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ABSTRACT
Modeling and optimization of cellulosic ethanol production from sawdust
(hardwood) using Bacillus subtilis enzyme was investigated. Modeling and
Optimization of the process variables was carried out using the Response Surface
Methodology (RSM) Box - Behnken Design (BBD) design of experiment. The
optimum process variables obtained were 5.99 h of hydrolysis, 9.91 % H 2SO4
concentration, and 59.97 h for fermentation time with a predicted value of 56.968
wt % as ethanol concentration. The experimentally result obtained from the
optimum value validation is 97.423 % close to the result obtained from the predicted
optimum value.
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INTRODUCTION
The production of bioethanol from
sawdust (lignocellulosic) is attracting
interest due to the relative availability
and less expensive nature of the raw
material. The current trend of demand
for ethanol and the projected increase
in the use of these fuels as renewable
energy helps to stimulate interest in
the prospects for the development of
new ethanol plants. [1].
Lignocellulosic biomass (e.g. sawdust
obtained from wood) gives sustainable
and unique renewable resources for
environmentally safe chemicals and
organic fuel. The preponderance of
these lignocellulosic materials, its
transformation to ethanol (biofuel) is

Surface

Methodology,

Sawdust,

one of the most important uses of
biomass like sawdust as a source of
energy in this modern day world.
There are two methods in the
production of ethanol from cellulose,
which are: separate hydrolysis and
fermentation (SHF) and simultaneous
saccharification and fermentation
(SSF). The SSF, however, produces
more ethanol compared to SHF but
the difference in the ethanol
production doesn’t account for the
difference in cost of production
making the SHF more cost effective
[5]. The separate hydrolysis and
fermentation (SHF) process uses either
concentrated or dilute acid for
breaking the cellulose into sugars.
Optimization and modeling has been
noted to be important in biological

process stages, this is because it
improves system efficiency without
increase in cost [6].
Classical one factor at a time method
of optimization is tedious and
consumes a lot of time and does not
completely represent the effects of
the variables on the process and fails
to take note of the interactions of the
combined variables in a process.
Response Surface Methodology (RSM)
as a good example of statistical –
based approach is a comprehensive
experimental
design
and
mathematical modeling, through the
partial regression fitting of the
experimental factors [7]. It has
advantage of reducing the number of
experimental runs needed to give
adequate information for statistically
acceptable results [8]. RSM is a
collection of mathematical and
statistical techniques that are useful
for modeling and analysis of
engineering problems in which a
response of interest is influenced by
several variables [9]. It is a technique
for designing experiments, building
numerical models, evaluating the
effects of variables, and searching for
optimum combinations of factors [10].
This method is more practical
compared to the conventional ‘one
variable at a time’ approach as it
arises from experimental methodology
which includes interactive effects
among the variables and, eventually it
depicts, the overall effects of the
parameters on the process [6].
Generally, RSM model assesses the
relationships between the response(s)
and the independent variables, alone
or in combination, in the process [11].
Box – Behnken is a spherical, revolving

design, viewed as a cube and consists
of a central point and middle point of
the edges [10]. The use of bioethanol
as energy source is advantageous over
traditional conventional fossil fuel in
terms of the harmful effects on the
environment and its limitations. These
resultant undesired influences on
ecology, global market economy,
aquatic life and natural resources can
be eliminated or reduced by replacing
fossil fuel with biofuel (ethanol). The
objective of the work was to model
the production of ethanol from
sawdust (hard wood) using RSM (Box –
Behnken Design), and optimization of
the process variables as they affect
ethanol production.
MATERIALS AND METHODS
MATERIALS
The sawdust hard wood (Dantata,
native name) was collected from Uti
Sawmill at Effurun in Uvwie Local
Government Area of Delta State. The
enzyme, Bacillus subtilis was procured
from Federal Institute of Industrial
Research Oshodi (FIIRO), Nigeria. Tetra
oxo sulphate (VI) acid (H2SO4), conical
flasks (500 ml), digital pH meter
(HANNA model pH – 211), distilled
water,
corks,
aluminium
foils,
measuring cylinder (200 ml), Oven
(Genlab oven model, Mino/75/f),
beakers,
thermometer,
pipettes,
volumetric flask, autoclave, fermenter,
and weighing balance (model BH 600)
with an accuracy of 0.01 g were used
for the bioethanol produced. All the
chemical reagents used were of
analytical grade.

Pre – treatment of Sample and
Characterization of Sample
The sawdust was cleaned, chopped
and oven-dried at 60 °C for 48 h (to
moisture content of 15 %). The
sawdust was sieved to produce a
uniform particle size between 0.180 –
0.250 mm and kept in a sealed plastic
jar at room temperature until required
for use.
FTIR Spectroscopy
The substrates were examined using
Buck
Scientific
Infrared
Spectrophotometer model 530 with
the range 500 – 4000 cm-1
(wavelength). Potassium bromate
(KBr) was used as a background
material in the analysis.

Scan Electron Microscopy Analysis
(SEM)
The surface morphology of the solid
hard wood was inspected using a
Scanning Electron Microscope (SEM)
PHENOMWORLD operating at 25 kV.
Micro-particles for SEM studies were
mounted on metal stubs with double –
side adhesive, and coated with gold in
a vacuum using an IB – 3ion coater.
The analysis also includes the micro
pore volume, and diameter of the
hard wood.

EXPERIMENTAL PROCEDURE
Alkaline Pretreatment of Sawdust
(Hardwood)
The sieved sawdust (100 g) was
pretreated with dilute sodium
hydroxide (2 % w/w NaOH) in 1000 ml
of distilled water containing 2 g of
NaOH. The solution was allowed to
stand in the laboratory for 24 h so as
to completely dilignify the sawdust
sample
.
The filtrate was separated from the
solid residues. The solid residues were
washed thoroughly with distilled
water to remove the residual sodium
hydroxide until a pH of 7.0 was
obtained, and subsequently dried at
o
65 C in an oven.
Separate Hydrolysis and Fermentation
Process (SHF)
Hydrolysis
The alkaline pretreated sawdust was
then hydrolyzed with dilute sulphuric
acid
(H2SO4)
at
different
concentrations (2, 4, and 6 % H2SO4
(v/v)). The pretreated sawdust sample
was then maintained at solid to liquid
ratio of 1:10, in 250 ml round bottom
flask, and refluxed. The samples were
retained for 2, 4, and 6 h for
subsequent fermentation.
After
hydrolysis the liquid fraction of the
hydrolysate samples was cooled,

filtered, and collected. The pH was
adjusted to 5 by adding 2 M
concentrated sulphuric acid and 8 M
sodium hydroxide.

obtained after distillation. The
resulting ethanol concentration was
analyzed by gas chromatography.
Design of Experiment (RSM)

Fermentation
After hydrolysis, the flasks containing
the hydrolyzed samples was then
covered with cotton wool, wrapped
in aluminium foil, and autoclaved at
121 oC, 15 psi for 15 min This was
allowed to cool at room temperature.
Fermentation was carried out in 250
ml Erlenmeyer flask with 3 g/l of
enzyme (Bacillus subtilis) in a shaker
incubator at 150 rpm for 24 h, 48 h,
and 60 h at incubation temperature of
37 °C [12]. The hydrolyzed sugar
fermented
was
distilled
using
distillation bath. Ethanol (23 ml) was

The experimental runs and modeling
of the experimental data was done
with the aid of Design expert software
(Design – Expert 7.00). Table 1 shows
the factor levels of independent
variables used for the BBD design. A
total of seventeen (17) experimental
runs were generated using the BBD
(Box – Behnken Design) as depicted in
Table 5. The variables considered for
the
ethanol
production
were
hydrolysis
time
(X1),
H2SO4
concentration (X2), and fermentation
time (X3).

Table 1 Factor levels of independent variables for Box-Behnken design
Independent Variables
Low level (-1) Mid- point (0) High level (+1)
Hydrolysis Time
2
4
6
H2SO4 Concentration
2
6
10
Fermentation Time
24
42
60
Optimization
The quadratic model generated from
the RSM was optimized using the
generalized response surface model
depicted by the equation below;
∑
Y = β0 + ∑
∑
For three factor inputs of x1, x2 and x3,
the equation of the quadratic
response is given as;
Y = bo + b1X1 + b2X2 + b3X3 + b12X1X2 +
b13X1X3 + b23X2X3 + b11X12 + b22X22 +
b33X32 ………(2)
Where Y is the predicted response by
RSM, i and j are the linear and
quadratic coefficients respectively, β is
the regression coefficient, k is the
number of variables or parameters
studied and optimized in the
experiment, and e is the random error
[13].

RESULTS AND DISCUSSION
FTIR Spectra of Hardwood Sawdust
Secondary Alcohol (OH) stretch broad
band was shown with frequency
(3626.52 cm-1) while 3391.07 cm-1
indicates normal polymeric “O-H”
stretch. None bounded hydroxyl group
O-H stretch, primary alcohol was
shown in broad band 3646.03 cm-1. CH, SP3 band was exhibited between
(2852.95 - 2922.82 cm-1) while C=O
huge band was noticed at broad band
(1651.55 cm-1 and 1732.37 cm-1) [14].
The highest intensity (peak) with
frequency 2149.60 cm-1 suggests that
C=C, short and narrow is the main
functional group in the hardwood
sawdust. The presence of the
secondary alcohol in the sawdust
suggests it to be a good substrate for
the production of ethanol.

Figure 1 FTIR Spectra of the Sawdust (Hard wood)

Plate 1 The SEM analysis of the sawdust (hard wood) sample
RSM Modeling and Optimization
From plate 1 above it can be seen that
the sawdust granules were intact with
the microscopic observation, the
presence of pores was visible on the
surface of the sawdust (hard wood)
used for this ethanol production. The
presence of pores also enhances
better hydrolysis of the cellulose in the
intricate walls of the sawdust used.

The ethanol production from sawdust
(hardwood) was modelled by a
quadratic model. Analysis of variance
(ANOVA) results as shown in Table 4
indicate that the model F – value of
7.37 and p< 0.05. This revealed that
the model obtained from the
production of ethanol from sawdust

(hard wood) is significant. The
obtained experimental data fitted well
to the quadratic model and it has a
low
standard
deviation.
The
coefficient of determination (R2) of
0.9046 was obtained for the model
which is high; indicating that the
predicted value would be more
accurate and close to the actual value
[15]. This shows that the actual
relationship among the selected
factors was adequately represented by
the model obtained. It also shows that
90.46 % of the total variation in the
final concentration of ethanol was
attributed to the experimental
variables studied. The p – values were
used as a tool to check the significance
of each of the coefficients, which in
turn are necessary to understand the
pattern of the mutual interactions
between the test variables [11]. The
value of 10.001 is the adequate
precision obtained with the model and
this measure the signal to noise ratio.
This value indicates that there is an
adequate signal in the model
obtained. P – Value <0.05 for the
linear terms (X1, and X2), the
interaction terms (X1X2, and X2X3), and
the quadratic term (X22) are the model
terms that are significant at 95 %
confidence level. The quadratic model
obtained for the production of ethanol
from sawdust (hard wood) in terms of
coded variables and actual variables
are represented in equations 3 and 4
respectively. The R2 value of 0.9046
was in good agreement with the
‘adjusted R2 value’ of 0.7819.

Y = 50.28 +1.36X1 +2.61X2 +0.94X3
+2.43X1X2 -1.26X1X3 +1.91X2X3 0.79X12 - 1.79 X22 + 1.37 X32 ……..(3)

Y=49.82227+1.91329*Hydrolysis time
– 0.33515*H2SO4 Concentration –
0.32290*Fermentation
time+0.30375*hydrolysis time*H2SO4
Concentration – 0.035069*Hydrolysis
time*fermentation
time+0.026597*H2SO4Concentration*
Fermentationtime019794*Hydrolysistime2–
0.11214*H2SO4 Concentration2 +
4.23843x10-3*Fermentation time2 …..(
4)
The desireability function of the RSM
optimization tool was employed to
optimize the ethanol production from
sawdust (hard wood). Table 2 shows
the predicted optimum conditions
value obtained as follows: hydrolysis
time (5.99 h), H2SO4 concentration
(9.91 %), and fermentation time
(59.97 h) corresponding to the ethanol
yield concentration of 56.968 %
.
This was validated with an average
yield of 55.50 % as ethanol
concentration with three replicates as
shown in Table 3. The ethanol yield
obtained is 97.423 % close to the
result obtained from the predicted
optimum value. Table 5 gives the
values of ethanol concentrations
obtained experimentally and the
concentration of ethanol obtained
from the quadratic model.

Table 2 Model Optimization Values
X1(Hydrolys X2
(H2SO4 X3
Ethanol
is time (h)
Concentration)
(Fermentation yield (wt.
(%)
time) (h)
%)
Natural
Variables

5.99

9.91

59.97

56.968

Table 3 Optimization Validation Values
Y1
(Ethanol Y2
(Ethanol Y3 (Ethanol yield, Yaverage (Ethanol yield, wt.
yield, wt. %)
yield, wt. %)
wt. %)
%)
56.60
52.70
57.20
55.500
Table 4 Analysis of Variance of Regression Equation for Ethanol Production
Source
Model
X1
X2
X3
X 1X 2
X 1X 3
X 2X 3
X 12
X 22
X 32
Residual
Lack of fit
Pure error
Cor Total

Sum
Squares
144.12
14.77
54.29
7.13
23.62
6.38
14.67
2.64
13.56
7.94
15.21
14.88
0.33
159.33

of df
9
1
1
1
1
1
1
1
1
1
7
3
4
16

Mean
Square
16.01
14.77
54.29
7.13
23.62
6.38
14.67
2.64
13.56
7.94
2.17
4.96
0.082

F - Value

P – Value, Prob>F

7.37
6.80
24.99
3.28
10.87
2.93
6.75
1.22
6.24
3.66

0.0076 Significant
0.0350
0.0016
0.1130
0.0132
0.1304
0.0355
0.3068
0.0411
0.0975

60.65

0.0009

Table 5 Box-Behnken Surface Response Methodology Design of three variables and
experimentally determined and predicted RSM model for Production of Bioethanol
from Sawdust (hard wood).
Std Hydrolysis H2SO4
Fermentation
Experimental
RSM
run Time, (H)
concentration, Time, (H)
Ethanol Yield Predicted
(%)
(wt. %)
Value (wt. %)
1
1
0
1
47.30
46.16
2
1
1
0
43.50
44.01
3
0
0
0
47.02
46.51
4
0
0
0
52.94
54.08
5
0
0
0
47.50
47.29
6
1
0
-1
54.40
52.53
7
0
-1
-1
49.84
51.70
8
-1
1
0
51.69
51.90
9
1
-1
0
46.87
48.22
10 -1
0
1
48.88
49.60
11 -1
0
-1
47.00
46.28
12 0
-1
1
56.67
55.32
13 0
0
0
50.31
50.28
14 0
0
0
50.51
50.28
15 0
1
-1
50.46
50.28
16 -1
-1
0
49.79
50.28
17 0
1
1
50.31
50.28
Response Surface Plots
The 3 D surface plots and the contour
plots were shown in Figs (3 – 8). The 3
D surface plots provide a useful
information about the behaviour of
the system within the experimental
design. This helps to facilitate the
effects of the experimental factors on
the response (yield) and the plots of
contour between the factors [16]. The
maximum values of response was
attributed to the factors considered in
the design space as depicted b5y the
clear peak that was seen in the 3- D
response plots. Fig 3 shows that
ethanol concentration increases as the

hydrolysis
time
and
H2SO4
concentration increases. It is seen that
the maximum yield of ethanol was
obtained when the hydrolysis time
and H2SO4 concentration was around 6
h and 10 % respectively.
It can be seen in Fig 5 that the
maximum ethanol yield of 48 % was
found
around
10
%
H2SO4
concentration, and hydrolysis time of
6 h. It means that any deviation from
this boundary will result in minimum
yield of ethanol. It can be seen in Fig 7
that the maximum ethanol yield is
between 49 – 50.8 % around 5 – 6 h of
hydrolysis time, and fermentation
time of 42 h.

Design-Expert® Software
Ethanol Yield
56.67
43.5
X1 = B: H2SO4 Concentration
X2 = C: Fermentation Time

57
54

Yield

Actual Factor
A: Hydrolysis time = 4.00

51
48
45

60.00

10.00
51.00

8.00
42.00

6.00

33.00
C: Fermentation Time
24.00

4.00
2.00

H2SO4 Conc.

Fig 3 3D Surface Plot for the effect of fermentation time, H 2SO4 concentration, and the interaction on
the ethanol yield.

Figs. 4 and 6 show the contour plot for
the effect of fermentation time, H2SO4
concentration and the interaction on

the ethanol yield as a function of
hydrolysis time.

Ethanol Yield

Design-Expert® Software
60.00

Ethanol Yield
Design Points
56.67

53.7165
52.1142

43.5

Actual Factor
A: Hydrolysis time = 4.00

C: Fermentation Time

X1 = B: H2SO4 Concentration
X2 = C: Fermentation Time

51.00

47.3073
42.00

48.9096

5 50.5119

33.00

50.5119

24.00
2.00

4.00

6.00

8.00

10.00

B: H 2SO4 C onc.

Fig 4 Contour Plot for the effect of fermentation time, H 2SO4 concentration, and the interaction on
the ethanol yield.

Design-Expert® Software
Ethanol Yield
56.67
43.5
X1 = A: Hydrolysis time
X2 = B: H2SO4 Concentration

55
52

Actual Factor
C: Fermentation Time = 42.00

Yield

49
46
43

10.00
6.00

8.00

5.00
6.00

H2SO4 Conc.

4.00
4.00

3.00
2.00

Hydrolysis time

2.00

Fig 5 3D Surface Plot for the effect of hydrolysis time, H 2SO4 concentration, and the interaction on the
ethanol yield.

Design –Expert Software
Ethanol Yield

Design-Expert® Software
10.00

Ethanol Yield
Design Points
56.67

52.4054

43.5
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C: Fermentation Time = 42.00

B: H2SO4 Conc.

X1 = A: Hydrolysis time
X2 = B: H2SO4 Concentration
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50.7271

5

6.00

49.0487

4.00

47.3704
45.6921
2.00
2.00

3.00
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6.00
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Fig 6 Contour Plot for the effect of hydrolysis time, H 2SO4 concentration, and the interaction on the
ethanol yield.
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43.5
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X1 = A: Hydrolysis time
X2 = C: Fermentation Time

Yield

Actual Factor
B: H2SO4 Concentration = 6.00

52.6
50.8
49
47.2
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6.00
51.00

5.00
42.00

4.00
33.00
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A: Hydrolysis time

Fig 7 3D Surface Plot for the effect of hydrolysis time, fermentation time, and the interaction on the
ethanol yield.

Ethanol Yield

Design-Expert® Software
60.00

Ethanol Yield
Design Points
56.67

51.7031

43.5

C: Fermentation Time

X1 = A: Hydrolysis time
X2 = C: Fermentation Time

51.00

Actual Factor
B: H2SO4 Concentration = 6.00

50.8103
49.9176
42.00

5

49.0249
48.1321
33.00

51.7031
24.00
2.00

3.00

4.00

5.00

6.00

A: H y droly sis tim e

Fig 8 Contour Plot for the effect of hydrolysis time, fermentation time, and the interaction on the
ethanol yield.

CONCLUSION
This work focused on the response
surface methodology modeling and
optimization of the production of
cellulosic ethanol from sawdust
(hardwood) using Bacillus subtilis
enzyme. Box – Behnken design was

used to design the experiment. The
optimum
ethanol
concentration
obtained was 56.968 wt %. The
validated results obtained from the
optimum value validation agreed
satisfactorily
with
the
model
predictions.
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