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Bioethanol might be one of the most potent solutions to overcome the demand for liquid
transportation fuel. The demand for ethanol has been continually increasing on account of the
growth of user industries and use of ethanol as a fuel. However, the production and availability
of ethanol has largely lagged behind. The major problem with bioethanol production is the
availability of raw material. Lignocellulosic biomass is the most promising feedstock considering
its abundant availability and low cost. Ethanol production is much more challenging and
difficult when lignocellulosic material is to be used as raw material. Unlike the starch-based
materials, pretreatment and hydrolysis of lignocellulosic material produce a mixture of pentose
and hexoses along with other inhibiting compounds, causing many problems in the fermentation
process. Bioconversion of lignocellulosic biomass to ethanol requires three major unit operations
including pretreatment, hydrolysis, and fermentation, which is comprehensively summarize

in this review.
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Over the last few decades, the negative
impacts of fossil fuel on the environment and
consequent global warming, progressive demand
for energy, inevitable depletion of the world’s
energy supply, and the unstable oil market have
renewed the interest of society in searching for
alternative fuels (Solomon et al., 2007). The
alternative fuels are expected to satisfy several
requirements including substantial reduction of
greenhouse gas emission, worldwide availability
of raw materials, and capability of being produced
from renewable feed stocks. Many alternative
fuel sources have been explored, and among them
bioethanol has received most attention (Wheals
et al., 1999). Production of fuel ethanol from
biomass seems to be an interesting alternative to
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traditional fossil fuel, which can be blended with
petrol or used as neat alcohol in dedicated engines
(Hahn-Hagerdal ef al., 2006). Ethanol is currently
produced from sugars, starches and cellulosic
material. The first two groups of raw material are
currently the main resources for ethanol production,
but concomitant growth in demand for human feed
similar to energy could make them potentially less
competitive and perhaps expensive feed stocks
in the near future, leaving the cellulosic material
as the only potential feedstock for production of
ethanol (Taherzadeh and Karimi, 2007). Cellulosic
material obtained from wood and agricultural
residues, municipal solid wastes and energy
crops represent the most abundant global source
of biomass (Lin and Tanaka, 2006). The most
significant challenge for biofuel production is to
develop feasible and efficient conversion process,
suitable for each specific biomass feedstock that are
capable of powering everyday life without bringing
harmful environmental changes. This paper aims
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to summarize the various methods for conversion
of lignocllusoic biomass to bioethanol.
Pretreatment

Plant cell walls have a natural resistance
to chemical, physical and biological degradation.
Lignin, which is the second most abundant natural
polymer and currently not directly used in ethanol
production, is partially linked to polysaccharides
in the cell wall (Zhu et al., 2008). Therefore,
an efficient pretreatment process is needed for
cellulose conversion process which promotes the
disruption of the lignocellulosic matrix in order
to facilitate acid or enzyme catalyzed hydrolysis
(Silverstein et al., 2004). A successful pretreatment
must avoid the degradation or loss of carbohydrate,
avoid the formation of by-products inhibitory
to the subsequent hydrolysis and fermentation
process and finally must be cost-effective
(Wyman, 1996). There are three main categories
of pretreatment namely physical, chemical and
biological pretreatment. In this section, promising
cost-effective pretreatment methods are reviewed,
followed by a brief discussion of the pros and corns
of each technology.
Physical pretreatment

Physical pretreatments are methods
without addition of chemicals or micro-organisms.
They use external forces to reduce the lignocellulosic
biomass in to fine particles in order to increase the
surface area of the material. According to the forces
used, the physical pretreatment can be further
divided into two sub-catalogs: mechanical (dry,
wet, vibratory ball milling) and non- mechanical
method (pyrolysis, steam explosion, irradiation and
microwave treatment) (Kumar ez al., 2009; Zheng
et al., 2009).
Mechanical commination

Mechanical pretreatment use shearing
force to reduce biomass particle size, change
the lignocellulose structure, and reduce degree
of polymerization and crystallinity of cellulose
(Kumar et al., 2009). Depending on the final
size of the material, the mechanical pretreatment
consist of milling, grinding or chipping. Chipping
leads to 10 to 30 mm particles, and milling and
grinding leads to 0.2 to 2 mm particles in size (Sun
and Cheng, 2002). Milling includes ball milling,
two roll milling, hammer milling, compression
milling, agitation bead milling, pan milling, fluid
energy milling, and colloid milling etc., (Zheng
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et al., 2009). Improper application of mechanical
pretreatment will lead to carbohydrate losses, and
as result ethanol yield will be reduced (Bridgeman
et al., 2007). In recent practices combination
of mechanical pretreatment and chemical size-
reduction is commonly employed to make it more
cost-effective and successful.
Pyrolysis

Pyrolysis is also used as pretreatment
of lignocellulosic biomass by treating it with
temperature greater than 300°C, which results
in rapid decomposition of biomass to gaseous
products and residual char. The process can be
enhanced with the presence of oxygen (Shafizadeh
and Bradbury, 1979). Mild acid hydrolysis (1
N H,SO,, 97°C, 2.5 hr.) of the residues from
pyrolysis pretreatment has resulted in 80-85%
conversion of cellulose to reducing sugars with
more than 50% glucose (Fan et al., 1987). When
zinc chloride or sodium carbonate is added as
catalyst, the decomposition of pure cellulose can
occur at a lower temperature (Sun and Cheng,
2002). Pyrolysis pretreatment prior to enzymatic
hydrolysis of news paper and cardboard was
examined by Leustean (2009).
Steam explosion

Steam explosion is exposing biomass
to steam under high pressure and temperature
followed by a decompression at the end (Harun
et al., 2011). It is biomass fractionation process
in which high-pressure, high-temperature steam
is introduced into a sealed chamber containing
woody lignocellulosic material in the form of chips
or agricultural residues. After 1-5 min, the pressure
is release, causing the steam to expand within
the lignocellulosic matrix, separating individual
fibers with minimal loss of material (Mabee et
al., 2006). Liquid hot water (LHW) pretreatment
(co-current and counter-current) is a pretreatment
similar to steam explosion, except that, in LHW
pretreatment, instead of steam, biomass is
merged into hot water with certain pressure and
temperature (Mosier et al., 2005). Both these
processes are able to cleave the acetyl groups and
uronic acid from hemicellulose and consequently
acidify the medium (water at high temperature
also acts as acid). As a result, acidic condition
will cause partially hydrolysis of hemicellulose
and amorphous cellulose to oligosaccharides and
to fermentable sugars (Weil et al., 1997). Since, it
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is chemical free process; no environmental cost in
terms of chemical recycling is needed which results
in reduction of operating cost. For soft wood, steam
pretreatment with addition of an acid catalyst
such as H,SO, or SO, is prerequisite to reach
high sugar yields. Acid increases the recovery of
hemicellulose sugars and it improves the enzymatic
hydrolysis of solid fraction (Hahn-Hagerdal et al.,
2006). Due to strong catalytic activity, along with
removal of hemicellulose it also yields inhibitory
substances (Bertilsson, 2007).
Irradiation

Radiation includes Gamma-rays,
microwave, ultrasound, pulsed electrical filed,
ultraviolet and electron-beam which can pre-treat
the biomass by decreasing the crystallinity and
degree of both polymerization (disruption of beta-
1, 4-glycosidic bonds) and reactivity of cellulose.
In addition, the high energy of these radiations will
lead to the formation of free radicals, which leads to
a further degradation of the lignocellulosic material
(Kumar et al., 2009). Lu and Kumakura, (1995)
proposed that combine treatment of peracetic acid
with increasing dose of radiation up to 500 kGy
(KiloGray) or above can significantly enhance
enzymatic hydrolysis of wheat straw. Similar
result was also observed by Yang et al., (2008) by
studying the effect of Gamma -radiation (500 kGy)
on wheat straw and achieved 13.4% yield. Among
radiations, microwave pretreatment comprises of
high temperature treatment usually 160-180°C
which is sufficient to soften the main component
of the cell wall and decreases the crystallinity of
cellulose. Previous studies shows that microwave
treatment change the crystalline structure of
cellulose, degrade lignin and hemicellulose which
result in increasing the enzymatic accessibility,
while in contrary, elevated temperature may also
cause some useful components in the feed stock
to decompose. Therefore, microwave pretreatment
has been studied in conjunction with chemical
reagents for pretreatment at lower temperature (Zhu
et al., 2005). Keshwani et al., (2007) investigated
the effect of microwave on switch grass and
achieved greatest sugar yield by using microwave
exposure of switch grass immersed in 3% sodium
hydroxide for 10 minutes at 250 watts. However,
still this approach is limited to laboratory level
due to cost and safety concern. Unfortunately,
irradiation pretreatment are reported to consume
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high levels of energy and require long process time
with expensive high quality equipment.
Chemical pretreatment

Chemical pretreatment, mainly employing
chemical agents such as acid, alkali, salts, organic
solvents as well as oxidizing agents for enhancing
hydrolysis of lignocellulosic biomass by removing
hemicellulose and lignin (Moiser ef al., 2005).
Different than physical methods, chemical
pretreatments are mainly used for modifying the
lignin in the biomass, removing hemicellulose,
and to change cellulose polymerization as well as
cellulose crystalline structure (Hahn-Hagerdal et
al., 2000).
Acid pretreatment

Acid pretreatment is one of the oldest
and most commonly used methods. There are
many types of acid pretreatments including use
of sulfuric acid, hydrochloric acid, phosphoric
acid, peracetic acid, nitric acid etc., (Balat et al.,
2008). Among all pretreatment methods, dilute
acid pretreatment was one of the most studied
and widely used (Agbogbo and Wenger, 2006).
The main function of dilute acid pretreatment is
to effectively remove the hemicellulose sheathing
over cellulose, while at the same time loosening the
structure of lignin and decrease the crystallinity of
cellulose. The dissolved hemicellulose in the liquid
phase is removed from the solid biomass residues
and may be separately hydrolyzed to xylose and
other 5C or 6C sugars, or eventually broken down
to furfural (Moiser ef al., 2005). Furfural can be
recovered from distillation and is widely applicable
as solvent in petrochemical refining (Paturau,
1987). Depending on the substrate and condition
used, between 80 and 95% of the hemicellulose
sugar can be recovered by dilute acid pretreatment
(Jeffries and Jin, 2000). Previous study reveals
that corn fiber can be enzymatically saccharified
to fermentable sugar with a yield of 85-100%
after pretreatment with dilute acid at moderate
temperature (Saha et al., 2005).
Alkaline pretreatment

Alkaline pretreatment process utilizes
lower temperature and pressure compare to other
pretreatment technologies (Balat ez al., 2008).
However, unlike acid pretreatment, it is much
more time consuming (Mosier et al., 2005) and
some of the alkali is converted to irrecoverable
salt or incorporated as salt into the biomass by
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the pretreatment reaction (Silverstein, 2004).
During alkali pretreatment, biomass is soaked in
the dilute alkali solution and treated for varying
periods of time and temperature. The major effect
of alkali pretreatment is the saponification of
intermolecular ester bonds which crosslink lignin
and carbohydrates, thus increasing porosity and
internal surface of the biomass matrix as well as
decreasing the degree of crystallinity of cellulose
(Sun and Cheng, 2002), resulting in improved
susceptibility of remaining polysaccharides to
enzyme attach during hydrolysis. Furthermore,
alkali will remove the acetyl and uronic acid groups
from hemicellulose to enhance the accessibility
of enzyme (Chang et al., 1998). NaOH, Na,CO,,
Ca(OH), (lime), KOH, NH,OH, and aqueous
ammonia were used to hydrolysate wheat straw,
switch grass, corn cob, corn stover, corn husk
and municipal solid wastes (Xu, 2012). Sharma
et al., (2002) investigated the alkali pretreatment
on sunflower stalk and reported that sodium
hydroxide at 0.5% (w/v) along with autoclaving
for 1.5 hour at 1.05 kg/cm? was the most effective
processing condition as evaluated by the following-
up enzymatic hydrolysis. Silverstein et al., (2007)
studied the effect of different concentration of
sodium hydroxide on cotton stalk and reported that
2% (w/v) concentration of sodium hydroxide at
121°C for 60 minutes was found to be an optimum
process for delignification, while Binod ef al.,
(2010) got 96% yield of sugar by using 4% NaOH
and near about similar results were also reported
by Kaur ef al., (2012). Beside sodium hydroxide,
calcium hydroxide (lime) is also an effective
pretreatment agent which is the least expensive
chemical with safe handling among all hydroxides.
Furthermore, calcium can be recovered from the
reaction system by introducing carbon dioxide
(Karr and Holtzapple, 2000). The remaining lignin
rich residues recovered from the alkaline wash can
be used as feed stock for generating electricity and
steam (Hamelinck ef al., 2005).
Ammonia fiber/freeze explosion

Ammonia can disrupt the crystalline
structure of cellulose and deacetylate acetyl linkage,
thus greatly increasing the efficiency of enzymatic
hydrolysis (Gollapalli e al., 2002). Ammonia fiber/
freeze explosion (AFEX) pretreatment involves
liquid ammonia and steam explosion (Hamelinck et
al., 2005). In this process, lignocellulosic material
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is placed in pressure vessel with liquid ammonia
(NH,) at a loading of about 1-2 kg NH./kg dry
biomass. Pressures exceeding 12 atm are required
for operation at ambient temperature (Silverstein,
2004). Removal of hemicellulose and lignin is not
significant for AFEX pretreatment as for acid or
alkali pretreatment, while the structure of lignin
is modified or altered during the process and the
hemicellulose is also depolymerized by interacting
with ammonia (Wyman et al., 2005). Therefore,
pretreated cellulose can be more easily and quickly
hydrolyzed to glucose even when the enzyme
loading is not high (Dale ef al., 1996). Alizadeh et
al., (2005) reported that the cellulose hydrolysis
efficiency of AFEX- treated switch grass reached as
much as 93% compared to that of untreated samples
which only showed a cellulose conversion of 16%.
One modification in such pretreatment is known as
Ammonia Recycle Percolation (ARP) is commonly
applied by passing aqueous ammonia (5-15% w/w)
through biomass feedstock at elevated temperatures
(160-180°C) and then separating the ammonia for
recycle (Kim and Lee, 1996; Kim et al., 2003).
Under such condition, aqueous ammonia swells
the biomass, degrades lignin and interrupts the
interactions between lignin and carbohydrates
(Moiser et al., 2005). Besides, residual ammonia
in the pretreated products has no inhibitory effect
on downstream processes and it is compatible
with microorganisms without extra conditioning.
Furthermore, it is reported that ammonia can even
have some advantageous influence on fermentation
(Dale et al., 1985).
Cellulose solvent

Cellulose solvent is a chemical additive
such as alkaline H,O,, ozone and glycerol which
can disrupt the structure of cellulose within
biomass feedstock and improving the enzyme
digestibility during hydrolysis. However, these
chemicals additives are too expensive to be used
at large scale (Moiser et al., 2005).
Ozonolysis

Ozone can also be used to degrade
lignin and hemicellulose in many lignocellulosic
materials. The degradation was essentially limited
to lignin and hemicellulose was slightly attached
but cellulose was hardly affected. Silverstein et
al., (2007) investigated the effect of ozone in
comparison with sodium hydroxide and sulfuric
acid on cotton stalk and found good results by
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using sodium hydroxide solution for pretreatment
as compare to ozone and acid.
Supercritical fluids (hydrothermolysis)

Supercritical fluids pretreatment is a
process in which water used as solvent. It is most
environmental friendly process where no need
for separate neutralization. Water is maintained
in liquid state under certain pressure at elevated
temperatures, and it can penetrate the cell wall of
biomass feedstock, hydrate cellulose and remove
hemicellulose by disrupting the linkages between
these structural components (Wyman et al., 2005).
Mok and Antal, (1992) reported that by mixing
biomass material including switch grass with the
hot compressed liquid water for up to 15 minute
at temperature between 200 and 230°C, about
half of the total biomass can be dissolved, within
which 4-22% of cellulose, 35-60% of lignin
and approximately 100% hemicellulose can be
dissolved.
CO, explosion

Similar to steam and ammonia explosion
pretreatment, CO, explosion is also used for the
pretreatment of lignocellulosic biomass. Zheng
et al., (1998) compared CO, explosion with
steam and ammonia explosion for pretreatment
of recycled paper mixture, sugarcane bagasse
and pulping waste of recycled paper and found
that CO, explosion was more cost effective than
ammonia explosion and did not cause the formation
of inhibitory compound that could occur in steam
explosion.
Biological pretreatment

Pretreatment through biological
entities for removal of lignin or hemicellulose
from lignocellulosic biomass is referred as
biological pretreatment. Compared to physical and
chemical process, biological pretreatment is more
complicated and time consuming.
Microbial degradation

Pretreatment of lignocellulosic biomass
can be carried out by microbial degradation of
lignin. Lignin is degraded by different classes
of enzymes, which are produced by different
microorganism, such as white-rot fungi like
Pleurotus ostreatus and Pycnopous cinnabarinus
etc. These organism produces some combinations
like, lignin peroxidase (LiP) and manganese
peroxidase (MnP), fungi producing MnP and
laccase, while some other produces LiP and
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laccase, and fungi which produce neither LiP
nor MnP, but laccase and aryl alcohol oxidase or
some other enzymes (Hatakka, 1994). Enzyme
laccase (EC: 1.10.3.2), is belongs to the family
of blue multicopper oxidase. It oxidizes a variety
of aromatic hydrogen donors by catalyzing one
electron oxidation of four reducing substrate
molecules concomitant with the four electron
reduction of molecular oxygen to water (Piontek
et al., 2002). Another important enzyme is lignin
peroxidase (EC: 1.11.1.14), oxidizes aromatic
compounds by single electron abstraction.
Crystallographic structure of lignin peroxidase
from the white-rot fungus P. chrysosoporium,
shows 343 amino acid residues, the heme, four
carbohydrates, and two calcium ions. This lignin
peroxidase shows the typical peroxidase fold and
the heme has a closer environment as found in
other peroxidase (Choinowski et al., 1999). Shi
et al., (2009) investigated the pretreatment effect
of Phanerochaete chrysosporuim on cotton stalk
under submerged cultivation (SmC) and solid state
cultivation (SSC) and found significant lignin
degradation i.e. 19.38% and 35.53% for SmC
and SSC respectively. One main challenge of this
pretreatment is to preserving cellulose from fungal
culture and purified without loss of sugars.
Ensiling

Silage is a traditional technology
used to preserve large quantities of cellulosic
material harvested for storage in a year-round
system. Through the ensiling process, the rate of
carbohydrate degradation is strictly controlled by
creating a disadvantageous anaerobic environment
in which microbes favor acetic and lactic acid
fermentation. Therefore, pH is greatly reduced
within the system (Ren, 2006). Ensiling is not only
a storage method for crops or ruminant feeding;
it also contributes to the saccharification of plant
cell wall and mixed acid fermentation. During this
process, the structures of cellulosic biomass are
broken down and the degradability of the biomass
matrix is greatly improved (Richard et al., 2001).
Chen et al., (2007) investigated the potential of
using ensiling as cost effective pretreatment for
bioethanol production from agricultural residues
such as cotton stalk and wheat straw. Unlike
different methods of pretreatment, it is highly time
consuming technology.
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Molecular modification

Molecular modification is referred as an
alteration of intrinsic characteristic of cellulosic
feedstock thus making the biomass matrix more
digestible (Ragauskas et al., 2006). It is recent
molecular technology among different traditional
pretreatment. One intriguing research area is
the modification of cinnamoyl-CoA reductase
(CCR) gene which is responsible for lignin
biosynthesis. Upon appropriate expression of
the modified CCR gene, the interaction between
lignin and holocelluloses is weakened and twice
the amount of monomeric sugar yield can be
obtained during hydrolysis compared with that
of the natural feedstock (Boudet et al., 2003).
Another type of modification defines as molecular
farming, which has been tested for biofuel
production. During this process, plants are capable
of producing polysaccharide hydrolyase enzyme
and depolymerizing cellulose “in situ” (Rishi et
al.,2001).
Hydrolysis

Hydrolysis is the method by which
glycosidic bonds of lignocellulosic substrates are
cleaved. It is used to facilitate the dissolution of
chemical by reaction with water, and is especially
effective on some organic compounds those are
relatively resistant to solubilisation and degradation
(Yang, 2008). The most commonly applied
methods to hydrolyze the cellulosic biomass can
be classified in two groups: acid and enzymatic
hydrolysis.
Acid hydrolysis

The solubility of cellulose in acid has
been detected already in 1815. The first industrial
process however was developed in 1942 and run
in Italy (Roehr, 2000). The acid hydrolysis can
be performed by high acid concentration at a low
temperature or that of low concentration at a high
temperature (Dehkhoda, 2008). Research reveals
that under controlled condition, acid hydrolysis of
lignocellulosic biomass mainly produced xylose
from xylan with the cellulosic and lignin fractions
remaining unaltered. Xylan is more susceptible
to hydrolysis by mild acid treatment due to its
amorphous structure compared to cellulose, which
need sever treatment condition for its crystalline
nature (Rahman et al., 2007). Since 5-carbon sugars
degrade more rapidly than 6-carbon sugars, one
way to decrease sugar degradation is to have a two-
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stage process. The first stage is conducted under
mild process conditions to recover the 5-carbon
sugars while the second stage is conducted under
harsher conditions to recover the 6-carbon sugars
(Demirbas, 2008). There are two basic type of acid
hydrolysis processes commonly used: dilute acid
and concentrated acid.
Dilute acid hydrolysis

Dilute acid hydrolysis is the oldest
technology for converting cellulosic biomass to
ethanol. In this process, the hemicellulose fraction
is depolymerized at lower temperature than the
cellulosic fraction (Chandel et al., 2007a). The
dilute acid process involves a solution of about 1%
sulfuric acid concentration in a continuous flow
reactor at a high temperature (about 488K) (Graf
and Koehler, 2000). Most dilute acid processes
are limited to a sugar recovery efficiency of
around 50%. The primary challenge for dilute
acid hydrolysis processes is how to raise glucose
yields higher than 70% in an economically
viable industrial process while maintaining high
cellulose hydrolysis rate and minimizing glucose
decomposition (Xiang et al., 2004). Dilute acid
hydrolysis occurs in two stages to take advantage
of the differences between hemicellulose and
cellulose. The first stage is performed at low
temperature to maximize the yield from the
hemicellulose; and the second, higher-temperature
stage is optimized for hydrolysis of the cellulosic
portion of the feedstock. The liquid hydrolysate are
recovered from each stage, separated from solid
material and lignin, neutralized (and detoxified)
prior to fermentation (Farooqi and Sam, 2004). The
big advantage of dilute acid hydrolysis process is
its fast rate of reaction, which facilitates continuous
processing. Disadvantage of this process is
considered as low sugar yield (Badger, 2002).
Romero et al., (2007), yielded 92% hemicellulose
fractions from dilute acid hydrolysis (0.75N) of
olive tree pruning.
Concentrated acid hydrolysis

Concentrated acid process provides
complete and rapid conversion of cellulose to
glucose and hemicellulose to 5-carbon sugar
with little degradation, but the critical factor is
needed to make the process economically viable
by optimizing sugar recovery and cost effectively
recover the acid for recycling. The concentrated
acid process uses 70% sulfuric acid at 40°C to 50°C
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for 2 to 4 hour in a reactor. The low temperature
and pressure will lead to minimize the sugar
degradation. The hydrolyzed material is then
washed to recover the sugar. In the next step, the
cellulose fraction has to be depolymerized. The
solid residue from the first stage is de-watered
and soaked in 30-40% sulfuric acid for 50 minute
at 100°C for further cellulose hydrolysis. The
primary advantage of the concentrated acid process
is the potential for high sugar recovery efficiency,
but this process offers more potential for cost
reductions than the dilute sulfuric acid process
(Demirbas, 2005; Chandel ef al., 2007a; Demirbas,
2007). Iranmahboob et al., (2002) performed the
concentrated acid hydrolysis of mixed wood chips
and was found to be maximum sugar recovery (78-
82% of theoretical yields) achieved by using 26%
sulfuric acid concentration for 2 hours of residence
time. Liao et al., (2006) yielded glucose at a yield
of 84% and hemicellulose at a yield of 80% from
fibers of dairy manure by using 75% H,SO, and
upon results he reported that acid concentration
was the most important factor to alter the sugar
components (cellulose and hemicellulose) in dairy
manure; while Yang, (2008) noticed that two other
individual factors, residence time and temperature
also had significant influence on compositional
changes of lignocellulosic material.
By-products of acid hydrolysis

Dilute-acid hydrolysis is a cheap and
fast process to obtain sugar from lignocellulosic
biomass; however, a significance drawback of
dilute-acid hydrolysis is the generation of several
by-products during the process. Some of them are
toxic to fermenting microorganism (Palmqvist
and Hahn-Hagerdal, 2000b). Inhibition by these
compounds decreases yield and productivity as
well as disturbing cell growth during fermentation.
Cellulose, hemicellulose and lignin are broken
down to mainly glucose, mannose or xylose,
and phenolic compounds during acid hydrolysis,
respectively. As soon as the monomers are
produced, further decompositions occur during
these process conditions yielding other unexpected
compounds such as 5-hydroxymethyl furfural
(HMF) from hexoses, and furfural from pentoses.
HMF and furfural are also decomposed into mainly
levulinic acid and formic acid. Moreover, aliphatic
acids, mainly acetic acid are released from acetyl
groups contained in hemicelluloses, while lignin is
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also decomposed and releases phenolic compounds
(Purwadi, 2006).
Organic acid

A large number of aliphatic acid are
present in dilute-acid hydrolysates originated
from wood extractives, lignin degradation and
sugar degradation. Acetic acid is major acid
constituent in hydrolysate and is mainly produced
from degradation of the acetyl group in the
polysaccharide, whereas levulinic acid and formic
acid are the products of sugar degradation (Luo
et al., 2002). The undissociated weak acid is
liposoluble and can diffuse across the plasma
membrane in to cytosol (intracellular fluid) and
thus decreasing the cytosolic pH, which results as
intracellular dissociation. Two mechanisms have
been proposed to explain the inhibitory effect of
weak acid: uncoupling and intracellular anion
accumulation (Russell, 1992). In order to maintain
intracellular pH, proton must be transported across
the membrane by the action of plasma membrane
ATPase which results in an increase of ATP
consumption, and thereby causes lower biomass
yield while in anaerobic condition, ATP generation
is achieved by the ethanol production pathway
resulting in higher ethanol yield at the expense
of biomass formation. According to uncoupling
theory, the critical extracellular concentration of
undissociated acid exceeds the transport capacity
of the plasma membrane ATPase, and intracellular
acidification occurs. Anionic accumulation theory
proposed that, the anionic form of the acid is
captured in the cell and undissociated acid will
diffuse into the cell until equilibrium is reached,
which results in an intracellular acidification occur
(Palmqvist and Hahn-Hagerdal, 2000b).
Phenolic compounds

Phenolic compounds are mainly
considered as product of lignin degradation
formed after acid treatment. There are
number of phenolic compounds recognized in
lignocellulosic hydrolysate, including 3-methoxy-
4-hydroxybenzaldehyde, 4-hydroxyacetophenone,
vanillic acid and 4-hydroxybenzoic acid (Klinke
et al., 2004). Phenolic compounds have been
suggested to exert a considerable inhibitory effect
in the fermentation of lignocellulosic hydrolysate;
the low molecular weight phenolic compounds
being most toxic, however, the mechanisms of the
inhibiting effect have not been elucidated. It was
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proposed that, phenolic compounds partition into
biological membranes and cause loss of integrity,
thereby affecting their ability to serve as selective
barriers and enzyme matrices (Heipieper et al.,
1994; Palmqvist and Hahn-Hagerdal, 2000b).
Furans compound

Furfural and 5-hydroxymethyl furfural
(HMF) are the byproducts of pentoses and hexoses
respectively. HMF, on continue heating, yield
levulinic acid and formic acid. Furfural has been
reported to be a strong inhibitor for Saccharomyces
cerevisiae. The furfural concentration above
1 g/L was found to decrease significantly the
CO, evolution rate, the cell multiplication and
the total viable cell number in the early phase
of fermentation. Furfural is also metabolized
by Saccharomyces cerevisiae under aerobic,
oxygen-limited and anaerobic conditions. During
fermentation furfural reduction to furfuryl
alcohol occurs with high yields. Furans effect on
cellular growth by inhibiting the enzyme, alcohol
dehydrogenase and cause lowering in membrane
permeability resulting in longer lag phase in cell
growth (Palmqvist et al., 1999; Taherzadeh ef al.,
1999; Palmqvist and Hahn-Hagerdal, 2000b).
Detoxification

The inhibitors release during hydrolysis
can be removed by applying proper detoxification
process. Detoxification methods are broadly
divided in to three categories namely biological,
physical and chemical detoxification method.
Biological detoxification

Biological detoxification referrers as
treatment of hydrolysate with enzymes peroxidase
and laccase obtained from the lignolytic fungus
Trametes versicolor (Jonsson et al., 1998). The
filamentous soft-rot fungus Trichoderma ressei
has also been reported to degrade inhibitors in a
hemicellulose hydrolysate obtained after steam
pretreatment of willow, resulting in around three
times increased ethanol productivity and four times
increased ethanol yield (Palmqvist et al., 1997).
In contrast to the treatment with purified laccase,
it was reported that treatment with Trichoderma
ressei resulted in removal of acetic acid, furfural
and benzoic acid derivative, which could not be
seen with former (Palmqvist and Hahn-Hagerdal,
2000a).
Physical detoxification

Physical detoxification carried out
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either by evaporation or membrane separation.
Evaporation under vacuum can eliminate volatile
compounds such as acetic acid, furfural and vanillin
from lignocellulosic hydrolysate. However, this
method retains the concentration of non-volatile
toxic compounds (extractive and lignin degradation)
in the hydrolysate (Chandel et al., 2007b). A
previous study shows that, significance reduction
of inhibitors was observed during detoxification
of hemicellulose hydrolysate of willow by roto-
evaporator (Palmqvist and Hahn-Hagerdal, 2000a).
Another method is membrane separation method
where adsorptive micro porous membranes, having
surface functional group attached to their internal
pores, which may eliminate the cell wall derived
inhibitors from the lignocellulose acid hydrolysate.
During clarification of inhibitors, the feed is being
pumped through the membrane pores that bind to
the solute predominantly by convection (Chandel ez
al., 2007b). Successful studies have been done by
using membrane extraction method for removal of
inhibitors form sulfuric acid derived hemicellulose
hydrolysate obtained from corn stover (Grzenia et
al.,2010).
Chemical detoxification

Chemical detoxification is most promising
method among the three types and can be carried
out by using different ways. The first important
chemical method is alkali treatment; in this
process pH is increased up to 9-10 with liming
and readjustment to 5.5 with sulfuric acid, but the
optimum concentration of lime varies and depends
on type and concentration of acid in hydrolysate,
while it was noticed that over liming has drastically
affects the furans reduction while other inhibitors
are comparatively less affected by it (Martinez et
al., 2000). Van Zyl et al., (1988) reported that Ca
(OH), treatment gives better results for increasing
fermentability than NaOH adjustment due to
precipitation of toxic compounds. Over liming
with a combination of high pH and temperature
for a long time has been considered as a promising
detoxification method for dilute sulfuric acid-
pretreatment hydrolysate of lignocellulosic
biomass (Martinz et al., 2001). Another method
of chemical detoxification is activated charcoal
treatment. It is cost effective and having good
adsorptive nature without affecting level of sugar in
hydrolysate (Canilha et al., 2008). Treatment with
ion exchange resin is also an effective for lignin
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Table 1. Growth characteristics of natural pentose-fermenting microorganisms

Microorganism Glu Xyl Ara Man Cel Temp.range(°C)  pHrange

Filamentous fungi

Fusarium oxysporum + + + + + 28-32 5-6
Neurospora crassa + + - - + 28-37 5-6
Monilia sp. + + - - - 26 5
Mucor sp. + + - - 30 54
Yeast

Saccharomyces cerevisiae + - - + - 30-35 3-7
Klyuvermyces marxians + + + + - 30-35 3-7
Pachysolen tannophilus + + + - - 28-32 2.5-7
Candida shehatae + + + + - 28-32 3-7
Pichia stiptis + + + + - 28-32 3-7
Mesophillic bacteria

Bacillus polymyxa + + + + - 35-37 5.5-8
Aerobacter hydrophila + + + + - 35-37 5.5-8
Klebsiella pneumonia + + + + - 35-37 5-6
Clostridium acetobutylicum + + + + + 35-37 4-8
Thermophilic bacteria

Clostridium thermocellum + + + - + 65 4-8
C. thermohydrosulfuricum + + + - - 65 4.7-8
C. thermosaccharolyticum + + + + - 60 5-8
C. htermosulfurogenes + + + + - 60 4.5-7.5
Thermoanerobacter ethanolicus + + + + - 69 4.4-9.5

Glu-glucose; Xyl-xylose; Ara-arabinose Man-mannosecel-cellulose
(Source: Abbi et al., 1996).
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removal from hydrolysate. It has been reported that
ion exchange resins diminish furans (63.4%) and
total phenolics (75.8%) from sugarcane bagasse
acid hydrolysate (Chandel et al., 2007b).
Enzyme hydrolysis

Enzyme hydrolysis is another method
of degrading pretreated cellulose to mono sugars
with the help of complex of enzyme known
as cellulases. Bacteria and fungi both are able
to yield cellulases suitable for digestion of the
plant cell wall polysaccharides, although some
of these microorganisms vary significantly
in characteristics. Cellulomonas fimi and
Thermomonospora fusca are the most extensive
studied bacteria; while Trichoderma and Aspergillus
are two fungal genera that are of great interest to
researchers (de Vries and Visser, 2001). During
enzymatic hydrolysis of lignocellulosic biomass,
cellulases components, including 2-glucosidase
and endoglucanase have more binding affinity
towards lignin than to the carbohydrates, resulting
in lower efficiency of saccharification. Hence, to
achieve maximum hydrolysis of cellulosic biomass,
which is prerequisite for ethanol fermentation, an
appropriate delignification treatment of biomass is
required (Kaya et al., 2000; Gupta et al., 2009).
Biochemistry of cellulases

In the middle of the twentieth century
began the discussion about the complexity of the
natural cellulolytic enzymes and their different
abilities to degrade cellulose. It was speculated
that there are three types of enzyme activities
involved in hydrolyzing cellulose: C1, which
would convert crystalline cellulose to amorphous,
Cx, which would hydrolyze amorphous cellulose
to cellobiose, and 2-glucosidase, which would
hydrolyze the soluble cellobiose to glucose. In
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the following years, a number of groups began
to identify and characterize the specific enzymes
present in these components. The current opinion
about cellulases diversity and action still agrees
with the synergistic and coordinated attack of
cellulose for a complex of enzymes, facilitating
the degradation of the polymer. These enzymes
are described in terms of three major classes
of cellulases. The endoglucanases (EC 3.2.1.4,
EG) act randomly on soluble and insoluble
cellulose chain. The exoglucanases, which include
cellobiohydrolases (EC 3.2.1.91, CBHs), acts
processively to preferentially liberate cellobiose
(and glucose in some cases) from the reducing
and non-reducing ends of the cellulose chain. The
2-glucosidase (EC 3.2.1.21) liberates D-glucose
from cellobiose and exoglucosidases. Among
the studied microorganism, fungi are most
active against natural polymers, being capable
of producing different amounts of each type of
cellulases, which act synergistically (Himmel ez
al., 1999; Tolan and Foody, 1999; Lynd et al.,
2002; Picart et al., 2007; Sohail et al., 2009).
Almost all commercial cellulases obtained by
submerged fermentation are produced by the
fungi Trichoderma, Humicola, Aspergillus and
Penicillium, while proteins from Trichoderma
and Aspergillus involved in the transcriptional
regulation of the genes encoding cellulases and
hemicellulases have already been identified. The
inducer molecules produces during degradation
of the lignocellulosic material regulate positively
the expression of these enzymes, e.g., cellobiose,
D-xylose and L-arabinose. In general, cellulases
are inhibited by its end products, cellobiose and
glucose. Its action is also inhibited or inactivated
by several classes of compounds, including strong
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oxidants or reducing agents, metal ions, salts,
solvents, and surfactants (de Vries and Visser, 2001;
Mach and Zeilinger, 2003; de Vries, 2003).
Cellobiose dehydrogenase

Cellobiose dehydrogenase (CDH) is
produced extracellularly by number of wood and
cellulose degrading fungi when grown on cellulose.
It oxidizes the reducing end of cellobiose and
cellooligosacchrides to their corresponding 1,
S5-lactones, which are subsequently hydrolyzed
to carboxylic acid in aqueous environment. CDH
oxidizes very few other sugar, the most efficient
substrates being -1, 4-linked disaccharides with
a 2-glucose moiety at the reducing end. Complete
function of CDH is not fully understood. It is not
an essential component of the lignocellulosic-
degrading enzyme complex but can enhance both
cellulose and lignin degradation (Baminger e al.,
2001).

Types of fermentation based on enzymatic
hydrolysis of biomass

Enzymatic hydrolysate can be fermented
by two ways known as Separate hydrolysis
and fermentation (SHF) and Simultaneous
saccharification and fermentation (SSF).
Separate hydrolysis and fermentation (SHF)

Enzymatic hydrolysis performed
separately from fermentation step is known as
separate hydrolysis and fermentation (SHF). The
main advantage of SHF is the ability to carry out
each step under optimal condition, since hydrolysis
and fermentation have different temperature
optima. Another benefit of this process is recycling
of yeast cells since sugar solution can be filtered
prior to fermentation. A problem, however, is that
the sugar decreases the efficiency of the enzyme
due to product inhibition (Chandel et al., 2007a).
Simultaneous saccharification and fermentation
(SSF)

The enzymatic hydrolysis and
fermentation can also be performed in a combined
step-the so-called simultaneous saccharification
and fermentation (SSF). It gives higher bioethanol
yields and requires lower amount of enzyme
because end-product inhibition from cellobiose
and glucose formed during enzymatic hydrolysis
is relieved by the yeast fermentation (Balat et al.,
2008). In SSF, the glucose produced is immediately
converted to ethanol and therefore in this process
sugar inhibition is avoided, since the fermenting
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organisms are mixed with the enzyme and the
slurry. Disadvantages associated with SSF are
mixing/cooling problem; the optimal temperature
for fermentation is approximately 30°C, while
for hydrolysis is about 50°C, thus SSF must be
operated at intermediate temperature while another
drawback is that the fermenting organisms cannot
be recycled (Dehkhoda, 2008).

Direct microbial conversion (DMC)

Direct Microbial Conversion is a process
of converting cellulosic biomass to ethanol. In this
process both ethanol and all required enzyme are
produced by a single microorganisms. However,
DMC is not considered as leading process
alternative because there are no robust organisms
available that can produce cellulases or other
cell wall degrading enzymes in conjunction with
ethanol with high yield. Singh and Kumar, (1991)
noticed that several strain of Fusarium oxysporum
have potential to converting cellulose to ethanol
only in one step process. The main disadvantage of
F oxysporum is its slow conversion rate of sugars
to ethanol as compared to yeast (Chandel et al.,
2007a).

Fermentation

Ethanol fermentation begins with the
completion of glycolysis, which is also termed
as EMP (Embden-Meyerhoff-Parnas) pathway
(Dien et al., 2003). Glycolysis (EMP Pathway)
is composed of three stages, namely activation of
glucose, hexose splitting and energy extraction;
the overall reaction formula for the EMP is
summarized in following equation (Yang, 2008).
Equation:

Glucose + 2ATP + 4ADP + 2 Pi + 2NAD" —=
Pyruvate + 4ATP + 2ADP + 2NADH+H"

In most microorganisms, end product is
lactic acid under anaerobic conditions, but in case
of ethanologen microorganisms, pyruvate is first
converted to acetaldehyde by reducing a molecule
of CO, out of pyruvate, and then acetaldehyde is
reduced to ethanol along the redox reaction between
NADH and NAD". This metabolic pathway is less
efficient, than the tri carboxylic acid cycle (TCA
cycle), but can be performed in the absence of
oxygen. However, ethanologen microbes can form
ethanol in the presence of oxygen, when the glucose
concentration is higher than the maximum, that can
be consumed by TCA cycle (Kreb’s cycle), which
is so called Crabtree effect. This is the basis of very
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high gravity ethanol fermentation, when ethanol is
produced under aerobic conditions (Bvochora et
al., 2000).

According to overall reaction of the
fermentation, the theoretical maximum yield is
0.51kg bioethanol and 0.49kg carbon dioxide per
kg of xylose and glucose (Hamelinck ef al., 2005).
Equation:
3CH,,0,— 5C,H,OH + 5CO,
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CH O, — 2CH,OH +2CO,
Fermentation techniques

Ethanol fermentation can be performed
as a batch, fed batch or continuous process. The
choice of most suitable processes will depend upon
the kinetic property of microorganisms and type of
lignocellulosic hydrolysate in addition to process
economic aspects (Chandel ef al., 2007a).
Batch fermentation

Batch fermentation is a process where
substrate and separately grown cells (inoculum)
are charged into the bioreactor with nutrient
and enzymes required. In batch fermentation,
the microorganisms works in high substrate
concentration initially and a high product
concentration finally (Olsson and Hahn-Hagerdal,
1996). The batch process is a multi-vessel process;
allow flexible operation and easy control over the
process while characterized by low productivity
with an intensive labor (Sharma, 1988).
Fed-batch fermentation

In fed batch fermentation, microorganism
works at low substrate concentration with an
increasing ethanol concentration during the
course of fermentation process. It is regarded as
combination of batch and continuous operation
and found to be a very popular type of process
in ethanol industry. Fed batch cultures often
provide better yield and productivities than batch
cultures for the production of different microbial
metabolites. In this operation feed solution which
contains substrate, yeast culture, important minerals
and vitamins are fed at constant intervals while
effluent is removed discontinuously. The startup
of fed-batch operation is similar to batch process.
Subsequently substrate fed into the bioreactor
in a specified manner, after the growth limiting
substrate (generally carbon source) which is given
at the beginning of the process has consumed. The
concentration of substrate must be kept constant in
the reactor which the feeding is made, in this way
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the substrate inhibition can be kept at a minimum
level in fed-batch process by adding substrate at
the same rate at which it is consumed. Substrate
concentration can be measured and feed controlled
accordingly, so the level can be kept low. The
substrate consumption rate can be calculated from
measured factor such as carbon dioxide (Roehr,
2000).
Continuous fermentation

In a continuous process, nutrients are
continuously supplied to the bioreactor and product
stream is continuously withdrawn at the same
rate as the supply, resulting in constant volume.
In principle, continuous cultivation is efficient in
terms of productivity per volume unit, but they are
also sensitive to infections (Dehkhoda, 2008). This
type of fermentation can be performed in different
kind of bioreactors- stirred tank reactors (single
or series) or plug flow reactors. Since cells are
continuously being washed out of the bioreactor,
there must be a cell growth that corresponds to
the dilution rate, otherwise washout occurs. This
problem can be circumvented by the use of cell
retention (recirculation or immobilization), but
there must be at least some production of new
cells, otherwise the culture will age and lose its
fermentative capacity (Brandberg, 2005).
Microorganisms

Microorganisms play a significant role in
production of ethanol form renewable resources
and thus, selection of suitable strain is essential
for the individual process. An idial organism has
capability of consuming both pentoses and hexose
sugars, high tolerance against substrate; ethanol as
well as inhibiting compound, high ethanol yield
and minimum nutrient requirement is the essential
features of an ideal microorganism (Van Zyl et al.,
2007). Although no microorganism has been found
yet to meet all these requirements, development of
a desirable strain is the focus of many studies. Thus
far wide varieties of microorganisms including
yeast, bacteria and fungi have been exploited
offering different advantages and disadvantages
by early researchers (Olsson and Hahn-Hagerdal,
1993).
Yeast (Saccharomyces cerevisiae)

Saccharomyces cerevisiae is one of more
than 1000 validated yeast species belonging to
the fungi kingdom. It is unicellular eukaryotic
organism, specialized in growing on sugars and
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can be isolated from fruits, plants and soil also
(Rose and Harisson, 1993). It can tolerate ethanol
concentration as high as 20% of fermentation
medium (Lin and Tanaka, 2006). Yeast cell are
facultative anaerobe, round to oval with diameter
about 5-10 um, most yeast are reproduced by
budding, maximum number of buds are found
on growing cells is around 25, and doubling
time of the cells can be around 90 minutes in as
favorable growth environment. Its robustness
makes it a suitable organism for fermentation of
lignocellulosic hydrolysate. The main disadvantage
ofyeast in ethanol production process is lacking of
mechanisms to take up pentose sugars as substrate,
still it is the prime organisms for ethanol production
(Balat et al., 2008).
Life cycle of Saccharomyces cerevisiae
Saccharomyces cerevisiae is a unicellular
eukaryote which can reproduced both sexually
(meiosis) and asexually by budding (mitosis).
Yeast has two mating type, called “a” and “£”.
When grown on rich medium, two haploid cells
with opposite mating types merge to form a diploid
cell. Meiosis and spore formation can therefore
be induced by alternation of the culture condition.
Haploid cells are capable of mating with other
haploid cells of the opposite mating type (an “a”
cell can only mate with a “+” cell, and vice versa)
to produce a stable diploid cell. Diploid cells,
usually upon facing stressful conditions such as
nutrient depletion, can undergo meiosis to produce
four haploid spores: two “a” spores and two “+”
spores. The whole process takes around 24 hours to
complete (Houston et al., 2004; Dehkhoda, 2008).
The cell division of yeast occurs by
budding in which a daughter cell is initiated as
an outgrowth from the mother cell, followed by
nuclear division, cell-wall formation, and finally
cell separation. Yeast cell grows in three main
phases- lag phase, the exponential growth phase
and the stationary phase (Asaduzzaman, 2007).
Immediate after inoculation, the cells are entering
in a brief lag phase where they are biochemically
active but not dividing. The lag phase refers
as initial growth phase, when number of cells
remains relatively constant prior to rapid growth
phase, also referred as adaptation time. Oxygen is
rapidly absorbed during the lag phase. The yeast
needs this oxygen to grow in order to produce
important cell wall constituent. This phase is very
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important in building new healthy cell that will be
able to complete fermentation. During this phase
the individual cells are actively metabolizing, in
preparation for cell division. The cells usually
activate the metabolic pathways to make enough
of the essential nutrients to begin active growth.
The lag phase can be shortened by using a large
inoculums or an inoculum’s culture that is already
growing exponentially under similar condition.

As the yeast comes out of the lag phase,
it starts to consume the sugars in solution, CO,
is produced, cell count will increase rapidly and
ethanol will start to produce. The exponential
phase occurs because yeast rapidly consumes sugar.
Glucose is used first, then fructose and sucrose.
Once the cell starts actively metabolizing, they
begin DNA replication and shortly after, the cells
divide. This is the period in which the cell growth
most rapidly. The time it takes the culture to double
is called generation time. This exponential phase
depends on several factors: the organism itself,
the growth medium and the temperature, are all
important factors in determining the generation
time. It is the time period during which the specific
growth () is constant and it is at a maximum
(u max) for given strain and the environmental
conditions and then a zero growth period which is
called stationary phase. At this point yeast growth
slows down and finally become to zero which is
called zero growth period (Tuite and Oliver, 1991).
Effect of oxygen

Saccharomyces cerevisiae cannot stay a
live more than 4 or 5 generation without oxygen,
unless the ergestrol and twin (as fatty acid sources)
be added to the medium. Complete oxidation of
the sugar to carbon dioxide and water will give
optimum cell production. Under conditions of high
dissolved oxygen concentrations, fermentation
of the sugars to ethanol are inhibited, this effect
calls Pasture Effect. Respiration release more
energy than fermentation and therefor is the
preferred process. The Pasteur Effect is defined as
an ‘inhibition of the activity’ of the fermentation
pathway by respiration; moreover, the Pasteur
Effect is an inhibition of the fermentation pathway
by an end product of aerobic glucose utilization.
Many Saccharomyces species are sensitive to
glucose and their respiration is repressed in the
presence of a concentration of glucose greater
than 1.0g/L under such condition biomass yield
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decreases and ethanol will be produced. This is
known as a Crabtree effect or counter-pasture
effect. The named given after the English
biochemist Herbert Grace Crabtree, the Crabtree
effect describes the phenomenon whereby the
yeast, produces ethanol aerobically in the presence
of high external glucose concentrations rather than
producing biomass via the TCA cycle, the usual
process occurring aerobically in most yeasts e.g.
Kluyveromyces spp. Increasing concentrations of
glucose accelerates glycolysis, which results in the
production of appreciable amounts of ATP through
substrate-level phosphorylation. This reduces the
need of oxidative phosphorylation done by the TCA
cycle via the electron transport chain and therefore
decreases oxygen consumption. In a study of the
Crabtree effect in various yeast strains, growing
on a medium containing 30g/L glucose, seven of
eight Saccharomyces species tested gave a positive
Crabtree effect (Tuite and Oliver, 1991; Thomson
et al., 2005).

Pentose fermenting microorganisms

The ability to ferment pentoses is not
widespread among microorganism and most
promising yeast identified so far, are Pichia stipites,
Pachysolen tannophilus, Candida shehatae able
to ferment xylose naturally but these organisms
are sensitive to ethanol and inhibitors, and require
careful monitoring as compare to S. cerevisiae
(Hahn-Hagerdal et al., 2007). While there are
several filamentous fungi belonging to genera
Fusarium, Rhizopus and Mucor are capable of
assimilating hexoses and pentoses. Especially M.
heimalis and M. indicus have been shown to be
good ethanol produces with drawback of increasing
viscosity by attaching to the growth medium
(Millati et al., 2005).

There are three main bacterial
microorganisms discovered to ferment sugar into
ethanol are Escherichia coli, Klebsiella oxytoca,
and Zymomonas mobilis. The former two are able
to ferment a variety of sugars to ethanol while the
later gives high yields of ethanol but is specific
to glucose and fructose sugars. Zymomonas
mobilis is naturally able to produce ethanol with
a high productivity but it has narrow substrate
range and cannot consume mannose, galactose
or xylose and also sensitive to inhibitors. There
is another bacterium, Escherichia coli that has
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a broad substrate range and is able to convert
glucose, mannose, galactose, xylose and arabinose
to ethanol, but ethanol yield is much more lesser
than S. cerevisiae because of inhibitor and product
sensitivity as well as different other product
formation. Research have been done on producing
maximum ethanol by using hexoses and pentoses
from genetically engineered E. coli, K. oxytoca and
Z. mobilis (Dien et al., 2003).
Biochemistry of xylose fermentation

Bacteria can directly convert xylose to
xylulose with xylose isomerase. However, yeast
that are capable of consuming pentose, first reduce
xylose to xylitol with NADPH-dependent xylose
reductase (aldose reductase EC 1.1.1.21), and
subsequently oxidized to xylulose with NAD"
-dependent xylitol dehydrogenase (D-xylose
reductase, EC 1.1.1.9) to form D-xylose-5-
phosphate. Ribolosephosphate-3-epimerase
(5.1.3.1), transaldolase (2.2.1.2) and transketolase
(2.2.1.1) sequentially convert alpha-xylose-5-
phosphate into glyceraldehyde-3-phosphate
and fructose-6-phosphate by non-oxidative
rearrangement leading to ethanol formation by
EMP pathway. Alternatively, phosphoketolase
(4.1.2.9) can split D-xylose-5-phosphaste into
glyceraldehyde-3-phosphate and acetylphosphate.
Phosphoketolase is known to be important in lipid-
producing yeast, especially when they are grown
on D-xylose. In some D-xylose fermenting yeast,
an oxidative pentose phosphate mechanism is
present to metabolize D-xylose (Dien et al., 2003).
However, wild-type strains of Saccharomyces
cerevisiae are unable to ferment D-xylose directly
and can only act on xylulose to produce ethanol
when exogenous xylose isomerase is introduced
to the D-xylose containing system (Du Preez,
1994). Saccharomyces cerevisiae are genetically
modified for the purpose to ferment both pentoses
and hexoses by incorporating xylose reductase and
xylitol dehydrogenase sequences but consequent
gene expression was not satisfactory and moreover,
certain amount of xylitol is also produced along
with the yield of ethanol, because of existence of
redox cofactor imbalance- NADPH and NAD*,
which are linked with xylose reductase and xylitol
dehydrogenase, respectively (Freer ef al., 1997,
Jeftries and Jin, 2004).
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CONCLUSION

Bioethanol is currently made by large
scale fermentation of sugars that are extracted
from energy crops. Production of ethanol from
biomass seems to be an interesting alternative to
traditional fossil fuel but the comprehensive process
development and optimization of lignocellulosic
biomass is still required to make the process
economically and environmentally viable. The
choice of the best technology for lignocellulose
to bioethanol conversion should be decided on
the basis of overall economic, environmental and
energy potentials. The focus of this review is on
current status on the available ethanol production
technologies in terms of pretreatment hydrolysis
and fermentation. Acid treatment gives a possibility
to carry out rapid cellulose conversion at batch
level, but it still leave some problems and questions
unresolved which needs sincere efforts, including
acid recovery and increase in sugar concentration
after hydrolysis, minimization of sugar loss and
precipitate production after detoxification. Isolation
of potential laccase and cellulases producers and
there scale up for biological delignification and
efficient enzyme hydrolysis should be considered
as best alternative at commercial scale. Ethanol
is currently made by large scale fermentation
using yeast, but application of various co-culture
combinations and their optimization study for scale
up of ethanol production process is necessary.
Lastly, ethanol may not be the only ultimate
product from any lignocellulosic biomass. It opens
opportunities to alter the ultimate product such as
biogas, biodegradable plastics, enzymes etc.
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