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Abstract

Pongamia pinnata, a tree bearing oil seeds, has been one of the prime focus among nonedible oil sources for
biodiesel production in most parts of India. The oil cake obtained after the extraction of oil serves as an adequate
source of cellulose, hemicellulose, proteins, lipids, and starch. The scarce literature data available suggest very
low conversion rate of complex sugars to fermentable sugars and further to bioethanol. In the present work,
a sulfuric acid hydrolysate obtained from Pongamia oil cake (POC) under microwave irradiation was anaerobically
fermented using Bacillus cereus ATCC 14579. Under anaerobic and acidic conditions, the process parameters
affecting the bioethanol production efficiency (BPE) were screened and optimized using statistical experimental
designs. Of the seven parameters screened (glucose concentration, yeast extract as nitrogen source, agitation
speed, pH, inoculum size, fermentation time, and temperature), only 3 were found to be significant and to in-
crease BPE. The significant parameters were optimized using the Box-Behnken experimental design to obtain
an optimal condition of 9 g/l reducing sugars, pH 4.6 maintained with acetate buffer, and fermentation period of
51 h that yielded 92% BPE with 4.2 g/l ethanol. Moreover, it was observed that the use of a buffer system to main-
tain broth pH, especially acetate buffer, significantly improved BPE. Low concentration of fermentation inhibitors
is the key factor for improved BPE. The research outcome suggests that the production of dual fuel from Pon-
gamia pinnata, viz. biodiesel and bioethanol, could not only improve the process economics but also reduce waste
generation.
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Introduction

Bioethanol is one of the second-generation biofuels
produced to a large extent through microbial fermenta-
tion of treated lignocellulosic biomass. Technologies for
the conversion of cellulose to bioethanol have reached
commercial production stage, with the production of se-
veral million gallons per year for end user consumption
(Brown and Brown, 2013). However, contemporary tech-
nologies to explore novel feedstocks, their processing
technologies, followed by fermentation schemes and
scale-up continue to increase (Schell et al., 2016). Se-
veral under-utilized feedstocks such as chili post-harvest
residues, citrus fruit waste, hazelnut husks, fresh-water
biomass like hyacinths, seaweeds, rice straw, banana

waste, and sweet sorghum have been reported to be
used in bioethanol production (Sindhu et al., 2018; John
et al., 2019; Passoth and Sandgren, 2019; Sunwoo et al.,
2019). However, high production (pretreatment) costs
adversely affect the commercialization of second genera-
tion (2G) bioethanol, similar to the availability of raw
material throughout the year, quantity, and cost of feed
biomass. For example, Brazil, with its experience of
more than 40 years in bioethanol production at the com-
mercial scale, depends on sugarcane molasses (Lopes
et al., 2016). In Asian and African countries, rice straw
(Singh et al., 2017) and rice husks (Omidvar et al., 2016)
are the locally available feedstocks for bioethanol pro-
duction. The waste generated from oil palm tree is the
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principal source for bioethanol production in countries
such as Indonesia, Thailand, and Malaysia (Shahirah
et al., 2015). Similarly, in India, sugarcane molasses has
been the major source of commercial ethanol produc-
tion. However, the revised Indian “National Biofuel
Policy – 2018” (MNRE, 2018), endorses the use of waste
food grains, waste potato, surplus sugarcane, agricultural
residues, and under-utilized nonedible sources for bio-
ethanol production. The same policy also thrusts upon
the usage of nonedible oil seeds such as Jatropha and
Pongamia pinnata (Karanja) for biodiesel production.
One of the major byproducts in biodiesel industry is the
oil cake, which is rich in cellulose, starch, hemicellulose,
proteins, and lignin (Mishra and Mohanty, 2018). In
Indian biodiesel production sector, Pongamia is one of
the major feedstocks because of its availability and an-
nual yield of seeds (Iyyaswami et al., 2013).

P. pinnata (Karanja) belongs to Leguminosae or Faba-
ceae family, and it is an evergreen tree with an average
height of 10 to 15 m. Tropical temperature conditions in
India are highly suitable for its growth (Harreh et al.,
2018). Pongamia starts producing fruits within 5–8 years
after planting. The seeds are oval-shaped and clustered in
eye-shaped pods, and they are usually 1.5 cm long (Dwi-
vedi et al., 2011). The annual yield of seeds is estimated
to be 8–90 kg per tree depending on the age of tree, and
the overall productivity in India is of more than 0.2 MMT
(in 2012). Extraction of brownish orange oil from these
seeds by using expellers yields 0.3 kg oil per kg seeds,
which is not suitable for human and animal consumption
(Chandrashekar et al., 2012). While the oil is used for bio-
diesel production, the coproduct de-oiled cake is useful for
2G bioethanol production (Fig. 1). There are only a few
instances where Pongamia oil cake (POC) is reported for
bioethanol production, and all of them used the yeast Sac-
charomyces cerevisiae. Muktham et al. (2016) reported
41.3% yield of bioethanol from reducing sugars obtained
through acid hydrolysis of POC. Hydrolysis of POC using
crude array of lignocellulases enzyme obtained from Iprex
lacteus and Spingomonas echinoides yielded 104.5 and
81.5 mg per g of biomass corresponding to ethanol titer
of 5.3 and 4.0 g/l, respectively (Radhakumari et al., 2017).
In another study, 10% ethanol yield at 32EC was reported
from POC hydrolysate obtained by sulfuric acid (0.5%)
treatment using the steam cooking method (Doshi and
Srivastava, 2013). Importantly, the ethanol yield obtained
using yeast did not improve beyond 45%. 

Adaptive evolution of microorganisms by increasing
their tolerance to several stresses in the fermentation
medium has been used as an approach to produce etha-
nol (Moreno et al., 2019; Sunwoo et al., 2019). Not only
the bioethanol yield, but tolerance to ethanol is also one
of the prime factors in process improvement. Ire et al.
(2016) isolated native strains of Bacillus cereus and Ba-
cillus thuringiensis exhibiting cellulolytic and xylanolytic
activities from agricultural waste-fertilized soils and used
the coculture to demonstrate the production of 15 g/l
bioethanol from steam-exploded bagasse. Moreover,
B. cereus strain showed ethanol tolerance up to 6%
(v/v). By using phenotypic microarray experiments fol-
lowed by microbial growth in minimal medium, Mols
et al. (2010) showed that B. cereus ATCC 14579 strain
could utilize several mono and oligosaccharides, aspara-
gine, and glutamine. They also reported that B. cereus
ATCC 14579 strain exhibited high tolerance to stress
induced by acidulants, especially acetic acid stress that
activated the ethanol production pathway. High tole-
rance of this microorganism to acidic conditions as well
as good ethanol titer could be beneficial in producing
bioethanol from lignocelluloses. 

In the present study, B. cereus ATCC 14579, a well-
known microorganism that causes food spoilage is re-
ported to produce bioethanol from POC hydrolysate ob-
tained through sulfuric acid treatment under microwave
irradiation. Process conditions affecting bioethanol pro-
duction were studied by orthogonal experiments and
optimized by statistical modeling to improve the bio-
ethanol production efficiency (BPE).

Materials and methods

Chemicals and microorganism

All the chemicals were of reagent grade and were
obtained from Merck India, HiMedia, or Loba Chemie,
and they were used without any further modification. In
all fermentation experiments, the native strain of B.
cereus ATCC 14579 was used as the fermenting micro-
organism. This strain was isolated from raw honey by co-
researchers and characterized at MTCC & GeneBank,
CSIR-IMTECH, Chandigarh, India, by using 16s RNA
gene sequencing. The microorganism was subcultured
on glucose-supplemented minimal nutrient medium (Hi-
Media, India) for 24 h before its use as a starter culture.
Briefly, the final growth medium was composed of 5 g/l
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glucose as carbon source, 5 g/l peptone, 5 g/l NaCl,
1.5 g/l HM peptone B (eq. beef extract), and 1.5 g/l
yeast extract, and the pH was adjusted to 5. 

To maintain anaerobic conditions in all the fermenta-
tion experiments, hot fermentation medium after sterili-
zation was quickly overlaid with mineral oil sterilized over-
night in a hot air oven at 80EC (Ahn and Burne, 2007).

Processing of Pongamia pressed oil cake (POC)

Pongamia oil cake, obtained from Bioenergy Re-
search and Demonstration Centre, Nitte, Udupi, India,
was oven-dried, powdered using a blender, and sieved to
a size of 0.7 to 1.0 mm particle size. By using an opti-
mized microwave-assisted sulfuric acid treatment tech-
nique, POC hydrolysate was prepared for all fermenta-
tion experiments (Kamath et al., 2018a). In brief, an
Erlenmeyer flask with 75 ml mixture containing 6% (w/v)
powdered POC (mean particle size 850 μm) and 2.75%
(v/v) sulfuric acid was irradiated in a microwave oven for
5.5 min at 280 W microwave power. The POC hydro-
lysate was analyzed for reducing sugar, glucose and
xylose content, sugar degradation products (hydroxy-
methylfurfural (HMF) and furfural), and total protein
concentration. The pH of the hydrolysate was adjusted
to 5.0 ± 0.2 by using 5N NaOH solution, and the hydro-
lysate was then used as a medium for ethanolic fer-
mentation.

Fermentation experiments

In a typical fermentation experiment, screw-capped
culture bottles were filled with 100 ml of POC hydro-
lysate, and yeast extract was added to a final concentra-
tion of 3 g/l. After sterilization at 15 psig pressure for
20 min, 4 ml mineral oil was added on top of the hot
medium to maintain anaerobic condition. To maintain
minimum dissolved oxygen, mineral oil was added soon
after the sterilization to the culture flasks. Absence of
dissolved oxygen was monitored using a few drops of
resazurin solution. To vary the glucose concentration
(from 3 to 9 g/l) in the fermentation medium, the POC
hydrolysate was appropriately diluted. Two milliliters of
the bacterial starter culture (quantified in terms of
OD610) was added to the POC hydrolysate layer by using
a sterile pipette, and the hydrolysate was agitated at
100 rpm for 24 h. The incubation temperature was main-
tained at 30EC. The fermentation product stream was
quantitatively analyzed for reducing sugar and ethanol

concentrations. Bioethanol yield and BPE were calcula-
ted using Eq. 1 and Eq. 2, respectively. Theoretical yield
(mass basis) was considered as 0.511, based on the
conversion of 1 mole (or 180 g) of glucose to 2 moles (or
92 g) of ethanol. BPE was used as a response variable to
screen the variables and to optimize the significant fac-
tors. The same procedure was used for all the sub-
sequent experiments.

Bioethanol yield [gE/gG] =

=
  ethanol concentration in broth [g/l]

        fed glucose concentration [g/l] (1)

Bioethanol production efficiency [%] =

=
bioethanol yield
theoretical yield   × 100 (2)

Factorial screening experiments

Potential variables that could affect ethanol produc-
tion from POC under anaerobic condition were identified
as reducing sugar concentration in the hydrolysate, yeast
extract (nitrogen source) content, inoculum size (OD610),
broth pH, operating temperature, and incubation time.
The Plackett-Burman experimental design consisting of
12 experimental runs and 2 center points was used to
screen the parameters that affect ethanol production
from POC hydrolysate. The experimental variables and
their levels used in this experimental design are listed in
Table 1. The orthogonal experiments were designed and
analyzed at 5% significance level by using the software
Minitab v15.0. The randomized experiments were con-
ducted in duplicate, and the mean response was used to
identify the main effects through analysis of variance.

Optimization experiments

The screening experiments identified three factors,
namely glucose concentration, broth pH, and incubation
time, as significant parameters that affect bioethanol
production. Hence, the Box-Behnken experimental de-
sign with 3-factor and 3-level was used to optimize the
significant parameters. The orthogonal experiments
comprising 12 experimental runs and 3 repeated center
points were used to optimize the process parameters
with an objective to maximize BPE. The factors used for
the optimization experiments and their levels are listed
in Table 2. The three levels of design parameters were
as follows: glucose concentration (3, 6, and 9 g/l), broth
pH (4, 5, and 6), and incubation time (24, 48, and 72 h). 
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Table 1. Plackett-Burman screening design: factors and their levels used

Parameter Unit Symbol
Code and levels

low [!1] mid [0] high [+1]

Glucose concentration g/l A 3 6 9

Yeast extract g/l B 0.0 1.5 3.0

Agitation speed rpm C 50 100 150

Broth pH – D 4 5 6

Inoculum size OD610 E 0.25 0.50 0.75

Incubation time h F 24 48 72

Temperature EC G 25 30 35

Table 2. Box-Behnken optimization experiments: factors and their levels used

Parameter Symbol
Code and levels

low [!1] mid [0] high [+1]

Glucose concentration [g/l] X 1 3 6 9

Broth pH X 2 4.0 5.0 6.0

Incubation time [h] X 3 24 48 72

In contrast to screening experiments, broth pH was first
adjusted using NaOH solution and then maintained to
a equired pH (4, 5, or 6 according to the experimental
design) by adding acetate buffer to 4 mM final concentra-
tion. The inoculum size corresponding to OD610 of 1.0
was used in all the experiments, which ensured constant
inoculum size in all experiments. All samples were agita-
ted at 100 rpm at room temperature 30 ± 2EC. The fer-
mentation product was distilled, and ethanol concentra-
tion in the original broth was quantified. The rando-
mized experiments were run in duplicate, and their
mean value was fit to a full quadratic model (Eq. 3),
where Xi and Xj are coded factor levels and β0, βi, and βj

are coefficients.

(3)BPE    Y  X  X  X0 i
i  1

3

i ii
i  1

3

i
2

ij i
j  i  1

3

i  1

2

or = + + +
= = = +=
  β β β β

Analytical methods

Samples were collected from the fermentation unit and
centrifuged at 11200 g for 15 min at 6EC. The super-
natant was used for the quantitative estimation of sugars,
toxic substances, proteins, and ethanol content. Samples
were diluted before analysis according to the standard pro-
tocols to match the calibration range. Reducing sugar con-
tent was estimated using the DNS method (Miller,

1959), while protein content was estimated using Brad-
ford’s method (Bradford, 1976). The amount of hexoses
and pentoses in the sample was simultaneously estima-
ted using o-toluidine reagent as described by Goodwin as
glucose and xylose equivalents (Goodwin, 1970). HMF
content was estimated according to White’s method
(White, 1979), and furfural content was determined
using the HCl-aniline method (Al-Showiman, 1998). Etha-
nol in the fermentation broth was first distilled and then
quantitatively estimated by gas chromatography (GC).
GC was performed by injecting 0.2 μl of sample into an
HP-5 column maintained isothermally at 150EC. The
injector and FID temperature were maintained at 250EC
and the nitrogen carrier gas flow rate at 25 ml/min.

Statistical analysis

All data are presented as mean ± SD based on at least
2 or 3 repeated experiments. Statistical analysis of fac-
torial experiments and process optimization were car-
ried out using Minitab v15.0. A significance level of 5%
was used for all statistical tests.

Results and discussion

Second-generation biofuels produced from nonedible
oil seed sources are gaining importance. P. pinnata, 
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Fig. 1. Scheme of value addition to Pongamia -based biofuel production

Fig. 2. Gas chromatogram of fermentation distillate showing an ethanol peak

a nonedible oil seed-borne tree, is being used for the
mass production of oil seeds and biodiesel in India and
other Asian countries. The oil cake leftovers are suitable
for the production of bioethanol; however, the available
literature data show that the bioethanol conversion effi-
ciency is as low as 45% (Radhakumari et al., 2017; Ka-
math et al., 2018b). Here, we report the use of hydro-
lysate produced from microwave-assisted sulfuric acid
digestion for bioethanol production and improvement in
conversion efficiency up to 92%. The major reason for
improved product yield is attributed to the presence of
low amounts of fermentation inhibitors and the capabi-
lity of B. cereus, a bacterium that has not yet been used
for bioethanol production from cellulosic sources.

Ethanol production from POC hydrolysate 
using B. cereus

P. pinnata pressed oil cake or POC powder was acid
digested under microwave irradiation to prepare POC

hydrolysate required for all fermentation experiments as
described in the experimental section. Analysis of the
POC hydrolysate showed a composition of 9.41 ± 0.19 g/l
reducing sugars with mean glucose and xylose equi-
valents of approximately 7.20 g/l and 2.70 g/l, respecti-
vely, indicating a lower amount of pentoses than that of
hexoses. Moreover, the hydrolysate contained 1.95 g/l
total soluble protein, 350 mg/l HMF, and 70 mg/l fur-
fural. The addition of sulfuric acid during acid digestion
decreased the solution pH to a range of 2 to 2.5. After
adjusting the broth pH to 5, reducing sugar concentra-
tion to 9 g/l, and yeast extract to 3 g/l, anaerobic fer-
mentation carried out for 72 h produced 1.65 g/l ethanol
corresponding to 44.8% BPE. A sample gas chromato-
gram for fermentation sample is shown in Figure 2 with
2.08 min retention time for ethanol. 

The proximate composition of P. pinnata pressed oil
cake (POC) used in the present study is approximately 
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and % BPE to screen significant factors affecting bioethanol production

Standard
order

Run
order

Factorial variables (coded level) a
BPE
[%]A B C D E F G

1 3 1 !1 +1 !1 !1 !1 +1 49.3

3 14 !1 +1 +1 !1 +1 !1 !1 37.4

4 12 1 !1 +1 +1 !1 +1 !1 24.7

5 6 1 +1 !1 +1 +1 !1 +1 24.3

6 8 1 +1 +1 !1 +1 +1 !1 58.1

7 9 !1 +1 +1 +1 !1 +1 +1 17.5

8 4 !1 !1 +1 +1 +1 !1 +1 10.8

9 10 !1 !1 !1 +1 +1 +1 !1 14.0

10 7 1 !1 !1 !1 +1 +1 +1 55.4

11 2 !1 +1 !1 !1 !1 +1 +1 34.9

12 5 !1 !1 !1 !1 !1 !1 !1 34.1

13 1 0 0 0 0 0 0 0 38.9

14 13 0 0 0 0 0 0 0 40.5

a Factors: A– glucose concentration, B – yeast extract, C – agitation speed, D – broth pH, 
E – inoculum size, F – incubation time, G – temperature; levels used: high (+1), mid (0) 
and low (!1); response: BPE – Bioethanol Production Efficiency

Fig. 3. Pareto chart showing significant and nonsignificant
terms or process parameters obtained through screening ex-
periment (PBD); bars with crossed wires represent significant
terms and plain bars represent nonsignificant terms, critical

t (α = 0.05, df = 5) = 2.57

60% complex carbohydrates and 4.2% lignin by weight
(Kamath et al., 2018b). Ordinarily, the sugar degradation
products such as HMF and furfural are produced during
acid digestion and are considered to be toxic for ethano-
lic fermentation. In contrast, the low concentration of
toxic substances in this case was due to the thermal
effects caused by the microwave radiation during the
hydrolysis process (Kamath et al., 2018a, 2018b). 

Screening for significant factorial variables

B. cereus ATCC 14579 can grow on several types of
sugar molecules under anaerobic conditions. The pre-
liminary experiments with POC hydrolysate confirmed
this observation, but with BPE as low as 44.8%. Ap-
parently, the bioethanol yield could be increased by pro-
per controlling of process variables or factors affecting
fermentation. The Plackett-Burman design (PBD), a frac-
tional factorial orthogonal design, with 7 factorial varia-
bles was used to screen the significant factors that in-
fluence BPE. Table 3 summarizes the experimental de-
sign conditions used during fermentation and the results
(%BPE and ethanol concentration) obtained in each ex-
periment. The lowest BPE (10.8%) corresponding to
0.17 g/l was obtained for an experimental combination
of “Low (or !1)” settings for glucose concentration,
yeast extract concentration, and incubation time and
“High (or +1)” settings for agitation speed, broth pH,
inoculum size, and temperature. The highest BPE
(58.1%) corresponding to 2.67 g/l was obtained at “High
(or +1)” settings for glucose concentration, yeast extract
concentration, agitation speed, and inoculum size and
“Low (or !1)” settings for broth pH and temperature.
Similarly, for different combinations of factorial varia-
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Table 4. ANOVA table to screen factorial variables using PBD

Source Effect DF SS MS F P

Model 8 2840.44 355.05 49.31 < 0.001 *

Linear 7 2734.59 390.66 54.26 < 0.001 *

   glucose concentration 14.196 1 604.55 604.55 83.96 < 0.001 *

   yeast extract 0.972 1 2.83 2.83 0.39 0.558

   agitation speed 2.220 1 14.78 14.78 2.05 0.211

   broth pH !25.994 1 2027.12 2027.12 281.53 < 0.001 *

   inoculum size 2.934 1 25.82 25.82 3.59 0.117

   fermentation time 4.440 1 59.13 59.13 8.21 0.035 *

   temperature 0.345 1 0.36 0.36 0.05 0.832

Curvature 1 105.85 105.85 14.70 0.012 *

Error 5 36.00 7.20

   lack-of-fit 4 34.75 8.69 6.93 0.277

   pure error 1 1.00 1.25 1.25

Total 13 13.00 2876.44

* Significant at 5% significance level (P < 0.05)

bles, the ethanol concentration and the corresponding
%BPE were recorded as shown in Table 3. To identify
the statistically significant factorial variable, statistical
analyses were carried out with %BPE as the response
variable. 

BPE was fit to a linear main effects model, and
ANOVA was performed with 5% significance level. The
coefficient of determination (96.8%) showed that the
experimental data fitted well to the main effects model,
with 3.2% nondeterministic error. Statistical tests and
ANOVA used to screen the parameters are summarized
in Table 4. A nonsignificant lack-of-fit test [F4,1 = 6.93,
P > 0.05] indicated larger variances shown by the con-
trolled factors than that by the natural variances. Three
factors were significant at 5% significance level, viz. glu-
cose concentration, broth pH, and fermentation time.
In addition, a significant curvature term suggested the
presence of an optimal point within the experimental
range used. Figure 3 depicts a Pareto chart with the
standardized effect of each factor and their relevance
with respect to critical t value [t (crit)df = 1, α = 0.05 = 2.57].
Here, broth pH, glucose concentration, and fermentation
time showed a significant effect on bioethanol produc-
tion. Because glucose is the precursor for biomass
growth and bioethanol production, it tends to increase
bioethanol production (Namadi, 2013; Ire et al., 2016);

hence, a strong positive effect was noted. Ire et al.
(2016) found that bagasse loading up to 4% w/v increa-
sed ethanol yield. Furthermore, B. cereus shows high
resistance to higher concentration of glucose (Mols
et al., 2007) and ethanol (Ire et al., 2016).

A significant increase in the production of ethanol by
B. cereus was observed as pH decreased from 6 to 4, in-
dicating the tendency of the bacterium to produce etha-
nol under acidic environment or acidic stress. B. cereus
strain ATCC 14579 is known to exhibit strong resistance
to acidic stress under anaerobic condition (Mols et al.,
2007; Mols and Abee, 2011). Further, this microorga-
nisms showed lesser cytotoxicity to acetic acid up to
15 mM than to HCl (2 mM) and lactic acid (2 mM) when
grown in minimal medium (Mols et al., 2007). The use
of acidic condition could be economically beneficial at hi-
gher scales, as it requires lesser quantity of neutralizing
agents and prevents contamination by other bacteria
that are less tolerant to strong acidic condition. A signi-
ficant (P = 0.035) main effect (4.44) for incubation time
indicated an increase in %BPE as the fermentation con-
tinued from 24 h to 72 h. It was expected that over the
period of fermentation, reducing sugars would be com-
pletely converted to ethanol, thereby yielding high BPE.
However, bioethanol yield (in terms of BPE) increased
up to 58% at 72 h starting from the initial reducing sugar 
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Fig. 4. Box plot showing the effect of acetate buffer on BPE

concentration of 9 g/l and did not improve further. Re-
ducing sugars, 2.85 g/l as glucose equivalents, were still
left unutilized in the fermentation broth. This is possibly
because the bacterial metabolic pathway could have
changed due to the dynamic microenvironment and
altered the broth pH after 48 h of fermentation (Duport
et al., 2016). In the screening experiments, buffering
agents were not used; hence, the change in pH could
have affected ethanol production adversely over time.
We hypothesize that the use of a suitable buffering sy-
stem in the fermentation medium could improve bio-
ethanol production. Reportedly, higher concentration of
weak acid could be detrimental to bioethanol yield; how-
ever, low concentration could show a positive effect
(Pampulha and Loureiro-Dias, 1989). In ethanolic fer-
mentation using yeast, Greetham (2015) used acetic acid
(< 20 mM) in the medium to improve ethanol yield.
However, Mols et al. (2010) reported bacteriostatic
effect on B. cereus grown in minimal medium with
15 mM undissociated acetic acid. To validate this fin-
ding, experiments in duplicate were carried out by ad-
ding 1 ml of 0.4 M acetate buffer (final 4 mM ionic
strength in broth) to POC hydrolysate and adjusting the
pH by using aq. NaOH solution. Ethanol yield in terms
of BPE of the acetate-buffered production medium was
compared with that of nonbuffered production medium
as control. All the experiments were conducted with
9 g/l glucose at pH 5.0. When acetate buffer was used,
statistical t test showed a significant improvement in the
BPE at 1% significance level (t df = 3 = 6.63, P = 0.007).
The mean BPE and sample variance for the buffered and
nonbuffered systems are shown using a box plot (Fig. 4).
In B. cereus, the metabolic pathway for producing etha-

nol from glucose is associated with acetate synthesis
through acetyl Co-A. With the increase in acetate ion
concentration, the genes encoding the enzyme cassette
for this pathway are downregulated, leading to a meta-
bolic shift toward ethanol production. Although B. ce-
reus can tolerate up to 12 mM undissociated acetate ion
concentration, about 5 mM undissociated acetate ion
concentration is best recommended for ethanol produc-
tion (de Sarrau et al., 2012). Thus, the use of acetate
buffer in bioethanol production seems to have a bene-
ficial effect and was used for further experiments.

B. cereus (ATCC 14579) can grow on several nitro-
gen sources and yeast extract. In the POC hydrolysate,
organic nitrogen was present in the form of oligopepti-
des and amino acids (1.95 g/l). Yeast extract was used as
a supplementary requirement for organic nitrogen in
screening experiments, but the statistical analysis sho-
wed a nonsignificant effect of yeast extract on BPE.
Hence, yeast extract as an additional nutrient in POC
hydrolysate was determined to be unnecessary. Another
factor, inoculum size, showed a moderate positive effect
of 2.934 on BPE; however, it was nonsignificant at 5%
significance level. Inhibitory environment such as toxic
substances produced during acid hydrolysis could be
compensated by increasing the inoculum size (Pienkos
and Zhang, 2009). Hence, in further experiments to opti-
mize the process, higher inoculum size could be used.
Other factors such as agitation speed and fermentation
temperature showed positive effects (2.220 and 0.345,
respectively) but were statistically nonsignificant
(P = 0.211 and P = 0.832) in improving BPE. The positive
effect noted here indicates a direct relationship between
agitation speed or fermentation temperature and the de-
pendent variable BPE. In a study related to growth con-
ditions of B. cereus, de Sarrau et al. (2012) observed
that highly controlled growth temperature was unneces-
sary under anaerobic conditions. However, they obser-
ved a significantly lower growth rate and ethanol pro-
duction at 15EC. Therefore, the following factorial varia-
bles were chosen to optimize and improve BPE: glucose
concentration, broth pH controlled with acetate buffer,
and fermentation duration. Other factors that are non-
significant to improve BPE were kept constant, viz. tem-
perature at 30EC, agitation speed at 100 rpm, and ino-
culum size corresponding to OD610 = 1.0. Yeast extract
was excluded from the fermentation medium.
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Table 5. Experimental design used in BBD for optimization experiments
and mean response (BPE) in each experiment

Standard
order

Run
order

Factorial level BPE
[%]glucose (X 1) pH (X 2) time (X 3)

1 3 !1 !1 0 59.36

2 11 +1 !1 0 88.37

3 14 !1 +1 0 58.32

4 12 +1 +1 0 38.79

5 6 !1 0 !1 43.38

6 8 +1 0 !1 81.93

7 9 !1 0 +1 91.76

8 15 +1 0 +1 92.54

9 4 0 !1 !1 54.57

10 10 0 +1 !1 21.98

11 7 0 !1 +1 78.9

12 2 0 +1 +1 34.87

13 5 0 0 0 91.45

14 1 0 0 0 87.42

15 13 0 0 0 92.27

Process optimization using the Box-Behnken design

A response surface experimental design, namely Box-
Behnken design (BBD), with 3 levels was used to opti-
mize glucose concentration, broth pH, and fermentation
duration. This design used a lesser number of experi-
ments and provided adequate information to fit a quadra-
tic model to the experimental data. Table 5 provides de-
tails on the experimental combinations used for BBD
and the response measured as BPE (mean of dupli-
cates). The response (BPE) was fit to a quadratic model,
and ANOVA was carried out. Nonsignificant terms were
eliminated, and a reduced fit model was developed at 5%
significance level. ANOVA table for the reduced fit mo-
del (Eq. 4) is given in Table 6. Accuracy of the reduced
fit model was statistically verified using a nonsignificant
lack-of-fit test (P = 0.139) and a high coefficient of de-
termination (92.3%). Not only linear terms, but a few
nonlinear (square and interaction) terms were also found
to be significant. 

BPE [%] = 93.51 + 6.10 X1 ! 15.90 X2 + 13.02 X3 !
    + 32.14 X2 X2 ! 13.95 X3 X3 ! 12.14 X1 X2 ! 9.44 X1 X3

(4)

Using D optimal design, the optimal factorial settings
to maximize the BPE were determined to be 9 g/l glu-

cose concentration, broth pH 4.8, and 51 h of fermenta-
tion time. At this combination, a BPE of 91.8 ± 1.9% and
ethanol titer of 4.2 ± 0.2 g/l were experimentally obtai-
ned against the theoretically predicted BPE of 104.0
± 4.4%. Although the experimental BPE was smaller than
the theoretical BPE, a statistical t test conducted at 5%
significance level showed nonsignificant differences be-
tween the two mean values. A 90% conversion of redu-
cing sugars (as glucose equivalents) affirmed the results.
Thus, the reduced fit model suggested a strong positive
effect of glucose concentration, and this effect was en-
hanced by acidic pH and moderately shorter fermenta-
tion period. These effects were also supported by the
contour plots (Fig. 5) drawn at optimal conditions.

The B. cereus ATCC 14579 strain cannot metabolize
the pentose monosaccharide xylose in minimal medium
(Mols et al., 2007). However, POC hydrolysate contained
very low amounts of xylose equivalents (1.1 g/l) than glu-
cose equivalents (6.9 g/l). Hence, under optimal con-
ditions for batch anaerobic fermentation, a higher con-
version of reducing sugars was possible. The ethanol
titer was comparatively equal to or better than the re-
ported values of 4 to 5 g/l for P. pinnata oil cake (Doshi
and Srivastava, 2013; Muktham et al., 2016; Radha-
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Fig. 5. Contour plots drawn for the reduced fit model at optimal settings; nonlinear variation of BPE is shown with two
parameters varied at a time and the third variable is maintained constant at the optimal setting; constant optimal settings:

Glu = 9 g/l, pH = 4.6, and fermentation period = 51 h

Table 6. ANOVA table for the reduced fit model obtained through BBD experiments

Source DF SS MS F P

Model 7 8967.9 1281.1 24.8 < 0.001

Linear 3 3677.4 1225.8 23.8 < 0.001

   glucose (X 1) 1 298.0 298.0 5.8 0.047

   pH (X 2) 1 2022.4 2022.4 39.2 < 0.001

   time (X 3) 1 1357.1 1357.1 26.3 0.001

Square 2 4343.9 2172.0 42.1 < 0.001

   pH*pH (X 2X 2) 1 3837.0 3837.0 74.4 < 0.001

   time*time (X 3X 3) 1 722.7 722.7 14.0 0.007

2-Way Interaction 2 946.7 473.3 9.2 0.011

   glucose*pH (X 1X 2) 1 589.9 589.9 11.4 0.012

   glucose*Time (X 1X 3) 1 356.8 356.8 6.9 0.034

Error 7 361.0 51.6

   lack-of-fit 5 340.1 68.0 6.5 0.139

   pure error 2 20.9 10.5

Total 14 9328.9

kumari et al., 2017). However, in the present study, the
BPE improved significantly from the maximum reported
value of 43% to 92%. The presence of sugar degradation
products such as HMF and furfural and its derivatives
could inhibit ethanolic fermentation of cellulosic biomass

(Fu et al., 2014; Moreno et al., 2019). The presence of
HMF and furfural, each at 1 g/l concentration, can de-
crease ethanol yield significantly (Fu et al., 2014). In the
present study, microwave-assisted sugar hydrolysis pro-
duced 350 mg/l HMF and 70 mg/l furfural. A possible
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reason for higher BPE could be the low amount of toxic
substances produced during microwave-assisted acid
hydrolysis. Moreover, the upregulation of the metabolic
pathway under anaerobic acidic stress supplemented
with acetate ions cannot be overruled. The capability of
B. cereus to dwell on most of the simple sugars could
have compounded this effect. Thus, a bacterial strain
that can assimilate majority of sugars and almost com-
pletely convert them to ethanol is reported here. Pon-
gamia seeds can be used to produce not only biodiesel
but also bioethanol, thus making it a viable and economi-
cal feedstock for dual fuel production.

Conclusions
By using a facultative anaerobe, B. cereus, the pro-

duction of bioethanol from microwave-assisted sulfuric
acid hydrolysate of Pongamia oil cake was demonstrated.
The parametric analysis using a PBD showed that broth
pH, incubation period, and glucose concentration were
the significant factors. To improve the BPE and obtain
optimal factorial settings, the Box-Behnken experimental
design was used. An optimal condition of 9 g/l glucose,
broth pH 4.8, and 51 h of fermentation period yielded
approximately 92% BPE. Statistical analyses showed
a consistency between the predicted results and the ex-
perimental results. In addition to controlling pH varia-
tions during the fermentation process, acetate buffer
significantly improved bioethanol production.
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