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Abstract: All over the world, research on bicethanol production has grown with increasing of energy needs
and it has become a research area of great interest to many governments, academic groups and companies.
Ethanol which is presently the most common renewable fuel, can be produced biologically from a variety of
feedstocks and wastes. Due to advances in agriculture and biotechnology one can envision inexpensive
production of ethanol based on lignocellulosic biomass. This review summarizes various processes mvolved
in lignocellulosic-derived biofuel bioconversion. Several methods of pretreatment of lignocelluloses are
discussed. Characteristics of enzymes and mmportant factors in enzymatic hydrolysis of the cellulose and
hemicellulose are reviewed. Different strategies are then described and illustrated in a simpler form for enzymatic
hydrolysis and fermentation, including separate enzymatic hydrolysis and fermentation, simultaneous
saccharification and fermentation, simultaneous saccharification and co-fermentation and consolidated
bioprocessing. Furthermore, recent trends, major challenges and perspective of futiwe development are

highlighted.
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INTRODUCTION

One of the biggest problems facing the world is the
energy crisis. The price of oil dramatically escalated in
1973, creating an oil crisis. Energy consumption has
increased steadily as the world population has grown and
more countries have become industrialized. The fossil
fuels, including crude oil, coal and natural gas are the
major resowrces to meet the increased energy demands.
As widely believed, the fossil energies will be exhausted
in the near future (Wyman, 2001). The world currently
consumes 30 billion barrels of o1l per year; Colin (2003)
estimates that oil reserves will become scarce by the
2050s. Because petroleum 1s a nomrenewable resource,
there is an urgent need to seek alternative energy sources
that are mexhaustible.

In recent decades, an international awareness of the
mcreasing CO, concentration levels in the atmosphere
and concern for global warming led to the formulation of
the Kyoto Protocol in 1997 which has led many countries
to make the commitment to decrease the emission of CO,.

One way of decreasing CO, emissions could be
substitution of fossil fuels with renewable energy
sources.

The development of alternative fuel and energy
sources has thus become a worldwide research priority in
recent years. Biofuels are fuels produced from biomass.
These fuels are usually in the form of bicalcohols,
biodiesel, biogas and other chemicals produced from
biomass. The two main biofuels are biodiesel and
bioethanol. Among those, bicethanol produced by
bioconversion of lignocellosic biomass is being seen as
one of the most promising alternative biofuels. The choice
of lignocellulose to biocethanol conversion should be
decided on the basis of overall economics (lowest cost),
environment (lowest pollutants) and energy (higher
efficiency), 1.e., comprehensive process development and
optimization are still required to make the process
economically viable. The increasing petroleumn price and
negative impact of fossil fuels on the environment are
encowaging the use of lignocellulosic materials to help
meet energy needs (Di Nasso et al., 2011).
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There are many advantages of biofuels over fossil
fuels that make the alternative fuel source an attractive
option now and in the future. The main advantage of
biofuels 1s that they are considered ‘carbon neutral’ by
some people. This is because the carbon dioxide released
during the combustion of biofuels is equal to the amount
that assimilated during photosynthesis (Kheshgi et al.,
2000} resulting m no net mncrease to CO, levels. Therefore,
they don’t contribute to global warming. Consumption of
biofuels releases no sulfur and has much lower particulate
and toxic emissions, particularly when compared with
other liquid transportation fuels (Scott and Wyman, 2004).
Bioethanol production can provide an attractive route to
dispose of problematic lignocellosic wastes such as
stalks, stovers and leaves of agricultural crops. Biofuels
are renewable energy source (made from organic materials
and even orgamc waste, there is practically an infinite
amount of biofuels available), inexpensive to produce and
reduce dependence on foreign oils.

Ethanol 1s one of the most promising biofuels that
can be used to replace gasoline for tomorrow’s
transportation vehicles. Fuel ethanol is mainly used as an
oxygenated fuel additive. The higher octane number of
the fuel mixture, when it contains ethanol, reduces the
need for toxic, octane-enhancing additives such as methyl
tertiary butyl ether. Due to the oxygen in ethanol
molecules, there 1s also a reduction of carbon moenoxide

emission and non-combusted hydrocarbons (Hu et al,
2008).

Feedstocks for bioethanol production

Generations of bioethanol: There are three “generations”
of bicethanol: First-generation or conventional
biocethanol is bioethanol produced from sugar substances,
such as sugarcane juice, sugar beets and molasses, as
well as starch-based materials such as wheat, comn,
potatoes  or cassava. Sucrose can be fermented directly
to ethanol, but starch must be hydrolyzed to glucose
before it can be fermented by yeast, generally by
Saccharomyces cerevisiae (Sameera et al., 2011). Even
though the production of ethanol from starch biomass
materials represents the most convenient and technically
advanced option for bioenergy, such practices would
result in severe competition between energy and food
supplies. The raw materials account for 40-70% of the
total ethanol production costs based on current sugar- or
starch-containing  feedstocks. Reduction of the
production cost would increase the competitiveness of
ethanol with fossil fuels. Lignocellulosic biomass is
believed to be less expensive and more plentiful than
either starch- or sucrose-containing feedstocks (Hu et al,,
2008).

Second generation bicethanol is bioethanol produced
from sustainable feedstock that cannot be used directly
for food production. Examples of wastes that could
potentially be converted mto bioethano! include perenmnial
grasses, agricultural wastes and forest residues. The
conversion of these potential sources of feedstock for
bioethanol offers the double benefit of a reduction in
global waste and the generation
transportation fuels (Kaylen et al., 2000).

Third generation bicethanol is produced via., direct
cellulose fermentation (cellulase production, substrate
hydrolysis and fermentation are accomplished n a single
process step by cellulolytic microorgamsms ).

of valuable

Lignocelluloses:  Approximately 2x10"  tons of
lignocellulosic biomass 1s produced every year and
organic agricultural and forestry by-products are annually
renewable, available in abundance and of limited value
(Chen et al, 2007). By-products produced from the
cultivation of corn (corn stover), wheat (wheat straw), rice
(rice straw), sorghum (sorghum stalks), barley (barley
straw) and sugarcane (sugarcane bagasse) are the major
sources of agro-based lignocellulosics which contamn ugh
contents of cellulose and hemicellulose, as described 1n
Table 1 (Sun and Cheng, 2002). However, the excess
lignocellulosic waste is often disposed of by biomass
burming, causing an environmental pollution problem
through smoke and development of CO, gas which 1s not
restricted to developing countries, but is considered a
global phenomenon (Levine, 1996). Burning also
causes almost complete losses of soil N, P, K and S
(Dobermann and Fairhurst, 2002). At the same time, the
cellulose and hemicellulose could provide sugar for
bioconversion to biofuels (Malherbe and Cloete, 2003).

It iy an important issue to deal with the agricultural
waste both for the comprehensive utiization of
lignocellulosic resources and for the prevention of
environmental pollution. One of the different approaches
to overcome this problem is the biological conversion of
agricultural waste to biofuels. Production of ethanol from
renewable lignocellulosic sources is a promising means to

Table 1: Composition of some common agricultural and forestry residues

Source Cellulose (%0) Hemicellulose (%0)  Lignin (%0)
Hardwood 40-55 24- 40 18-25
Softwood 45-50 25-35 25-35
Corm stover 38-40 28 7-21
Com cobs 45 35 15
Bagasse 32-48 19-24 23-32
Wheat straw 33-38 26-32 17-19
Rice straw 28-36 23-28 12-14
Sorghum stalks 27 25 11
Barley straw 31-35 27-38 14-19
Leaves 15-20 80-85 0

Adapted from Kumar et al. (2009)
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Hemicellnlose
(20-35%)

/A branched chain of both
different hexoses and
pentoses. The hexose
monomers are mainly D
glucose, D-mannose, D
galactose, and the pentose
monomers are mainly D
xvlose and L-arabinose. |

Lignin
(15-20%0)

(0-5%)

Cellulose
(40-5004)

Linear. unbranched
polyimer of anhydiro
-glucose connected
by -1.4 linkages

" A complex, amorphous, and cross-linked polymer consisting of phenylpropane-based
monomeric units. The three units, which comprise the lignin are guaiacyl, syringyl and
p-hydroxyphenyl. These monomers are joined by carbon-carbon or ether bonds.

Fig. 1: Constituents of lignocellulosic biomass
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Fig. 2: Cellulose molecular structure

decrease the accumulation of greenhouse gas and
alleviate pressure on fossil fuel shortage (Galbe and
Zacchi, 2002).

The main constituents of lignocellulosic biomass are
cellulose, hemicellulose and lignin. Minor components
mclude ash and extractives such as waxes. On a dry
welght basis, lignocelluloses contain 40-50% cellulose,
20-35% hemicellulose and 15-20% lignin (Fig. 1). Together,
these components represent approximately 90% of the dry
welght of most plant material (Brown, 2003).

The cellulose chain 1s a linear, unbranched polymer
of glucose monomers linked by B-1,4-glucosidic bends
(Fig. 2). The conformation of cellulose, as well as 1ts close
association with lignin and hemicellulose makes cellulose
very resistant to hydrolysis.

Lignocelluloses-to-bioethanol processes: There are two
basic approaches to degrading biomass to sugars:
Enzymatic hydrolysis and dilute acid hydrolysis.
Compared to dilute acid hydrolysis, enzymatic approach
1s promising because it can achieve high sugar yields and
eliminate the need for large quantities of chemicals and
the formation of inhibitory by-products during dilute acid
hydrolysis (Tran and Chambers, 1986).

The production of ethanol from lignocellulosic
material requires the release of monomeric sugar umts
comstituting cellulose and hemicellulose. Based on the
specific lignocellulosic structure, the bioconversions of
lignocellulosic materials to bioethanol normally require
multi-step processes. There are five stages to produce

ethanol usmg a biological approach (Zhu et af., 2009)
(1) A "pretreatment” phase, to make the lignocellulosic
material such as wood or straw amenable to hydrolysis,
(2) Cellulose hydrolysis, to break down the molecules into
sugars, (3) Separation of the sugar solution from the
residual materials, mnotably lignin, (4) Microbial
fermentation of the sugar solution and (5) Distillation to
produce roughly 95% pure alcohol. An optional further
step would be dehydration by molecular sieves to bring
the ethanol concentration to over 99.5%.

Pretreatment of lignocellulose for enzymatic hydrolysis:
The combimation of hemicellulose and ligmn provide a
protective sheath around cellulose which must be
modified or removed before efficient hydrolysis of
cellulose can occur. Additionally, the higher order
crystalline structure of cellulose is an obstacle to
hydrolysis (Eriksson ef af., 1993). To make cellulose and
hemicellulose accessible for enzymatic digestibility, a
number of pretreatments should be carried out. These
pretreatments are summarized m Table 2. Pretreatment 1s
the first step required to fractionate lignocellulosic
materials into the major plant components of lignin,
cellulose and hemicellulose and/or modify the pores in
the material to allow the enzymes to penetrate into the
fibers to render them amenable to enzymatic hydrolysis
(Galbe and Zacchi, 2002; Mosier et al., 2005). The rice
straw before and after pretreatment 1s depicted in Fig. 3.
The mechanisms by which pretreatments improve the
digestibility of lLgnocellulose are however, not well
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(b)

Fig. 3(a-b): Rice straw before and after pretreatment (a) Rice straw and (b) Pretreated rice straw

understood (Brown, 2003). A successful pretreatment
must meet the followmg requirements: (1) Improve
formation of sugars or the ability to subsequently form
sugars by hydrolysis, (2) Avoid the degradation or loss
of the pentose (hemicellulose) fractions to completely use
the carbohydrates, (3) Avoid the formation of byproducts
mhibitory to the subsequent hydrolysis and fermentation
processes and (4) Be cost effective (Sun and Cheng,
2005).

Several methods have
pretreatment of lignocellulosic materials prior to enzymatic
hydrolysis. The pretreatment methods can be classified
into “Physical pretreatment” such as milling and
(Wyman, 1996), “Physico-chemical
pretreatment” such as steam explosion or autohydrolysis,
ammonia fiber explosion (AFEX) (Ohgren et al., 2003),
“Chemical pretreatment” mcluding ozonolysis, dilute-acid
pretreatment and alkaline pretreatment (Berlin et al., 2006)
and “Bioclogical pretreatment” (Fan et al., 1982; Wyman,
1996).

been mtroduced for

irradiation

Physical pretreatment: Physical pretreatment can
increase the accessible swrface area and size of pores and
decrease the crystallinity and degrees of polymerization
of cellulose. Different types of physical processes such as
milling and irradiation can be used to mmprove the

enzymatic hydrolysis of lignocellulosic waste materials.

Milling: Milling (cutting the lignocellulosic biomass mto
smaller pieces) can be employed to alter the inherent
ultrastructure  of  lignocelluloses and degree of
crystallinity and consequently make it more amenable to
cellulase. Milling and size reduction have been applied
prior to enzymatic hydrolysis, or even other pretreatment
processes with dilute acid, steam or ammonia, on several
lignocellulosic waste materials (Mais ef af., 2002). Milling
can improve enzymatic degradation of lignocellulosic

materials toward ethanol by reducing the size of the
matenials (Chang and Holtzapple, 2000; Zeng et al., 2007),
the reduction in particle size leads to an increase of
available specific suwrface and a reduction of the degree of
pelymerization (Palmowski and Muller, 1999). Although,
decrystallization has been reported to be less important
than lignin removal on sugar yields, decreasing
crystallinity significantly increased the initial hydrolysis
rate and to some extent, the ultimate biomass conversion
{Chang and Holtzapple, 2000).

Irradiation: Irradiation by e.g., gamma rays and
microwaves can improve enzymatic hydrolysis of
lignocelluloses. The combination of the irradiation and
other methods such as acid treatment can further
accelerate enzymatic hydrolysis (Mamar and Hadjadj,
1990). rradiation has enhanced enzymatic degradation of
cellulose into glucose. Kumakura and Kaetsu (1983)
studied the effect of irradiation for pretreatment of
bagasse prior to its enzymatic hydrolysis. The pretreated
bagasse resulted in doubling the yield of glucose by the
hydrolysis compared to the untreated one. The cellulose
component of the lignocellulose materials can be
degraded by nradiation to fragile fibers and low molecular
weight  oligosaccharides  and

(Kumakura and Kaetsu, 1983).

even  cellobiose

Chemical pretreatment

Dilute acid pretreatment: Treatment of lignocellulosic
materials with acid at a high temperature can efficiently
improve the enzymatic hydrolysis. Sulfuric acid 15 the
most applied acid while other acids such as HC1 and nitric
acid also have been reported (Taherzadeh and Karimi,
2007a). The acid pretreatment can operate either under a
high temperature (e.g., 180°C for 5 min) and low acid
concentration (dilute-acid pretreatment) or under a low
temperatwe (e.g., 120°C for 30-90 min) and high acid
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concentration (concentrated-acid pretreatment).
Dilute-acid hydrolysis is probably the most commonly
applied method among the chemical pretreatment
methods. It can be used either as a pretreatment of
lignocellulose for enzymatic hydrolysis, or as the actual
method of hydrolyzing to fermentable sugars. Dilute acid
pretreatment increases the surface area and the pore
volume by removing hemicellulose. Actually, chemical
treatments have a dual effect on biomass crystallinity:
(1) They remove amorphous lignin and hemicellulose
components to imcrease biomass crystalhmty and
(2) They loosen the highly packed crystalline
structure through swelling to decrease crystallinity
(Gharpuray et al., 1983).

The main advantage of dilute-acid pretreatment 1s the
possibility to recover a high portion (e.g., 90%) of the
hemicellulose sugars. The hemicellulose, mainly xylan or
mannan, accounts for up to a third of the total
carbohydrate in many lignocellulosic materials. Thus,
hemicellulose recovery (e.g.., achieving high xylan to
xylose conversion vields) can have a highly positive
effect on the overall process economics of ethanol
production from lignocellulosic material (Sun and Cheng,
2002). On the other hand, a main disadventage of this
pretreatment method is the necessity of neutralization of
pH for the downstream enzymatic hydrolysis.
Furthermore, different chemical inhibitors might be
produced during the acid pretreatment which reduces
cellulase activity and therefore, water wash is necessary
for the pretreated biomass before enzymatic hydrolysis
(Sun and Cheng, 2002). Dilute-acid pretreatment 1s not
effective i1 dissolving ligmin, but it can disrupt lignin and
increases the cellulose’s susceptibility to enzymatic
hydrolysis (Yang and Wyman, 2004).

Alkaline pretreatment: Alkaline pretreatment refers to the
application of alkaline solutions such as NaOH, Ca(OH),
(lime) or ammonia to remove lignin and a part of the
hemicellulose and efficiently increase the accessibility of
enzyme to the cellulose. Pretreatment can be performed at
low temperatures but with a relatively long time and high
concentration of the base. The mechanism of alkali
pretreatment 13 believed to be sapomfication (breaking) of
mtermolecular ester bonds between lignin, hemicellulose
and cellulose and avoiding fragmentation of the
hemicellulose polymers (Gaspar et al., 2007). After alkaline
pretreatment, the porosity of the material is mcreased due
to the extensive swelling facilitated by removal of the
crosslinks (Tarkow and Feist, 1969). Dilute NaOH
pretreatment causes swelling, leading to an increase in
mternal surface area and the porosity of the material is
increased, a decrease in the degree of polymerization and

crystallinity and disruption of lignin structure (Fan et al.,
1987). In comparison with dilute acid pretreatment, the
high cost of caustic soda 15 the main obstacle to its large
scale implementation. Therefore, aqueous ammonia and
lime (calcium hydroxide) pretreatments have bheen
developed to reduce the cost of chemicals. These two
kinds of alkali are effective in removing lignin and acetyl
groups 1 biomass. Lime is a promising chemical because
it is inexpensive, safe and can be recovered by
carbonating wash water (Chang et al., 1997).

Ozonolysis pretreatment: Pretreatment of lignocellulosic
materials can be performed by treatment with ozone,
referred to as “ozonolysis™ pretreatment. This method can
effectively degrade lignin and part of hemicellulose. The
pretreatment 1s usually carried out at room temperature
and does not lead to inhibitory compounds (Vidal and
Molinier, 1988). However, ozonolysis might be expensive
since a large amount of ozone 1s required (Sun and Cheng,
2002). The main parameters i ozonolysis pretreatment are
moisture content of the sample, particle size and ozone
concentration in the gas flow. Among these parameters,
an essential factor 1s the percentage of water m the feed
and 1t has the most significant effect on the solubilization.
The optimum water content was found to be around 30%,
corresponding to the saturation point of the fibers. This
15 an attractive pretreatment method since it does not

leave acidic, basic, or toxic residues in the treated material
(Neely, 1984).

Physico-chemical pretreatment: Pretreatments that
combime both chemical and physical processes are
referred to as physicochemical processes (Chandra et al.,
2007).

Ammonia fiber explosion (AFEX): AFEX is one of the
alkaline physico-chemical pretreatment processes. Here
the biomass is exposed to liquid ammonia at relatively
high temperature (e.g., 90-100°C) for a period ofe.g.,
30 min, followed by immediate reduction of pressure. The
effective parameters in the AFEX process are ammonia
loading, temperature, water loading, blowdown pressure
and time (Holtzapple et al., 1991). The AFEX process can
either modify or effectively reduce the ligmin fraction of
the lignocellulosic materials while the hemicellulose and
cellulose fractions may remain intact. One of the major
advantages of AFEX pretreatment 1s no formation of some
types of mhibitory by-products which are produced
during the other pretreatment methods, such as furans in
dilute-acid and steam explosion pretreatment. However,
part of phenolic fragments of ligmn and other cell wall
extractives may remamn on the cellulosic swuface.
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Therefore, washing with water might be necessary to
remove part of these inhibitory components, although
mcreasing the amount of wastewater from the process
(Chundawat et al, 2007). However, there are some
disadvantages in using the AFEX process compared to
some other processes. AFEX is more effective on the
biomass that contains less lgnin and the AFEX
pretreatment  does not  sigmficantly  solubilize
hemicellulose compared to other pretreatment processes
such as dilute-acid pretreatment.

Biological pretreatment: Microorgamsms can also be
used to treat the lignocelluloses and enhance enzymatic
hydrolysis. The applied microorganisms usually degrade
lignin and hemicellulose but very little part of cellulose,
since cellulose 1s more resistance than the other parts of
lignocelluloses to the biological attack. White-rot fungi
are among the most effective microorganisms for
biological pretreatment of lignocelluloses (Sun and
Cheng, 2002). Some bacteria such as Bacillus circulans
(Kurakake et al., 2007) can also be used for biclogical
pretreatment of lignocellulosic materials. Low energy
requirement and mild envirommental conditions are the
main advantages of biological pretreatment. However, this
method is relatively slow (Hahn-Hagerdal et al., 2006).

Detoxification of lignocellulose-derived inhibitor
compounds: The major drawback of some pretreatment
methods is the formation of different types of potential
microbial inhibitors (Chandel et al., 2009, 2010). The
amounts and types of inhibitory compounds vary
strongly between different raw materials and also depend
on the pretreatment method. These inhibitors can be
divided imnto three major groups, (1) Organic acids (acetic,
formic and levulinic acids), (2) Furan derivatives [furfural
and 5-hydroxymethylfurfural (5-HMF)] and (3) Phenolic
compounds (Chandel et al., 2010). These inhibitors may
not affect the enzymatic hydrolyses, but they usually
mtubit the microbial growth and fermentation which
results m less yield and productivity of ethanol
(Taherzadeh and Karimi, 2007a). The ethanologenic
microorganisms have ability to degrade some of the
mhibitors. Progress has been made to achieve higher
levels of sugars by dimimishing the overall impact of
fermentative inhibitors which in-turn improves the

fermentability of  lignocellulosic  hydrolysates
(Alriksson et al., 2011, Parawira and Tekere, 2011). The
lon exchange resins, active charcoal, enzymatic

detoxification using laccase and overliming with calcium
hydroxide are aniong selective detoxification (i.e., removal
of inhibitory compounds) strategies which have been
mvestigated 1n the past (Jurado et al., 2009). Treatment

with the soft-rot fungus Trichoderma reesei and other
microorganisms to degrade inhibitors in a hemicellulase
hydrolysate has also been proposed (Fonseca et af., 2011,
Yuetal, 2011). Biodetoxification methods provides lugh
yields, uses limited waste water and has low energy costs,
but its slow rate prohibits its practical use.

Enzymatic hydrolysis: Enzymatic hydrolysis has attracted
increasing attention as an alternative to concentrated acid
hydrolysis because the process is highly specific, can be
performed under mild reaction conditions (pH around 5
and temperature less than 50°C) with lower energy
consumption and lower environmental impact. In addition,
it does not present corrosion problems and gives high
yield of pure glucose with low formation of by-products
that are favorable for the subsequent hydrolysate use in
fermentation processes. The cellulolytic enzymes are
either secreted into the substrate or attached to the cell
wall of the microorganism. The former system 1s called
noncomplexed and the latter complexed cellulase system.
Noncomplexed cellulase systems are mostly found in
filanientous fungi and actinomycete bacteria, because
they can penetrate the lignocellulosic material with their
hyphal extensions. The enzymes of noncomplexed
cellulase systems are then just released into the substrate
and the free enzymes start hydrolyzing the cellulose. The
glucose and cellodextrins of a length of maximal four
glucose molecules are taken up by the microorgamsm and
either used directly or cleaved further via intracellular
hydrolases. Organisms that produce noncomplexed
cellulase systems are most often used m the industmal
production of cellulolytic enzymes, because the secreted
enzymes can easily be harvested (Lynd et al, 2002).
Complexed cellulase systems are mamly found in
anaerobic bacteria and anaerobic fungi that cannot
penetrate lignocellulosic material. The different cellulolytic
enzymes of these bacteria form a stable “complex”, called
the cellulosome.

Enzymatic degradation of cellulose to glucose 1s
generally accomplished by synergistic action of at least
three major classes of enzymes: Endo-glucanases,
exoglucanases and (-glucosidases. These enzymes are
usually called together cellulase or cellulolytic enzymes
(Wyman, 1996).

Cellulases: Cellulases responsible for the hydrolysis of
cellulose are composed of three major enzymes
(Rabmovich et al, 2002) Endoglucanases or
carboxymethyl cellulases (endo-1,4-B-glucanase;
EC 3.2.1.4), are proposed to initiate attack randomly at
multiple internal sites in the amorphous regions of
cellulose fiber opening-up sites and create free chain-ends
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for subsequent aftack by the cellobiohydrolases
(Wood, 1991). Exoglucanases or cellobiohydrolases
(Exoglucanase; EC 3.2.1.91), is the major component of
cellulase system accounting for 40 to 70% of the total
cellulase proteins and can hydrolyze highly crystalline
cellulose (Esterbabur et al., 1991). Exoglucanases act m a
processive manner on the reducing or nonreducing ends
of cellulose polysaccharide chams, liberating either
glucose or cellobiose as major products. Exoglucanases
can also act on microcrystalline cellulose, presumably
peeling cellulose chains from the microcrystalline
structure. B-glucosidases (EC 3.2.1.21), splits cellobiose
into two glucose units (Lynd et ¢/, 2002). This enzyme is
not a cellulase, but its action is very important to complete
depolymerization of cellulose to glucose.

Synergism in cellulose hydrolysis: The application of
cellulolytic enzymes in degrading lignocellulosic materials
needs synergistic actions of by endoglucanase,
exoglucanase, or cellobiohydrolase and P-glucosidase
(Rabinovich et al., 2002; Zhang et al., 2006). Tn enzymatic
reactions, synergism occurs when the combined activity
of two enzymes exceeds the sum of the individual enzyme
activities. In the hydrolysis of filter study, a one to one
mixture of exoglucanase and endoglucanase from T. reesei
resulted 1n 23% (w/w) conversion, whereas the individual
conversion was 6 and 8% using exoglucanase and
endoglucanase, respectively (Gama et al., 1998).

Hemicellulases: Hemicelluloses are degraded more easily
than cellulose because of a lower degree of polymerization
and their amorphous nature. Since, hemicellulose contams
different sugar units, the hemicellulolytic enzymes are
more complex and include endo-1,4-B-D-xylanases,
exo-1 4-B-D-xylosidases, endo-1,4-B-D-mannanases,
-mannosidases, galactanases, d-glucuromdases,
endo-arabinases, ¢-L-arabinofuranosidases and
¢-galactosidases (Jorgensen et al., 2003). Hemicellulases
also include the accessory enzymes, such as ferulic acid
esterases, coumaric acid esterases and acetylxylan
esterase which are necessary for hydrolyzing various
substituted xylans (Saha, 2003). Xylanases are one of the
major hemicellulases which hydrolyse the 3-1,4 bond in
the =xylan backbone yielding short xylooligomers
which are further hydrolysed into single xylose umts by
B-xylosidase. P-mannanases hydrolyse mannan-based
hemicellulose and liberate short B-1, 4-manno-oligomers
which can further be hydrolysed to mamnose by
B-mannosidases. Hemicellulolytic esterases  include
acetyl esterases which hydrolyse the acetyl substitutions
on xylose moieties and feruloyl esterase which hydrolyse
the ester bond between the arabmose substitutions and
ferulic acid. Feruloyl esterase aids the release of

hemicellulose from lignin and renders the free
polysaccharide product more amenable to degradation by

the other hemicellulases (Prates et al., 2001).

Ligninases: Lignin is very hard to be degraded compared
with other celluloses and hemicelluloses in most
agriculture wastes. The breakdown of lignin is not well
understood; however, most literatures proved correlation
between the ability to degrade lignin and the production
of extracellular phenolases, such as laccase, peroxidase
and tyrosinase which oxidize phenolic compounds, e.g.,
gallic and tamnic acids. Fungi breakdown ligmn
aercbically through the use of family of extracellular
enzymes collectively termed lignases. Phenol oxidase
(laccase), lignin peroxidase and manganese peroxidase are
widely considered to play a key role in lignin degradation
(Krause et ol., 2003; Malherbe and Cloete, 2003).

Enzyme cost: Cellulase production was the most
expensive step during ethanol production from cellulosic
biomass, in that it accounted for approximately 50% of the
total hydrolysis process cost. Sigmficant cost reduction
is required in order to enhance the commercial viability of
cellulase production technology (Howard et al., 2004).
However the cost of enzymes has decreased over the last
twenty years but 1s still considered to be very high. Much
research efforts have been focused on lowering the cost
of enzymes.

The following strategies can be applied for reducing
the cellulase production cost: (1) Strain improvement of
existing industrial organisms (by mutagenesis, by
protoplast fusion technmology, by genetic engineering and
recombinant DNA  technology), (2) Screening for
overproducing strains with novel enzymes, (3) Using
mixed cultures or co cultures of orgamsms. In order to
enhance cellulase activity, mixed cultures are generally
used. Application of mixed cultures is an alternative tool
to overcome feedback miubition and catabolite
repression, (4) Using cheap, renewable and easily
available cellulosic wastes. Due to the high production
cost of pure cellulose such as Avicel, the various
lignocellulosic raw materials 1s proved to be an best
alternative for cellulase production such as wheat straw,
rice straw, corn stover ete., (5) By using fed batch system
and (6) Applying recent trends in solid state fermentation,
solid state fermentation gives a concentrated product
which is advantageous in cellulase use for biomass
hydrolysis.

Microorganisms and their cellulolytic enzymes:
Several species of bacteria such as Cellumonas, Bacillus,
Thermomonospora,  Erwinia,  Microbispora  and
Streptomyces (El-Naggar et al, 2011, El-Naggar and
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Abdelwahed, 2012) and fungi such as Tricoderma,
Penicillium, Fusarium, Humicola Spp. and
Aspergillus fumigates (Sherief et al, 2010) are able to
produce cellulases and hemicellulases. Among the
cellulases produced by different microorganisms,
cellulases of Trichoderma reesei or T. viride and its
mutants have been the most broadly studied and best
characterized (Esterbabur ef al., 1991). A full complement
production of cellulase, stability under the enzymatic
hydrolysis conditions and resistance of the enzyme to
chemical inhibitors are the advantages of the cellulase
produced by Trichoderma. The main disadvantage of
Trichoderma cellulase is low activity of B-glucosidases.
On the other hand, Aspergilli are very efficient
B-glucosidase producers. In several studies, Trichoderma
cellulase was supplemented with extra B-glucosidases
and showed good improvement (Krishna et al., 2001;
Itoh et al., 2003).

Factors affecting the enzymatic hydrolysis of
lignocellulosic materials: The enzymatic hydrolysis of
lignocellulose 18 affected by many factors. The hmiting
factors have been traditionally divided into two groups:
Those related to lignocellulose structwral features and
those related to the mechamsm and mteractions of the
cellulolytic enzymes. Generally, structural features can be
categorized into two groups: Physical and chemical.
Physical structural features mnclude cellulose crystallimty,
degree of cellulose polymerization, pore volume,
accessible swface area and particle size. Chemical
structural featires include the contents of ligmin,
hemicellulose and acetyl groups. Table 3 summarizes the
relationship between structural featwres and biomass
digestibility.

Substrate-related factors

Lignin content: Ligmn plays a significant role in the rate
and extent of lignocellulose hydrolysis. Literature results
have all shown that cellulose digestibility enhances with

increasing ligmn removal (Draude ef a@l., 2001). The major

Table 3: Summary of relationship between structural features and
digestibility (Zhu et al., 2008)
Relationship between
structural features

Structural features and digestibility References
Chemical
Lignin Negative Draude et al. (2001)
Hemicellulose Negative Kim et al. (2003)
Acetyl group Negative Kong et al. (1992)
Physical
Surface area Positive Sinitsyn et al. (1991)
Crystallinity Negative Fan et al. (1981)

Mo correlation Grethlein (1985)
Degree of polymerization Negative Puri (1984)

No correlation
No correlation

Sinitsyn et al. (1991)

Particle size Draude ef al. (2001)

inhibitory role of lignin has been attributed to nonspecific
adsorption of enzyme to lignin (Sewalt et al., 1997) thus
preventing their reaction with substrates. The removal of
lignin leaves the cellulose more accessible and more open
to swelling on contact with cellulase (Mooney et al.,
1998). The degree that lignin adsorption of enzymes is
decreased depends on the severity of pretreatment and
the resulting decrease in higmn content (Ooshima et af.,
1991). Addition of swfactants during hydrolysis can
modify the cellulose swrface properties. An important
effect of surfactant addition in a process for lignocellulose
conversion 1s the possibility to lower the enzyme loading.
One reason for this effect might be adsorption of
surfactants to lignin which prevents unproductive
binding of enzymes to ligmn and results in higher
productivity of the enzymes (Eriksson et al., 2002).

Hemicellulose content: Because hemicellulose and lignin
are covalently linked, acid hydrolysis of hemicellulose can
open biomass structure as well. Moderate hemicellulose
removal (>50%) is required to significantly increase
cellulose digestibility (Mosier et al., 2005).

Acetyl content: In hemicellulose, xylan backbones are
extensively acetylated (CH3COO-) (Holtzapple, 1993).
Several studies showed that the removal of acetyl groups
from hemicellulose reduced the steric hindrance of
enzymes and greatly enhanced cellulose and xylan
digestibility (Kong et al, 1992). The acetate groups
interfere with enzyme recognition thereby slowing the
hydrolysis rate.

Accessible surface area: Particle size associated with
accessible surface area has a sigmficant mmpact on the
saccharification of lignocellulose by cellulolytic enzymes
and 15 thought to be a controlling factor for conversion
rates and vield (Zeng et al., 2007). Since, enzyme
adsorption is a prerequisite step in the hydrolytic process,
1t seemns that specific swrface area would have an effect on
hydrolysis rates since a higher surface area-to-weight
ratio should mean more available adsorption sites per
mass of substrate (Mansfield et of, 1999). Tt was
hypothesized that imtial rate of hydrolysis 1s a function of
cellulose’s accessible surface area. Small particle sizes of
untreated cellulosic substrate are more readily hydrolyzed
than large ones because of higher specific surface area
(Laivins and Scallan, 1996). Pretreatment increases
accessible and susceptible swface area leading to
enhanced enzymatic cellulose hydrolysis.

Cellulose crystallinity: Cellulose crystallinity presents a
umfied front that resists enzymatic attack. The rate of
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hydrolysis of amorphous cellulose is 3-30 times faster
than that of high crystalline cellulose (Lynd et al., 2002).
Several studies have shown that crystallinity prevents the
rapid access of enzymes (Zhu et al., 2008); however, there
are conflicting views about this (Fan et al, 1980). The
conflict likely results from not distinguishing between the
crystallimity of cellulose and biomass. For example, a
pretreatment that selectively removes ligmin enhances
enzymatic digestibility, but would actually increase
biomass crystallinity because lignin is amorphous. To
properly assess the role of crystallimty, it would be
necessary to know how the cellulose crystallinity, not the
biomass crystallinity, is affected by the pretreatment. This
is difficult to determine because measuring the
crystallimity of cellulose that 1s blended with other
biomass components is difficult.

Degree of polymerization: The degree of polymerization
(DP, number of glucosyl residues per cellulose chain) of
cellulosic substrates varies greatly, depending on
substrate origin and preparation. Tt is still unclear if the DP
of cellulose is a contributing limiting factor that influences
the efficiency of enzymatic hydrolysis, because different
conclusions have been drawn. Some of the results show
that the DP of wood-derived cellulose fragments
decreased  with increasing enzyme hydrolysis time
(Ramos et al, 1993) while others showed that the
molecular weight of residual material remains unchanged
after hydrolysis which indicates that the DP is relatively
ummportant (Sinitsyn et al., 1991).

Enzyme-related factors

End-product inhibition: End-product inhibition is a
major enzymatic factor that limits cellulase hydrolysis
(Xao et al, 2004). P-glucosidase, hydrolyzes the
glucose dimer cellobiose to glucose. With a shortage of
B-glucosidase, cellobiose accumulates, thereby inhibiting
the action of endoglucanases and cellobiohydrolases in
hydrolyzing cellulose. Adding extra B-glucosidase which
hydrolyzes cellobiose to glucose, thereby preventing
inhibition  of  cellobiohydrolases by  cellobiose
(Breuil et al., 1992). Increasing cellulase loading, removing
sugars during hydrolysis by filtration (Gan et al., 2005) or
using Simultaneous Saccharification and Fermentation
(SSF) (Vinzant et al., 1999) are strategies designed to
resolve this problem.

Enzyme synergism: Synergism seems to be particularly
important for crystalline cellulose hydrolysis. Amorphous
cellulose can be hydrolyzed by both endoglucanases and
cellobiohydrolases while crystalline cellulose 1s largely
hydrolyzed by cellobiohydrolases. Thus, crystallimty
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probably influences hydrolysis when synergism is lacking
due to an incomplete cellulase system or an insufficient
enzyme loading (Mansfield et al., 1999).

Ethanol fermentation: The lignocellulose hydrolysis
yields D-glucose from cellulose and a mixture of hexoses
(D-glucose, D-mannose, D-galactose, L-rhamanose),
pentoses (D-xylose, L-arabimmose) and uronic acids from
hemicelluloses. As a result, the ability of the fermenting
microorganisms to use the whole range of sugars
available from the hydrolysate 1s vital to increase the
economic competitiveness of cellulosic ethanol. The
general requirements on an orgamsm to be used n
ethanol production is that it should give a high ethanol
yield, a high productivity and be able to withstand high
ethanol concentrations in order to keep distillation costs
low (Von Sivers and Zacchi, 1996). In addition to these
general requirements, inhibitor tolerance, temperature
tolerance and the ability to utilize multiple sugars are
essential. Tolerance towards low pH-values will minimize
the risk of contamination.

Baker’s yeast (Saccharomyces cerevisiae) has long
been employed for the industrial production of ethanol
from hexose sugars (Kuyper et al., 2005). S. cerevisiae has
many positive attributes which makes it suitable for
industrial ethanol production such as a high rate of
ethanol production from glucose. However tlus yeast
species also has the limitation of not being able to ferment
pentoses such as xylose or arabinose. Even though
certain types of yeast, such as Pachysolen tannophilus,
Pichia  stipitis, or Candida shehatae, are
xylose-fermenting, they have poor ethanol yields and
low ethanol tolerance compared with the common
glucose-fermenting yeasts, such as S. cerevisiae.

Thermophilic anaerobes have several advantages
that make them suitable for an mdustrial conversion of
lignocellulosic biomass to ethanol. First, there are
orgamsms, such as Clostridium thermocellum that
already have the ability to convert lignocellulosic biomass
directly into ethanol. Second, the fermenters do not need
aeration, what is an expensive part of industrial
fermentation, because the organisms are anaerobes. Third,
the optimal growth temperatwre of e.g., C. thermocellum
1s about 60°C; a high temperature simplifies the removal
and recovery of ethanol by evaporation and distillation,
renders expensive cooling systems unnecessary and
furthermore it lessens problems with contaminations.
Fourth, anaerobes have m general a low cell yield, so
more of the substrate is converted to the endproduct
(Demain et al, 2005). Despite the advantages of these
organisms, one of the major drawbacks 1s that the
achieved ethanol vields are still rather low compared to
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good ethanol producers like S. cerevisiae. This is to some
part because during the fermentation of glucose not only
ethanol is produced but also other compounds such as
lactate and acetate. Another problem is the relative low
tolerance of these organisms to ethanol. The tolerance to
inhibitors that can be produced during the pretreatment
can also be a problem. However, C. thermocellum lacks
the ability to convert pentose sugars. Therefore the use
of a coculture (or mixed culture) of C. thermocellum with
another thermophilic anaerobe that is capable of
producing ethanol out of pentoses 1s of great interest.

Zymomonas mobilis, an obligately anaerobic
bacterium which gives a lower biomass yield and a higher
ethanol yield on glucose compared to S. cerevisiae
(Rogers et al, 1979). However, wild-type Z. mobilis lacks
the ability to ferment pentose sugars and a major
drawback is futhermore that it is not a very robust
organism. In general, bacteria appear to be less tolerant to
lignocellulose-derived mbubitors (Hahn-Hagerdal et al,
2007} and a detoxification step may be needed prior to the
fermentation.

The inability of S. cerevisiae and Z. mobilis to utilize
pentose sugars necessitates the search for pentose
utilizing strains. Two groups of micro-organisms, 1.e.,
enteric bacteria (E. coli and Klebsiella oxytoca) and some
veasts, are able to ferment pentoses, but with low ethanol
vields. Furthermore, xylose fermenting yeasts
(Pachysolen tannophilus, Candida shehatae and
Pichia stipitis) are sensitive to high concentrations of
ethanol (>40 g 1.7"), require micro-aerophilic conditions,
are highly sensitive to mntibitors and are not capable of
fermenting xylose at low pH (Zaldivar et af., 2001).

As no naturally occurring organism can satisfy all
necessary specifications (e.g., lugh ethanol yield,
temperature tolerance, wide-substrate range, ethanol
tolerance, tolerance to inhibitors and tolerance towards
low pH-values), this has to come by the utilization of
genetic engineering techniques for the construction of
organisms that have most of the desirable characteristics
for bioethanol production. Metabolic engineering for
microorgamsms used in fuel ethanol production has
generated recombinant orgamsms displaying attractive
features for the bioconversion of lignocellulose to ethanol
(Jeffries and Jin, 2004). The three most promising microbial
species that have been developed by metabolic
engineering in the last two decades are S. cerevisiae,
Z. mobilis and Escherichia coli. By genetic engineering
it is possible to transfer cellulase genes from Trichoderma
to Saccharomyces cerevisiae to produce “superstrains”
via genetic enginnering capable of hydrolyzing cellulose
and xylan along with fermentation of glucose and xylose
into ethanol.
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Due to the very attractive properties of S. cerevisiae
in industrial fermentations, there have been significant
efforts made to design recombinant S. cerevisiae
strains to co-ferment the pentose sugars xylose and
arabinose (Karhumaa et ol , 2006). Furthermore, strains of
S. cerevisiae were engineered to co-ferment mixtures of
xylose and cellobiose, using a xylose fermenting strain
and an mtracellular B-glucosidase to hydrolyse cellobiose
(Ha et al., 2011). Tt was shown that intracellular hydrolysis
of cellobiose minimised glucose repression of xylose
fermentation allowing co-consumption of cellobiose and
xylose that improved ethanol yields.

According to the reactions, the theoretical maximum
vield is 0.51 and 0.49 kg of ethanol kg™ of C6 or C5 sugar
(Qin, 2010):

Saccharomyces cerevisiae

CsHi206 2C:Hs0H + 2C0O2
Glucose Ethanol Carbon dioxide
l1kg 0.51kg 0.49kg
ACSHLNOs Pentose fermenting microorganisms SCIOH + 500z
Pentose Ethanol Carbon dioxide
1kg 0.49 kg 051kg

Hydrolysis and fermentation strategies: In the process of
ethanol production out of lignocellulosic biomass 4 steps
are driven by biological processes. (1) The production of
the cellulase enzymes, (2) The hydrolysis of the cellulosic
material, (3) The fermentation of hexose sugars and
{(4) The fermentation of pentose sugars.

Separate enzymatic hydrolysis and fermentation (SHF):
In this process, pretreated lignocelluloses are hydrolyzed
to glucose and subsequently fermented to ethanol in
separate umts (Fig. 4). The major advantage of this
method is that it is possible to cary out the cellulose
hydrolysis and fermentation at ther own optimum
conditions. The optimum temperature for cellulase is
usually  between 45 and 50°C, depending on the
cellulose-producing microorganism (Saha et al., 2005;
Olsson et al., 2006). However, the optimum temperature
for most of the ethanol-producing microorgamsms 1s
between 30 and 37°C. Inhibition of cellulase activity by
the released sugars, mainly cellobiose and glucose, is the
main drawback of SHF. At a cellobiose concentration as
low as 6 g L™, the activity of cellulase is reduced by 60%.
Although glucose decreases the cellulase activity as well,
the inhibitory effect of this sugar is lower than that of
cellobiose. On the other hand, glucose 1s a strong
inhibitor for B-glucosidase. At a level of 3 g L™ of
glucose, the activity of B-glucosidase is reduced by 75%
(Philippidis and Smith, 1995). Another possible problem in



Biotechnology 13 (1): 1-21, 2014

Lignocelluloses

~ Sizereduction

~ Pentose fermenting’

L . Pretreatment
-~ -microorganisms
Pent ich : = Solid fraction: Cellulose; lignin
o oserlc  — Solidandliquid Liquid fraction: Pentose; inhibitors
hydrolysate . ﬁaration '
Enzymatic Celluloytic enzymes
~ Distillation Hydrolysis for S 'm);ucﬁony R
ll solids P
1 .
- i Fermentation of ':::l N ,He%oseferm_entmg o
Ethanol microorganisms

Disti

hexose sugars

|

-

Ethanol

.

llation

Fig. 4: Schematic demonstration of bioethanol production using separate enzymatic hydrolysis and fermentation (SHEF)

SHF is that of contaminations. The hydrolysis process is
rather long, e.g., 1-4 days and a dilute solution of sugar
always has a risk of microbial contaminations, even at
rather high temperature such as 45-50°C. A possible
source of contamination could be the enzymes. In
practice, it 1s difficult to sterilize the cellulase in large
scale, since 1t should be filtered because of its
deactivation in an autoclave (Taherzadeh and Karimi,
2007h).

Simultaneous saccharification and fermentation (SSF):
The Simultaneous Saccharification and Fermentation
(SSF) the hydrolysis of pretreated
lignocelluloses and the hexose fermentation in one step
(Fig. 5). This configuration has the advantage that the

combines
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sugars do not inhibit the cellulases during the hydrolysis
because they are inmediately used up by the fermenting
orgamsms. In SSF process, the lignocellulosic biomass 1s
first pretreated with a dilute acid (1.1% sulfuric acid at
160°C for 10 min) to breakdown lignin-hemicellulose
complex. The resulting broth 1s filtered to dramn the liquid
from the system. The drained liquid containing pentose
sugars is neutralized with lime and processed via., xylose
fermentation process. Remaining solids containing
cellulose and lignin 1s then hydrolyzed and fermented
simultaneously by using cellulase enzymes and yeast.
The glucose produced by the hydrolyzing enzymes
is  consumed immediately by the fermenting
microorgamsim present in the culture (Krishna et af., 2001).
This 13 a great advantage for SSF compared to SHF, since
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the inhibition effects of cellobiose and glucose to the
enzymes are mimmized by keeping a low concentration of
these sugars in the media. SSF gives higher reported
ethanol yields from cellulose than SHF and requires lower
amounts of enzyme (Sun and Cheng, 2002; Demain et al.,
2005; Kanmi et al., 2006). The risk of contamination in SSF
15 lower than mn the SHF process, since the presence of
ethanol reduces the possibility of contamination.
Furthermore, the number of vessels required for SSF is
reduced 1n comparison to SHF, resulting n lower capital
cost of the process (Table 4).

An important strategy in SSF is to have the optimum
conditions for the enzymatic hydrolysis and fermentation
as close as possible, particularly with respect to pH and
temperatire. However, the difference between optimum

13

temperatures of the hydrolyzing enzymes and fermenting
microorgamisms 1s still a drawback of SSF. The optimum
temperature for cellulases 1s usually between 45 and 50°C,
whereas S. cerevisiae has an optimum temperature
between 30 and 35°C and is practically inactive at more
than 40°C. The optimum temperature for SSF by using
T. reesei cellulase and S. cerevisiae was reported to be
around 38°C which is a compromise between the
optimal temperatures for hydrolysis and fermentation
(Tengborg, 2000). Several thermotolerant bacteria and
yeasts, eg., Candida acidothermophilum  and
Kluyveromyces marxianus have been proposed for use
in SSF to raise the temperature close to the optimal
temperature of hydrolysis  (Golias et al, 2002;
Ballesteros et af., 2004; Hong et al., 2007). The currently
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Fig. 6: Schematic demonstration of bioethanol production using simultaneous saccharification and cofermentation (SSCF)

most promising ethanologenic bacteria for industrial
explottation are E. coli, Klebsiella oxytoca and Z. mobilis.
(Genetic engineering made it possible to transfer cellulose
genes from Trichoderma to S. cerevisiae (Shoemaker,
1984). However, the cellulases were produced at a
concentration too low to be useful.

Inhibition of cellulase by produced ethanol might be
also a problem in SSF. Tt was reported that 30 g 1.7
ethanol reduces the enzyme activity by 25% (Wyman,
1996). Ethanol mhibition may be a hmiting factor in
producing high ethanol concentration. Despite the
mentioned problems, SSF is the preferred method in many
laboratory studies and pilot scale studies for ethanol
production. In the case of ethanol production from
hardwood and agriculture residues, the hemicellulose
mainly contains pentoses. If the pentose is separated
during the pretreatment, the pentose-rich hydrolyzate
(hemicellulosic hydrolyzate) can be converted to ethanol
in a separate pentose-fermenting bioreactor (Fig. 5).

Simultaneous saccharification and cofermentation

(SSCF): In  Simultaneous Saccharification and
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Co-Fermentation (SSCF), the pretreated lignocellulosic
biomass 1s neutralized and directly exposed to different
enzymes and microorganisms that are capable of
hydrolyzing cellulose and hemicelluloses to fermentable
sugars as well as ferment hexoses and pentoses in one
step to ethanol (Teixeira ef al., 2000) (Fig. 6). One of the
main problems of this approach is that the pentose
utilizing organisms also prefer hexoses as substrate. So,
if they are together with an orgamsm as e.g., S. cerevisiae
there 1s a competition between them, what usually results
in lower ethanol yields. To overcome this effect sequential
fermentation of hexoses and pentoses has been proposed,
where the pentose fermenting organisms are added to the
substrate after the hexose fermentation is completed, but
in the same device. However ethanol yields of sequential
fermentation are still low.

The process carried out using genetically
engineered microorgamsms. Lawford and Rousseau
(1998) used a metabolically engineered strain of
Zymomonas mobilis that can coferment glucose and
xylose. McMillan et al. (1999) used an adapted variant of
the NREL xylose-fermenting Z. mobilis for ethanol

18
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Fig. 7: Schematic demonstration of bioethanol production using consolidated bioprocessing (CBP)

production from dilute-acid- pretreated yellow poplar
by SSCF. The integrated system produced more than
30 g L' ethanol and achieved 54% conversion of all
potentially available sugars in the biomass (total
sugars) entering SSCF. This technology is superior to
SSF technology in terms of cost effectiveness, better
yields and shorter processing time (Table 4) (Lynd et al.,
2005).

Consolidated bioprocessing (CBP): Consolidated
bioprocessing (CBP) 1s a system in which cellulase
production, substrate hydrolysis and fermentation are
accomplished single step by cellulolytic
microorgamsins in microbial community and in one reactor
(Fig. 7) (Lynd et al., 2005; Cardona and Sanchez, 2007). It

in a
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is important to note that, in CBP, only one microbial
consortium 1s employed for both the production of
cellulase and fermentation. CBP offers the potential of
lower production costs due to simpler lignocellulosic
material processing, lower energy inputs and higher
conversion efficiencies than SSF or SSCF based
processes (Table 4). CBP is an economically attractive
near-term  goal for processes involving “third
generation” biofuel production (Demain et al, 2005;
Hamelinck et al, 2005). There are two strategies for
enabling consolidated bioprocessing; (1) Modification of
excellent ethanol producers, so that they also become
efficient cellulase producers and (2) Modification of
excellent cellulase producers, so that they also become
efficient ethanol producers (Lynd et al., 2005).
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There are as yet no orgamsms or compatible
combinations of microorganisms available that produce
cellulase and other enzymes at the required high levels
and also produce ethanol at the required high yields and
concentrations, although various orgamisms already
combine multiple functions (Hamelinck et al., 2003). Den
Haan et al. (2007) developed a recombinant strain of
8. cerevisice which can be used for CBP. Two
cellulose-encoding genes, an endoglucanase of 7. reesei
and the P-glucosidase of Saccharomycopsis fibuligera,
in combination, were expressed n S. cerevisize. The
resulting strain was able to grow on cellulose by
simultanecus production of sufficient extracellular
endoglucanase and P-glucosidase. They demonstrated
the construction of a yeast strain capable of growing and
of converting cellulose to ethanol in one step,
representing significant progress towards realization of
one-step processing of lignocellulose in a CBP
configuration.
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