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Abstract India is in need of renewable fuels for trans-
portation and power generation applications. Bio-ethanol, a
second generation fuel is considered as one of the most
important promising alternative fuel for both petrol and
diesel engine applications. The molasses feedstock is the
main source for ethanol production in India, but it is hardly
sufficient to meet the current growing demand. Lignocel-
lulosic biomass is an alternative, renewable and sustainable
feedstock to meet the demand of ethanol. In the present
study, experiments were carried out with the main objec-
tive of bio-ethanol production from Calliandra calothyrsus
shrub, a potential lignocellulosic raw material for cellu-
lose-to-bioethanol process. In view of this, C. calothyrsus
biomass was pretreated with hydrothermal explosion using
hot water, a method prior to hydrolysis process to produce
fermentable sugars. Based on the experimental results, 2.67
and 1.72 g/L glucose was obtained with H,SO, and HCl
acid hydrolysis respectively for pretreated biomass. Also
the present research work involves experimental
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investigations of bioethanol production from C. calothyr-
sus using batch fermentation. The results revealed that pH
4.5, temperature 30 °C and incubation period of 72 h were
found to be favorable for producing maximum bioethanol
yield. Further, study on hydrolysis was extended using
enzyme, that resulted in 16.5 and 10.25 g/L. glucose with
and without pretreatment respectively.

Keywords Calliandra calothyrsus - Bioethanol -
Biodiesel - Saccharomyces cerevisiae

Introduction

In the present energy scenario, demand for energy is on a
continual increase. Environmental concerns and depletion
of fossil fuel reserves have led to the extensive search for
alternate fuels [1, 2]. For a sustainable development
through biomass present a very promising alternative fuel
since biofuels derived from biomass have numerous
advantages compared to fossil fuels [3-10]. Bioethanol
production from conventional feed stocks like sugarcane
and starch rich feed stocks such as corn, potato etc., has
been reported in the literatures as first generation process.
However, they have social and economical barriers [11,
12]. Therefore, second generation processes to produce
bioethanol are gaining momentum. The second generation
processes will use lignocellulosic biomass (corn stover,
sugarcane bagasse, straws, stalks and switch grass) for this
purpose and biosphere clearly has sufficient supplies of
lignocellulosic materials. Bio-ethanol from lignocellulosic
biomass is one of the important alternatives being consid-
ered due to the easy adaptability of this fuel to existing
engines with higher octane rating [13, 14]. The production
of ethanol from lignocellulosic biomass has been reported.
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These sources have widespread abundance and the cost of
their procurement is relatively cheap [15-21].

Lignocellulosic biomass contains 35-50 % cellulose,
25-30 % hemicelluloses and 20-25 % lignin [11, 22]. The
various processes involved during the conversion of ligno-
cellulose biomass to ethanol are: pretreatment, acid or
enzymatic hydrolysis, fermentation and separation [20]. The
task of hydrolyzing lignocellulose to fermentable mono-
saccharides is still technically problematic because the
digestibility of cellulose is hindered by many physico-
chemical, structural and compositional factors. Owing to
these structural characteristics, pretreatment is an essential
step for obtaining potentially fermentable sugars in the
hydrolysis (saccharification) step. The aim of the pretreat-
ment is to break down the lignin structure and disrupt the
crystalline structure of cellulose for enhancing enzymes
accessibility to the cellulose during hydrolysis step [23-27].

Current pretreatment research is focused on identifying,
developing, evaluating, and demonstrating promising
approaches that primarily support hydrolysis of the pre-
treated biomass. Several investigators have reported vari-
ous pretreatment methods such as physical (mechanical),
physico-chemical, chemical and biological pretreatment
methods using wide variety of feed stocks [20, 27, 28]. One
of the most promising pretreatment method appears to be
physico-chemical pretreatment i.e., hydrothermal pretreat-
ment. Several researchers have investigated different
hydrothermal pretreatment methods like steam explosion,
ammonia fiber explosion, CO, explosion and liquid hot
water process for bioconversion of lignocellulosic biomass
to ethanol [21, 25, 29-35]. In the present work, to enhance
the effectiveness of pretreatment, hydrothermal explosion
method has been studied where in liquid hot water and
steam explosion methods were combined. It is the most
attractive pretreatment method for lignocellulosic materials
due to non use of chemicals and efficient biomass disrup-
tion characteristics.

In this context, the present work focus on the hydro-
thermal explosion pretreatment method for bioethanol
production using Calliandra calothyrsus shrub, a potential
lignocellulosic biomass for cellulose-to-bioethanol process
which can be an alternative to starch or sugar-containing
feedstock. Further, various factors affecting bioethanol
yield is presented subsequently.

Status of Bioethanol Fuels in India

India has 16 % of the world’s population and the fourth
largest petroleum consumer but has only 0.5 % of the oil
and gas resources of the world. And the energy needs of the
country are met from 80 % of oil imports [36]. In the year
2003, Planning Commission, Government of India has
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reported bio-ethanol and biodiesel as fuels for the nation
and proposed blending in a gasoline and diesel up to
10-20 % by 2011-2012. The current share of biofuels in
the consumption of transportation fuels is extremely low
and is confined mainly to 5 % blending of ethanol in
gasoline even though government had made it mandatory
in 11 states and three union territories of the nation. India
has set a target to reduce 50 % crude oil import by 2020
and 75 % by 2025 and eventually achieve self-sufficiency
and energy independence by 2030.

According to the survey, it is observed that around 330
distilleries in India produce ethanol which is predominantly
produced from molasses with an installed annual capacity
of 4 billion liters, 60 % is mainly consumed by the bev-
erage industry, 25 % share going into chemical industry
and remaining 15 % share for blending with fossil fuel,
which is not sufficient to meet the energy demand [36].
About 1.5 billion liters of ethanol is required for 10 %
blending to meet the current demand and projected to be
2.2 billion liters in 2017 [36]. Currently, the government
does not allow the use of imported ethanol for the Ethanol
Blending Program and the focus is completely on indige-
nously produced ethanol. To overcome these challenges,
second generation ethanol produced from lignocellulosic
biomass is an alternative to ethanol derived from molasses.
Since, India is land of agriculture producing nearly 500
million tons of biomass per year and hence producing
ethanol from biomass is promising renewable source [37].

Characterization of Biomass and Bioethanol

In the present study, bio-ethanol is derived from C. calo-
thyrsus, a lignocellulosic biomass. C. calothyrsus was
collected locally from the Western region of Karnataka
(India). It is widely distributed in humid/sub humid regions
of central and South America and Mexico, It is also found
in Africa abundantly and widely used as fodder and fuel
wood. It is popularly known as red Calliandra, one of the
promising lignocellulosic feed stock for bioethanol pro-
duction due to its high cellulose content. C. calothyrsus is a
small, perennial, thornless multi-stemmed shrub which
grows 2-12m in height with a trunk diameter of
2540 cm; it belongs to the family of mimosoideae. It
grows in all soil types and sandy clays. The cellulose of red
Calliandra can be harnessed for ethanol production. The
leaves and twigs were removed and stems were cut into
useable sizes, dried and stored for studies. Samples were
ground in a grinder. Figure la and b shows the C. calo-
thyrsus plant, and stem of C. calothyrsus shrub. Fig-
ure 1(c) shows sample of raw material.

The raw material was oven dried at 105 °C until con-
stant weight and stored in a sealed plastic bag at ambient
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Biomass

Fig. 1 a Calliandra calothyrsus shrub. b Stem of Calliandra
calothyrsus. ¢ Raw material. d Line diagram of bioethanol produc-
tion, 7 temperature sensor, P pressure sensor, HEU hydrothermal
explosion unit, ET explosion tank, DLU delignification unit, HU

temperature for chemical analysis. Composition of the raw
material and properties of bioethanol were determined at
our college laboratory and are presented in Tables 1 and 2.
Cellulose and hemicellulose were measured according to
the procedures reported in the literature [38]. Klason lignin,

Bioethanol

hydrolysis unit, FU fermentation unit (rotary incubator), DU distil-
lation unit, Q heat supply. e Hydrothermal explosion unit. f Hydro-
thermal explosion of Calliandra calothyrsus

ethanol-benzene solubles and ash content was determined
by using TAPPI Standard Test Methods T 222 om-06, T
204 cm-07, T 413 om-06 respectively. Due to minor sig-
nificance of other fractions present in the material, they
were not determined.
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Fig. 2 SEM images of Calliandra calothyrsus. a Before hydrother-
mal explosion. b After hydrothermal explosion

Production of Bioethanol from Lignocellulosic Biomass

In the present work, bioethanol was produced from C.
calothyrsus biomass using hydrothermal explosion pre-
treatment followed by acid hydrolysis, fermentation and
separation. Figure 1d shows line diagram of bioethanol
production.

Pretreatment

The dried stem of C. calothyrsus was reduced to the size of
3 mm and stored before pretreatment. In this study,
hydrothermal explosion treatments were carried out with-
out chemicals in pilot scale equipment with a 5-L reactor
(with a maximal operating pressure of 12 bars) provided
with a quick-opening ball valve. Raw material and water

@ Springer

Table 1 Composition of C.
production

calothyrsus used for bioethanol

Raw material Calliandra calothyrsus stem (%)

Cellulose 4045
Hemicellulose 16-20
Lignin 25-30
Ash 34
Extractives 16-18
Table 2 Properties of bioethanol
Property Ethanol Bioethanol from Test
from Calliandra method
molasses calothyrsus
Density (kg/m®) 781 790 ASTM
D1298
Kinematic 1.24 1.0016 ASTM
viscosity (cst) @ D445
40 °C
Flash point °C 14 12 ASTM
D93
Calorific value 21.05 (kJ/L) 21.25 (kJ/L) ASTM
(kJ/kg) 2382

(1:50 w/v) was taken in hydrothermal explosion unit and
the ball valve was closed. The vessel was heated and the
temperature is maintained at 152 °C for 45 min. After the
desired time, the ball valve was opened, which caused a
rapid explosive decompression and disintegration of bio-
mass material.

During the hydrothermal pretreatment, biomass extrac-
tives were washed with hot water, hemicellulose is solu-
bilized completely and partial hydrolysis of lignin. At the
end of treatment, the solid residue was recovered by fil-
tration and washed with distilled water to remove the
water-soluble fraction. Morphological characteristic of the
biomass before and after hydrothermal explosion is dis-
cussed in the subsequent paragraph (Fig. 2a, b).

Delignification

Delignification of C. calothyrsus was performed using
10 % NaOH for 2 h at 70 °C. The biomass is thoroughly
washed with distilled water until it was colorless and
neutral, and stored in a sealed bag before hydrolysis [26].

Acid Hydrolysis

Batch experiments were conducted to study the effect of
parameters on hydrolysis reaction using HCI and H,SO,
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Fig. 3 Glucose yield at varied acid concentration. a Glucose yield at
varied acid concentration for 60 min. b Glucose yield at varied acid
concentration for 90 min. ¢ Glucose yield at varied acid concentration
for 120 min

acids to catalyze the hydrolysis of cellulose. In this study,
the amount of dry feedstock solid to liquid loading of 1:5
was treated in an autoclave at constant temperature of
120 °C with different residence times (60, 90 and 120 min)

Fig. 4 a Ethanol production during pH variations. b Ethanol
production from temperature variation. ¢ Ethanol production for
different time interval

and at different acid concentrations (0.5, 1.0, 1.5, 2.0,
2.5 % wi/w). Once the selected temperature and time was
reached, allowing a few minutes for the temperature to
drop below 40 °C, solid and liquid fractions were separated
by filtration and later neutralized by adding calcium car-
bonate. The liquid fraction was analyzed for the
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20 production. The broth was centrifuged to separate the
supernatant, which was dried and later distilled to obtain

16 o bioethanol.
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Fig. 5 Glucose produced with and without pretreatment

monomeric sugar contents by using 3,5-dinitrosalicylic
acid (DNS) method with UV/Visible spectrophotometer
(UV-1700, Shimadzu).

Fermentation

Ethanol production generally requires the fermentation of the
glucose (hydrolyzate) using yeast (Saccharomyces cerevisi-
ae). Within the experiments, several physical conditions
regarding bioethanol fermentation were investigated. Spe-
cifically, reaction temperature, incubation time and pH were
studied to determine their effect on the fermentation of cel-
lulosic biomass into ethanol. For each physical condition,
three runs were conducted over a period of approximately
2 weeks. Within the three runs, each individual run tested the
physical condition at a varying degree, e.g. varied incubation
time, reaction temperature and pH within the reaction flask.

For fermentation, the inoculation media for yeast culti-
vation was prepared in a 2 L volumetric flask with distilled,
de-ionized water. Glucose 20 g/L, Peptone 10 g/l and
yeast extract 20 g/L. are added to the water to create the
inoculation media. The solution was placed into an auto-
clave for sterilization (45 min at 121 °C) to prevent any
microorganisms other than yeast from growing. The yeast
was decanted from the inoculation media via a centrifuge.
The nutrient media was prepared by adding 7.5 g ammo-
nium sulphate ((NH4),SO,4), 3.5 g potassium hydrogen
phosphate (KHPQy,), 0.75 g magnesium sulphate (MgSO,)
and 1 g calcium chloride (CaCl,-2H,0) to 500 ml of dis-
tilled water and dissolving completely. The media was
autoclaved for 30 min at a temperature of 120 °C and a
pressure of 103.45 kN/m? (15 psi).

The fermentation was carried out in 250-ml Erlenmeyer
flask with 100 ml of hydrolyzate which was inoculated
with 5 % yeast. The batch fermentation was operated at
30 °C for 3 days in the rotary incubator at a speed of
200 rpm under static condition. The samples were col-
lected at regular time intervals to determine ethanol
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Enzyme Hydrolysis

An investigation was made to study the impact of enzyme
hydrolysis on C. calothyrsus biomass to produce glucose.
Enzymatic hydrolysis was carried for both pretreated and
untreated biomass at 50 °C and pH of 4.8, which is milder than
conventional acid hydrolysis. Commercially available cellu-
lose enzyme (ONOZUKA R-10) was used to break cellulose
into glucose. The activity of enzyme was found to be 15 FPU/
ml, and it was used throughout the experimentation. It was
carried out by adding 0.05 M sodium citrate buffer to maintain
4.8 pH and 50 °C in a rotary shaker with agitation speed of
140 rpm for 70 h. Samples were then taken for glucose ana-
lysis at 10, 30, 50 and 70 h during enzymatic hydrolysis.

Experimental Set Up

Pretreatment was performed in a laboratory-scale hydro-
thermal unit provided with temperature and pressure gau-
ges. Figure le shows hydrothermal explosion unit of 5 liter
capacity with 8 mm thick. Figure 1f shows hydrothermally
exploded sample of C. calothyrsus biomass.

Results and Discussions
Scanning Electronic Microscopy

Scanning Electronic Micrographs of the sample was obtained
to verify material structural changes caused by the hydro-
thermal explosion. The SEM image Fig. 2a of untreated
sample indicated compact and regular surface structure of
fiber bundles in a biomass without pores. After pretreatment,
considerable damage to the fibers could be observed clearly in
Fig. 2b. The surface is uneven and the fibers are separated,
causing a significant increase in surface area. Scanning elec-
tronic microscopy (SEM) of the untreated and pretreated
residue was carried out with Hitachi S-4800 (Japan) instru-
ment at 15 kV.

Optimization of Glucose Yield Using Acid Hydrolysis

Acid hydrolysis was conducted for pretreated biomass with
different reaction conditions. For the study, different pro-
cess variables viz. acid concentration, type of acid and
reaction time were considered to achieve maximum glu-
cose yield. Finally, each variable was evaluated to deter-
mine the favorable conditions for maximum yield of
glucose.
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Batch experiments were conducted using 2 M H,SO,4 and
2 M HCI as the reaction catalyst at reaction temperature of
120 °C. Hydrolysis of biomass was conducted at various
concentrations of acid ranging from 0.5 to 2.5 % in steps of
0.5 % and at reaction time of 60, 90 and 120 min. Figure 3a,
b and c show the variation of conversion with different acid
concentrations. Results revealed that the high concentration
of acid enhances reaction rate while improving the sugar
concentration as acid catalyze the hydrolysis of cellulose.
The catalyst activity was proportional to H" concentration.
Formation of more hydrogen ions in the aqueous solution
resulted in higher cellulosic hydrolysis process [39].
Therefore, HSO, resulted in higher glucose yield compared
to HCL. It could be attributed to increased reaction rate due to
higher breaking of glycosidic bonds in the cellulose. Hence it
causes high conversion of cellulose fraction into glucose.
The results obtained were in good agreement with published
literatures [33].

From Fig. 3b, it is observed that, degradation of glucose
leads to furfurals under severe conditions i.e. with 2.5 %
H,S0O, acid concentration and 90 min reaction time [26].
Figure 3c shows decreased conversion for 2 % HCI acid
and 120 min reaction time. However, at constant reaction
temperature of 120 °C, reaction time 120 min, with 1.5 %
H,SO,4 and 2.5 % HCI glucose, yield was found to be 2.67
and 1.72 g/L respectively as it is evident from Fig. 3c. It
was observed that the yield did not increase beyond
1.67 g/ with 1.5 % HCI acid concentration and 120 min
reaction time. Results indicated lower yield with higher
concentration of H,SO,4 and longer reaction time. It may be
due to degradation of sugar to hydroxyl methyl furfurals.
Based on the results obtained it can be concluded that, the
acid concentration was found to have more dominating
effect than reaction time during hydrolysis. Higher yield
may also be due to higher temperature, as it provides
greater energy to break linkages of fibers in a biomass.
Similar trends were observed with published literature [40].

Beside the orderly crystalline structure in the cellulose
molecules, the presence of lignin fraction in the cellulose
materials is also responsible in defending the cellulose
from hydrolysis [41].

Fermentation

Variation of bioethanol yield with respect to pH, temper-
ature and time interval (Fig. 4) has been discussed in the
subsequent paragraph.

Effect of pH on Fermentation

Figure 4a shows the effect of pH on the yeast’s ability to

convert glucose into ethanol. In the present work, Baker’s
yeast was used as it has an internal pH of about 5.0 and

slightly acidic condition favors the reproduction and
growth of yeast. Hence as the pH increases, the reaction
yield decreases. The experimentation concludes that a
slightly acidic pH around 4.5, favors yeast fermentation.
However, at 6 pH reaction yield is nearly 20 % lower than
the 4.5 pH, suggesting that neutral or basic pH’s will
greatly inhibit overall yeast health [42]. Finally, it is
observed that lower pH levels ensure that the yeast function
well under minimal internal stress. Hence, it can ferment
glucose into bioethanol more efficiently. Around 4.5 pH,
72 h of incubation period provides maximum sugar con-
version (52 %). Fermentation pH of the medium is an
important parameter affecting the growth and product
formation [43].

Effect of Temperature on Fermentation

Figure 4b represents the effect of temperature on bioetha-
nol yield during fermentation stage. The temperature var-
iation experiment investigated range of temperatures
affecting the production of ethanol using yeast. Incubation
temperature for maximum ethanol yield of 52 % was found
to be 30 °C. It could be due to the fact that the yeast was
under minimal stress and lower inhabitation from bioeth-
anol obtained. The yeast cells at 30 °C are structurally
sound and are capable of healthy and efficient reproduc-
tion. High temperature results in considerably higher
thermal stress on the yeast as it reproduces and hence slows
reproduction rate of yeast to consume the available glucose
substrate for ethanol production. Hence, it is found that
lower temperature favors bioethanol fermentation.

Effect of Time on Fermentation

Figure 4c shows ethanol yield at different time interval for
4.5 pH and reaction temperature of 30 °C. During initial
stages of fermentation, yeast adapts themselves to growth
conditions so there was no glucose to ethanol conversion.
Later ethanol yield increased exponentially till 72 h. After
72 h of fermentation, the growth rate was found to slow
down due to glucose depletion and the ethanol was used as
a carbon source by the yeast for its growth after the 72 h
[44]. The time taken for maximum sugar conversion was
72 h, 4.5 pH and incubation temperature of 30 °C.

Optimization of Glucose Yield Using Enzymatic
Hydrolysis

Enzymatic hydrolysis yields are shown in Fig. 5 as a function
of time for pretreated (hydrothermal explosion) and untreated
biomass. Experiments on enzymatic hydrolysis showed
remarkable changes in the glucose yield compared to acid
hydrolysis (Fig. 3a, b, ¢). Pretreated biomass showed positive
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effect on saccharification of C. calothyrsus cellulose fraction
compared to untreated biomass. It is observed that enzymatic
hydrolysis for pretreated biomass resulted in 16.5 g/L. com-
pared to 10.25 g/L of glucose for untreated biomass. This was
contributed by solubilisation of hemicellulose fraction,
reduced cellulose crystallinity and more surface area acces-
sibility (lignin removal) during pretreatment favoring enzyme
accessibility to cellulose [30, 45]. Pretreated biomass fol-
lowed by enzymatic hydrolysis is a very effective method
compared to acid hydrolysis of pretreated biomass for ethanol
production from C. calothyrsus shrub.

Equation (1) shows the disintegration process of the
cellulose molecules by water into glucose.

(C6H1205)n + HHQO — HC6H1206 (1)

Conclusions

The following conclusions were made from the study.

In recent years, bioethanol has become more attractive
biofuel for engine application and the fact that it is made
from renewable resources. Investigators/researchers have
investigated the combustion in both ST and CI engine using
ethanol as single and dual fuel operation (blended fuel with
diesel and biodiesels as a fuel). In this context, an attempt
has been made to study the bioethanol production to meet
the current demand. The overall observation based on the
study is that, acid concentration, pH, and enzyme play an
important role in production process and associated reac-
tions. Some important conclusions are summarized below.

1. The current study offered an opportunity in exploring
the potential of using a locally available C. calothyrsus
shrub rich in cellulose, as an alternative biomass for
production of bioethanol due to its low price and
renewable property.

2. SEM images illustrated changes in the structure of C.
calothyrsus biomass making feedstock more porous
and loose, indicating higher specific surface using
hydrothermal explosion pretreatment.

3. Glucose yield of 2.67 g/L. was observed during H,SO,4
acid hydrolysis at 120 °C reaction temperature, 120 min
reaction time and 1.5 % H,SO, concentration. Similarly
for 2.5 % HCI concentration glucose yield was found to
be 1.72 g/L.

4. Based on the experimental results of this study, it is
concluded that the maximum ethanol yield (52 %)
from C. calothyrsus using S. cerevisiae can be
achieved by maintaining temperature of 30 °C, pH
4.5 and incubation period of 72 h.

5. Enzymatic hydrolysis of pretreated biomass was 16.5 g/L.
glucose, and for untreated biomass yield was 10.25 g/L.
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Results showed enzymatic hydrolysis provides better
glucose yield than acid hydrolysis.

6. Pretreated biomass is a very effective method in

preparing the substrate as it enhances accessibility of
cellulose and showed positive effect on saccharifica-
tion of C. calothyrsus cellulose fraction.

On the whole, it seems that bioethanol is a promising
alternative and renewable fuel. Investment cost reduction
and technology advancements in renewable energy helps to
enhance the usage of renewable and alternative fuels for
engine applications. Internal combustion engines fueled by
bioethanol and its blends with technological advancements
are convenient and economically viable and can serve as a
future option for engine applications.
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