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Abstract Biofuels provide a potential and promising green alternative to avoid the
global political instability and environmental crises that arise from dependence on
petroleum. It has an important role to mitigate global warming and to conserve fossil
fuels. Currently, starchy crops such as corn are utilized as a source of raw material
for the production of bioethanol but it cannot meet global fuel requirements. Besides,
due to their food value these conventional crops are not able to cater the demand of
biofuel production. Therefore, lignocellulosic biomass seems to be an attractive
alternative for inexorable supplies of biofuels, cutting down the credence on fossil
fuel resources. Lignocellulosic biomass feedstock is abundant, recyclable, cheap, and
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is evenly distributed in nature. However, lignocellulosic bioethanol production is not
commercialized at a large scale due to certain economic and technical barriers which
make ethanol production exorbitant. Therefore, research should be focussed to
develop commercially profitable processes (green technology) for bioethanol pro-
duction. Moreover, current approach is focussed on enzyme-based conversion of
lignocellulosic biomass to bioethanol. The assurance of highly dynamic conversion
coupled to a “Green” technology is now universally appealing. Therefore, the main
aim of this chapter is to critically analyze the current situation and future needs for
technological developments in the area of producing liquid biofuels from lignocel-
lulosic biomass. It primarily covers distinct lignocellulosic biomass conversion
technologies, challenges, and future research targets.

Keywords Lignocellulosic biomass ® Agriculture residue * Bioethanol « Conversion
technologies

8.1 Introduction

Currently, the economy of the nation is solely dependent upon the nonrenewable
energy resources such as coal, petroleum, natural gas, etc. that are being used for
the generation of electricity, fuel, and other goods (Uihlein and Schbek 2009). In the
new era of industrialization, the demand for the petroleum resources has gained a
steep rise in energy sector and today these fossil energy resources contribute about
80 % of the primary energy consumption in the world, of which about 58 % alone
is consumed by the automobile sector (Agrawal 2007; Escobar et al. 2009). Because
of such huge consumption of these fossil fuels especially in urban areas the pollution
level increases at a very high pace. Therefore, the concentration of GHG-emissions
in the earth’s atmosphere has immensely enhanced (Ballesteros et al. 2006). Besides,
other factors that are responsible for high energy consumption include population
explosion, industrial prosperity that ultimately lead to deleterious effects to the eco-
system such as global warming, biodiversity loss, etc. (Gullison et al. 2007). Further,
it is predicted that the total global oil production will begin to decline within near
future due to the limited resources of fossil fuels (Campbell and Laherrere 1998).
Besides, due the ill effects associated with these conventional energy resources,
scientists all over the globe switched on towards green energy resources that
are renewable, sustainable, cost-effective, and eco-friendly (Prasad et al. 2007;
Singh et al. 2010). Among the various green energy resources biofuels (bioethanol,
biodiesel) gained a world-wide importance due to eco-friendly nature. To boost
the lignocellulosic bioethanol industry, various developed countries directed state
policies towards the improvement and economic utilization of biomass feedstock
for meeting their future energy crises in order to meet GHG reduction targets as
specified in the Kyoto Protocol as well as to decline reliance and dependence on
the supply of nonrenewable energy resources. Biomass being abundantly available
in nature is commonly used in a combined heat and power programme (CHP)
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to generate heat and electricity. However, at present it is also being used to generate
liquid fuels such as bioethanol for automobiles (Demirbas 2005). Currently, it has
gained a worldwide interest both at international and national levels. The world
market for bioethanol has entered a phase of rapid and transitional growth. With the
result, many nations are shifting their research focus towards sustainable and green
sources for bioethanol production because of depleting conventional energy
reserves.

Although bioethanol has tremendous potential in transport sector to replace
gasoline but at present it is not cost-effective when compared to nonrenewable
energy resources. However, during the last few decades bioethanol production
shows an increasing trend with 31 billion liters during 2001 to 39 billion liters in
2006 and is expected to reach about 100 billion liters in 2015 (Taherzadeh and
Karimi 2007a). Currently, Brazil and the USA are the leading countries using
sugarcane and corn respectively as raw material for bioethanol production
contributing about 62 % of the world bioethanol production (Kim and Dale
2004). However, the bioethanol production from these food crops possess certain
limitations as it cause food crisis especially in developing countries. Besides, the
cost that is involved in biofuel production is also an important factor to commer-
cialize this technology. In order to overcome these challenges, lignocellulosic
biomass that is considered as a green gold is a promising alternative to avoid the
existing competition of food verses fuel caused by grain-based bioethanol pro-
duction (Bjerre et al. 1996). Lignocellulosic biomass typically contains 50-80 %
(dry basis) carbohydrates that are generally composed of pentose and hexose
sugars. Moreover, lignocellulosic biomass has a potential to produce about 442
billion liters of bioethanol. Kim and Dale (2004) reported that these green energy
sources have the potential to produce about 491 billion liters of bioethanol/
annum which is about 16 times greater than the actual global bioethanol produc-
tion. It has been revealed that an average individual in the United States produces
about 1.8 kg of municipal solid waste (MSW)/day which mainly contains about
75 % cellulosic biomass (wastepaper, wood wastes and cardboard). Therefore, a
city with one million people generates about 1,800 tonnes of MS Winto to, or
about 1,300 tonnes/day of organic material. About 330 L of bioethanol is pro-
duced/ton of biomass waste. Thus, the total biomass waste generated/day from a
city with one million individual produces approximately about 430,000 L of
ethanol/day that is sufficient fuel to cater the needs of more than 58,000 people
in the US; 360,000 people in France, or nearly 2.6 million people in China at cur-
rent rates/capita fuel use. This green gold is renewable, cost effective, abundant
and evenly distributed throughout the nature. Lignocellulosic biomass includes
grasses, agricultural waste, forest residues, etc. Comprehensive research has
been carried out on bioethanol production from lignocellulosic biomass during
the last two decades (Cadoche and Lopez 1989; Binod et al. 2010). Hence bio-
ethanol generation could be the sustainable and green route to the effective utili-
zation of biomass feedstock. This chapter presents a brief overview of the
applicable technologies for bioethanol production using lignocellulosic biomass
as a substrate source.
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8.2 Background

Henry Ford in 1925 considered grain alcohol or ethanol as future fuel. He further
quoted a well-known statement, “The fuel of the future is going to come from
apples, weeds, sawdust almost anything. There is fuel in every bit of vegetable mat-
ter that can be fermented. It remains for someone to find out how this fuel can be
produced commercially better fuel at a cheaper price than we know now.” Today
Henry Ford’s futuristic vision significance can be easily understood. Biofuels the
important component of “Green Technology” is a promising alternative to replace
fossil fuels. Biofuels is a promising alternative that reduces dependence on petro-
leum resources and has gained a widespread attention throughout the world espe-
cially in developing nations (Pickett et al. 2008). In early 1860s little attention was
paid towards bioethanol production due to low prices of fossil energy resources but
during 1908 Henry Ford developed a Ford Model T that has the ability to operate on
ethanol, gasoline, or blends of both (Bernton et al. 1982). However, bioethanol
gained importance during 1970s when abruptly the price of petroleum resources
arose besides one of the constituent (methyl tertiary butyl ether (MTBE) used in
gasoline was declared as a toxic pollutant (Kovarik and Kettering 1982). The gov-
ernment of United States (US) focus on novel R&D programs directed toward the
development of more ecofriendly, sustainable and promising alternative fuels gen-
erated from cheap renewable sources. Initially, during 1980 and 1990, there was
great effort from the government sector to boost industrial efforts toward production
of bioethanol from biomass feedstock by providing subsidies to farmers, tax-
exemptions, and support bioethanol research programs. In recent years biofuel pro-
duction exhibits an increasing trend from about 4.4 billion litres during 1980 to 50.1
billion litres in 2005 (Murray 2005), with further dramatic increases in future. Now-
a-days US become the leading producer of bioethanol with about 13.5 billion gallon
capacity. Currently, about 200 operational corn-based ethanol plants are operating
in 29 states (RFA 2010) most of them are placed in the “corn belt” in the US Midwest
(Gnansounou 2010). Despite of the global economic burden during 2010, bioetha-
nol production continues to expand rapidly and contributes significantly to the eco-
nomic development of rural communities in the US (RFA 2010). Biofuels seems to
be a potential alternative to expel the use of fossil fuels as an automotive fuel and
lower toxic emissions. In particular, cellulosic bioethanol is believed to possess
tremendous potential in this regard, even though there are currently no commercial
scale plants in the United States (Raneses et al. 1998). Although lot of R&D work
has been done on lignocellulosic bioethanol production, until 1995 not even a single
plant capable of converting lignocellulosic biomass to bioethanol via biological
route on the commercial scale has been put into operation (Szczodrak and Fiedurek
1996). However, during World War II, when wartime conditions altered the eco-
nomic growth, few cellulosic-bioethanol plants were constructed and regulated in
distinct countries (Russia, Korea, China, Germany, Switzerland, and the USA) to
provide an alternative energy resource. However, many of these plants were closed
at the end of the war due to competition with synthetically produced petroleum
products (Badger 2002). The first demonstration plant based on lignocellulosic
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feedstock was developed in Canada during 2004 (Tampier et al. 2004). Further, novel
green technologies have been developed to enhance the bioethanol production
(Natural Resources Canada’s Management Team 2005). Recently, in US cost-
effective technologies utilizing lignocellulosic feedstock for the production of
bioethanol have started to emerge (Badger 2002). In Canada, commercial scale
cellulosic-bioethanol plant using proprietary enzymatic hydrolysis technology was
developed by Iogen Corporation limited. During 1997, they partnered with Petro-
Canada to generate cellulose—bioethanol inaugurated with one million gallon/year
ethanol demonstration facility using corn stover and switchgrass as bio-feedstocks.
Another bioethanol plant was developed in Sweden during 2005 using sawdust as a
raw material. However, the plant is still in infancy stage, but the optimism is high.
In near future, Sweden could become competent of bioethanol from forest residues
especially wood and wood residues, which would be a much more green way of
supplying bioethanol to the Swedish market (Advanced course in LCA 2005).

8.3 Biofuel: Solution to Sustainable Energy

Biofuels generally include liquid, gas, and solid fuels predominantly generated from
bio-renewables or combustible renewable feedstock. Currently wide range of fuels
(ethanol, butanol, biodiesel, and bio-hydrogen) can be produced from these green
energy sources (Demirbas 2008). Contemporary much attention has been dedicated to
the transformation of biomass feedstock into bioethanol, considered the cheapest and
cleanest liquid fuel alternative to petroleum resources. Due to ill effects of the global
warming, scientists all over the world had paid much attention towards the latest cost-
effective technologies responsible for bioethanol production. Biofuel sector has
gained a momentum across the world because of following reasons: (1) Sustainable
and renewable. (2) Eco-friendly in nature thus mitigates GHG-emissions. (3) Abundant
and evenly distributed in nature. (4) Provide an economic boost to rural communities
(5) Alleviate dependence on foreign oil, promising alternative to petroleum reserves
(Farrell et al. 2006). Moreover, in the current scenario the production from huge oil
reserves is declining at a faster pace of 4-5 % annually, finally the world production
of oil is expected to peak in near future. Hence, as an alternative to nonrenewable
energy resources, biofuels have been characterized as an inexorable preeminent sup-
plier of green energy sources that have the capability to enhance the security of supply,
lower the GHG emissions, and contribute to the steady income for farmers.

8.4 Lignocellulosic Feedstock

Lignocellulosic biomass constitutes the world’s largest renewable and sustainable
resource for bioethanol production. Monserrate et al. (2001) reported that an esti-
mated 7.5x 10! tons of cellulose is annually synthesized through photosynthetic
processes. In the world there are distinct biomass resources which are generally
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categorized into four categories viz. wood residues (sawdust and other organic
matter) constitutes the largest green energy source for bioenergy production. The
other biomass reserves include municipal solid waste (MSW), agriculture waste,
and potential energy crops. Among them, energy crops seem to be the largest, attrac-
tive, and future resource of biomass because of short harvesting period and less
energy inputs (Monique et al. 2003). The agro-wastes (rice straw and wheat straw)
are mainly produced by Asian countries and each year a major portion of agricul-
tural residues is disposed of as waste. Karimi et al. (2006) estimated that about
600-900 million tons/year rice straw is generated globally. In some regions only a
small fraction of these agro-wastes are exploited as animal feed while rest is
destroyed by burning which ultimately affects the environment (Wati et al. 2007).
In United States, majority of the corn straw approximately about 90 % is left in the
fields (Glassner et al. 1999). In recent years, many European countries posed a ban
on open field burning of these agro-wastes. In Brazil, the sugarcane by-products
(bagasse) are utilized in combined heat and power program or cogeneration technol-
ogy to generate heat and electricity (Banerjee et al. 2010). Now-a-days these agro-
wastes are diverted towards bioethanol production by using latest technologies. It is
estimated that rice straw has the potential to produce about 205 billion liters of
bioethanol/annum. Besides, these potential biofeedstock possess significant advan-
tages over the first generation biofeedstock for bioethanol production as they are not
consumed as food. Lignocellulosic feedstock typically constitutes about 50-80 %
carbohydrates which are polymers of Cs and Cq4 sugars. Currently, these carbohy-
drates are either chemically or biologically converted to yield bioethanol produc-
tion. Perlack et al. (2005) estimated that United States alone produces about 1.4
billion tons of biomass (dry)/annum of which forests alone contribute about 30 %.
Due to energy crises the world energy demand will extend to increase by 45 %
during 2008-2030, an average rate of increase in 1.6 %/year. Conventional biomass
conversion technologies are inefficient to meet the energy demand therefore, world
is focusing on more innovative and noval green technologies for biofuel production
using wide range of green energy resources.

8.5 Technologies Involved in Cellulosic Ethanol Production

Bioethanol production from lignocellulosic feedstock involves three main processes,
viz. pretreatment, hydrolysis, and fermentation.

8.5.1 Pretreatment

Pretreatment process is generally used to alter chemical composition, size, and
structure of biomass so that it becomes amenable to hydrolysis or biological treatment
with increased yield of monomeric sugars (Moiser et al. 2005). It is considered as an
essential step in the production of bioethanol. The lignocellulose biomass is composed
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of different polysaccharides (cellulose and lignin bound by hemicellulose chains). The
aim of the pretreatment process is to make these polysaccharides amenable to enzy-
matic hydrolysis by decreasing the degree of crystallinity of the cellulose (Sanchez
and Cardona 2008). Currently, numerous pretreatment technologies have been exten-
sively studied to process biomass feedstock for bioethanol production. But, none of
them can be declared as an efficient technology because each pretreatment technology
has its own merits and demerits. The criteria for an efficient pretreatment technology
should be: (1) to avoid size reduction and preserving hemicellulose fractions (2) to
prevent loss or degradation of sugars formed (3) Avoid generation of inhibitors during
degradation of biomass feedstock (4) to reduce energy inputs and (5) to reduce cost
(Zheng et al. 2009). Besides, several other criteria are also taken into consideration
such as, recovery of value-added coproducts (lignin) for bio-power production.
In addition, pretreatment results must be weighed against their impact on the ease of
operation and cost of the downstream processes and the trade-off between several costs
(capital costs/operating costs and biomass costs (Palmqvist and Hahn-Hagerdal 2000).
Currently, this technology is very expensive with cost as high as 30 cents/gal ethanol
produced (Moiser et al. 2005). Recently techno-economic analysis has been made in
order to assess the cost and performance of various pretreatment technologies
(Eggeman and Elander 2005). Scientists all over the world are focusing to cut down
the costs of pretreatment processes through extensive R&D programs. This step is
currently a major challenge in the biofuel sector due to the crystalline nature of cel-
lulose as it is recalcitrant to enzymatic hydrolysis. Therefore, various thermochemical
techniques have been developed to promote its digestibility (Wyman et al. 2005). Kim
and Holtzapple (2006) reported that there exists a direct correlation between lignin
removal and cellulose digestibility. The various pretreatment technologies for biomass
processing involve physical, chemical, and biological approaches. Sometimes for
effective pretreatment of biomass a combination of either technique is being applied
(Hsu 1996).

8.5.1.1 Physical Pretreatment Technique

Physical pretreatment does not involve the chemical agents to process the biomass
but it involves liquid hot water pretreatment (LHW), steam explosion, mechanical
comminution, and high energy radiation. The former two techniques are more
common than the latter. Steam explosion is one of the effective approaches that
decreases the degree of crystallinity of lignocellulosic biomass and makes it ame-
nable to cellulase attack. During this method the biomass is heated utilizing high
pressure steam (20-50 bar, 210-290 °C) for few minutes followed by sudden and
rapid decompression to atmospheric pressure. Most steam treatment yields high
semi-cellulose solubility and low lignin solubility. Without any catalyst, xylose
sugars recovers between 45 and 65 %. This option seems viable if modified to
increase the yield and reduce the cost. Another approach of pretreatment processes
involves liquid hot water (LHW) in which compressed hot liquid water at pressure
above saturation point is used to hydrolyze the matrix of hemicellulose. Pentose sugar
(xylose) recovery is quit high (88-98 %) and no acid or chemical catalyst is required.
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Although it is an interesting approach, but is still in infancy stage. In one
experimental analysis, LHW was used to treat wheat straw and the results revealed
that the optimum hemicellulose-derived sugar recovery was approximately about
53 % and enzymatic hydrolysis yield of 96 % (Perez et al. 2007). Besides, biomass
size reduction is not needed as the particles are broken apart during pretreatment
process that is why LHW appears promising and attractive pretreatment process
for commercial scales (Weil et al. 1997). Moreover, some acids like acetic acid and
other organic acids are also released from hemicellulose due to the cleavage of
o-acetyl and uronic acid substitutions helps to catalyze the hydrolysis of polysac-
charides (hemicellulose) into soluble sugars (oligosaccharides) first and then
monomeric forms. However, under acidic conditions the monomeric sugars are
frequently degraded into aldehydes (furfural, 5-HMA) which act as hindrances/
inhibitors to fermenting microorganism. Besides, due to the high dielectric con-
stant of hot water it has the ability to degrade major portion of hemicellulose and
few content of lignin, depending upon the temperature thus LHW plays a signifi-
cant role just like an acid to degrade hemicellulosic biomass into soluble sugars
and acids (Antal and Water 1996).

8.5.1.2 Chemical Pretreatment

This pretreatment approach involves the use of various chemicals such as ammonia/
dilutes acid, organic solvents, sulfur dioxide, carbondioxide and other chemicals.
The most common chemicals studied are as follows: Acid catalyzed hydrolysis uses
dilute sulfuric/hydrochloric or nitric acids. It has been reported that the appropriate
concentration of dilute sulfuric acid ranges between 0.5 and 1.5 % and temperature
above 160 °C has been found the most favored for industrial applications. Under
these conditions high sugar yields from hemicellulose, at least 75-90 % yields
of xylose (Sun and Cheng 2002). The acid should be recycled to reduce solid waste.
It is regarded as an important pretreatment technique to produce high amount of
sugars from hemicellulose. Hemicellulose is more amenable to dilute acid hydroly-
sis compared to cellulose (Cardona et al. 2009). However, one of the limitations of
this technique is the production of various inhibitors (furfural, 5-hydroxymethylfur-
fural and acetic acid) which retards the growth of microorganisms. Therefore, some
hydrolysates are being used for fermentation in order to detoxify such chemical
inhibitors. Alkaline pretreatment uses bases like sodium or calcium hydroxide.
During this process main portion of lignin polymer is removed and thus enhances
the hydrolysis reaction. Although reactor costs are lower than those acid technolo-
gies but at the same time it involves expensive and toxic chemicals that have nega-
tive impact on the environment. Alkali pretreatment degrades cell wall by disrupting
lignin, hemicellulose, and silica by either hydrolyzing uronic acid or acetic esters
besides swelling cellulose. This swelling of cellulose in turn reduces its crystallin-
ity. This pretreatment process involves lower temperature and pressure compared to
other techniques (Moiser et al. 2005). Sun et al. (1995) carried out an experimental
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analysis to study the effectiveness of various alkaline solutions (1.5 % NaOH for
144 h; at 20 °C) using wheat straw as a substrate source and he found that it releases
about 60 and 80 % lignin and hemicellulose respectively. Further it has also been
reported that sodium hydroxide enhances hardwood digestibility from 14 to 55 %
by decreasing lignin content from 24-55 to 20 % (Kumar and Wyman 2009).

8.5.1.3 Biological Pretreatment

Biological pretreatment involves the use of microorganism that possesses the ability
to hydrolyze lignocellulosic biomass. Bacteria and fungi are the important sources
of these extracellular enzymes (cellulases/hemicellulases/xylanases) that could be
utilized for the hydrolysis of pretreated lignocellulosic biomass (Singh et al. 2008).
Among the various cellulolytic microorganisms Trichoderma species which is con-
sidered as an industrial horse for biomass hydrolytic enzymes has been well studied
(Xu et al. 1998). Sandgren et al. (2001) reported that Trichoderma has the ability to
produce at least two cellobiohydrolases, five endoglucanases, and three endoxyla-
nases but it possess less f-glucosidase activity that plays a pivotal role in polymer
conversion (cellobiose to glucose) (Koviacs et al. 2009). Another microorganism
Aspergillus is very efficient in producing f-glucosidase (Taherzadeh and Karimi
2007b). Experimental analysis carried out by different researchers in which
Trichoderma cellulase was supplemented with extra f-glucosidase and the results
showed positive effects in degrading lignocellulosic biomass (Krishna et al. 2001).
The efficiency of biological degradation of biomass depends upon the number of
parameters like temperature, pH, substrate concentration, surfactant addition, and
enzyme specificity and efficiency (Olsson and Hahn-Hégerdal 1996; Borjesson
et al. 2007). Currently, the major bottleneck associated with lignocellulosic biofuel
technology is the cost of enzymes (Banerjee et al. 2010). Therefore, research should
be focussed to develop potent microbial strains that possess the ability to produce
enzymes with high specificity and activity (Eggman and Elander 2005). Besides,
some adjuvants like surfactants should also be used as they prevent the enzyme from
unproductive binding with lignin polymer and thus lowers the enzyme loading
(Eriksson et al. 2002). The enzymatic cocktails are usually blends of various hydro-
lytic enzymes (cellulases/xylanases/hemicellulases) that act synergistically on bio-
mass. This method is economical, green, and cost-effective due to less mechanical
support (Talebnia et al. 2010). It does not involve any chemical but low hydrolysis
rates and low yields impede its implementation (Balat et al. 2008). Besides, it also
involves some inhibitory molecules that impede its efficiency (Chandra et al. 2007).
Shi et al. (2008) also reported that some microorganisms possess the ability to solu-
bilize all the three types of biopolymers. Therefore, at the commercial scale, the
biological pretreatment pathway faces many hindrances. Current research must be
focussed to explore novel sources of enzymes with high potency. Moreover, genetic
engineering plays a pivotal role to develop super strains that are highly capable of
hydrolyzing cellulose and xylan along with simultaneous fermentation of glucose
and xylose to ethanol (Lin and Tanaka 2006).
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Fig. 8.1 Mechanism of cellulase action (Lynd et al. 2002)

8.5.2 Hydrolysis

Hydrolysis process is considered as an essential step to the effectiveness of a
pretreatment operation (Gamage et al. 2010). During this phenomenon, the released
polysaccharides like cellulose and hemicellulose are hydrolyzed into free mono-
meric sugars that are easily accessible for fermentation into bioethanol production
(Chandel et al. 2007). Ferreira et al. (2009) reported that enzymatic hydrolysis is a
dynamic approach compared to acid or alkaline hydrolysis as it is eco-friendly, cost-
effective, and is energy efficient (Taherzadeh and Karimi 2007a). Besides, it also
does not involve the formation of inhibitory or toxic by-products. Enzymatic hydro-
lysis is carried out by a complex of cellulase and hemicellulase enzymes that are
extremely substrate specific (Banerjee et al. 2010). These enzymes are responsible
for degrading the lignocellulosic biomass into simple sugars (Fig. 8.1). It has been
reported that the optimum conditions for cellulase activity involves temperature of
40-50 °C and pH 4-5 (Neves et al. 2007). Similarly the optimum parameters for
xylanase activity have also been reported to be 50 °C and pH 4-5 (Park et al. 2002).
These hydrolytic enzymes are produced by various microorganisms including
bacteria and fungi however; Trichoderma species is one of the most potent fungi
to produce industrial grade cellulolytic enzymes. It produces a complete set of
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cellulase enzymes (endoglucanase, exoglucanase, and p-glucosidase) that cause
cleavage of -1, 4-glycosidic linkage (Eggeman and Elander 2005). These enzymes
act synergistically to hydrolyze the biomass. Enzymatic hydrolysis was carried out
using corn stalk as substrate source at 30 °C and pH 5 Belkacemi and Hamoudi
(2003). The results revealed that the saccharification was 90 % and sugar was
released after 10 h. Similar study was carried out by combination of 7. reesei ZU-02
cellulase and cellobiase from A. niger ZU-07 improved the hydrolysis yield to
81.2 % with cellobiase activity enhanced to 10 CBU/g substrate (Chen et al. 2008).
Moreover, there are certain adjuvants that enhance the hydrolysis process. In an
experimental analysis, Borjesson et al. (2007) reported that addition of polyethylene
glycol enhances the enzymatic transformation of soft lignocellulose from 42 to
78 % at 16 h at an optimum temperature of 50 °C. On addition of Tween 80 (5 g/L)
boost hydrolysis yield by 7.5 %. Xu et al. (1998) reported that 7. reesei degrade
68.21 % of alkali pretreated rice straw whereas upon enzymatic hydrolysis 73.96 %
conversion was obtained from alkali assisted photocatalysis of rice straw. Wheat
straw when pretreated with alkaline peroxide showed 96.75 % yield after enzymatic
hydrolysis whereas atmospheric autocatalytic organosolv pretreated wet wheat
straw produce above 75 % yield (Saha and Cotta 2006). Further, it has also been
demonstrated that some metals such as, Ca (II) and Mg (IT) substantially enhanced
enzymatic hydrolysis via lignin-metal complexation (Liu et al. 2010). Hydrolysis of
biomass can also be enhanced by using some additives (surfactants and bovine
serum albumin) in order to block lignin interaction with cellulases (Eriksson et al.
2002). Similarly, Sewalt et al. (1997) have described that the detrimental effect of
lignin on cellulases can be conquered by ammonization and distinct nitrogen com-
pounds. Moreover, for efficient hydrolysis simultaneous approach of enzymatic
treatment accomplished with the engineered co-fermentation microbial process
known as simultaneous saccharification and fermentation (SSF) was developed
(Cao et al. 1996). This phenomenon has gained importance during the late 1970s for
its capability to diminish toxic by-product and subsequently enhance bioethanol
production (Bisaria and Ghose 1981). Another approach for biomass hydrolysis
involves separate hydrolysis and fermentation (SHF) processes but it possess certain
limitations such as it involves the blockage of the hydrolytic enzymes (cellulases)
by saccharide products like glucose and cellobiose. Unlike SHF, the SSF process
carried out hydrolysis and fermentation simultaneously and thus keeps the sugar
level too low to cause any noticeable cellulase inhibition (Kumar et al. 2009).

8.5.3 Fermentation

Biomass processing (pretreatment and hydrolysis) is an essential step to optimize
the fermentation process (Gamage et al. 2010). These pretreatment techniques
results in the formation of saccharified biomass that is now readily available for
fermentation process by using several potent microorganisms. However, the major
bottleneck in lignocellulosic biofuel technology involves the lack of potent
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Table 8.1 Comparison between the two main fermentation techniques

Fermentation process Features and advantages Limitations References
Simultaneous Low costs Higher Difference in optimum Balat et al. (2008)
saccharification ethanol yields due temperature
and fermentation to removal of end conditions of enzyme
product inhibition of for hydrolysis and
saccharification step fermentation.
Separate hydrolysis ~ Reduces the number End product inhibition Sanchez and
and fermentation of reactors required minimizes the yield Cardona (2008)
Each step can be of ethanol. Chance of
processed at its contamination due to
op[imal operating long period process
conditions

Separate steps minimize
interaction between
the steps

microorganisms that possess the ability to ferment both pentose as well as hexose
sugars (Talebnia et al. 2010). To commercialize the lignocellulosic biofuel tech-
nology, an ideal microorganism must fulfill the following criteria. These include:
(1) wide substrate utilization (2) high ethanol yield (3) capable to bear high titre of
ethanol and temperature (4) ability to withstand inhibitors or toxic by-products
present in hydrolysate and have cellulolytic activity. Currently, C4 sugars (hexoses)
are readily fermented into bioethanol but bioconversion of Cs (pentoses) sugars into
bioethanol is a recent approach. Fermentation of pentoses along with hexoses is not
common among microorganisms (Toivolla et al. 1984). The well-known microor-
ganism S. cereviseaepossesses the ability to ferment only hexose sugar into
bioethanol. Recently, novel microorganisms such as Pichiastipitis, Candida
shehatae, and Pachysolantannophilus have been screened and characterized that
possess the ability to ferment both Cs as well as C¢ sugars into bioethanol.
Thermophilic microorganisms are the ideal candidates for bioethanol production at
the industrial level because they possess the ability to tolerate high temperature and
toxic by-products formed during fermentation process. Currently, the main
techniques that are usually involved in the fermentation of biomass hydrolysates
are separate hydrolysis and fermentation (SHF) and simultaneous saccharification
and fermentation (SSF). SSF is considered as a superior, cost-effective, and effi-
cient technique for the production of bioethanol than SHF because it prevents the
formation of inhibitory by-products and does not involve the use of separate reac-
tors. However, any fluctuation in optimum temperature conditions of enzymes for
hydrolysis and fermentation diminishes its efficiency (Neves et al. 2007). Buaban
et al. (2010) reported that ethanol yield coefficient is higher under SSF than SHF
because of more conversion of pentose sugar (xylose) into xylitol. Comparative
study among these two techniques (SHF and SSF) is presented in Table 8.1. Apart
from SSF or SHEF, there are other alternative techniques which include consolidated
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bioprocessing (CBP) and simultaneous saccharification and co-fermentation
(SSCF) (Cardona et al. 2009). The CBP technique is carried out inside a single
reactor and the various steps involved in this process (cellulase enzyme production,
biomass hydrolysis, and ethanol fermentation) are carried out simultaneously
(Bjerre et al. 1996). This phenomenon is also termed as direct microbial conversion
(DMC) and involves either mono- or co-culture of microorganisms to degrade cel-
lulose polysaccharide into bioethanol. Moreover, CBF technique is cheap, easily
available, and does not involve any costly inputs (Hamelinck et al. 2005). The vari-
ous microorganisms used for the conversion of biomass into bioethanol during
CBF technique include Clostridium thermocellum, Neurospora crassa, Fusarium
oxysporum and Paecilomyces species. One of the important limitations related to
this technique is that its efficiency is very low because of poor ethanol yield coef-
ficient and long fermentation periods (3—12 days) (Szczodrak and Fiedurek 1996).
In an experimental analysis, Sree et al. (1999) employ the use of some thermotoler-
ant microorganisms (S. cereviseae strain-VS3) under solid state fermentation for
the bioethanol production using potato and sweet sorghum as a substrate source.
Recent approaches are focusing on development recombination yeast which can
metabolize all forms of sugars to improve ethanol production and reduce operation
costs. In this concern, two approaches are addressed. The first approach involves
modifying the genetic makeup of particular microorganisms and their metabolic
pathways (ethanologens additional pentose metabolic pathways). Secondly, with
the help of genetic engineering, microorganisms should be engineered in such a
way so that they are able to ferment both pentose as well as hexose sugars (Dien
et al. 2003). Currently, a number of genetically modified microorganisms such as
P. stipitis BCC15191 (Buaban et al. 2010), P. stipitis NRRLY-7124 (Nigam 2001),
recombinant such as E. coli KOI1 (Takahashi et al. 2000), C. shehatae NCL-3501
(Abbi et al. 1996), S. cerevisiae ATCC 26603 (Moniruzzaman 1995) have been
developed. Although various technologies have been developed to enhance
bioethanol production from lignocellulosic biomass but there are still some hin-
drances that are needed to be addressed. These involve: (1) maintaining a stable
performance of genetically engineered yeast in commercial scale fermentation
operation (Ho et al. 1999) (2) developing more potent pretreatment technique for
lignocellulosic biomass, (3) integrating optimal components into economic ethanol
production system (Dien et al. 2003). Fermentation process involves either batch,
fed batch, or continuous process depending upon various parameters like enzyme
kinetics, kind of lignocellulosic hydrolysate, and economic inputs. Use of immobi-
lized cell fermenter is found successful for ethanol production from hexoses (Godia
et al. 1987). Talebnia et al. (2010) has been proposed certain anaerobic hemophilic
bacteria (Clostridium sp. and Thermoanaerobacter sp.) to analyze the prosperity of
fermentation at higher temperatures. Other genetically engineered thermotolerant
microorganisms included are K. marxianus, Candida lusitanieae, and Z. mobilis
(Bjerre et al. 1996) (Fig. 8.2).
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8.6 Conclusion and Future Perspective

Lignocellulosic biomass is considered as an important green energy resources for
economically attractive bioethanol production. These biomass feedstocks does not
possess any food value besides, they don’t require inputs like land, water, and other
energy requirements. The second generation biofuels (lignocellulosic biofuel)
possess a great advantage over the first generation biofuels (starchy crops) being
cheap, renewable, and abundantly available source of sugar for fermentation into
bioethanol production. Biofuels not only reduce the dependence on petroleum
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resources but also contribute to sustainable development by decreasing GHG-
emissions. Currently, bioethanol production from lignocellulosic biomass is not cost-
effective because of some barriers that are needed to be addressed. These include
biomass feedstock, conversion technology, hydrolysis process, and fermentation.
With respect to biomass feedstock major hindrances are supply, cost, handling, and
harvesting. The major obstacles regarding conversion technology involve processing
of biomass, convenient and cost-effective pretreatment process to detach hemicellu-
lose and cellulose from their complex with lignin. Another objection is to develop an
adequate and economical hydrolysis process for depolymerization of cellulose and
hemicellulose to generate higher levels of simple sugars (Glucose). Enzymatic hydro-
lysis is considered as a potent phenomenon for saccharification of complex polymer.
Currently, research has been focussed on cellulase engineering in order to cut down
the cost of bioethanol production. Lastly, the challenges associated with fermentation
process are pentose (xylose) and hexose (glucose) sugar co-fermentation besides the
use of potent and efficiently engineered microbial strains. Future work should also be
focussed to inhibit the generation of inhibitors (furfural, acetic acid) during biomass
processing that acts as main barriers to decline the efficiency of hydrolysis and fer-
mentation of biomass. In order to combat the challenges associated with lignocellu-
losic biofuel technology, novel approaches like genetic engineering, cellulase
engineering should be employed so that production of bioethanol from lignocellu-
losic biomass may be successfully developed, optimized, and commercialized in the
near future.
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