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Abstract. Pretreatment is an important tool for practical cellulose conversion processes and can be carried out in
different ways such as mechanical pretreatment, steam explosion, ammonia fiber explosion, supercritical CO2
treatment, alkali or acid pretreatment, ozone pretreatment, physicochemical pretreatment, dilute-acid pretreatment
and biological pretreatment. Biomass pretreatment with hot water (HW) is the most investigated physicochemical
method use the differences in the thermal stabilities of the major components of lignocellulosic materials. Acid
pretreatment of lignocellulosic biomass aims at increasing the sugar substrate digestibility, defined as the
concentration of reducing sugars after the hydrolysis, by microorganisms. Acid hydrolysis is an attractive
pretreatment method as the hemicellulose degradation runs with the efficiency of approximately 20-90%,
depending on the process conditions. Dilute acid (DA) processes with continued research and development, no
significant breakthroughs have been made to raise the glucose yields much higher than 65-70%. Acid pretreatment
is much more effective than water and alkaline pretreatment in terms of cellulose accessibility increase compared
with DA and HW pretreatment.
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1. Introduction

Lignocellulose, being the most abundant, cheapest, and easiest grown form of biomass, is an interesting

feedstock for the production of biofuels and valuable chemical compounds. Lignocellulose is a basic
component of plants and is widely exploited by various branches of industry, e.g., pharmaceutical, food and
cosmetic industries. Lignocellulose is a widely available material that cannot be consumed as food by people
or animal. It is proposed that high-value by-products and gas-liquid-solid pyrolysis products should be
improved in terms of pretreatment processes instead of the chemical reaction rates [1]
The physical form and size of the lignocellulose material structure determines the pretreatment methods that
should potentially be used, including any necessaty high energy-need mechanical pretreatment [2]. A potential
solution is to develop second-generation biofuels and biobased products that utilize nonfood plant materials.
Lignocellulose is composed of three main fractions: cellulose (30-60% of dry matter), hemicellulose (14-40%
of dry matter), and lignin (7-25% of dry matter). The relative abundance of cellulose, hemicellulose, and lignin
are the factors for potential energy productivity.

Cellulose is an unbranched crystalline structured biopolymer composing the cell walls of plants as well
as bacteria, fungi, and algae. Cellulose is composed of several to hundreds of thousands of units of glucose,
connected by B-1,4-glicosidic bonds [1]. Hemicellulose is a branched heteropolymer composed of hexoses
(D-galactose, L-galactose, D-mannose, L-fructose), pentoses (L-rthamnose, arabinose, xylose), D-glucuronic
acid and acetylated sugars [2]. Lignin is an amorphous, water-insoluble heteropolymer. Lignin is a product of
condensation of three monomeric phenol alcohols: trans-p-cumarylic, trans-p-coniferylic, trans-p-sinapylic.
Lignin is a component of a cell wall and its main biological function is to form an impermeable structure that
protects a plant from an invasion of microbes [3][4]. To make the conversion, these raw materials must be
subjected to pretreatments which open the structure of the biomass and allow easier release of fermentable
monosaccharide. Three main factors facilitate the release of fermentable sugars [5]. The first factor includes
the separation of hemicelluloses, which increases the accessibility of the cellulose fraction by creation of large
pores in the fiber structure, resulting in an increase of the number of sites available for hydrolysis reactions
[6]. The second factor is the crystallinity of the cellulose. Vatrious studies show that thermochemical
treatments tend to increase the crystallinity index of the cellulose fraction, resulting in a decrease of the
accessibility of the substrate. Finally, the accessibility to the cellulose fibers is strongly limited by the presence
of the lignin matrix, surrounding the cellulose fraction. Lignin removal is essential for the achievement of
efficient (enzymatic or chemical) hydrolysis [7].

The biggest limitation regarding exploitation of lignocellulose as a substrate for biohydrogen production
via fermentation method is the problem of efficient lignocellulose hydrolysis to sugars in biohydrogen
production. The main aims of the pretreatment include the disintegration of a tight towards the cellulose.
During hydrolysis, as a result of chemical and biochemical processes catalyzed by enzymes, together with
physical and physicochemical treatment, a decomposition of organic matter occurs|8].

The resulting simple chemical compounds are metabolized by microorganisms during the fermentation
processes. The increase of biohydrogen production efficiency requires the development of economically and
environmentally friendly technologies for lignocellulosic biomass pretreatment [9].

2. Discussion

Processing of lignocellulosics to bioethanol consists of four major unit operations: pretreatment,

hydrolysis, fermentation and product separation/distillation[10]. Schematic flowsheet for the bioconversion
of biomass to bioethanol is shown in Fig. 1. The first step in the conversion of biomass to ethanol is size
reduction and pretreatment. The goal of any pretreatment technology is to alter or remove structural and
compositional impediments to hydrolysis in order to improve the rate of enzyme hydrolysis and increase
yields of fermentable sugars from cellulose or hemicellulose [11]. A successful pretreatment must meet the
following requirements [12]{13]: () improve formation of sugars or the ability to subsequently form sugars
by hydrolysis, (ii) avoid degradation or loss of carbohydrate, (iii) avoid formation of byproducts inhibitory to
subsequent hydrolysis and fermentation processes, and (iv) be cost effective.
The hemicellulose and cellulose polymers are hydrolyzed with enzymes or acids to release monomeric sugars.
The sugars from the pretreatment and enzymatic hydrolysis steps are fermented by bacteria, yeast or
filamentous fungi, although the enzymatic hydrolysis and fermentation can also be performed in a combined
step — a so-called simultaneous saccharification and fermentation (SSF) [14].
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Fig. 1 Schematic flowsheet for the bioconversion of biomass to bioethanol [15]

Pretreatment is an important tool for practical cellulose conversion processes shown in Fig. 2. Cellulose
is a long chain of glucose molecules, linked to one another primarily by glycosidic bonds; hemicelluloses is
not a chemically well-defined compound but rather a family of polysaccharides that links cellulose fibers into
microfibrils and cross-links with lignin, creating a complex network of bonds that provide structural strength;
and lignin, a three-dimensional polymer of phenylpropanoid units, is considered to be the cellular glue,
providing the plant tissue and the individual fibers with compressive strength and the cell wall with stiffness

(Fig. 3) [16].
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Fig. 2 Structure of lignocellulosic biomass [10]

Pretreatment is required to alter the structure of cellulosic biomass to make more accessible to the
enzymes that convert the carbohydrate polymers into fermentable sugars and to cellulose producing
microorganisms shown in Fig. 3 [1,2].
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Fig. 3 The role of pretreatment on the recalcitrant structure of lignocellulosic biomass [17]

Pretreatment can be carried out in different ways such as mechanical pretreatment, steam explosion, ammonia
fiber explosion, supercritical CO2 treatment, alkali or acid pretreatment, ozone pretreatment,
physicochemical pretreatment, dilute-acid pretreatment and biological pretreatment [18].

2.1. Steam explosion / Physicochemical pretreatment

Physicochemical methods enable the decomposition of the lignocellulose structure by means of oxidation
combined with thermal treatment. Physicochemical pretreatment of of lignocellulosic biomass [1]: Biomass
pretreatment with hot water, Pretreatment with carbon dioxide, Biomass pretreatment with ammonia

Biomass pretreatment with hot water (HW), wet air oxidation together with/or steam explosion
exclusively is the most investigated physicochemical method of biomass pretreatment. These methods use
the differences in the thermal stabilities of the major components of lignocellulosic materials. If pretreatment
temperature reaches 240°C, the cellulose was partially degraded, and the crystallinity of the cellulose is reduced.
The fragmented lignocellulosic material is exposed to saturated steam at 160-240°C under the pressure of
0.7-4.8 MPa. As a result, dissolved hemicellulose and lignin are transferred to the liquid phase, while cellulose
remains as a solid. Hemicellulose hydrolysis releases glucose and xylose, which is called autohydrolysis
[19]]20]. Xiao et al. pretreated bamboo residues with hot water at 140-200°C for different times (10-120 min).
The degradation efficiency of lignin showed a slight increase with the increase in temperature and time.
However, a significant amount of lignin remained in the residues after the hydrothermal pretreatment. The
content of lignin (acid-soluble lignin and acid-insoluble lignin) in the residues increased from 25.9 - 41.1%
with the increase of temperature and reaction time [21]. The cellulose and hemicelluloses in the biomass
might be partially converted into pseudo-lignin, which resulted in the increase of acid-insoluble lignin [22].

The biomass pretreatment mechanism using carbon dioxide explosion is related to steam explosion [23].
Carbon dioxide explosion uses supercritical CO» (SC-COy) to support the biomass digestibility. SC-CO> or
high-pressure COz (up to 28 MPa) is supplied to the biomass placed in a high-pressure vessel [24,25].
Furthermore, it is supposed that carbonic acid is produced from CO; dissolution in water. Carbonic acid
enhances the rate of hydrolysis, especially hemicellulose hydrolysis [23,24]. Pretreatment with carbon dioxide
increases the efficiency of cellulose hydrolysis to glucose by approximately 70% compared to the untreated
biomass [25].

The most popular biomass pretreatment with ammonia methods are AFEX and ARP (Ammonia
Recovery Process). The AFEX method consists of forming a biomass suspension in anhydrous ammonia at
60-90 ©C with pressure above 3 MPa. As a result, the ammonia undergoes fast evaporation and the system
cools down. The pressure variations cause swelling of the cellulose and increases its specific area. During the
ARP, the ammonia solution percolates through the packed bed,at temperature (150—180 ©C) and the solution
is recycled or recovered.[26] Moreover, minimalization of fermentation inhibitors formation results from
mild process conditions. Ammonia is highly efficient enabling up to 70—85% delignification of corn straw
and approximately 40—60% removal of hemicelluloses. However, pretreatment with ammonia is not efficient
for biomass with high lignin content. [27]. Additionally, the poisonous ammonia fumes generated during
process realization causes safety and environmental concerns.

2.2. Dilute acid (DA) / Acid pretreatment
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Acid pretreatment of lignocellulosic biomass aims at increasing the sugar substrate digestibility, defined
as the concentration of reducing sugars after the hydrolysis, by microorganisms. Acid hydrolysis consists of
damaging the lignin structure, dissolution of the hemicellulose and aiding the decomposition of cellulose to
simple sugars. Efficient acid hydrolysis must be realized at an increased temperature. Acid hydrolysis is an
attractive pretreatment method as the hemicellulose degradation runs with the efficiency of approximately
20-90%, depending on the process conditions. Koostra et al. investigated the hydrolysis of wheat straw using
sulfuric, fumaric and maleic acids at a concentration equal to 10% at temperature of 130, 150, and 170 °C for
30 min and under a maximum pressure of 200 Ba. [28]. Acid pretreatment is much more effective than water
and alkaline pretreatment in terms of cellulose accessibility increase. Further investigation suggests that lignin
does not dictate cellulose accessibility to the extent that hemicellulose does, but it does restrict xylan
accessibility which in turn controls the access of cellulase to cellulose. [29].

The chemical composition of each of the substrates was determined by the Klason protocol according

to TAPPI standard method T-222. The majority of the hemicellulose (98%), typically characterized by xylan
is removed within 10 min of DA pretreatment. The DA and HW pretreatment is ineffective at removal of
lignin, and in fact the Klason lignin content actually increases after pretreatment due to the formation of
pseudo-lignin. On the other hand, 35% of lignin can be removed via 60 min NaOH pretreatment at 120°C
while only 28% of xylan is degraded. Severe DA pretreatment resulted in the highest glucose yield as
compared to other pretreatments. And approximately 500 mg of glucose per gram of dry pretreated biomass
could be released after 60 min 1600C DA pretreatment. Under the same pretreatment conditions (1200C, 10
min). alkali pretreated Populus actually has the highest glucose release, approximately 320 mg g-1 of dry
biomass.
However, effectiveness of different types of pretreatment methods cannot be simply juged solely on this
common basis. Delignification through alkaline-based pretreatment is found to be less effective that removal
of hemicelluloses using an acid in terms of cellulose accessibility increase. Lignin also plays a negative role in
the processes of enzymatic hydrolysis by binding to cellulases, and this negative effect of lignin could be
compensated by the positive effect of cellulose accessibility, especially under severe DA pretreatment
conditions.

Dilute acid processes were industrialized in the eatly part of the 20th century, and even with continued
research and development, no significant breakthroughs have been made to raise the glucose yields much
higher than 65-70% [30]. There have been several improvements to the kinetic model originally suggested by
Saeman, in which he proposed a hydrolysis sequence cellulose —> glucose — degradation products [31].

However, these more recent models substantiate the results whereby it was predicted that glucose yields

higher than 65-70% are not attainable using dilute sulfuric acid. Conner et al. suggested that once glucose is
formed under reaction conditions, it can derivative and/or degrade at a significant rate [32]. Bouchatd et al.
suggested that only about 60-70% of the theoretical glucose yield from cellulose can be obtained using a plug-
flow reactor because the cellulose is chemically altered after about 70% conversion [33].
Therefore, the resulting solid substrate is not quantitated as cellulose and can no longer be hydrolyzed to
release glucose. Mok and Antal suggested that when using a percolation reactor, about 30% of the hydrolyzed
cellulose gives rise to oligomers, which cannot be converted to glucose either at reaction temperature or after
traditional post hydrolysis conditions using 4% sulfuric acid. The dilute-acid-catalyzed rates of cellulose
hydrolysis using a flowing reactor were greatly enhanced over those using batch reactor [34].

2.3. Enzym Hydrolysis

Enzymes are naturally occurring plant proteins that cause certain chemical reactions to occur. There are
two technological developments: enzymatic and direct microbial conversion methods [35]. Enzymatic
hydrolysis of natural lignocellulosic materials 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 [36][37].

Enzymatic hydrolysis of native lignocellulose usually results in solubilization of V20% of the originally
present glucan, some form of pretreatment to increase amenability to enzymatic hydrolysis is included in
most process concepts for biological conversion of lignocellulose [38]. Pretreatment, under appropriate
conditions, retains nearly all of the cellulose present in the original material and allows close to theoretical
yields upon enzymatic hydrolysis|[39].
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During the enzymatic hydrolysis of cellulosic substrates, several factors restrict the sustained catalytic
activity of the cellulase mixture. It has been suggested that these limitations are owing to both substrate- and
enzyme-related factors and difficult to evaluate the reuse and/or recycle of cellulases, primarily because our
current knowledge of the characteristics of cellulase adsorption onto lignocellulosic substrates is insufficient
[40].

Generally, enzymatic cellulose degradation is characterized by a rapid initial phase followed by a slow

secondary phase that may last until all substrate is consumed. This has been explained most often by the rapid
hydrolysis of the readily accessible fraction of cellulose, strong product inhibition, and slow inactivation of
absorbed enzyme molecules [41].
Both bacteria and fungi can produce cellulases for the hydrolysis of lignocellulosic materials. These
microorganisms can be aerobic or anaerobic, mesophilic or thermophilic. Bacteria belonging to clostridinm,
cellulomonas, bacillus, thermomonospora, ruminococcus, bacteriodes, erwinia, acetovibrio, microbispora, and Streptomyces can
produce cellulases [42].

The widely accepted mechanism for enzymatic cellulose hydrolysis involves synergistic actions by
endoglucanses or endo-1,4-B-glucanases (EG), exoglucanases ot cellobiohydrolases (CBH), and B-glucosidases
(BGL)[43] . EG play an important role in the cellulose hydrolysis by cleaving cellulose chains randomly and
thus encouraging strong degradation, accessible intramolecular $-1,4-glucosidic bonds of cellulose chains
randomly to produce new chain ends; exoglucanases processively cleave cellulose chains at the ends to release
soluble cellobiose or glucose; and BGL hydrolyze cellobiose to glucose in order to eliminate cellobiose
inhibition. BGL complete the hydrolysis process by catalyzing the hydrolysis of cellobiose to glucose [44].
Filamentous fungi are the major source of cellulases and hemicellulases. 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. CBH 1 and CBH 1II are the major T. reesei
enzymes, the content of CBH I comprises up to 60% of the total cellulolytic protein; whereas, the content of
CBH 1I is about 20% [45].

Similarly, EG I and EG II are the dominant endoglucanases in T. reesei, and presumably act as important
partners to CBH I in nature. Such protein yields are comparable or exceed the respective parameters for the
best Trichoderma sp. strains (3540 g/L)[46].

3. Conclusion

Pretreatment is known to make biomass more reactive to cellulose by altering the chemical compositions
as well as physical structures of biomass.
Biomass pretreatment with hot water (HW), wet air oxidation together with/or steam explosion exclusively
is the most investigated physicochemical method use the differences in the thermal stabilities of the major
components of lignocellulosic materials. Acid pretreatment of lignocellulosic biomass aims at increasing the
sugar substrate digestibility, defined as the concentration of reducing sugars after the hydrolysis, by
microorganisms. However, this process is significantly hindered by innate biomass recalcitrance which refers
to the characteristics of the lignocellulose to protect its carbohydrates from degradation by cellulases. Dilute
acid (DA) processes with continued research and development, no significant breakthroughs have been made
to raise the glucose yields much higher than 65-70%. Severe DA pretreatment resulted in the highest glucose
yield as compared to other pretreatments. The DA and HW pretreatment is ineffective at removal of lignin,
and in fact the klason-lignin content actually increases after pretreatment due to the formation of pseudo-
lignin. Acid pretreatment is much more effective than water and alkaline pretreatment in terms of cellulose
accessibility increase. Further investigation suggests that lignin does not dictate cellulose accessibility to the
extent that hemicellulose does, but it does restrict xylan accessibility which in turn controls the access of
cellulase to cellulose.
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