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Clostridial strain Clostridium acetobutylicum MTCC 11274 was employed for producing biobutanol in
batch culture fermentation. The effects of various carbon sources, i.e., xylose, starch, dextrin, glucose, and
mannose as well as nitrogen sources, i.e., yeast extract, peptone, beef extract, and soya protein were studied
conventionally (one-factor-at-a-time). It was found that the maximum amount of biobutanol, i.e., 6.27 and 7.40
g/l was obtained from 60 g/l glucose and 5 g/l yeast extract, respectively. In addition to this, the interactions
between pH, temperature, and glucose concentration were also taken into consideration for the optimization of
biobutanol production with the help of Central Composite Design (CCD) of Response Surface Methodology.
CCD design was used for the optimization of the above-mentioned parameters and low and high values of
variables were chosen by performing the steepest ascent experiment. The analysis of variance (ANOVA)
model was used for estimating the significance of the model coefficients. ANOVA revealed that the model
was significant (p < 0.05) and the effects of the glucose concentration, pH, and temperature on biobutanol
production were significant. It was found that 8.56 g/ biobutanol was produced under optimum fermentation

conditions with 40 g/l Gracilaria edulis supplemented with 20 g/l glucose as a carbon source.

1. INTRODUCTION

Biobutanol has gained popularity in the past decade as a renewable
source of biofuel owing to its several advantages over conventional
liquid fuels as well as the poor state of energy scenario due to
depleting fossil fuels and rising demands which is leading to a
stark rise in fuel prices. Butanol shows many advantageous
properties as a fuel compared to ethanol. Frassoldati et al. [1]
discussed the importance of butanol as a prospective substitute for
other fuels in the industry. Studies carried out by Shahbakhti et al.
[2] reached to a conclusion that the butanol is a potential fuel used
as a substitute for traditional fuels, such as petrol and diesel. By
2020, market for butanol is likely to reach $247 billion because of
its advantages [3].
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There are several number of bacterial species found to be producing
solvents acetone, butanol, and ethanol, with altering proportions
through ABE fermentation process [4]. These cultures utilize a
variety of substrates such as beet molasses, agricultural products,
like wheat, rice straw, corn, etc [5,6]. It was concluded on the basis
of a study carried out by four species using different substrates that
the bacteria C. acetobutylicum was the most appropriate strain for
starch containing medium [7]. In recent years, researchers have
focused on the genetic engineering aspects for increasing the
product yield from the microorganisms used for the fermentation.
For instance, Tracy et al. [8] studied the ability of engineered C.
cellulolyticum and C. thermocellum to directly convert cellulose
to butanol.

For an efficient ABE fermentation, the substrate should be
supplemented with extra nutrients, such as vitamins, minerals,
and salts which eventually lead to improved production of solvent
[9,10]. These nutrients act as enzyme co-factors and contribute
in the metabolism process which leads to solvent production.
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The previous researchers had innumerable studies on growth
media for clostridial culture. The growth media comprises amino
acids, vitamins, carbon sources, growth factors, etc. A few of
these components are critical for the cell growth. For example,
Yeast extract encourages phase shift from acidogenesis to
solventogenesis by escalating gene transcription which finally
increases butanol production. There are certain factors, such as
Zn**, Fe, and other vitamins found in yeast extract, PABA, iron and
zinc salts, etc. which are necessary for the efficient functioning of
enzymes involved in clostridial metabolism [11]. For the enzyme
Thiolase activation, Haapalainen et al. [ 12] studied the implication
of Cland K'"ion which facilitates clostridial metabolism for
butanol production.

Optimization of fermentation parameters can be analyzed for
improving the biobutanol yield through Central composite
design (CCD) of Response surface methodology (RSM).
Conventional methods require more time and are not able to
demonstrate prospective interactions between the various
independent variables of study [13]. Optimization using RSM
was used to overcome the various disadvantages associated
with the conventional methods for optimization and also saves
a lot of time for optimizing the multiple variables. In the past,
RSM has been employed for the optimization of biobutanol
production [5].

In the present work, first the optimization and comparison of
different nitrogen and carbon sources was done using the one
variable at a time approach. Following this, the optimization of
biobutanol production from macroalgae Gracilaria edulis as the
substrate was done using RSM with CCD by considering the
effects temperature, pH and glucose concentration as well as
their effects on biobutanol production using C. acetobutylicum
Microbial Type Culture Collection (MTCC) 11274.

2. MATERIAL AND METHODS

2.1. Culture maintenance and growth

Lyophilized cells of C. acetobutylicum MTCC 11274 was procured
from MTCC, IMTECH (Chandigarh, India). The strain was then
grown in Reinforced Clostridial Medium and kept for incubation
in an incubator shaker (REMI, India) at 120 rpm and 28°C for 72
hours. For the preparation of culture medium, 5 g of RCA medium
was dissolved in 100 ml of distilled water in 250 ml Erlenmeyer
flask and autoclaved at a temperature of 121°C and 15 1b pressure
for 25 minutes.

2.2. Fermentation conditions

ABE fermentation was carried out with the help of clostridial
strain C. acetobutylicum MTCC 11274. To maintain anaerobic
conditions during fermentation, Sodium Sulfide (1.5%) was
supplemented as an oxygen scavenger [ 14]. P2 medium was used
for fermentation having the following composition [15,16]—
Glucose 50.0 g/1; Yeast extract 1.0 g/I; K. HPO,0.5 g/I; KH,PO,0.5
g/l; Thiamin 0.001; PABA 0.001 g/I; Biotin 0.001; MnSO,.7H,O
0.01 g/I; Ammonium acetate 2.2 g/l; Fe SO,.7H,0 0.01 g/l and
NaCl10.01 g/L.

2.3. Optimization of fermentation medium components for
biobutanol production

In our study, foremost we considered the impact of particular
nutritional factors on biobutanol production by C. acetobutylicum
MTCC 11274 using the OVAT, i.e., ‘one-variable-at-a-time’
method. The importance of the consequential effect of these
parameters on production of biobutanol was then analyzed using
a statistical optimization approach known as RSM. Fermentation
was carried out at various different concentrations of carbon and
nitrogen sources with the help of C. acetobutylicum MTCC 11274
carried out in 100 ml P2 medium. 2 ml of 2 % Sodium Sulfide was
added to maintain anaerobic conditions. The P2 medium containing
bottles were autoclaved at 121°C for 15 minutes for sterilization.

2.3.1. Effect of different carbon sources on biobutanol production
from C. acetobutylicum MTCC 11274

Different carbon sources Xylose, Starch, Dextrin, Glucose,
and Mannose were taken and supplemented in P2 medium and
fermentation was carried out for 96 hours in an attempt to find
out the best carbon source for production of biobutanol from
C. acetobutylicum MTCC 11274.

2.3.2 Effect of different nitrogen sources on biobutanol
Production by C. acetobutylicum MTCC 11274

Different nitrogen sources, such as yeast extract, peptone, beef
extract, and Soya protein were taken and supplemented in P2
medium and fermentation was done for 96 hours in an attempt to
find out the best nitrogen source for production of biobutanol from
C. acetobutylicum MTCC 11274.

2.4. Analytical methods

The analysis of biobutanol produced by ABE fermentation was
done by spectrophotometric method. It is a cost-effective method
for biobutanol detection in comparison to conventional Gas
chromatography or HPLC techniques. For this analysis, first the
centrifugation of fermented broth was carried out for 10 minutes
at 5,000 rpm and the supernatant was employed for detecting the
presence of butanol. In analysis, 25% (v/v) butanol was added and
results were compared with blank having saturated salt solution
and 25% (v/v) of butanol.

The estimation of butanol content in the broth can be carried out
by the process of salting out extraction with saturated K,PO,
solution at high pH (>13) followed by measuring the absorbance
by employing the diquat reagent. A standard curve was plotted
for the estimation of butanol in acetone-ethanol-butanol mixture
under optimized conditions [17].

3. RESULTS AND DISCUSSION

3.1. Optimization of fermentation medium components for
biobutanol production

3.1.1. Effect of varying carbon sources on biobutanol production
from C. acetobutylicum MTCC 11274

In this section, we had attempted to study the effect of varied
amount of glucose on clostridial fermentation and production
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of butanol from C. acetobutylicum MTCC 11274. Different
concentrations of glucose (20, 30, 40, 50, 60, 70, and 80 g/1) were
supplemented to P2 medium and production of biobutanol was
obtained by the OVAT approach. Fermentation was performed for
96 hours at pH 7 and a temperature of 30°C. Supplementation with
20 g/l glucose with C. acetobutylicum MTCC 11274 produced 1.03
g/l of biobutanol. Similarly, fermentation of medium containing
enhanced glucose concentration of 30 and 40 g/l produced 2.44 and
3.57 g/l biobutanol, respectively. Increasing glucose concentration
further to 50 and 60 g/1 increased biobutanol concentration to 5.61
and 6.27 g/1. Furthermore, rise in glucose concentration to 70 and
80 g/l reduced biobutanol content to 5.13 and 2.48 g/1. Therefore,
60 g/l was the optimum glucose concentration for biobutanol
production. Figure 1 illustrates the comparative assessment of
butanol production at varying glucose concentrations.

We further compared different carbon sources on butanol
production from C. acetobutylicum MTCC11274, and it was

found that glucose produced optimum amount of biobutanol
at 60 g/l concentration. Therefore, further studies were done by
taking 60 g/l concentration of carbon sources supplemented in
P2 medium and production of biobutanol was done by using the
OVAT approach. Fermentation was carried out at a pH 6 and a
temperature of 30°C. 60 g/l mannose when used as a carbon
source obtained 6.07 g/l biobutanol content after fermentation
with C. acetobutylicum MTCC 11274followed by mannose which
obtained 5.73 g/l butanol content. Also, 60 g/l starch and dextrin
produced 6.12 and 5.53 g/l biobutanol, respectively. Figure 2
illustrates the comparative assessment of butanol production at
different carbon sources.

Clostridial strains are renowned for their potential of utilizing
a variety of different sugars. One of the most abundant sugars,
available in major quantity in most of the biomass, is glucose
[18]. All bacteria utilize the substrate from their environment in
order to generate energy, mainly in the form of ATP. All bacterial
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Figure 1: Biobutanol Production by C. acetobutylicum MTCC 11274 under varied glucose
concentration. Experiments were conducted in triplicates value represents average value + SD.
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Figure 2: Butanol Production by C. acetobutylicum MTCC 11274 at varying carbon sources.
Experiments were conducted in triplicates and value represents avg. value + SD.
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biosynthetic processes, such as reproduction and respiration
require ATP [19]. D—glucose is an important carbohydrate
of biological sciences. Cells use it as a source of energy and a
metabolic intermediate. Glucose supplemented to complex
bacterial growth media is expected to affect the production of a
certain protein under the temperature control, which should further
affect the ABE solvents yield [20,21].

It has also been reported that during a 96 hours of fermentation
with rice bran as a substrate produced 2.31 g/l butanol and 2.74
g/l total solvents. However, during the same experiment with
30 g/l glucose in P2 medium with pretreated rice bran produced
6.27 g/l total ABE solvents and 4.86 g/l butanol [22]. A previous
study demonstrated that when 4 g/l in fed-batch cultures of C.
acetobutylicum were added per day and 10 g/l glucose in batch
cultures were able to produce only acids and there is no shift to
ABE solvents [23]. However, it has also been reported in the past
that higher glucose concentrations have an inhibitory effect on
the production of butanol due to the inhibition of enzyme glucose
permease at 12 g/l and above butanol concentration [24].

Clostridial species C. acetobutylicum, C. pasteurianum, and
C. beijerinckii were found to ferment both hexose and pentose
sugars. However, higher solvent concentrations were obtained
from hexoses mainly glucose on the other hand considerably
lower solvent concentrations were obtained with pentose sugars,
such as xylose [25,26]. A butanol production of 11.25 g/l took
place in P2 medium supplemented with 60 g/l of glucose by
C. acetobutylicum, whereas only 4.23 g/l butanol was obtained
with 36.73 g/l of xylose [27].

3.1.2. Effect of varying nitrogen sources on biobutanol
production from C. acetobutylicum MTCC 11274

Present work aimed to study the optimal amount of yeast extract for
C. acetobutylicum MTCC 11274 for enhanced butanol production
using macroalgae G. edulis based medium. Fermentation of

optimized macroalgae at varied yeast extract composition of 1, 2,
3,4, 5, and 6 mg/l was performed keeping all the other medium
constituents constant. At 1, 2, and 3 g/l yeast extract concentration,
C. acetobutylicum MTCC 11274 showed a butanol production
of 1.17, 3.83, and 5.15 g/I, respectively. Maximum biobutanol
production of 7.10 and 7.40 g/l occurred at 4 and 5 g/l yeast extract
concentrations. Reduced biobutanol production of 6.52 g/l was
seen at a yeast extract concentration of 6 g/l. Figure 3 illustrates
the comparative assessment of biobutanol production at varying
yeast extract concentrations. To conclude, it was observed that 5.5
mg concentration of yeast extract was most suitable for biobutanol
production by C. acetobutylicum MTCC 11274.

We also studied the effect of varying nitrogen sources on
C. acetobutylicum MTCC 11274 and found that yeast extract produced
an optimum amount of butanol at 5 g/l yeast extract concentration.
Therefore, further studies on other nitrogen sources were done by
taking 5 g/l concentration of nitrogen sources supplemented in P2
medium and production of biobutanol was obtained by studying
one variable at a time approach. Fermentation was carried out at a
temperature of 30°C and 6.0 = 0.1pH. It was found that the maximum
amount of biobutanol content 7.42 g/l was attained with 5 g/l yeast
extract. 7.06 and 7.03 g/l butanol content were obtained when 5 g/l
peptone and beef extract were used as a nitrogen source. The least
amount of butanol content, i.e., 6.44 g/l was obtained from 5 g/l soya
peptone as a nitrogen source. Figure 4 illustrates the comparative
assessment of biobutanol production at varying nitrogen sources.

Yeast extract is a common nitrogen source which provides
proteins, minerals, growth factors, etc. which promotes the
microorganism growth and enhances solvent production [28]. Li
et al. [29] stated that yeast extract in medium encourages phase
shift (acidogenesis to solventogenesis) and thus enhance butanol
synthesis. It enhances butanol synthesis by increasing gene
transcription 16-folds and indirectly enhances synthesis of butanol
in the course of hastening the accumulation of aspartic acid and
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Figure 3: Comparison of butanol content achieved by fermentation of G. edulis by
C. acetobutylicum MTCC 11274 at different yeast extract concentrations. Experiments were
conducted in triplicates and value represents average value = SD.
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Figure 4: Butanol Production by C. acetobutylicum MTCC 11274 at varying nitrogen sources
(5 g/l). Experiments were conducted in triplicates and value represents average value + SD.

histidine families. It has been reported in the past that an increase
in yeast extract concentration from 5.1 to 7.5 g/l increased butanol
yield from 7.6 to 9.9 g/l [30]. Li et al. [30] reported that the
presence of yeast extract in the medium encourages phase shift
from acidogenesis to solventogenesis and thus enhance butanol
synthesis. It enhances butanol synthesis by increasing gene
transcription 16 folds and indirectly enhances synthesis of butanol
through hastening the accumulation of aspartic acid and histidine
families. It has also been reported that maximum biobutanol yield
of 0.3054 g/g was attained by C. acetobutylicum from oil palm
frond (OPF) juice at a yeast extract concentration of 5.5 g/l after
144 hours of incubation [31].

Ranjan et al. [32] obtained 6 g/l concentration of biobutanol
by addition of 3 g/l yeast extract in P2 medium in a rice straw
hydrolysate containing fermentation medium. Inanother experiment
by Ranjan et al. [5] 9.28 g/l butanol concentration was obtained
when rice straw hydrolysate containing fermentation medium was
supplemented with 2 mg/l PABA + 3 g/l yeast extract [14]. Chua
etal. [33] studied effect of yeast extract concentration on biobutanol
production and found that increasing its concentration from 0.4%
to 1% increased butanol concentration from 8.52 to 8.61 g/l [33].

3.2. Optimization of fermentation parameters for biobutanol
production via RSM

Optimization of fermentation parameters were analyzed
for improving the biobutanol yield through CCD of RSM.
Conventional methods require more time and are not able
to demonstrate prospective interactions between the various
independent variables of study [34]. Optimization using RSM was
used to overcome the various disadvantages associated with the
conventional methods for optimization and also saves a lot of time
for optimizing the multiple variables.

The fermentation parameters temperature, pH and glucose
concentration were optimized for biobutanol production using
pretreated macroalgae (G. edulis) with C. acetobutylicum MTCC

Table 1: Experimental design matrix generated through RSM and biobutanol
yield as response.

Std Riu PH Temperature con(c;(l:;::::ion c:;‘:::‘:“;/l
17 ! 5 25 50 54
20 2 4 28 50 2.45
# 3 7 37 40 43
’ 4 4 30 30 2.68
16 5 6 30 40 8.56
22 6 7 35 30 41
6 7 6 30 40 8.56
1 8 4 25 50 22
8 ? 7 25 50 3.9
2 10 6 30 40 8.5
! R 4 25 30 28
3 12 5 28 30 46
2 13 7 37 5 20
7 14 5 35 30 47
8 15 4 37 30 35
2 16 4 37 50 34
10 17 6 30 40 8.56
4 18 7 25 30 6.3
2 19 4 25 30 28
5 20 6 30 10 056
1" 21 7 37 30 45
19 22 4 30 50 23
15 23 4 28 50 31
14 24 4 25 50 32

11274. CCD design was used for optimization of the above-
mentioned parameters and low and high values of variables were
chosen by performing the steepest ascent experiment (Table 1).
The Analysis of variance (ANOVA) model was used for estimating
the significance of the model coefficients shown in Table 2.
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Table 2: ANOVA for optimization of fermentation condition for enhanced biobutanol yield from the pre-

hydrolysate of G. edulis.

Model 360.26 7 5.18 1.24 0.0005
A 33.71 1 33.71 8.09 0.4515
B 1.36 1 1.36 0.3268 0.1073
C 5.59 1 5.59 1.34 0.1048
AB 4.76 1 4.76 1.14 0.0944
AC 5.60 1 5.06 1.34 0.4151
BC 4.37 1 4.37 1.05 0.7330
ABC 8.19 1 8.19 1.97
Design-Expert® Software Butanol content (g/L)
Trial Version 37
Factor Coding: Actual
Butanol content (g/L)
22 I 556
34
X1 = A pH
X2 = B: Temperature
e
Actual Factor %
C: Glucose concentration = 40.2 5 .
@
2]
28

25

4.6

5.2

A: pH

5.8 6.4 7

Figure 5: Response surface and contour plot for biobutanol yield as a result of the interaction between temperature
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Butanol content (g/L)
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X2 = C: Glucose concentration
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C: Glucose concentration

50

45
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and pH.

4 46
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Figure 6: Response surface and contour plots for biobutanol yield as a result of the interaction between glucose

concentration and pH.
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Factor Coding: Actual

50

Butanol content (g/L)
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X1 = B: Temperature
X2 = C: Glucose concentration

Actual Factor
A: pH = 6.01

C: Glucose concentration

35

30
25

Butanol content (g/L)
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B: Temperature

Figure 7: Response surface and contour plots for biobutanol yield as a result of the interaction between temperature
and glucose concentration.

The coefficient of determination (R?) is 0.9225 and 0.9630,
respectively, for both model equations, which means that the
model is fit for the variability of the response variable. The
adequate precision value measures the signal-to-noise ratio, and
a value greater than four is desirable for the appropriate fitness of
the quadratic model. The adequate precision value of 15.071 and
10.591 indicates desirable fitness.

Response surface graphs showing the pretreatment as a result
of the interaction between temperature and pH (Fig. 5), the
interaction between glucose concentration and pH (Fig. 6), and
the interaction between glucose concentration and temperature
(Fig. 7). Optimized fermentation conditions were 30°C
temperature, 40 g/l glucose concentration, and pH 6. p-value
showed that the temperature, glucose concentration, and pH
have significant effects (p < 0.05) on biobutanol yield.

4. CONCLUSION

In this research work, we have presented a study on the
optimization of macroalgae based ABE fermentation process for
biobutanol production. The optimized process conditions which
were determined with the help of RSM approach help in scaling
up the biobutanol production.

Optimization of biobutanol production was carried out by
Design of experiments software. The fermentation parameters
temperature, pH, and glucose concentration were optimized for
biobutanol production using pretreated macroalgae (G. edulis)
biomass with C. acetobutylicumm MTCC 11274. CCD design was
used for optimization of said parameters and low and high values
of variables were chosen by performing steepest experiment.
The ANOVA was used for estimating the model coefficients
significance. It was found that nearly 8.56 g/l biobutanol was
obtained via optimization using RSM.
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