charification temperature and pre-cooking alpha amylase

dose on sugar production from raw corn starch. Higher level

of both the variables did not show any significant rise in the

sugar production while middle level of temperature and

higher middle level of pre-cooking alpha amylase dose leads

to maximum sugar production. Glucoamylase and post

cooking alpha amylase at their lower level did not show any

significant effect on the sugar production (Fig. 2d). The

interaction of both the variables showed positive effect at

their higher level and leads to maximum sugar production.

As shown in Fig. 2e, the interaction between the tempera-

ture and post-cooking alpha amylase showed prominent

effect on the sugar production. Simultaneous increase in the

both variables leads to gradual increase in the % conversion

efficiency up to certain level. Maximum conversion effi-

ciency (%) was observed when both variables were kept at

their middle level while lower level showed negative effect

on sugar generation. Increase in the saccharification tem-

perature leads to gradual increase in the %conversion effi-

ciency up to higher middle level (Fig. 2f). The lower level of

glucoamylase and saccharification temperature did not show

any significant effect on the sugar production but the inter-

action of both the variables were found to be positive for

enhanced sugar production from raw corn starch. Sacchari-

fication temperature between 50 and 60 �C was found to be

effective for enhanced activity of glucoamylase and ulti-

mately leads to higher conversion efficiency (%).

Validation of the Quadratic Model

Validation was carried out under conditions predicted by

the response surface model. The optimal level estimated

for each variable in enzyme system for higher sugar pro-

duction from raw corn starch were 3 U/ml dose of both pre

and post cooking alpha amylase, 1.5 U/ml dose of gluco-

amylase and 50 �C as saccharification temperature. The

predicted conversion efficiency (%) obtained from the

model using the above optimum level of variables was

93.65 %. To validate the prediction of the model, addi-

tional experiments in triplicate were performed with the

optimized enzyme system. These experiments yielded the

maximum conversion efficiency of 94.12 %. Good agree-

ments between the predicted and experimental results

verified the validity of the model and the existence of the

optimal points.

Fig. 3 Ethanol production

using mess food waste and corn

starch under separate and

simultaneous saccharification–

fermentation
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Fermentation

Liquefaction process involves a partial hydrolysis of starch

to maltodextrins at high temperature and the reduction of

starch-paste viscosity by the action of thermo-stable a-

amylase produced by the Bacillus amyloliquefaciens

KCP2. The efficiency of the fermentation process depends

on the glucose concentration produced by the saccharifi-

cation process [31]. During separate saccharification and

fermentation process, the ethanol production was found to

be 16.20 and 21.2 g/l using mess food waste and corn

starch as substrate, respectively (Fig. 3). Food waste is a

complex mixture containing sugar, starch, cellulose, pro-

tein and fat, it was expected that the optimum saccharifi-

cation conditions might be changed. Ethanol fermentation

was performed by simultaneous saccharification and fer-

mentation (ssf) process, where glucoamylase produced by

the Colletotrichum sp. KCP1 and yeast were added

simultaneously. The ssf decreases the product inhibition on

enzyme as well as the osmotic stress on yeast cells. In this

study, ssf was operated at 30 �C according to a high eth-

anol production rate reported in literature [31–33]. In spite

of the economical advantage of ssf over separate hydrolysis

and fermentation, the critical problem of ssf is the differ-

ence in the temperature optima of the enzyme and the

fermenting microorganisms. It was noted that this tem-

perature was lower than the optimum temperature of sac-

charifying enzymes used in this study. The ethanol

concentration of 19 and 25 g/l was reported during

simultaneous saccharification and fermentation of Arundo

donax—a perennial herbaceous crop and steam pre-treated

corn stover, respectively after 72 h of fermentation period

[34]. During simultaneous saccharification and fermenta-

tion process, the ethanol production was found to be 11.21

and 15.02 g/l using mess food waste and corn starch as

substrate, respectively.

Conclusion

Bacillus amyloliquefaciens KCP2 a-amylase and gluco-

amylase from Colletotrichum sp. KCP1 have been

employed for the liquefaction and saccharification of the

raw corn starch for the maximum sugar generation. The

sugar slurry was then subjected for ethanol fermentation

for 48 h using yeast culture. Statistical optimization of

enzymatic hydrolysis of raw corn starch has been suc-

cessfully carried out using RSM based on the 24 factorial

CCD. The optimum values for the tested variables for the

maximum conversion efficiency were: pre- and post-

cooking a-amylase dose 3.0 U/ml, glucoamylase dose

1.5 U/ml at a saccharification temperature of 50 �C. The

maximum conversion efficiency of 94.12 % was achieved.

This design proved to be useful in the optimization of

enzymatic liquefaction and saccharification process. Max-

imum alcohol production was found to be 16.20 and

21.2 g/l from mess food waste and corn starch, respectively

after 48 h of fermentation period.
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