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ABSTRACT

Bio-ethanol is the most potential next generation automotive fuel for reducing both consumption of crude 
oil and environmental pollution from renewable resources such as wood, forest residuals, agricultural 
leftovers and urban wastes. Lignocellulosic based materials can be broken down into individual sugars. 
Therefore, saccharification is one of the important steps for producing sugars, such as 6-C glucose, 
galactose, mannose and 5-C xylose, mannose and rhamnose. These sugars can be further broken down 
and fermented into ethanol. The main objective of this research is to study the feasibility and optimize 
saccharification and fermentation process for the conversion of lignocellulosic biomass to low cost 
bioethanol. 
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1. Introduction

Ethanol has been a part of human culture since the 
dawn of time, but it was not until late nineteenth 
century that ethanol was first used as a fuel source. 
However, the role of ethanol as a fuel source was not 
long lived and was quickly abandoned in favour of 
petroleum-based fuels. In the nineteen seventies, the 

oil crisis ignited a new interest in ethanol and its use a 
fuel source. Ethanol is a clean-burning renewable 
resource that can be produced from fermented 
cellulosic biomass 1). In many parts of the world, 
demand for bioethanol as an alternative fuel source has 
steadily increased 2) due to dwindling fossil fuel 
resources and increased gasoline prices. The lignin 
component severely reduces the release of sugars in 
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two ways 3). First, lignin blocks access of the cellulase 
to its substrate cellulose, and second, lignin 
non-productively binds the cellulase 4–8). Lignin is a 
hydrophobic aromatic polymer and binds cellulases 
mainly via their cellulose-binding domain 9). After the 
pre-treatment the glucose molecules are still imprisoned 
in long chains of cellulose and hemicellulose and 
therefore not readily available for fermentation. 
Therefore, saccharification is a crucial method for 
producing sugars that utilizes enzymatic bond 
breaking and parallel to the enzymatic activity. The 
hydrolysis can be done with acids or enzymes or a 
combination of both. Cellulose based materials, like 
softwood, even harder to hydrolyze than the starch 
based equivalent. There are three major types of 
enzymatic activity for saccharification (1) endo- 
glucanases (1,4-β-D-glucan 4-glucanohydrolases; 
EC 3.2.1.4), (2) exo-glucanases, including cellodextrinases 
(1,4-β-D-glucan glucanohydrolases; EC 3.2.1.74) 
and cellobiohydrolases (1,4-β-D-glucan cellobiohydrolases; 
EC 3.2.1.91), and (3) β-glucosidases (β-glucoside 
glucohydrolases; EC 3.2.1.21) 10). Recent technology 
for conversion of cellulose to ethanol needs chemical 
or enzymatic conversion of the substrate to fermentable 
sugars follow by fermentation by microorganisms 
such as Saccharomyces cerevisiae. The cellulose 
fraction of lignocelluloses can be converted to ethanol 
by separate enzymatic hydrolysis and fermentation 
(SHF), simultaneous saccharification and fermentation 
(SSF), simultaneous saccharification and co-fermentation 
(SSCF), hybrid hydrolysis and fermentation (HHF) or 
consolidated bioprocessing (CBP). SSF is favoured 
for its low potential costs 11). Hybrid hydrolysis and 
fermentation is combination process between SHF 
and SSCF for higher yielding ethanol. Now CBP is 
more reliable method for bioethanol production. This 
study is to develop the saccharification and fermentation 
technology for cost effectiveness, better yields, and 
shorter processing time.

2. Saccharification or hydrolysis

After pre-treatment, the cellulose molecule is 
hydrolyzed by water molecule which is converted to 
glucose molecule.

(C6H10O5)n + nH2O = nC6H12O6                       [1]
This reaction is catalyzed by dilute acid, concentrated 

acid or enzymes (cellulase). It has some advantages 
i.e. very mild conditions (pH = 4.8 and temperature 
318–323 K) give high yields and the maintenance costs 
are low for not corrosion problems compared to 
alkaline and acid hydrolysis. Without preceding 
pre-treatment hydrolysis yields typically <20%, 
whereas after pre-treatment yielding rate often exceed 
90% 12). Lignocellulosic materials may also be 
hydrolyzed by gamma ray or electron-beam irradiation, 
or microwave irradiation 13,14). Lignocellulosic 
materials hydrolysis is more complicated due to the 
presence of nonglucan components such as lignin and 
hemicellulose than that of pure cellulose 10).

2.1 Acid hydrolysis

For cellulose hydrolysis by sulfuric acid involving 
two consecutive first-order reactions was developed 
by 15).

Cellulose → Glucose → Decomposition products 
Some scientists examined this model for other 

polysaccharides, such as xylan, mannan, arabinan etc., 
which can be popularized as 16)

Polymers → k1 Monomers → k2 Decomposition 
products

Where k1 and k2 are the first-order reaction rate 
constants for releasing monomer and decomposition, 
respectively, both having units of reciprocal time. The 
polymers can be cellulose, hemicellulose; monomers 
can be glucose, xylose, arabinose etc., and decomposition 
products can be furfural, hydroxymethyl furfural, 
formic acid, levulinic acid, etc. There are two basic 
types of acid hydrolysis processes commonly used: 
dilute acid and concentrated acid.



Bioethanol Production Using Lignocellulosic Biomass – review  Part 2. Saccharification and fermentation of biomass for generating ethanol      17

2.1.1 Dilute acid hydrolysis

The dilute acid process involves a solution of 0.5% 
to 2% sulfuric acid concentration and high temperature 
at 488K 17). Most dilute acid processes are limited to 
a sugar recovery efficiency of almost 50% 18). The 
primary challenge for dilute acid hydrolysis processes 
is how to increase glucose yields higher than 70% in an 
economically viable while maintaining high cellulose 
hydrolysis rate and minimizing glucose decomposition. 
Strong acids may reduce the crystalline region but they 
degrade glucose. Dilute acid hydrolysis occurs in two 
stages. 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 cellulose portion of the materials. 
The main advantage of this process is that their 
reaction rate is fast, and their disadvantage is that their 
yielding sugar is low.

2.1.2 Concentrated acid hydrolysis

Concentrated acid process provides a complete and 
rapid conversion of cellulose to glucose and 
hemicelluloses to 5-carbon sugars with little degradation. 
The low temperatures and pressure will lead to 
minimization of the sugar degradation. Reaction times 
are typically much longer than dilute acid process 16). 
These processes typically involve 60–90% H2SO4, 
mild temperatures (313–323K), and moderate 
pressures created by pumping materials from one 
vessel to another vessel for effective hydrolysis. The 
concentrated acid process offers more potential for 
cost reductions than the dilute sulfuric acid process. 
The primary advantage of the concentrated acid 
process is the potential for high sugar recovery 
efficiency 14). The concentrated acid disrupts the 
hydrogen bond between cellulose chains which is 
converted to a complete amorphous state. Once cellulose 
has been decrystallized, it forms a homogeneous gel 
with the acid 19). It has also some problems i.e. 
severe to work with acid and the acid must be 

recovered and reconcentrated in order for the process 
to be economical 20).

2.2 Enzymatic hydrolysis

Enzymatic hydrolysis of cellulose is carried out by 
cellulase enzymes which are highly specific 21). 
Enzymatic hydrolysis is a very slow process because 
cellulose hydrolysis is hindered by structural parameters 
of the substrate, such as lignin and hemicellulose 
content, surface area, and cellulose crystallinity 22). 
Both bacteria and fungi can produce cellulases for the 
hydrolysis of lignocellulosic materials. Bacteria 
belonging to Clostridium, Cellulomonas, Bacillus, 
Thermomonospora, Ruminococcus, Bacteriodes, Erwinia, 
Acetovibrio, Microbispora, and Streptomyces can 
produce cellulases. Fungi that have been reported to 
produce cellulases include Sclerotium rolfsii, P. 
chrysosporium and species of Trichoderma, Aspergillus, 
Schizophyllum and Penicillium 23-25). Trichoderma 
sp. has been most extensively studied for cellulase 
production 24). Filamentous fungi are the major 
source of cellulases and hemicellulases 26). Wild type 
and mutant strains of Trichoderma sp. (T. viride, T. 
reesei, T. longibrachiatum) have long been considered 
to be the most productive and powerful destroyers of 
crystalline cellulose. During the enzymatic hydrolysis, 
cellulose is degraded by the cellulases to reducing 
sugars that can be fermented by yeasts or bacteria to 
ethanol as depicted in Fig. 1. However, enzymatic 
hydrolysis is attractive because it produces better 
yields than acid-catalyzed hydrolysis and enzyme 
manufacturers have recently reduced costs substantially 
by using modern biotechnology 27).

2.2.1 Separate or Sequential hydrolysis and 

fermentation (SHF)

SHF means enzymatic hydrolysis is performed 
separately from fermentation step 29). In SHF, 
hydrolysis and fermentation are carried out in separate 
vessels under their own optimal conditions. However, 
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Fig. 1. A diagram of the reaction of cellulase in 
cellulose hydrolysis (C1:exo-glucanases,Cx: 
endo-glucanases)28).

end-product inhibitions of enzymes activity and 
contamination problems are associated with this 
process. Compared to SSF the final bioethanol yield is 
higher, less energy is required and production costs are 
minimized at shorter fermentation time 30). Better 
performance of SHF approach than SSF report with E. 
coli strain and using alkaline peroxide pretreated 
wheat straw 31). The primary advantage of SHF is that 
hydrolysis and fermentation occur at optimum 
conditions. The disadvantage is that cellulolytic 
enzymes are inhibited to end products. In contrary to 
substantially faster ethanol productivity in SSF, the fi
nal ethanol yield is higher in SHF process (81% of the 
theoretical compared to 68% in SSF) 32). 

2.2.2 Simultaneous saccharification and 

fermentation (SSF)

In SSF configuration, lignocellulosic materials are 
pretreated by dilute acid (1.1% sulfuric acid at 160 °C 
for 10 min) to hydrolyze hemicellulose into sugars. 
The liquor is let out from the system and then 
neutralized by using lime. Then, liquor containing C5 
sugars is transferred for the fermentation. Yeast and 
enzymes are then added to the remaining solids 
(contain cellulose and lignin) where the enzymes 

digest cellulose to produce glucose. Yeast and other 
microbes ferment glucose to produce ethanol 
separately 33). Due to the reduction of glucose 
inhibition in the enzymatic hydrolysis during SSF, the 
detoxifying effect of fermentation, and the positive 
effect of inhibitors present in the pretreatment 
hydrolysate (e.g. acetic acid) on the fermentation, SSF 
proved to be a better process configuration than SHF 
34). Simultaneous saccharification and fermentation 
(SSF) plays an effective role to overcome enzyme 
inhibition. SSF combines enzymatic hydrolysis with 
ethanol fermentation to keep the concentration of low 
glucose. Major advantages of SSF as described by Sun 
and Cheng 35) i.e. (i) load lower enzyme, (ii) require 
lower amount for sterile conditions since glucose is 
removed immediately and bioethanol is produced, (iii) 
need shorter process time; and (iv) less reactor volume. 
Different temperature optima for saccharification and 
fermentation are the main disadvantage of SSF 33). In 
many cases, the low pH, e.g., <5, and high temperature, 
e.g., >313 K, may be favorable for enzymatic 
hydrolysis, whereas the low pH can surely inhibit the 
lactic acid production and the high temperature may 
affect adversely the fungal cell growth 36).

2.2.3 Simultaneous saccharification and co- 

fermentation (SSCF)

More recently, the SSF technology has proved 
advantageous for the simultaneous fermentation of 
hexose and pentose which is called simultaneous 
saccharification and co-fermentation (SSCF). In SSCF 
configuration, the enzymatic hydrolysis continuously 
releases hexose sugars, which increases the rate of 
glycolysis such that the pentose sugars are fermented 
faster and produces higher yield by using of 
metabolically-engineered microorganisms 37). SSF 
and SSCF are preferred because both unit operations 
can be done in the same tank, resulting in lower costs 
38). In SSCF, the pretreated materials are exposed to 
different enzymes/microbes which not only hydrolyze 
cellulose and hemicelluloses into different sugars but 
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Fig. 2. Hybrid Hydrolysis and Fermentation (HHF).

also ferment sugars into ethanol. This technology is 
better than the simultaneous saccharification and 
fermentation technology for cost effectiveness, better 
yields, and shorter processing time 39).

2.2.4 Hybrid hydrolysis and fermentation (HHF)

Hybrid hydrolysis and fermentation (HHF) process 
predicts combination between SHF and SSCF 
configuration that begins with a separate hydrolysis 
step and ends with simultaneous hydrolysis and 
fermentation. This system starts with high temperature 
saccharification step and followed by simultaneous 
mesophilic hydrolysis and cofermentation as 
represented in Fig. 2. 

2.2.5 Consolidated bioprocess (CBP)

Consolidated bioprocessing (CBP) – featuring cellulase 
production, cellulose hydrolysis and fermentation in one 
step – is an alternative approach with outstanding 
potential. Recent studies of the fundamental principles 
of microbial cellulose utilization support the feasibility 
of CBP. The processing of lignocellulosic materials by 
enzymatic hydrolysis commonly involves four 
biologically mediated transformations: (i) hydrolysis 
of carbohydrate components present in pretreated 
biomass to sugars, (ii) production of saccharolytic 
enzymes (cellulases and hemicellulases), (iii) fermentation 
of hexose sugars (glucose, mannose, and galactose), 
and (iv) fermentation of pentose sugars (xylose, 
rhamnose and arabinose) 40). These four transformations 
occur in a single step called consolidated bioprocess 
(CBP). This is also called direct microbial conversion 
(DMC). CBP has the potential to provide the lowest 
cost route for biological conversion of cellulosic 

biomass to fuels and other products in processes 
featuring hydrolysis by enzymes and/or microorganisms. 

3. Improving enzymatic 

hydrolysis

The factors e.g. substrates, cellulase activity, and 
reaction conditions (temperature, pH, and other 
parameters) that affect the enzymatic hydrolysis of 
cellulose. Research has focused on optimizing the 
hydrolysis process and enhancing cellulase activity 
for improving the yield and enzymatic hydrolysis rate 
41-43).

3.1 Substrates

Substrate concentration is one of the main factors 
that affect the yield and initial rate of enzymatic 
hydrolysis of cellulose. At low substrate levels, an 
increase of substrate concentration normally gives 
high yield and reaction rate of the hydrolysis 44). 
However, high substrate concentration can create 
substrate inhibition, which substantially reduces the 
rate of the hydrolysis, and the extent of substrate 
inhibition depends on the ratio of total substrate to total 
enzyme 45,46). The susceptibility of cellulosic substrates 
to cellulases depends on the structural features of the 
substrate including cellulose crystallinity, degree of 
cellulose polymerization, surface area, and content of 
lignin. Lignin interferes with hydrolysis by blocking 
access of cellulases to cellulose and by irreversibly 
binding hydrolytic enzymes. Therefore, removal of 
lignin can dramatically increase the hydrolysis rate 
47).



20   Mominul Islam Sheikh MD., Chul-Hwan Kim, Shabina Yesmin, Ji-Yong Lee, Gyeong-Chul Kim, Byeong-Il Ahn, Sung-Ho Kim and Hyeon-Jin Park      J. of Korea TAPPI 42(5) 2010

Fig. 3. Anaerobic vs. Aerobic pathways.

3.2 Cellulase

Cellulase dosage of 10 FPU/g cellulose is often used 
in laboratory studies because it provides a hydrolysis 
profile with high levels of glucose yield in a reasonable 
time (48–72 h) at a reasonable enzyme cost 46). 
Cellulase enzyme loadings in hydrolysis vary from 7–
33 FPU/g substrates, depending on the type and 
substrates concentration. Addition of surfactants 
during hydrolysis is capable of modifying the 
cellulose surface property and minimizing the 
irreversible binding of cellulase on cellulose. The 
surfactants used in the enzymatic hydrolysis include 
nonionic Tween 20, 80 47), polyoxyethylene glycol 
48), Tween 81, Emulgen 147, amphoteric Anhitole 
20BS, cationic Q-86W 49), sophorolipid, rhamnolipid, 
and bacitracin 50). Inhibitory effects have been 
observed with cationic Q-86W at high concentration 
and anionic surfactant Neopelex F-25 49). Therefore, 
nonionic surfactants are considered to be more 
suitable for enhancing the cellulose hydrolysis. 
Cellulases can be recovered more from the liquid 
supernatant than the solid residues. Enzyme recycling 
can effectively increase the rate and yield of the 
hydrolysis and lower the enzyme cost 51).

3.3 Inhibitor of cellulase activity

Cellulase activity is inhibited by cellobiose and to a 
lesser extent by glucose. Several methods have been 
developed to reduce the inhibition, including the use of 
high concentrations of enzymes, the supplementation 
of β-glucosidase during hydrolysis, and the removal 
of sugars during hydrolysis by ultrafiltration or 
simultaneous saccharification and fermentation 35).

4. Ethanolic fermentation

A variety of micro-organisms (bacteria, yeast, or 
fungi) ferment carbohydrates to ethanol under 
oxygen-free conditions 52). These microorganisms 
can typically use the most common 6-carbon sugars, 

glucose. During fermentation, both C5 and C6 sugars 
are fermented to ethanol under anaerobic/aerobic 
conditions as stated in fig. 3. Historically, yeast (S. 
cerevisiae) was used to ferment C6 sugars. Similarly, 
Zymomonas mobilis also efficiently produces bioethanol 
from the hexose sugars, glucose and fructose but not 
from pentose sugars, although a xylose-fermenting Z. 
mobilis was generated by introducing a xylose 
metabolizing pathway from Escherichia coli 34). 
Other engineered microbes like E. coli have also been 
developed which can ferment both C6 and C5 sugars. 
Based on the different combinations of technologies 
adopted at the pretreatment, hydrolysis, and fermentation 
stages of ethanol synthesis, several integrated 
technologies have also evolved recently due to the 
developments in the area of biotechnology. Therefore, 
cellulosic biomass materials containing high levels of 
glucose or precursors are the easiest to convert to 
bioethanol 10).

5. Conclusions

Cellulose conversion is optimized using response 
surface methods with pH, enzyme loading, solid 
percentage, and temperature as factor variables. High 
ethanol yield and low production cost need optimization 
of saccharification and fermentation processes. An 
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efficient direct fermentation of amorphous cellulose to 
ethanol is achieved by developing a yeast strain 
co-displaying of cellulolytic enzymes. Combination 
of cellulases with various functions is effective in 
producing efficient degradation for cellulose hydrolysis. 
The intension of this review is to improve the ability to 
catalyze cellulose degradation for saccharification and 
its fermentation to high yield ethanol by using bacteria 
or yeast. 
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