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Preface

Rising oil prices and uncertainty over the security of existing fossil fuel reserves,
combined with concerns over global climate change, have created the need for new
transportation fuels and bioproducts to substitute for fossil carbon-based materials.
Ethanol is considered to be the next-generation transportation fuel with the most
potential, and significant quantities of ethanol are currently being produced from
corn and sugarcane via a fermentation process. Utilizing lignocellulosic biomass as
a feedstock is seen as the next step toward significantly expanding ethanol pro-
duction. The biological conversion of cellulosic biomass into bioethanol is based on
the breakdown of biomass into aqueous sugars using chemical and biological
means, including the use of hydrolytic enzymes. From that point, the fermentable
sugars can be further processed into ethanol or other advanced biofuels. Therefore,
pretreatment is required to increase the surface accessibility of carbohydrate
polymers to hydrolytic enzymes. The goal of the pretreatment process is to break
down the lignin structure and disrupt the crystalline structure of cellulose, so that
the acids or enzymes can easily access and hydrolyze the cellulose. Pretreatment
can be the most expensive process in biomass-to-fuels conversion but it has great
potential for improvements in efficiency and lowering of costs through further
research and development. Pretreatment is an important tool for biomass-to-biofuels
conversion processes and is the subject of this e-book.
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Chapter 1
Background and General Introduction

Abstract Owing to the increasing demand for energy, the hunt for alternative
sources of energy generation that are inexpensive, ecofriendly, renewable, and can
replace fossil fuels is on. One approach in this direction is the conversion of plant
residues into biofuels wherein lignocellulose, which forms the structural framework
of plants consisting of cellulose, hemicellulose, and lignin, is first broken down and
hydrolyzed into simple fermentable sugars, which upon fermentation form biofuels.
A major bottleneck is to disarray lignin which is present as a protective covering
and makes cellulose and hemicellulose recalcitrant to enzymatic hydrolysis.
A number of biomass pretreatment processes have been used to break the structural
framework of plants and to depolymerize lignin. In this chapter, background and
general introduction on pretreatment of lignocellulosic biomass for biofuel
production are presented.

Keywords Energy � Biofuels � Lignocellulose � Cellulose � Hemicelluloses �
Lignin � Fermentation � Biomass � Pretreatment � Enzymatic hydrolysis

Development of sustainable energy systems based on renewable biomass feed-
stocks is now a universal effort. Biofuels produced from various lignocellulosic
materials, such as wood, agricultural, or forest residues, have the potential to be a
valuable substitute for, or complement to, gasoline. Liquid biofuels, such as etha-
nol, can be produced from biomass via fermentation of sugars produced from the
cellulose and hemicellulose within the lignocellulosic materials. Ethanol produces
slightly less greenhouse emissions than fossil fuel (carbon dioxide is recycled from
the atmosphere to produce biomass); can replace harmful fuel additives (e.g.,
methyl tertiary butyl ether), and produces jobs for farmers and refinery workers
(Bajpai 2013). It is easily applicable in present-day internal combustion engine
vehicles (ICEVs), as mixing with gasoline is possible. Ethanol is already commonly
used in a 10 % ethanol/90 % gasoline blend. Adapted ICEVs can use a blend of
85 % ethanol/15 % gasoline (E85) or even 95 % ethanol (E95). Ethanol addition
increases octane and reduces carbon monooxide, volatile organic carbon and par-
ticulate emissions of gasoline. And, via on-board reforming to hydrogen, ethanol is

© The Author(s) 2016
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SpringerBriefs in Green Chemistry for Sustainability,
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also suitable for use in future fuel cell vehicles (FCVs). These vehicles are believed
to have about double the current ICEV fuel efficiency.

Use of lignocellulosic biomass as a feedstock is seen as the next step toward
significantly expanding ethanol production. Lignocellulosic biomass includes the
following:

– Forestry wastes (e.g., wood chips, and sawdust)
– Agricultural residues (e.g., corn stover (cob and stalk), rice straw, bagasse,

cotton gin trash, etc.)
– Bioenergy crops (sweet sorghum, switchgrass and common reeds)
– Industrial wastes (e.g., paper sludge, recycled newspaper)
– Municipal solid wastes.

Unlike food-based (starch-derived) biomass, it shows a series of advantages such
as, low cost, abundant supplies, non-competition with grain as food (Sathisuksanoh
et al. 2009).

Lignocellulose, a natural complicated composite basically consists of cellulose,
hemicellulose, and lignin. Cellulose and hemicellulose are tangled together and
wrapped by lignin outside (de Vries and Visser 2001). Depending on sources and
cell types, the dry weight typically makes up of around 35–50 % cellulose,
20–35 % hemicellulose, and 10–25 % lignin (Demirbas 2005). Cellulose, the most
abundant natural carbon bioresource on the earth, is a homopolysaccharide of
anhydroglucopyranose linked by ß-1, 4-glycosidic linkages (McMillan 1997).
Adjacent cellulose chains are coupled via orderly hydrogen bonds and Van der
Waal’s forces, resulting in a parallel alignment and a crystalline structure (Zhang
et al. 2007). Several elementary fibrils gather, forming much larger microfibrils,
which are further bundled into larger macrofibrils, leading to the rigidity and
strength of cell walls. Efficient conversion of cellulose into glucose has been a
central topic for long. Hemicellulose, the second main polysaccharide, is a polymer
containing primarily pentoses (xylose and arabinose) with hexoses (glucose and
mannose), which are dispersed throughout and form a short-chain polymer that
intertwines with cellulose and lignin like a glue (Wilkie 1979). Lignin is a polymer
consisting of various aromatic groups. It can be converted into numerous chemical
products that are made from fossil-based chemical industry, including coal, oils and
natural gas. The production of cellulosic ethanol holds promise for an improved
strategic national security, job creation, strengthened rural economies, improved
environmental quality, nearly zero net greenhouse gas emissions, and sustainable
local resource supplies (Demain et al. 2005; Lynd et al. 1991, 1999, 2002; Zhang
2008). So far, more companies are working on reducing costs of cellulosic ethanol
production, such as Iogen Corporation, Abengoa Bioenergy, Dupont, British
Petroleum, Mascoma (Biotechnology Industry Organization 2008). The price of
E85 is still as high as $1.81 per gallon (DOE 2009).

Lignocellulosic biomass can be converted into soluble sugars via a large number
of approaches. Conversion for lignocellulose is much more complicated and diffi-
cult, considering their complex and recalcitrant structures (Jorgensen et al. 2007;
Yang and Wyman 2008). The biological conversion of cellulosic biomass into

2 1 Background and General Introduction



bioethanol is based on the breakdown of biomass into aqueous sugars using
chemical and biological means, including the use of hydrolytic enzymes. From that
point, the fermentable sugars can be further processed into ethanol or other
advanced biofuels. Therefore, pretreatment is required to increase the surface
accessibility of carbohydrate polymers to hydrolytic enzymes. The goal of the
pretreatment process is to break down the lignin structure and disrupt the crystalline
structure of cellulose, so that the acids or enzymes can easily access and hydrolyze
the cellulose. Pretreatment can be the most expensive process in biomass-to-fuels
conversion but it has great potential for improvements in efficiency and lowering of
costs through further research and development. Pretreatment is an important tool
for biomass-to-biofuels conversion processes. Numerous lignocellulose pretreat-
ment approaches have been developed, which are reviewed by many researchers
(Chandra et al. 2007; Dale 1985; Eggeman and Elander 2005; Himmel et al. 2007;
Ladisch et al. 1992; Lin et al. 1981; Lynd 1996; Lynd et al. 2003, 2008; McMillan
1994; Mosier et al. 2005; Office of Energy Efficiency and Renewable Energy and
Office of Science 2006; Ragauskas et al. 2006; Sun and Cheng 2002; Vertès et al.
2006; Wyman 2007; Wyman et al. 2005a, b; Bensah and Mensah 2009; Zheng et al.
2009; Chaturvedi and Verma 2013; Agbor et al. 2011; Kumar et al. 2009;
Avgerinos and Wang 1983). Most notably, a collaborative team called consortium
for applied fundamentals and innovation (CAFI) funded by the Department of
Energy and Department of Agriculture has formed and focused on several “leading
pretreatment technologies,” including dilute (sulfuric) acid pretreatment,
flow-through pretreatment, ammonia fiber expansion (AFEX), ammonia recycle
percolation (ARP), and lime pretreatment for the past several years (Moxley 2007).
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Chapter 2
Structure of Lignocellulosic Biomass

Abstract Lignocellulosic materials consist mainly of three polymers: cellulose,
hemicellulose, and lignin. These polymers are associated with each other in a
hetero-matrix to different degrees and varying relative composition depending on
the type, species, and even source of the biomass. The relative abundance of
cellulose, hemicellulose, and lignin are inter alia, key factors in determining the
optimum energy. Structural and compositional features of lignocellulosic biomass
are presented in this chapter.

Keywords Lignocellulosic material � Polymers � Cellulose � Hemicelluloses �
Lignin � Biomass � Structure � Composition

Plant biomass consists mainly of three polymers: cellulose, hemicellulose and lignin
along with smaller amounts of pectin, protein, extractives and ash. The composition
of these constituents can vary from one plant species to another. Hardwoods for
example have greater amounts of cellulose, whereas wheat straw and leaves have
more hemicellulose (Table 2.1). The ratios between various constituents within a
single plant vary with age, stage of growth, and other conditions. These polymers are
associated with each other in a heteromatrix to different degrees and varying relative
composition depending on the type, species, and even source of the biomass (Carere
et al. 2008; Chandra et al. 2007; Fengel and Wegener 1984). The relative abundance
of cellulose, hemicellulose, and lignin are inter alia, key factors in determining the
optimum energy conversion route for each type of lignocellulosic biomass
(Mckendry 2002). Lignocellulosic feedstocks need aggressive pretreatment to yield
a substrate easily hydrolyzed by commercial cellulolytic enzymes, or by enzyme
producing microorganisms, to liberate sugars for fermentation. Cellulose is the main
constituent of plant cell wall conferring structural support and is also present in
bacteria, fungi, and algae. When existing as unbranched, homopolymer, cellulose is
a polymer of beta-D-glucopyranose moieties linked via beta-(1,4) glycosidic bonds
with well documented polymorphs (Fig. 2.1). The degree of polymerization of
cellulose chains in nature ranges from 10,000 glucopyranose units in wood to 15,000
in native cotton. The repeating unit of the cellulose chain is the disaccharide
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cellobiose as oppose to glucose in other glucan polymers (Desvaux 2005; Fengel and
Wegener 1984). The cellulose chains (20–300) are grouped together to form
microfibrils, which are bundled together to form cellulose fibers. The long-chain
cellulose polymers are linked together by hydrogen and van der Waals bonds, which
cause the cellulose to be packed into microfibrils. Hemicelluloses and lignin cover
the microfibrils. Fermentable D-glucose can be produced from cellulose through the
action of either acid or enzymes breaking the beta-(1,4)-glycosidic linkages. In
biomass cellulose is present in both crystalline and amorphous forms. Crystalline
cellulose contains the major proportion of cellulose, whereas a small percentage of
unorganized cellulose chains form amorphous cellulose. Cellulose in its amorphous
form is more susceptible to enzymatic degradation. The cellulose microfibrils are
mostly independent but the ultrastructure of cellulose is largely due to the presence
of covalent bonds, hydrogen bonding and Van der Waals forces. Hydrogen bonding
within a cellulose microfibril determines ‘straightness’ of the chain but interchain
hydrogen bonds might introduce order (crystalline) or disorder (amorphous) into the
structure of the cellulose (Laureano-Perez et al. 2005).

Hemicellulose is the second most abundant polymer containing about 20–50 %
of lignocellulose biomass. It is not chemically homogeneous like cellulose
(Fig. 2.2). Hemicellulose has branches with short lateral chains consisting of dif-
ferent types of sugars. These monosaccharides include pentoses (xylose, rhamnose,
and arabinose), hexoses (glucose, mannose, and galactose), and uronic acids
(4-O-methylglucuronic, D-glucuronic, and D-galactouronic acids). The backbone of
hemicellulose is either a homopolymer or a heteropolymer with short branches
linked by beta-(1,4)-glycosidic bonds and occasionally beta-(1,3)-glycosidic bonds.
Also, hemicelluloses can have some degree of acetylation, for example, in
heteroxylan. Hemicelluloses have lower molecular weight compared to cellulose
and branches with short lateral chains that are easily hydrolysed (Fengel and

Table 2.1 Cellulose,
hemicellulose, and lignin
contents in lignocellulosic
biomass

Cellulose Hemicellulose Biomass

Hardwoods 40–55 24–40 18–25

Softwoods 45–50 25–35 25–35

Wheat straw 30 50 15

Corn cobs 45 35 15

Grasses 25–40 35–50 10–30

Switchgrass 45 31.4 12

Fig. 2.1 Structure of cellulose
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Wegener 1984; Saha 2003). Hemicelluloses are found to differ in composition. In
agricultural biomass like straw and grasses, hemicelluloses are composed mainly of
xylan while softwood hemicelluloses contain mainly glucomannan (Fig. 2.2). In
many plants, xylans are heteropolysaccharides with backbone chains of 1,4- linked
beta-D-xylopyranose units. In addition to xylose, xylan may contain arabinose,
glucuronic acid, or its 4-O-methyl ether, acetic acid, ferulic and p-coumaric acids.
Xylan can be extracted easily in an acid or alkaline environment while extraction of
glucomannan requires stronger alkaline environment (Balaban and Ucar 1999;
Fengel and Wegener 1984). Among the key components of lignocellulosics,
hemicelluloses are the most thermo-chemically sensitive (Hendricks and Zeeman
2009; Levan et al. 1990). Hemicelluloses within plant cell walls are thought to
‘coat’ cellulose-fibrils and it has been proposed that at least 50 % of hemicellulose
should be removed to significantly increase cellulose digestibility. Nevertheless,
severity parameters should be carefully optimized to avoid the formation of
hemicellulose degradation products such as furfurals and hydroxymethyl furfurals

Xylan 

Galactoglucomannans 

Arabinoglucuronoxylan 

Fig. 2.2 Structure of hemicelluloses
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which have been reported to inhibit the fermentation process (Palmqvist and
Hahn-Hägerdal 2000a, b). For this reason, pretreatment severity conditions are
usually compromised to maximize sugar recovery and depending upon what type of
pretreatment method is used hemicellulose could be obtained either as a solid
fraction or a combination of both solid and liquid fractions (Chandra et al. 2007).

Lignin is the third most abundant polymer in nature. It is a complex, large
molecular structure containing cross-linked polymers of phenolic monomers
(Fig. 2.3). It is present in plant cell walls and confers a rigid, impermeable resis-
tance to microbial attack and oxidative stress. It is present in the primary cell wall
and imparts structural support, impermeability, and resistance against microbial
attack. Three phenyl propionic alcohols exist as monomers of lignin. These are:

– Coniferyl alcohol (guaiacyl propanol)
– Coumaryl alcohol (p-hydroxyphenyl propanol)
– Sinapyl alcohol (syringyl alcohol).

Alkyl-aryl, alkyl-alkyl, and aryl-aryl ether bonds link these phenolic monomers
together. In general, herbaceous plants such as grasses have the lowest contents of
lignin, whereas softwoods have the highest lignin contents (Table 2.1) (Hendricks
and Zeeman 2009). Lignin is generally accepted as the ‘glue’ that binds the different

Fig. 2.3 Structure of lignin (complex cross-linked polymer of aromatic rings). Based on Walker
(2010)
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components of lignocellulosic biomass together, thus making it insoluble in water.
Lignin has been identified as a major deterrent to enzymatic and microbial hy-
drolysis of lignocellulosic biomass because of its close association with cellulose
microfibrils (Avgerinos and Wang 1983). Chang and Holtzapple (2000) showed
that biomass digestibility is increased with increasing lignin removal. In addition to
being a physical barrier, the harmful effects of lignin include:

– Nonspecific adsorption of hydrolytic enzymes to “sticky” lignin;
– Interference with, and non-productive binding of cellulolytic enzymes to

lignin-carbohydrates complexes;
– Toxicity of lignin derivatives to microorganisms.

Different feedstocks contain different amount of lignin that must be removed via
pretreatment to enhance biomass digestibility. The lignin is believed to melt during
pretreatment and coalesces upon cooling such that its properties are altered; it can
subsequently be precipitated (Brownell and Saddler 1987; Converse 1993; Lynd
et al. 2002). Delignification (extraction of lignin by chemicals) causes the following
effect:

– Biomass swelling
– Disruption of lignin structure
– Increases in internal surface area
– Increased accessibility of cellulolytic enzymes to cellulose fibers.

Although not all pretreatments result in substantial delignification, the structure
of lignin may be altered without extraction due to changes in the chemical prop-
erties of the lignin. The pretreated biomass becomes more digestible in comparison
to the raw biomass even though it may have approximately the same lignin content
as non-pretreated biomass. Table 2.2 shows the mechanism of pretreatment.
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Chapter 3
Conversion of Biomass to Fuel

Abstract The overview on conversion of biomass to fuel is presented in this
chapter. The conversion includes the hydrolysis of various components in the
lignocellulosic materials to fermentable reducing sugars and the fermentation of the
sugars to fuels such as ethanol and butanol. The pretreatment step is mainly
required for efficient hydrolysis of cellulose to its constituent sugars. The hydrolysis
is usually catalyzed by acids or cellulase enzymes, and the fermentation is carried
out by yeasts or bacteria. The factors affecting the hydrolysis of cellulose include
porosity of the biomass materials, cellulose fiber crystallinity, and content of both
lignin and hemicelluloses.

Keywords Biomass � Fuel � Reducing sugar � Fermentation � Ethanol � Butanol �
Pretreatment � Hydrolysis � Cellulose � Enzymes � Porosity � Crystallinity �
Lignin � Hemicelluloses

The history of ethanol as a fuel dates back to the early days of the automobile era.
However, cheap petrol (gasoline) rapidly replaced ethanol as the fuel of choice, and
it was during the late 1970s, when the Brazilian government launched their
“Proalcool” Programme, that ethanol made a comeback to the market place. Today,
fuel ethanol accounts for roughly two-thirds of world’s ethanol production (Saxena
et al. 2009). Ethanol is a comparative cleaner burning fuel with high octane and
fuel-extending properties. Although blending of ethanol with petrol enhances the
volatility of the mixture, on the contrary, ethanol reduces the emission of carbon
monoxide from vehicles. The use of petrol blended with 20–24 % ethanol is a
standard practice in Brazil. Global ethanol production is shown in Table 3.1.
Growth in world ethanol production crucially depends on the development of the
fuel alcohol market. Spurred on by the Brazilian “Proalcool” Programme and the
US Gasohol scheme, output jumped in the early 1980s, and growth continued at
very strong rates up to the mid-1990s. In 1998, fuel alcohol production fell sharply
due to the crisis in the Brazilian alcohol sector, which was not compensated by the
record output in the United States. Requirement of ethanol in the first phase of the
programs on 5 % blending in petrol in India, was 3.45 billion liters a year, which
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could have gone up to 5.00 billion liters had the program been introduced
throughout the country (Saxena et al. 2009). Several government laboratories,
academic institutions, and private sector companies have developed several tech-
niques to accomplish each of the steps required to process the biomass to ethanol.
There are different technological options available for the techno-economically
feasible process for ethanol production from biomass. Currently, the production of
ethanol by fermentation of corn-derived carbohydrates is the major technology used
to produce liquid fuels from biomass resources. Dilute acid can open up the bio-
mass structure for subsequent processing. The simultaneous saccharification and
fermentation (SSF) process are favored for producing ethanol from the major
fraction of lignocellulosic biomass, cellulose, because of its low cost potential.

Figure 3.1 shows a schematic for the conversion of biomass to fuel. The con-
version includes the hydrolysis of various components in the lignocellulosic
materials to reducing sugars and the fermentation of the reducing sugars to fuels
such as ethanol and butanol. The pretreatment step is mainly required for efficient
hydrolysis of cellulose to its constituent sugars. The hydrolysis is usually catalyzed
by acids or cellulase enzymes, and the fermentation is carried out by yeasts or
bacteria. The factors affecting the hydrolysis of cellulose include the following
(McMillan 1994):

– Porosity (accessible surface area) of the biomass materials
– Cellulose fiber crystallinity
– Lignin and hemicellulose.

The presence of lignin and hemicellulose makes the accessibility of cellulase
enzymes and acids to cellulose more difficult, thus reducing the efficiency of the
hydrolysis process. Pretreatment is required to change the size and structure of the
biomass and also its chemical composition, so that the hydrolysis of the carbohy-
drate fraction to monomeric sugars can be obtained rapidly and with greater yields.
The hydrolysis process can be improved substantially by removal of lignin and
hemicellulose, increase of porosity, and reduction of cellulose crystallinity through
pretreatment processes (McMillan 1994). In the hydrolysis process, the sugars are
released by breaking down the carbohydrate chains, before they are fermented for
alcohol production. The cellulose hydrolysis processes include acid hydrolysis and

Table 3.1 World fuel
ethanol production by country
or region (million gallons) in
2014

United States 14,300

Brazil 6190

Europe 1445

China 635

Canada 510

Thailand 310

Argentina 160

India 155

Rest of World 865
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an enzymatic hydrolysis. In traditional methods, hydrolysis is performed by
reacting the cellulose with an acid. Dilute acid can be used under conditions of both
high temperature and pressure whereas concentrated acid can be used at lower
temperatures and atmospheric pressure. The decrystallized cellulosic mixture of
acid and sugars reacts in the presence of water to liberate individual sugar mole-
cules. The dilute acid process is actually a harsh process that leads to the formation
of toxic degradation products that can interfere with fermentation. Cellulose chains
can also be broken down into individual glucose sugar molecules by cellulase
enzymes. Cellulase refers to a class of enzymes that catalyze the hydrolysis of
cellulose. These enzymes are produced mainly by fungi, bacteria, and protozoans.
Some cellulases are also produced by plants and animals. The reaction occurs at
body temperature in the stomachs of ruminants such as cows and sheep, where the
enzymes are produced by intestinal bacteria. Lignocellulosic materials can similarly
be enzymatically hydrolyzed under relatively mild conditions. This enables effec-
tive cellulose breakdown without the formation of byproducts that would otherwise
inhibit enzyme activity. The six-carbon sugars are readily fermented to ethanol by
several naturally occurring organisms (Mosier et al. 2005). Traditionally, baker’s
yeast has been used in the brewing industry to produce ethanol from six-carbon
sugars. Due to the complex nature of the carbohydrates present in lignocellulosic
biomasses, five-carbon sugars derived from the hemicellulose portion of the lig-
nocellulose are also present in the hydrolysate. For example, the hydrolysate of corn
stover contains approximately 30 % of the total fermentable sugars as xylose. As a
result, the ability of the fermenting microorganisms to use the whole range of sugars
available from the hydrolysate is very much important for increasing the economic
competitiveness of cellulosic ethanol and potentially bio-based chemicals. The
metabolic engineering of microorganisms used in fuel ethanol production has
shown significant progress (Jeffries et al. 2004). For cellulosic ethanol production,
several microorganisms such as Zymomonas mobilis and Escherichia coli, in
addition to Saccharomyces cerevisiae, have been targeted through metabolic
engineering. Several engineered yeasts have been found to efficiently ferment
xylose and arabinose and also mixtures of xylose and arabinose (Ohgren et al. 2006;
Becker and Boles 2003; Karhumaa et al. 2006). The recovery of fuels from the
fermentation broth is obtained by distillation or using a combination of distillation
and adsorption. The other components including residual lignin, unreacted cellulose
and hemicellulose, and enzymes, accumulate at the bottom of the distillation
column.

Pretreatment                        Fermentation                          Separation/
Hydrolysis                                                                           Purification

Biomass          →           Monomeric sugars    →    Ethanol,                     →         Fuels
Higher alcohols,  
Hydrogen
Acids                                                           

Fig. 3.1 Schematic of the conversion of lignocellulosic biomass to biofuels
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Chapter 4
Pretreatment of Lignocellulosic Biomass

Abstract Biofuels produced from various lignocellulosic materials have the
potential to be a valuable substitute for, or complement to, gasoline. Many
physicochemical structural and compositional factors hinder the hydrolysis of
cellulose present in biomass to sugars and other organic compounds that can later
be converted to fuels. The goal of pretreatment is to make the cellulose accessible to
hydrolysis for conversion to fuels. Various pretreatment techniques change the
physical and chemical structure of the lignocellulosic biomass and improve
hydrolysis rates. A large number of pretreatment methods have been developed.
Many methods have been shown to result in high sugar yields. In this chapter,
various pretreatment process methods for pretreatment of various lignocellulosic
biomasses are presented.

Keywords Pretreatment techniques � High-energy radiation � Physicochemical
pretreatment � Steam explosion � Pyrolysis � Liquid hot water pretreatment �
Ammonia fiber/freeze explosion � Ammonia recycle percolation � Soaking aqueous
ammonia � Carbon dioxide explosion � Chemical pretreatment � Ozonolysis � Acid
treatment � Alkali treatment � Oxidative delignification � Hydrogen peroxide �
Organosolv process � Sulfite pretreatment � Ionic liquids � Biological pretreat-
ment � Wet oxidation � Microwaves pretreatment

The main objectives of the pretreatment process are to remove lignin and hemi-
celluloses, increase the porosity of the lignocellulosic materials, and reduce the
crystallinity of cellulose (Fig. 4.1). Pretreatment should meet the following
requirements:

– Low capital and operational cost
– Effective on a wide range and loading of lignocellulosic materials
– Should result in the recovery of most of the lignocellulosic components in a

useable form in separate fractions
– Need for preparation/handling or preconditioning steps prior to pretreatment

such as size reduction should be minimized
– Avoid the formation of byproducts that are inhibitory to the subsequent hy-

drolysis and fermentation processes
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– Low energy demand or be performed in a manner that energy invested could be
used for other purposes such as secondary heating.

– Improve the formation of sugars or the ability to subsequently form sugars by
hydrolysis,

– Avoid the degradation or loss of carbohydrates.

Other features which form the basis of comparison of different pretreatment
options include the following (Chandra et al. 2007; Galbe and Zacchi 2007; Mosier
et al. 2005b; Lynd et al. 1996, 2003, 2008):

– Regeneration/cost of catalyst
– Generation of higher value lignin coproducts
– Obtaining hemicellulose sugars in the liquid phase to reduce the need for the use

of hemicellulases in subsequent enzymatic hydrolysis.

Pretreatments employed can be divided into physical, chemical, and biological
methods but there is a strong interdependence of these processes. There is not a perfect
pretreatment method employed and remaining bottlenecks include formation of
inhibitory products such as acids, furans, phenols, high particle load, high energy
input, and efficient separation of soluble sugars from solid residues. Specific pre-
treatment conditions are needed for individual feedstocks andmechanisticmodels can
help in the rational design of such processes (Zhang 2008; Zhang et al. 2009; Eggeman
and Elander 2005). It is particularly important to optimize lignocellulose pretreatment
methods because they are one of the most expensive steps in the overall conversion to
bioethanol. Mosier et al. (2005b) reported that pretreatment accounts for *30 US
cents/gallon of cellulosic ethanol produced. Pretreatment is needed to change the
biomass macroscopic and microscopic size and structure and also submicroscopic
chemical composition and structure so that hydrolysis of carbohydrate fraction to

Fig. 4.1 Schematic of pretreatment effect on lignocellulosic biomass. Based on Mosier et al.
(2005a, b)
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monomeric sugars can be obtained more rapidly and with higher yields (Sun and
Cheng 2002; Mosier et al. 2005a, b; Tucker et al. 2003). Pretreatment of cellulosic
biomass in cost-effective manner is a major challenge of cellulose to ethanol tech-
nology research and development. Native lignocellulosic biomass is extremely
recalcitrant to enzymatic digestion. Therefore, a number of thermochemical
pretreatment methods have been developed to improve digestibility (Wyman et al.
2005a, b). Several studies have clearly shown that there is a direct correlation between
the removal of lignin and hemicellulose on cellulose digestibility (Kim and
Holtzapple 2006a, b). Thermochemical processing options are found to be more
promising than biological options for the conversion of lignin fraction of cellulosic
biomass, which can have an adverse effect on enzyme hydrolysis. It can also serve as a
source of process energy and potential coproducts that have important benefits in a life
cycle context (Sheehan et al. 2003). Pretreatment can be carried out using different
methods such asmechanical combination, steam explosion, ammonia fiber explosion,
acid or alkaline pretreatment and biological treatment, organosolv pretreatment etc.
(Cadoche and López 1989; Gregg and Saddler 1996; Kim et al. 2003; Damaso et al.
2004; Kuhad et al. 1997; Keller et al. 2003; Itoh et al. 2003; Kuo and Lee 2009b; Zhao
and Liu 2012; Zhang et al. 2009, 2012, 2013a; Brink 1994; Palmqvist and
Hahn-Hägerdal 2000b; Takacs et al. 2000; Ang et al. 2012; Wyman et al. 2009).

To assess the cost and performance of pretreatment methods, technoeconomic
analysis has been conducted (Eggeman and Elander 2005).

4.1 Pretreatment Methods

Pretreatment methods can be divided into different categories such as physical,
physicochemical, chemical, biological, electrical, or a combination of these. In
combinatorial pretreatment methods, physical parameters such as pressure or
temperature or a biological step are combined with chemical treatments and are
termed physicochemical or biochemical pretreatment methods. Ammonia fiber/
freeze explosion (AFEX) is a good example of a physicochemical method (Sun and
Cheng 2002), and bioorganosolv is a good example of a biochemical method for
biomass pretreatment (Itoh et al. 2003). Combinatorial pretreatment methods are
generally found to be more effective in improving the biomass digestibility, and are
often used in designing leading pretreatment technologies.

4.1.1 Physical Pretreatment

4.1.1.1 Mechanical Comminution

Mechanical comminution increase the available specific surface area, and reduce
degree of polymerization (DP) and also the cellulose crystallinity (Sun and Cheng
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2002). Different mechanical size-reduction methods have been used to improve the
digestibility of lignocellulosic biomass (Palmowski and Muller 1999). These are
coarse size reduction, chipping, shredding, grinding and milling (hammer- and
ball-milling [wet, dry, vibratory rod/ball milling]), compression milling, ball mil-
ling/beating, agitation bead milling, and pan milling. Other types of milling such as
fluid energy milling, two-roll milling, and colloid milling have been also used
(Murnen et al. 2007; Isci et al. 2008; Kim and Lee 2005a, b; Dale and Moreira
1982; Ryu and Lee 1982). Attrition and disk refining have been also explored for
pretreatment (Mes-Hartree et al. 1988; Murnen et al. 2007). Biomass has been also
pretreated by simultaneous ball milling/attrition and enzymatic hydrolysis (Zheng
et al. 1998; Ben-Ghedalia and Miron 1981). Vibratory ball milling has been found
to be more effective than ordinary ball milling for improving the biomass
digestibility when used to pretreat aspen and spruce chips (Neely 1984). Only
compression milling process has been studied in production scale (Kilzer and
Broido 1965).

The objective of chipping is to reduce heat and mass transfer limitations.
Grinding and milling are more effective at reducing the particle size and cellulose
crystallinity than chipping probably as result of the shear forces generated during
milling. The type and duration of milling and also the kind of biomass determine
the increase in specific surface area, final degree of polymerization, and the net
reduction in cellulose crystallinity. Vibratory ball milling is more effective than
ordinary ball milling in reducing cellulose crystallinity of spruce and aspen chips.
Disk milling which produces fibers is more effective in enhancing cellulose hy-
drolysis than hammer milling which produces finer bundles (Zhua et al. 2009).
Chipping reduces the biomass size to 10–30 mm while grinding and milling can
reduce the particle size to 0.2–2 mm. Further reduction of biomass particle size
below 40 mesh (0.400 mm) has little effect on the rates and yields of biomass
hydrolysis (Chang et al. 1997).

The energy requirements of mechanical comminution of lignocellulosic biomass
depend on the following factors:

– Characteristics of biomass
– Final particle size required.

Compared to agricultural residues, more energy is required in case of hardwoods
(Cadoche and López 1989). Size reduction has been used in most studies of hy-
drolysis. But not much information is available on the characteristics of the sub-
strate and also the energy consumed during the process (Zhu et al. 2005a, b).
Studies have shown that milling process increases bioethanol, biogas, and biohy-
drogen yields (Delgenes et al. 2002). Taking into consideration the high energy
requirement of milling on an industrial scale and the increase in energy demands, it
is unlikely that milling is still economically feasible (Hendricks and Zeeman 2009).
Milling can be performed before or after the chemical pretreatment. Studies have
shown that performing milling after chemical pretreatment results in the following
benefits (Zhu et al. 2010a; Zhua et al. 2009):
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– Significantly reduces milling energy consumption
– Does not result in the generation of fermentation inhibitors
– Reduces cost of solid liquid separation because the pretreated chips can be easily

separated
– Eliminates energy-intensive mixing of pretreatment slurries and liquid to solid

ratio.

4.1.1.2 High-Energy Radiation

Digestibility of cellulosic biomass can be improved by using the high-energy
radiation methods. These include the following (Yang et al. 2008; Youssef and
Aziz 1999; Imai et al. 2004; Nitayavardhana et al. 2008; Wojciak and Pekarovicova
2001; Bak et al. 2009; Shin and Sung 2008; Dunlap and Chiang 1980; Kitchaiya
et al. 2003; Maa et al. 2009; Saha et al. 2008; Zhu et al. 2005a, b; Yang et al. 2008):

– Gamma rays
– Ultrasound
– Electron beam
– Pulsed electrical field
– Ultraviolet rays
– Microwave heating.

The action mode behind the high-energy radiation could be attributed to

– One or more changes of features of cellulosic biomass including increase of
specific surface area

– Decrease of the degrees of polymerization and crystallinity of cellulose
– Hydrolysis of hemicelluloses
– Partial depolymerization of lignin.

However, these high-energy radiation methods are mostly energy-intensive,
slow, and expensive (Chang et al. 1981; Lin et al. 1981). They are also strongly
substrate-specific (Dunlap and Chiang 1980). Therefore, high-energy radiation
techniques lack commercial appeal based on current estimation of overall cost.

4.1.1.3 Pyrolysis

Pyrolysis has also been examined for pretreatment of lignocellulosic feedstocks
(Kumar et al. 2009). When the materials are treated at temperatures higher than
300 °C, cellulose rapidly decomposes and produces gaseous products and residual
char (Kilzer and Broido 1965; Shafizadeh and Bradbury 1979). The decomposition
is much slower and less-volatile products are formed at lower temperatures. Mild
acid hydrolysis (1N sulfuric acid, 2.5 h, 97 °C) of the residues from pyrolysis
pretreatment has shown 80–85 % conversion of cellulose to reducing sugars with

4.1 Pretreatment Methods 21



more than 50 % glucose (Fan et al. 1987). The process can be improved in the
presence of oxygen (Shafizadeh and Bradbury 1979). The decomposition of pure
cellulose can take place at a lower temperature in the presence of catalyst (zinc
chloride or sodium carbonate) (Shafizadeh and Lai 1975). Zwart et al. (2006)
reported production of transportation fuels from biomass via a so-called biomass-
to-liquids route, in which biomass is converted to syngas from which high-quality
Fischer–Tropsch fuels are produced. Chipping, pelletization, torrefecation, and
pyrolysis have been studied as pretreatment processes for biomass-to-Fischer–
Tropsch-fuel conversion. Pretreatment by torrefaction was found to be far more
attractive than pyrolysis.

4.1.2 Physicochemical Pretreatment

4.1.2.1 Steam Explosion

Steam explosion is the mostly applied physicochemical method of biomass pre-
treatment and has been studied extensively (Agbor et al. 2011). The term “auto-
hydrolysis” has also been used as a synonym for steam explosion describing the
changes that take place during this process (Chandra et al. 2007; McMillan 1994a, b;
Saddler et al. 1993). In this process biomass is first chipped, ground, or simply raw
preconditioned and then physically pretreated with high-pressure saturated steam at
pressures between 0.7 and 4.8 MPa and temperatures of about 160–240 °C (Agbor
et al. 2011). The pressure is maintained for several seconds to a few minutes to
promote hydrolysis of hemicelluloses and then released. The process causes
degradation of hemicelluloses and lignin transformation due to high temperature,
thus increasing the potential of cellulose hydrolysis. Ninety percent efficiency of
enzymatic hydrolysis has been obtained in 24 h for poplar chips pretreated by steam
explosion, compared to only 15 % hydrolysis of untreated chips (Grous et al. 1986).
Several factors have been found to affect steam explosion pretreatment. These are
moisture content, temperature, residence time, and the size of the chips (Duff and
Murray 1996). Optimal hemicellulose solubilization and hydrolysis can be obtained
by using either high temperature and short residence time (270 °C, 1 min) or lower
temperature and longer residence time (190 °C, 10 min) (Duff and Murray 1996).
Studies have shown that lower temperature and longer residence time are more
promising because they avoid the formation of degradation products of sugars that
inhibit subsequent fermentation (Wright 1998).

Hemicellulose is the main fraction of the carbohydrates which are solubilized in
the liquid phase during pretreatment, whereas the lignin is transformed as result of
the high temperature. The cellulose in the solid fraction becomes more accessible;
therefore, the digestibility of the lignocellulosic feedstock is increased. Hydrolysis
of hemicellulose is thought to be mediated by the acetic acid produced from acetyl
groups associated with hemicellulose and other acids liberated during pretreatment,
that may further catalyze the hemicellulose hydrolysis resulting in the liberation of
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monomers of glucose and xylose therefore, the use of the term autohydrolysis
(Mosier et al. 2005b; Weil et al. 1997).

Steam explosion can be effectively improved by the addition of, carbon dioxide
or sulfur dioxide, sulfuric acid as a catalyst. The use of acid catalyst has been found
to result in several benefits such as increasing the recovery of hemicellulose sugars,
decreasing the production of inhibitory compounds, and improving the enzymatic
hydrolysis on the solid residue (Mosier et al. 2005b; Sun and Cheng 2002). The
advantages and disadvantages of steam explosion are presented in Table 4.1.

Steam explosion is found to be very effective for the pretreatment of agricultural
residues and hardwoods, but not found to be much effective for softwoods (Agbor
et al. 2011). In this case, the use of an acid catalyst is particularly important. This
process is approaching commercialization and has been studied in pilot scale at
NREL pilot plant in Golden, SEKAB pilot plant in Sweden, the Italian steam
explosion programme in Trisaia southern Italy, and by a demonstration-scale
ethanol plant at Iogen in Ottawa, Canada. The uncatalyzed steam pretreatment
process has been used commercially in the masonite process for the production of
fiber board and other products (Avella and Scoditti 1998; Galbe and Zacchi 2007;
Mosier et al. 2005a, b).

4.1.2.2 Liquid Hot Water Pretreatment

Liquid hot water pretreatment (LHW) process is similar to steam explosion but uses
water in the liquid state at high temperatures instead of steam (Agbor et al. 2011).
Following terms have been used to describe LHW for pretreatment of biomass:

Table 4.1 Advantages and
disadvantages of steam
explosion

Advantages

Makes limited use of chemicals

Does not result in excessive dilution of the resulting sugars

Requires low energy input with no recycling or environmental
cost

Disadvantages

Incomplete destruction of lignin–carbohydrate matrix resulting
in the risk of condensation and precipitation of soluble lignin
components making the biomass less digestible

Destruction of a portion of the xylan in hemicellulose and
possible generation of fermentation inhibitors at higher
temperatures

Because of the formation of degradation products that are
inhibitory to microbial growth, enzymatic hydrolysis, and
fermentation, pretreated biomass needs to be washed by water
to remove the inhibitory materials along with water-soluble
hemicellulose. This decreases the overall saccharification yields
due to the removal of soluble sugars, such as those generated by
hydrolysis of hemicellulose

Based on McMillan (1994a, b), Mes-Hartree et al. (1988)

4.1 Pretreatment Methods 23



– Solvolysis
– Hydrothermolysis
– Aqueous fractionation
– Aquasolv.

This process results in lignin removal and hemicellulose hydrolysis and renders
cellulose in the biomass more accessible (Yang and Wyman 2004). It avoids the
formation of fermentation inhibitors that occur at higher temperatures. In this
process, lower temperatures—optimum between 180 and 190 °C for corn stover
and low dry matter—about 1–8 % content are used resulting in the production of
more poly and oligosaccharides. The temperature of 160–190 °C for pH-controlled
LHW pretreatment and 170–230 °C have been reported depending on the severity
of the pretreatment (Wyman et al. 2005a, b; Bobleter 1994). LHW pretreatment has
been conducted in three different types of reactor configurations (cocurrent,
countercurrent and flow through reactor configuration) depending on the direction
of the flow of the water and biomass into the reactor. Water and biomass are
brought in contact at temperatures of 200–230 °C for up to 15 min. Hot water
breaks the hemiacetal linkages and liberates acids during biomass hydrolysis. This
facilitates the breakage of ether linkages in biomass (Antal 1996). Mosier et al.
(2005b) stated that the cleavage of O-acetyl groups and uronic acid substitutions on
the hemicellulose could help or interfere LHW pretreatment, because the release of
these acids helps to catalyze the formation and removal of oligosaccharides, or
further hydrolyze hemicellulose to monomeric sugars, which can be subsequently
degraded to aldehydes i.e., furfural from pentoses and 5-hydroxymethyl furfural
from hexoses which inhibit microbial fermentation (Palmqvist and Hahn-Hägerdal
2000a, b). The production of monosaccharides and the subsequent degradation
products that further catalyze cellulosic hydrolysis during LHW pretreatment can be
reduced by maintaining the pH between 4 and 7 (Kohlmann et al. 1995). The flow
through reactor configuration in which hot water is passed over a stationary bed of
lignocellulose was reported by Yang and Wyman (2004). It was found to be the
more effective configuration for removing hemicellulose and lignin at same
severity. High-lignin solubilization hinders recovery of hemicelluloses (Mok and
Antal 1992, 1994). Acid catalyst can be added making the process similar to dilute
acid pretreatment. But catalytic degradation of sugars results in undesirable side
products. During pretreatment, the pKa of water and pH are affected by tempera-
ture; so, potassium hydroxide is used to maintain the pH above 5 and below 7 to
reduce the formation of monosaccharides that are degraded to fermentation inhi-
bitors (Mosier et al. 2005b; Weil et al. 1998).

LHW pretreatment has been studied at lab scale. pH-controlled LHW pretreat-
ment is considered for large-scale pretreatment of corn fiber. Mosier et al. (2005a)
have reported successful pretreatment of corn fiber slurry in a 163 L/min reactor
with a 20-min residence time, showing the possibility of scaling-up LHW pre-
treatment and its application in pretreating large quantities of corn fiber.

Table 4.2 shows the advantages and disadvantages of steam explosion.
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4.1.2.3 Ammonia Fiber/Freeze Explosion, Ammonia Recycle
Percolation and Soaking Aqueous Ammonia

Ammonia fiber/freeze explosion (AFEX), Ammonia recycle percolation (ARP), and
Soaking aqueous ammonia (SAA) are alkaline pretreatment methods that use liquid
ammonia to pretreat the biomass (Agbor et al. 2011; Kumar et al. 2009). In AFEX
process, lignocellulosic materials are exposed to liquid ammonia at high tempera-
ture and pressure for a period of time, and then the pressure is swiftly reduced.
In ARP process, aqueous ammonia passes through biomass at high temperature,
after which ammonia is recovered. As a physicochemical process, AFEX is similar
to steam explosion operating at high pressure but it is performed at ambient tem-
peratures, while ARP is carried out at higher temperatures. SAA is a modified
version of AFEX utilizing aqueous ammonia to treat biomass in a batch reactor at
moderate temperatures to reduce the liquid throughput during pretreatment (Kim
and Lee 2005a, b). At ambient temperatures, the duration could be up to 10–60 days
while at higher temperatures, the effect of ammonia is rapid and the duration of
pretreatment is reduced to minutes (Alizadeh et al. 2005; Kim et al. 2000).

The concept of AFEX is similar to steam explosion. AFEX pretreatment can
substantially improve the saccharification rates of various herbaceous crops and
grasses. It can be used for the pretreatment of several lignocellulosic materials such
as alfalfa, wheat straw, wheat chaff (Mes-Hartree et al. 1988), barley straw, corn
stover, rice straw (Vlasenko et al. 1997), bagasse (Holtzapple et al. 1991), coastal
Bermuda grass, switchgrass (Reshamwala et al. 1995), municipal solid waste,
softwood newspaper, kenaf newspaper (Holtzapple et al. 1992a), and aspen chips
(Tengerdy and Nagy 1988). Compared to acid pretreatment and acid-catalyzed
steam explosion, the AFEX pretreatment does not considerably solubilize hemi-
cellulose (Mes-Hartree et al. 1988; Vlasenko et al. 1997). Mes-Hartree et al. (1988)
made a comparison of the steam and ammonia pretreatment for enzymatic
hydrolysis of wheat straw, wheat chaff, alfalfa stems and aspen wood. They
observed that steam explosion solubilized the hemicellulose, while AFEX did not.

Table 4.2 Advantages and
disadvantages of LHW

Advantages

Formation of degradation products is minimized due to the use
of lower temperatures. This eliminates the need for a final
washing step or neutralization because the pretreatment solvent
here is water

Low cost of the solvent is also an advantage for large-scale
application

Disadvantages

The amount of solubilized product is higher, while the
concentration of these products is lower compared to steam
explosion (Bobleter 1994)

More energy demanding because of the large volumes of water
involved

Based on Bobleter (1994)
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After AFEX pretreatment, the composition of the materials was found to be the
same as the original materials. Over 90 % hydrolysis of cellulose and hemicellulose
was obtained after AFEX pretreatment of Bermuda grass (approximately 5 % lig-
nin) and bagasse (15 % lignin) (Holtzapple et al. 1991). However, the AFEX
process was not very effective for the biomass with high lignin content such as
newspaper (18–30 % lignin) and aspen chips (25 % lignin). Hydrolysis yield of
AFEX-pretreated newspaper and aspen chips was reported as only 40 % and below
50 %, respectively (McMillan 1994a, b). Ammonia must be recycled after the
pretreatment in order to reduce the cost and protect the environment. In an ammonia
recovery process, a superheated ammonia vapor with a temperature up to 200 °C
was used to vaporize and strip the residual ammonia in the pretreated biomass and
the evaporated ammonia was then withdrawn from the system by a pressure con-
troller for recovery (Holtzapple et al. 1992b). The ammonia pretreatment does not
produce inhibitors for the downstream biological processes, so water wash is not
required (Dale et al. 1984; Mes-Hartree et al. 1988). Holtzapple et al. (1990)
reported that AFEX pretreatment does not require small particle size for efficacy.

In the AFEX and ARP processes, the lignocellulosic material is exposed to
ammonia at a given temperature and high pressure. This results in swelling and
phase change in cellulose crystallinity of biomass in addition to the alteration and
removal of lignin. The reactivity of the remaining carbohydrates after pretreatment
is increased. The pretreated biomass is easily hydrolyzable with close to theoretical
yields after enzymatic hydrolysis at low enzyme loadings compared to pretreated
biomass from other PPMs (Foster et al. 2001; Holtzapple et al. 1991; Kim and Lee
2002; Vlasenko et al. 1997). In AFEX pretreatment, biomass is brought in contact
with anhydrous liquid ammonia loading (1–2 kg of ammonia/kg of dry biomass) at
60–90 °C for 10–60 min and pressures above 3 MPa. In a closed vessel under
pressure, the biomass and ammonia mix is heated for about 30 min to the desired
temperature. After holding the target temperature for about 5 min, the vent valve is
opened rapidly to explosively relieve the pressure. The rapid release causes evap-
oration of the ammonia (which is volatile at atmospheric pressure) and a con-
comitant drop in temperature of the system (Alizadeh et al. 2005; Dale and Moreira
1982). The chemical effect of ammonia under pressure causes the cellulosic bio-
mass to swell, thus increasing the accessible surface area while decrystallizing
cellulose. This results in a phase change in the crystal structure of cellulose I to
cellulose III (Mosier et al. 2005b; O’Sullivan 1996). A small amount of hemicel-
lulose is solubilized in the oligomeric form during AFEX pretreatment. The lignin
distribution in the biomass remains comparatively the same after AFEX pretreat-
ment, but the lignin structure is rigorously changed. This results in the increase of
water-holding capacity and digestibility. The combined physical and chemical
changes significantly increase the susceptibility of the pretreated lignocellulosic
biomass to subsequent enzymatic hydrolysis (Dale et al. 1984; Dale and Moreira
1982; Galbe and Zacchi 2007; Holtzapple et al. 1991; Kim and Lee 2005a, b). The
mild process conditions reduce the formation of sugar degradation products and
fermentation inhibitors. AFEX pretreatment can significantly improve the saccha-
rification rates of herbaceous plants, agricultural residues, and municipal solid
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waste with approximately 90 % of the theoretical hydrolysis of AFEX-pretreated
coastal Bermuda grass (Holtzapple et al. 1992a; Mes-hartree et al. 1988).

ARP uses ammonia percolating in a flowthrough mode through a packed bed
reactor (Agbor et al. 2011). In this process, aqueous ammonia (5–15 %) passes
through biomass in a flowthrough column reactor at high temperatures (150–180 °C)
and a flow rate of 1–5 mL/minutes with residence time of 10–90 min, after which the
ammonia is recycled or recovered (Kim et al. 2003). There is simultaneous lignin
removal and hydrolysis of hemicellulose under these conditions and cellulose
crystallinity is reduced. Kim et al. (2006), reported a low-liquid ARP using one
reactor void volume with 15 wt% ammonia in an attempt to optimize the process and
establish a continuous process, by dropping the liquid ammonia throughput. The
digestibility of the low-liquid ARP-pretreated biomass under optimum conditions
was at least 86 % of the theoretical maximum even at the lowest enzyme loading of
7.5 FPU/g glucan. Both AFEX and ARP are effective pretreatments for herbaceous
plants, agricultural residues and municipal solid waste. ARP pretreatment is effective
on hardwoods also (Iyer et al. 1996; Kim and Lee 2005a, b).

Chan et al. (2014) performed a carbon dioxide-added ammonia explosion pre-
treatment for bioethanol production from rice straw. Using response surface
methodology, the pretreatment conditions, such as ammonia concentration, carbon
dioxide loading level, residence time, and temperature were optimized. The
response for optimization was defined as the glucose conversion rate. The opti-
mized pretreatment conditions resulting in maximal glucose yield (93.6 %) were
determined as 14.3 % of ammonia concentration, 2.2 MPa of carbon dioxide
loading level, 165.1 °C of temperature, and 69.8 min of residence time. Scanning
electron microscopy analysis showed that pretreatment of rice straw strongly
increased the surface area and pore size, which increased enzymatic accessibility for
enzymatic saccharification. Finally, an ethanol yield of 97 % was obtained via
simultaneous saccharification and fermentation suggesting that carbon dioxide
added ammonia pretreatment is an appropriate process for bioethanol production
from rice straw.

Table 4.3 shows the advantages and disadvantages of AFEX/ARP (Agbor et al.
2011). These processes have not been reported beyond lab-scale use. It is possible,
however, that AFEX- and ARP-pretreated biomass could be used as feed for cattle
serving as a source of essential nutrients. This is a potential application of
AFEX/ARP to produce value-added products for IFB.

4.1.2.4 Carbon Dioxide Explosion

Carbon dioxide explosion process involves the use of supercritical carbon dioxide
under pressure to enhance the digestibility of lignocellulosic biomass (Agbor et al.
2011). Supercritical carbon dioxide explosion, has a lower temperature than steam
explosion and possibly has a reduced expense compared to ammonia explosion.
Supercritical fluid refers to a fluid that is in a gaseous form but is compressed at
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temperatures above its critical point to a liquid like density. High-pressure carbon
dioxide, and particularly supercritical carbon dioxide is injected into the reactor and
then liberated by an explosive decompression. Because carbon dioxide forms car-
bonic acid when dissolved in water, the acid increases the hydrolysis rate. Carbon
dioxide molecules are comparable in size to water and ammonia and should be able
to penetrate small pores accessible to water and ammonia molecules. Carbon
dioxide was suggested to be helpful in hydrolyzing hemicellulose and also cellu-
lose. Moreover, the low temperature prevents any appreciable decomposition of
monosaccharides by the acid. Upon an explosive release of the carbon dioxide
pressure, the disruption of the cellulosic structure increases the accessible surface
area of the substrate to hydrolysis.

The supercritical carbon dioxide pretreatment method does not discharge
harmful chemicals (Agbor et al. 2011). So it is an environment friendly method
with its own niche in tactical biomass processing. Research on its use has been
conducted on few lignocellulosic materials such as Avicel cellulose, recycled paper,
sugarcane bagasse, aspen, Southern yellow pine, corn stover, switch grass (Zheng
et al. 1998; Kim and Hong 2001; Narayanaswamy et al. 2011).

In this process, supercritical carbon dioxide is delivered to biomass placed in a
high-pressure vessel (Kim and Hong 2001), or delivered at high pressure
(1000–4000 psi) (Zheng et al. 1995). The vessel is heated to the desired temperature

Table 4.3 Advantages and
disadvantages of AFEX/ARP

Advantages

Hydrolyzate from AFEX/ARP is compatible with fermentation
organisms without the need for conditioning

Ability to reduce, recover, and recycle the ammonia used in
both AFEX/ARP makes the establishment of a continuous
industrial process more feasible

Moderate temperatures, pH, and short residence time used in
AFEX mostly and ARP compared to other physicochemical
processes minimizes the formation of fermentation inhibitors

High selectivity for reaction with lignin

ARP pretreatment is an efficient and selective delignification
method reducing 70–85 % of corn stover lignin within 20 min
of pretreatment and removing 40–60 % hemicellulose while
leaving the cellulose intact

Need for water washing step is eliminated

Total sugar yield is increased

AFEX/ARP pretreatment is cheaper than DAP

Disadvantages

Somewhat ineffective in the pretreatment of
high-lignin-containing lignocellulosic biomass

Cost of ammonia basically drives the process and its application
on large scale

Environmental concerns with the stench of ammonia also have a
negative impact on pilot and industrial scale applications
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and held for a designated length of time, usually several minutes when conducted at
high temperatures up to 200 °C (Hendricks and Zeeman 2009). Carbon dioxide
penetrates the biomass at high pressure and it is believed that once dissolved in
water, carbon dioxide will produce carbonic acid. This acid helps in the hydrolysis
of hemicellulose. The release of the pressurized gas results in the disruption of the
biomass native structure increasing the accessible surface area (Zheng et al. 1995).
Carbon dioxide explosion pretreatment is not effective on biomass with no moisture
content but increases the hydrolytic yield of moisture containing biomass with the
yield increasing proportionately with the moisture content of the unprocessed
feedstock (Kim and Hong 2001). The attractive features of carbon dioxide explo-
sion pretreatment are presented below:

– Low cost
– No generation of toxins
– Use of low temperatures
– High solids capacity.

However, the high cost of equipment that can withstand high pressure conditions
of carbon dioxide explosion pretreatment is a strong limitation to the application of
this process on a large scale. Furthermore, the effects on biomass carbohydrate
components have yet to be elucidated.

4.1.3 Chemical Pretreatment

4.1.3.1 Oxidative Delignification

Oxidizing agent such as hydrogen peroxide, ozone, oxygen or air can also be used
for delignification of lignocellulosic feedstocks (Bensah and Mensah 2013;
Hammel et al. 2002; Nakamura et al. 2004). In this process, lignin is converted to
acids. However, these acids can act as inhibitors during fermentation process.
Hence, these acids have to be removed (Alvira et al. 2010). Also, oxidative treat-
ment damages the hemicellulose fraction of the lignocellulose complex and a major
portion of the hemicellulose gets degraded and becomes unavailable for fermen-
tation (Lucas et al. 2012). The major types of oxidative delignification process are
as follows.

Hydrogen Peroxide

Hydrogen peroxide is the most commonly used oxidizing agent. It degrades into
hydrogen and oxygen and does not leave residues in the biomass (Uppal et al.
2011). Process variations that have also produced high sugar yields include the
addition of catalysts such as manganese acetate, post-pretreatment acid saccharifi-
cation, and alkaline-peroxide application without post-pretreatment washing (Lucas
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et al. 2012; Uppal et al. 2011; Banerjee et al. 2012). By pretreating water hyacinth
and lettuce with sodium hydroxide followed by hydrogen peroxide, Mishima et al.
(2006) obtained higher sugar yields compared to sodium hydroxide, sulfuric acid,
and hot water pretreatments under similar conditions. Studies have shown that
dissolution of about 50 % of lignin and most of the hemicellulose has been obtained
in a solution of 2 % hydrogen peroxide at 30 °C. Hydrolysis of hydrogen peroxide
leads to the generation of hydroxyl radicals, which degrade lignin and produce low
molecular weight products. Removal of lignin from lignocellulose leads to the
exposure of cellulose and hemicellulose causing increased enzymatic hydrolysis
(Hammel et al. 2002). The yield of enzymatic hydrolysis followed can be as high as
95 %. Combined chemical (hydrogen peroxide) and biological treatment of rice hull
was performed by Yu et al. (2009). Their study consisted of chemical treatment
(hydrogen peroxide) followed by biological treatment with Pleurotus ostreatus. The
combined pretreatments led to significant increases of the lignin degradation. At
optimum conditions, hydrogen peroxide (2 %, 48 h) and P. ostreatus (18 days) led
to 39.8 and 49.6 % of net yields of total sugar and glucose, respectively. It was
about 5.8 times and 6.5 times more than that of the fungal pretreatment (18 days)
alone, and was also slightly higher as compared to sole fungal pretreatment for
60 days.

A study aimed at increasing the enzymatic digestibility of sweet sorghum ba-
gasse for bioethanol production was performed by Cao et al. (2012). Among dif-
ferent chemical pretreatment methods employed, the best yields were obtained
when sweet sorghum bagasse was treated with dilute sodium hydroxide solution
followed by autoclaving and hydrogen peroxide immersing pretreatment. The
highest cellulose hydrolysis yield, total sugar yield and ethanol concentration were
74.3, 90.9 % and 6.1 g/L, respectively, which were 5.9, 9.5, and 19.1 times higher
in comparison to the control.

Lucas et al. (2012) studied the effect of manganese acetate as a catalyst in
oxidative delignification of wood with hydrogen peroxide at room temperature.
Poplar wood sections were converted into a fine powder-like material when
exposed to a mixture of hydrogen peroxide and manganese acetate in aqueous
solution. Optical and Raman microscopy showed oxidation of lignin containing
middle lamellae. Raman spectra from the solid residue showed a delignified and
cellulose-rich material. Glucose yields following enzymatic hydrolysis were 20–
40 % higher in poplar sawdust pretreated with hydrogen peroxide and manganese
acetate for 2, 4, and 7 days at room temperature as compared to those in sawdust
exposed to water only for identical durations, suggesting the viability of the mild,
inexpensive method for pretreatment of lignocellulosic biomass.

Alkaline Hydrogen Peroxide pretreatment of Cashew Apple Bagasse was
studied by Correia et al. (2013). The effects of the concentration of hydrogen
peroxide at pH 11.5, the biomass loading and the pretreatment duration performed
at 35 °C and 250 rpm were evaluated after the subsequent enzymatic saccharifi-
cation of the pretreated biomass using a commercial cellulase enzyme. At optimized
conditions, consisting of solid loading of 5 % (w/v) at 4.3 % alkaline hydrogen
peroxide, 6 h, 35 °C, a total reducing sugar yield of 42.9 % was obtained.
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Pretreatment with hydrogen peroxide is considered a very harsh treatment which
leads to lignin removal and high yields of reducing sugars. Reducing sugar yields
up to 90 % have been obtained (Cao et al. 2012).

Table 4.4 shows advantages and disadvantages of hydrogen peroxide
pretreatment.

Ozonolysis

Ozonolysis can be used to reduce the lignin content of lignocellulosic wastes. This
increases the in vitro digestibility of the treated material, and does not produce toxic
residues unlike other chemical treatments. Ozone can be used to degrade lignin and
hemicellulose in several lignocellulosic materials such as poplar saw dust, wheat
straw, bagasse, green hay, peanut, pine and cotton straw (Ben-Ghedalia and Miron
1981; Neely 1984; Vidal and Molinier 1988). The degradation was mainly limited
to lignin; hemicellulose was slightly attacked, whereas cellulose was hardly
affected. The rate of enzymatic hydrolysis increased by a factor of 5 following 60 %
removal of the lignin from wheat straw in ozone pretreatment (Vidal and Molinier
1988). Enzymatic hydrolysis yield increased from 0 to 57 % as the percentage of
lignin decreased from 29 to 8 % after ozonolysis pretreatment of poplar sawdust
(Vidal and Molinier 1988). Table 4.5 shows the advantages and disadvantages of
ozonolysis pretreatment.

Table 4.5 Advantages and
disadvantages of ozonolysis
pretreatment

Advantages

Effectively removes lignin

Does not produce toxic residues for the downstream processes

Reactions are carried out at room temperature and pressure

Can be easily decomposed by using a catalytic bed or increasing
the temperature—processes can be designed to minimize
environmental pollution

Disadvantages

Large amount of ozone is required, making the process
expensive

Table 4.4 Advantages and
disadvantages of hydrogen
peroxide pretreatment

Advantages

Hydrogen peroxide permits fractionation of biomass at ambient
pressures and low temperatures allowing the use of low-cost
reactors

Does not leave any residue in biomass

Disadvantages

Application of oxidizing agents produces soluble lignin
compounds that inhibit the conversion of hemicelluloses and
cellulose to ethanol

Loss of sugar due to the occurrence of nonselective oxidation

High cost of oxidants is a major limitation for scaling up to
industrial levels
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Most ozonation experiments have been conducted in hydrated fixed beds which
lead to more effective oxidations than aqueous suspension or suspensions in 45 %
acetic acid (Vidal and Molinier 1988; Lasry et al. 1990). Morrison and Akin (1990)
used ozone to oxidize herbaceous species moistened to 50 %. Caproic, levulinic,
p-hydroxybenzoic, vanillic, azelaic, and malonic acids and aldehydes such as
p-hydroxybenzaldehyde, vanillin, and hydroquinone were identified in the aqueous
extract. On the other hand, Euphrosine-Moy et al. (1991) ozonized hydrated poplar
sawdust with 45 % moisture and identified oxalic and formic acids as the major
products in the aqueous extract of the treated material. Also glycolic, glycoxylic,
succinic, glyceric, malonic, p-hydroxybenzoic, fumaric, and propanoic acids were
identified.

Sulfur Trioxide

Yao et al. (2011) explored the use of sulfur trioxide in a process called sulfur
trioxide microthermal explosion (STEX) to pretreat biomass such as rice straw.
Biomass is hanged above a solution of oleum and sodium hydroxide (1 % w/v) and
swirled in a test tube at 50 °C/1 atm for 7 h, followed by washing to obtain the
solids (Yao et al. 2011). The internal explosion is believed to take place due to heat
released from sulfur trioxide–straw reaction that causes rapid expansion of air and
water from the interior of the biomass which results in enhanced structural changes
and pore volume and partial removal of hemicellulose and lignin (Yao et al. 2011;
Li et al. 2012a). Pretreatment of rice straw at the above-mentioned conditions
resulted in the saccharification yield of 91 % (Yao et al. 2011). The efficient
handling of sulfur trioxide will be a major challenge due its corrosiveness regarding
this emerging pretreatment.

4.1.3.2 Acid Treatment

Concentrated acids (sulfuric acid and hydrochloric acid) have been used to treat
lignocellulosic materials (Agbor et al. 2011; Bensah and Mensah 2013; Chaturvedi
and Verma 2013; Kumar et al. 2009). Although they are powerful agents for
cellulose hydrolysis, concentrated acids are toxic, corrosive, and hazardous and
require reactors that are resistant to corrosion. To make the process economically
feasible, the concentrated acid must be recovered after hydrolysis (Sivers and
Zacchi 1995). Dilute acid hydrolysis has been successfully used for pretreatment of
lignocellulosic materials. It has been used in case of wide range of feedstocks,
including softwood, hardwood, herbaceous crops, agricultural residues, wastepaper,
and municipal solid waste. It performed well on most biomass materials.
Hydrochloric acid, nitric acid, phosphoric acid, and sulfuric acid have been
examined for use in biomass pretreatment. Dilute sulfuric acid is commonly used as
the acid of choice (Kim et al. 2000; Mosier et al. 2005b; Nguyen et al. 2000; Torget
et al. 1992). It is mixed with biomass to solubilize hemicellulose thereby increasing
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the accessibility of the cellulose in the biomass. This mixture can be heated directly
with the use of steam as in steam pretreatment, or indirectly via the vessel walls of
the reactor. The dilute sulfuric acid pretreatment can significantly improve cellulose
hydrolysis and can obtain high reaction rates (Esteghalian et al. 1997). At moderate
temperature, direct saccharification suffered from low yields because of sugar de-
composition. High temperature in dilute acid treatment is favorable for cellulose
hydrolysis (McMillan 1994a, b). Recently developed dilute acid hydrolysis pro-
cesses use less-severe conditions and achieve high xylan to xylose conversion
yields. Achieving high xylan to xylose conversion yields is necessary to achieve
favorable overall process economics because xylan accounts for up to a third of the
total carbohydrate in many lignocellulosic materials (Hinman et al. 1992).

There are basically two types of dilute acid pretreatment processes:

– High temperature (temperature greater than 160 °C), continuous-flow process
for low solids loading (5–10 % (weight of substrate/weight of reaction mixture)
(Brennan et al. 1986; Converse et al. 1989)

– Low temperature (temperature less than 160 °C), batch process for high solids
loading (10–40 %) (Cahela et al. 1983; Esteghalian et al. 1997).

Although dilute acid pretreatment can significantly improve the cellulose hy-
drolysis, its cost is usually higher than some physicochemical pretreatment pro-
cesses such as steam explosion or AFEX. A neutralization of pH is required for the
downstream enzymatic hydrolysis or fermentation processes.

Dilute acid pretreatment is conducted at temperature ranging from 140 to 215 °C.
The residence time varies from a few seconds to minutes depending on the tem-
perature of the pretreatment. An aqueous solution of substrate is heated to the desired
temperature and pretreated using preheated sulfuric acid (concentrations of more
than 4 wt%) in a stainless-steel reactor (Esteghalian et al. 1997; Torget et al. 1990).
In another method preconditioned and physically pretreated biomass in a wire mesh
is submerged in a circulating bath of dilute sulfuric acid. The bath is then heated to
desired temperatures to effect pretreatment at different severities. Nguyen et al.
(2000) reported a two-stage dilute acid pretreatment to maximize sugar recovery and
improve biomass digestibility. A low temperature, low-acid concentration dilute acid
pretreatment was used in the first stage to promote hemicellulose hydrolysis/re-
covery and a high-severity second stage was used to hydrolyze a portion of the
remaining cellulose to glucose in the second stage (Nguyen et al. 2000). The acid in
dilute acid pretreatment releases oligomers and monomeric sugars by affecting the
reactivity of the biomass carbohydrate polymers polymers. Depending on the
combined severity of the pretreatment, the sugars can be converted to aldehydes such
as furfural and hydroxymethyl furfural. In a flowthrough dilute acid pretreatment
process, the biomass is mixed or brought in contact with dilute sulfuric acid of less
than 0.1 % to hydrolyze hemicellulose in biomass compared to the typical 0.6–3.0 %
for dilute acid. A glucose yield of higher than 80 %, at a sulfuric acid equivalent of
0.05 wt% was reported by Mok and Antal (1992).

The addition of dilute sulfuric acid to cellulosic material has been used to
commercially produce furfural which is purified by distillation and is being
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marketed (Zeitsch 2000). Dilute acid has been applied in the pretreatment of corn
residues and short rotation woody and herbaceous crops (Torget et al. 1990, 1992).
The technique is being developed by NREL for subsequent commercial application.
A potential two-stage dilute acid pretreatment of softwoods chips with the objective
of improving the digestibility of feedstocks with high lignin content was proposed
for large-scale application (Nguyen et al. 2000).

Table 4.6 shows the advantages and disadvantages of acid treatment.

4.1.3.3 Alkali Treatment

Alkaline pretreatment is one of the major chemical pretreatment technologies. It
uses various bases, including sodium hydroxide, potassium hydroxide, calcium
hydroxide (lime), aqueous ammonia, ammonia hydroxide and sodium hydroxide in
combination with hydrogen peroxide or others. Pretreatment with alkali cause
swelling of biomass which increases the internal surface area of the biomass and
decreases both the degree of polymerization and cellulose crystallinity. Alkaline
pretreatment disrupts the lignin structure and breaks the linkage between lignin and
the other carbohydrate fractions in lignocellulosic biomass, thus making the

Table 4.6 Advantages and
disadvantages of dilute acid
pretreatment

Advantages

Can achieve high reaction rates

Significantly improve hemicellulose and cellulose hydrolysis by
varying the severity of the pretreatment, so the concept of
combined severity can be conveniently applied

Disadvantages

Formation of degradation products and release of natural
biomass fermentation inhibitors are other characteristics of acid
pretreatment

Acidic prehydrolyzates must be neutralized before the sugars
proceed to fermentation

Gypsum has problematic reverse solubility characteristics when
neutralized with inexpensive calcium hydroxide

Disposal of neutralization salts is needed

Biomass particle size reduction is necessary. Plus, the current
sulfuric acid price has increased quickly so that the
economically feasibility of dilute acid pretreatment might need
to be reconsidered

Dilute acid pretreatment costs more than most other
physicochemical pretreatment methods, such as SP and AFEX,
especially the two-stage dilute acid pretreatment

Corrosion caused by dilute acid pretreatment with sulfuric acid
mandates expensive construction material

Counter cost of nitric acid negates the possibility of using it as a
less corrosive replacement for sulfuric acid to reduce
containment cost
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carbohydrates in the heteromatrix more accessible. The reactivity of remaining
polysaccharides increases as the lignin is removed. Acetyl and other uronic acid
substitutions on hemicellulose that reduce the accessibility of enzymes to cellulose
surface are also removed by alkali pretreatments (Chandra et al. 2007; Chang and
Holtzapple 2000; Galbe and Zacchi 2007; Mosier et al. 2005b). However, most of
the alkali is utilized. The effectiveness of alkaline pretreatment varies, depending on
the substrate and treatment conditions. In general, alkaline pretreatment is more
effective on hardwood, herbaceous crops, and agricultural residues with low lignin
content than on softwood with high lignin content (Bjerre et al. 1996).

Millet et al. (1976) observed that the digestibility of sodium hydroxide-treated
hardwood increased from 14 to 55 % with the decrease of lignin content from 24–
55 to 20 %. However, slight effect of dilute sodium hydroxide pretreatment was
found for softwoods with lignin content higher than 26 %. Kim and Holtzapple
(2005) used lime to pretreat corn stover and obtained maximum lignin removal of
87.5 % at 55 °C for 4 weeks with aeration. Using lime pretreatment at ambient
conditions for up to 192 h, Playne (1984) improved the enzyme digestibility of the
sugarcane bagasse from 20 to 72 %. He also concluded that lime would be the
chemical of choice based on the cost of chemicals. Using alkali (sodium hydroxide,
calcium hydroxide and potassium hydroxide) to pretreat rice straw in 24 h at 25 °C,
the authors found that sodium hydroxide (6 % chemical loading, g/g dry rice straw)
was the best alkali to obtain 85 % increase of glucose yield by enzymatic
hydrolysis. Aqueous ammonia is also a common alkali chemical for alkaline
pretreatment.

The digestibility of sodium hydroxide-treated hardwood increased from 14 to
55 % with the decrease of lignin content from 24–55 to 20 %. However, no effect of
dilute sodium hydroxide pretreatment was observed for softwoods with lignin
content higher than 26 % (Millet et al. 1976). Dilute sodium hydroxide pretreatment
was also effective for the hydrolysis of straws with a relatively low lignin content of
10–18 % (Bjerre et al. 1996).

Combination of irradiation and 2 % sodium hydroxide for pretreatment of corn
stalk, cassava bark and peanut husk was examined by Chosdu et al. (1993). They
used a combination of irradiation and 2 % sodium hydroxide for pretreatment of
corn stalk, cassava bark, and peanut husk. The glucose yield of corn stalk was 20 %
in untreated samples compared to 43 % after treatment with electron beam irradi-
ation at a dose of 500 kGy and 2 % sodium hydroxide, but the glucose yields of
cassava bark and peanut husk were only 3.5 and 2.5 %, respectively.

Hu et al. (2008), Hu and Wen (2008) used radio frequency-based dielectric
heating during the sodium hydroxide pretreatment of switchgrass to improve its
enzymatic digestibility. Switchgrass could be treated on a large-scale, at high solids
content, and with a uniform temperature profile because of the unique features of
radio frequency heating which are volumetric heat transfer, deep heat penetration of
the samples, etc. At 20 % solids content, radio frequency-assisted alkali pretreat-
ment (at 0.1 g of sodium hydroxide/g of biomass loading and 90 °C) resulted in a
higher xylose yield than the conventional heating pretreatment. The optimal particle
size and alkali loading in the radio frequency pretreatment were determined to be
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0.25–0.50 mm and 0.25 g of sodium hydroxide/g of biomass, respectively. At alkali
loadings of 0.20–0.25 g of sodium hydroxide/g of biomass, a heating temperature
of 90 °C, and a solids content of 20 %, the glucose, xylose, and total sugar yields
from the combined radio frequency pretreatment and enzymatic hydrolysis were
25.3, 21.2, and 46.5 g/100 g of biomass, respectively.

Hu et al. (2008) soaked switchgrass in sodium hydroxide solutions of different
concentrations and then treated the samples by microwave or conventional heating.
With alkali loadings of 0.05–0.3 g of alkali/g of biomass, microwave pretreatment
resulted in higher sugar yields than conventional heating, with the highest yield
(90 % of maximum potential sugars) was obtained at an alkali loading of 0.1 g/g.

Table 4.7 show the advantages and disadvantages of alkali treatment.
Lime pretreatment has been reported to improve the digestibility of lignocellu-

losic biomass (Chang et al. 1998). It is a low-cost alkaline physicochemical pre-
treatment and utilizes aqueous calcium hydroxide at low temperatures and pressures
as a pretreatment agent to solubilize hemicellulose and lignin (Chang et al. 1997).
Calcium hydroxide is the least expensive per kilogram of hydroxide. It is possible
to recover calcium from an aqueous reaction system as insoluble calcium carbonate
by neutralizing it with inexpensive carbon dioxide; calcium hydroxide can subse-
quently be regenerated using established lime kiln technology.

Using 0.1 g calcium hydroxide/g biomass, lime pretreatment can be conducted
within a wide temperature range 25–130 °C. At ambient temperatures (25 °C), the
lime pretreatment could take weeks and at high temperatures (120 °C) only 2 h
were required for the pretreatment of switch grass, solubilizing about 26 % xylan
and 29–33 % lignin (Chang et al. 1997). The effectiveness of lime pretreatment has
been attributed to opening of “acetyl valves” and “lignin valves,” i.e., deacetylation
and partial delignification (Chang and Holtzapple 2000). Oxidative factors come
into play when oxygen is introduced at high pressures to enhance the pretreatment.
Lime pretreatment of wheat straw at 85 °C for 3 h and poplar wood at 150 °C for
6 h using 14 atm oxygen resulted in better yield than without oxygen (Chang et al.

Table 4.7 Advantages and
disadvantages of alkaline
pretreatment

Advantages

Utilize lower temperatures and pressures than other
pretreatment technologies

Can be carried out at ambient conditions, but pretreatment times
are on the order of hours or days rather than minutes or seconds

Alkaline processes cause less sugar degradation compared with
acid processes, and many of the caustic salts can be recovered
and/or regenerated

Disadvantages

Less effective as lignin content of the biomass increases

A significant disadvantage of alkaline pretreatment is the
conversion of alkali into irrecoverable salts and/or the
incorporation of salts into the biomass during the pretreatment
reactions so that the treatment of a large amount of salts
becomes a challenging issue for alkaline pretreatment
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1998, 2001). Wet oxidative treatment involves the addition of an oxidizing agent
like oxygen, water, or hydrogen peroxide to biomass suspended in a liquid to
improve hemicellulose and lignin removal. Lime has been also used to treat
switchgrass (100 °C for 2 h) and corn stover (100 °C for 13 h) (Chang et al. 1997;
Karr and Holtzapple 1998).

The process of lime pretreatment involves slurrying the lime with water,
spraying it onto the biomass material, and storing material in a pile for a period of
hours to weeks. The particle size of the biomass is typically 10 mm or less. Higher
temperatures reduce contact time. Kim and Holtzapple (2006b) have reported that
the enzymatic hydrolysis of lime-treated biomass is affected by structural features
resulting from the treatment. These are the extents of acetylation, lignification, and
crystallization. Lime pretreatment removes amorphous substances (e.g., lignin and
hemicellulose), which increases the crystallinity index.

Chang and Holtzapple (2000) reported correlations between enzymatic
digestibility and structural factors: lignin content, crystallinity, and acetyl content.
They found that extensive delignification is sufficient to obtain high digestibility
regardless of acetyl content and crystallinity; delignification and deacetylation
remove parallel barriers to enzymatic hydrolysis; and crystallinity significantly
affects initial hydrolysis rates but has less of an effect on ultimate sugar yields.
Effective lignocellulose treatment process should remove all of the acetyl groups
and reduce the lignin content to about 10 % in the treated biomass. Alkaline
pretreatment can play a significant role in exposing the cellulose to enzyme
hydrolysis. Lignin removal increases enzyme effectiveness by eliminating non-
productive adsorption sites and by increasing access to cellulose and hemicellulose.

Kim and Holtzapple (2006b) pretreated corn stover with excess calcium
hydroxide (0.5 g of calcium hydroxide/g of raw biomass) in both nonoxidative and
oxidative conditions at 25, 35, 45, and 55 °C. The enzymatic digestibility of lime-
treated corn stover was affected by the change of structural features such as
acetylation, lignification, and crystallization resulting from the treatment. Extensive
delignification required oxidative treatment and additional consumption of lime (up
to 0.17 g of calcium hydroxide/g of biomass). Deacetylation reached a plateau
within 1 week, and there were no significant differences between nonoxidative and
oxidative conditions at 55 °C; both conditions removed about 90 % of the acetyl
groups in 1 week at all temperatures studied. Delignification highly depended on
temperature and the presence of oxygen. Lignin and hemicellulose were selectively
removed or solubilized, but cellulose was not affected by lime pretreatment at mild
temperatures (25–55 °C). The degree of crystallinity increased slightly with
delignification (from 43 to 60 %) because amorphous components such as lignin
and hemicellulose were removed.

Lee and Fan (1982) observed that the rate of enzymatic hydrolysis depends on
enzyme adsorption and the effectiveness of the adsorbed enzymes, instead of the
diffusive mass transfer of enzyme. Lignin removal increases enzyme effectiveness
by eliminating nonproductive adsorption sites and by increasing access to cellulose
and hemicellulose.
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Kong et al. (1992) reported that alkalis remove acetyl groups from hemicellulose
(mainly xylan), thereby reducing the steric hindrance of hydrolytic enzymes and
greatly enhancing carbohydrate digestibility. They concluded that the sugar yield in
enzymatic hydrolysis is directly associated with acetyl group content.

Karr and Holtzapple (2000) showed that pretreatment with slake lime (calcium
hydroxide) increased the enzymatic hydrolysis of corn stover by a factor of 9
compared to that of untreated corn stover. The optimal pretreatment conditions
were determined to be a lime loading 0.075 g of calcium hydroxide/g of dry
biomass, a water loading of 5 g of water/g of dry biomass, and heating for 4 h at
120 °C. It was suggested that pretreatment with lime can lead to corn stover
polysaccharide conversions approaching 100 %. Dilute sodium hydroxide treatment
of lignocellulosic materials has been found to cause swelling, leading to an increase
in internal surface area, a decrease in the degree of polymerization, separation of
structural linkages between lignin and carbohydrates, a decrease in crystallinity and
disruption of the lignin structure (Fan et al. 1987). The digestibility of sodium
hydroxide-treated hardwood was reported to increase from 14 to 55 % with a
decrease of lignin content from 24–55 to 20 %. However, no effect of dilute sodium
hydroxide pretreatment was observed for softwoods with lignin content greater than
26 %. Dilute sodium hydroxide pretreatment was also found to be effective for the
hydrolysis of straws with relatively low lignin contents of 10–18 % (Bjerre et al.
1996).

Lime pretreatment has been used in lab scale. Conversely, oxidative effect of
adding water, air, or oxygen could be used in an industrial pretreatment process to
improve biomass digestibility by percolating oxygen through a pile of biomass.

Table 4.8 shows the advantages and disadvantages of lime treatment.

4.1.3.4 Organosolv Process

Organosolv process has been extensively utilized for extraction of high-quality
lignin, which is a value-added product, and once the lignin is removed from the
biomass, the cellulose fibers become accessible to enzymes for hydrolysis and
absorption of cellulolytic enzymes to lignin is minimized which leads to higher
conversion of biomass (Agbor et al. 2011).

The organosolv pretreatment process involves the addition of an aqueous
organic solvent mixture to the biomass under specific temperatures and pressures
with/without a catalyst (Sun and Cheng 2002; Alriols et al. 2009; Chum et al.
1985). The catalysts used are acid, a base, or a salt and the solvents which are most
commonly used are ethanol, methanol, ethylene glycol and acetone (Ichwan and
Son 2011). Temperatures used in the process can be as high as 200 °C, but lower
temperatures can also be used depending on the type of biomass and the use of a
catalyst. The process produces three main fractions—a high purity lignin, a rela-
tively pure cellulose fraction, and a hemicellulosic syrup containing C5 and C6
sugars. The pretreated solid residues are separated by filtration and washed with
distilled water in order to remove solvents and degradation products which may
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inhibit downstream process such as enzymatic hydrolysis and fermentation.
Pretreatment conditions lead to simultaneous hydrolysis and lignin removal. This
occurs via the disruption of internal bonds in lignin, lignin-hemicellulose bonds,
and glycosidic bonds in hemicelluloses and to a smaller extent in cellulose
(Conde-Mejía et al. 2012; Chum et al. 1985). Other changes include the formation
of droplets of lignin on the surface of pretreated biomass, a situation that inhibits
hydrolysis by adsorption on the surface of the cellulose (Koo et al. 2012). The
presence of acids as a catalyst causes acid-catalyzed degradation of the monosac-
charides into furfural and 5-hydroxymethyl furfural followed by condensation
reactions between lignin and these reactive aldehydes (Chum et al. 1985). After
removal of lignin, the biomass (rich in cellulose) is used for enzymatic hydrolysis
(Zhao et al. 2009).

Process variables such as temperature, reaction time, solvent concentration, and
acid dose affect the physical characteristics (crystallinity, fiber length and degree of
polymerization of cellulose) of the pretreated substrates. In most cases, high tem-
peratures and acid concentrations and also long reaction times cause considerable
degradation of sugar into fermentation inhibitors. Sulfuric acid has been used

Table 4.8 Advantages and
disadvantages of lime
pretreatment

Advantages

Low reagent cost, safety, and ease of recovery as calcium
carbonate compared with sodium, potassium, and ammonium
hydroxide even though sodium hydroxide has receive the most
attention

Lime pretreatment performed at temperatures below 100 °C
avoids the huge energy demands required to maintain high
thermal steady-state conditions during pretreatment and use of
pressured vessels

Huge piles of biomass could simply be pretreated without the
need for a special vessel or using a simple design for pilot plants

Recalcitrant biomass is rendered digestible as result of the
combined action of the alkali and oxygen. About 80 % of the
lignin in high-lignin lignocellulose material such as hardwoods
(e.g. poplar wood) is removed during oxidative lime
pretreatment

Disadvantages

Lime pretreatment is not very effective for removing lignin in
high-lignin biomass such as softwood

Action of lime is slower than ammonia and most often the
oxidizing agent is not very selective as a result losses in
hemicellulose and cellulose may occur

Use of huge volumes of water in the washing step (5–10 g
water/g biomass) and the potential need for neutralization
makes downstream processing difficult and also increase the
cost of scaling-up lime pretreatment

The oxidation of lignin to other soluble aromatic compounds is
a risk due to the possibility of the formation of inhibitors
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extensively as a catalyst due to its strong reactivity but, it is corrosive, possesses
inhibitory characteristics and toxic (Park et al. 2010).

Park et al. (2010) evaluated the effectiveness of sulfuric acid, sodium hydroxide
and magnesium sulfate catalysts on pine and found the acid as the most effective in
terms of the ethanol yield. But an increase in the concentration of the base from 1 to
2 % had a positive effect on digestibility. The use of carbon dioxide as a catalyst did
not improve process yields on pretreatment of willow wood (Huijgen et al. 2008).
Organic solvents/acids that have been used as catalysts include oxalic, formic,
acetylsalicylic, salicylic acid, ethanol, methanol, acetone, ethylene glycol, tri-
ethylene glycol, and tetrahydrofurfuryl alcohol (Sun and Cheng 2002; Haverty et al.
2012; Mesa et al. 2011; Zhao and Liu 2012).

The Battelle organosolv method involves the use of a ternary mixture of phenol,
water, and hydrochloric acid to fractionate the biomass at about 100 °C and at 1 atm
(Villaverde et al. 2010). The acid depolymerizes lignin and hydrolyses the hemi-
cellulose fraction and the lignin dissolves in the organic phase (phenol), while the
monosaccharides are accumulated in the aqueous phase upon cooling of the frac-
tionated biomass. Similarly, the formic acid organosolv process (formasolv)
involves the application of formic acid, water, and hydrochloric acid to depoly-
merize, oxidize, and dissolve lignin, hemicellulose, and extractives in the biomass,
and the precipitation of the lignin is obtained by the addition of water (Villaverde
et al. 2010). Formic acid has a good lignin solvency and the process can be
conducted under low temperatures and at atmospheric pressure (Zhao and Liu
2012). Formic acid, however, causes formylation of the pretreated substrates which
could reduce cellulose digestibility. Pretreated substrates can be deformylated in
alkaline solution as was observed on bagasse at 120 °C (Zhao and Liu 2012).

Kupiainen et al. (2012) used formic acid (5–10 % w/w; no catalysts) on delig-
nified wheat straw pulp at 180–220 °C, yielding a maximum glucose yield of 40 %.
Organosolv pretreatment with acetic acid (acetosolv) produces higher yields than
formic since less material is dissolved for a given time. Higher cellulose viscosity in
smaller time periods is obtained in acetosolv process (Villaverde et al. 2010).

The use of ethanol in organosolv pretreatment enables the recovery of high value
products which include cellulose, sulfur- and chlorine-free lignin, enriched hemi-
celluloses, and extractives. Via the use of solvents such as ionic liquids, further
purification may be obtained (Prado et al. 2012). The ethanosolv process is usually
operated under higher pressures and temperatures unlike formasolv process. In
addition, reprecipitation of lignin takes place due to lower lignin solubility (Zhao
and Liu 2012). The reduced toxicity of ethanol compared to solvents such as
methanol to the downstream fermentation process and the fact that ethanol is the
final product are additional benefits (Chum et al. 1985; Kim et al. 2011). Generally,
lower ethanol/water ratios favor hemicellulose hydrolysis and the enzymatic
degradability of pretreated biomass since ethanol inhibits the performance of hy-
drolytic enzymes (Huijgen et al. 2008). Ethanosolv process has been explored for
the development of proprietary technologies such as the Alcell process and the
Lignol process. Alcell process is a sustainable alternative to kraft pulping (Pye and
Lora 1991) and the Lignol process—a biorefinery platform that uses aqueous
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ethanol (50 % w/w) for pretreating lignocellulosic biomass at 200 °C and 400 psi to
separate the different components in biomass (Arato et al. 2005; Pan et al. 2005).
High sugar yields and product recovery have been observed in case of ethanosolv
pretreatment of various materials including hybrid poplar (Pan et al. 2006a) and
Japanese cypress (Hideno et al. 2013). A main advantage is the potential to recover
much of the ethanol (Koo et al. 2012; Alriols et al. 2010) and water (Alriols et al.
2009). This reduces the operating cost. Ethanosolv coproducts such as hemicellu-
lose syrup and lignin can serve as feedstocks for the production of high-value
products. Furthermore, ethanosolv lignins whose molecular weight and functional
groups depend on process conditions are known to possess antioxidant properties
(Pan et al. 2006b). In several situations, presoaking materials, for example, in acidic
medium (Kim et al. 2012) or in bioslurry (Brosse et al. 2010), positively affect the
process in terms of sugar yields and lignin removal, among seven others. Other
variations involve the combined use of acid and basic catalysts, microwave-assisted
organosolv, and the avoidance of catalysts (Mesa et al. 2011; Li et al. 2012b; Wang
et al. 2012). In another variation, the biomass is treated with the inclusion of ferric
sulfate and sodium hydroxide to the biomass/liquor (formic acid and hydrogen
peroxide) mixture. Formic acid reacts with hydrogen peroxide to form peroxy-
formic acid and its application in organosolv pretreatment (Milox) of biomass
produced good results on hardwoods and also softwoods (Villaverde et al. 2010).

Organosolv process was studied by Mesa et al. (2011) for extraction of sugar-
cane bagasse. 30 % (v/v) ethanol for 60 min at 195 °C produced 29.1 % of reducing
sugars under optimized conditions. The scale-up of the process, by performing the
acid pretreatment in a 10-L semi-pilot reactor fed with direct steam, was success-
fully conducted. Pan and Saddler (2013) used extracted lignin obtained from
ethanol organosolv and used it as a replacement of petroleum—based polyol for the
production of Rigid Polyurethane Foams. The results showed that the prepared
foams contained 12–36 % (w/w) extracted lignin. The compressive strength, den-
sity, and cellular structure of the prepared foams were studied and compared. The
researchers observed that the lignin-containing foams had comparable structure and
strength with polyol containing foams.

Geng et al. (2012) studied organosolv pretreatment of horticultural waste for
bioethanol production. A modified method using ethanol under mild conditions
followed by hydrogen peroxide post-treatment was studied for horticultural waste.
Enzymatic hydrolysis of the organosolv pretreated horticultural waste with 17.5 %
solid content, enzyme loading of 20 FPU/g horticultural waste of filter paper cel-
lulase, and 80 CBU/g horticultural waste of beta-glycosidase resulted in a horti-
cultural waste hydrolysate containing 15.4 % reducing sugar after 72 h.
Fermentation of the above hydrolysate medium produced 11.69 g/L ethanol at 8 h
using Saccharomyces cerevisiae.

Sun and Chen (2008) studied pretreatment of wheat straw by glycerol-based
autocatalytic organosolv pretreatment. Under optimized conditions (liquid–solid
ratio of 20 g/g at 220 °C for 3 h), 70 % hemicelluloses and 65 % lignin were
removed from the biomass and also, 98 % cellulose retention was obtained. The
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pretreated fibers showed 90 % of the enzymatic hydrolysis yield after 48 h of
incubation.

Hideno et al. (2013) have shown that application of alcohol-based organosolv
treatment in combination with ball milling to Japanese cypress (Chamaecyparis
obtusa) significantly improved the enzymatic digestibility and decreased the
required severity of organosolv treatment. Moreover, alcohol-based organosolv
treatment increased the efficiency and reduced the time required for ball milling
despite small quantity of removed lignin. It was found that the combination of
alcohol-based organosolv treatment in mild condition and short-time ball milling
had a synergistic effect on the enzymatic digestibility of Japanese cypress.

Ichwan and Son (2011) studied organosolv extraction of oil palm pulp using
various solvents such as ethanol–water, ethylene glycol–water, and acetic acid–
water mixture to extract cellulose. The yield of organosolv pulping with ethylene
glycol–water, ethanol–water, and acetic acid—water mixture was 50.1; 48.1, and
41.7 %, respectively, whereas the kappa number was 74.7; 72.7; and 67. Fourier
Transform Infrared Spectroscopy spectra showed that the degradation of cellulose
pulp occurred during acid pulping. The X-ray diffraction measurement showed that
the ethanol–water mixture pulping resulted in higher crystallinity of pulp (68.67),
followed by ethylene glycol–water mixture as (58.14), acid pulping (54.21).

Panagiotopoulos et al. (2012) used steam followed by organosolv treatment to
separate hemicellulose, lignin and cellulose components from poplar wood chips.
Lignin extraction was enhanced as more than 66 % of lignin was extracted. More
than 98 % of the original cellulose was recovered after the two-stage pretreatment
and 88 % of the cellulose could be hydrolyzed to glucose at enzyme loading of 5
FPU/g of cellulose after 72 h.

Table 4.9 shows the advantages and disadvantages of Organosolv process
(Agbor et al. 2011).

4.1.3.5 Sulfite Pretreatment

Sulfite application is emerging as a promising biomass pretreatment method due to
positive results obtained from several materials (Bensah and Mensah 2013).
University of Wisconsin, Madison researchers have developed an improved pre-
treatment process for conversion of biomass. This process, known as Sulfite
Pretreatment to Overcome Recalcitrance of Lignocellulose (SPORL), reduces the
energy consumption needed for size-reduction processes, required before enzymatic
hydrolysis, by more than tenfold. The new method can use several aqueous sulfite
or bisulfite solutions over a wide range of pH values and temperatures to weaken
the chemical structure of the plant material. The improved SPORL method is
flexible and can be integrated easily into current pretreatment systems. It is par-
ticularly suitable for woody biomass, softwoods such as pines and other conifers
and hardwoods such as poplar, willow and eucalyptus. The pH of the pretreatment
liquor can be adjusted by reagent, making SPORL easily incorporated into current
dilute acid approaches to improve the efficiency of the pretreatment. Depending on
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the stock material, mechanical size reduction steps such as disk or hammer milling
can be implemented directly before or after SPORL. In addition, the final enzymatic
hydrolysis can be coupled directly after the pretreatment with or without washing
the material or adding a surfactant to aid in the process. The pretreatment also can
be used with steam explosion, using bisulfite as a catalyst. The hydrolyzed biomass
can be separated and the sugars fermented or catalytically converted into fuels after
pretreatment and the sulfonated lignin byproducts can be sold and other wastes
burned to produce energy for the process.

Table 4.10 shows the applications of SPORL process. The SPORL method is a
superior method of biomass pretreatment due to its versatility, efficiency, and
simplicity (Table 4.11). It shows excellent scalability to commercial production.
Through decreased size-reduction energy requirements and maximized enzymatic
cellulose conversion in a short period of time, this method will increase the energy
efficiency of ethanol fermentation and catalytic fuel production processes. This

Table 4.9 Advantages and
disadvantages of organosolv
process

Advantages

Selective pretreatment method

Organosolv lignin is sulfur-free with high purity and low
molecular weight. It can be used as fuel to power pretreatment
plant or further purified to obtain high-quality lignin which is
used a substitute for polymeric materials used for the
manufacture of bioplastics

Very effective for the pretreatment of high-lignin lignocellulose
materials, such as soft woods

This process can be combined with other pretreatment method
to obtain a clean/effective biomass fractionation process for
more recalcitrant biomass as means to improve pretreatment
yield

Organic solvents are easily recovered by distillation and
recycled for reuse as a means to reduce chemical consumption
and the cost of the process

This process does not require significant size reduction of
feedstock to achieve satisfactory cellulose conversion making
the process less energy intensive especially with the
pretreatment of woody biomass

Disadvantages

Cost of chemicals and sometimes catalyst makes this process
more expensive than other leading pretreatment processes

Side reactions such as acid-catalyzed degradation of
monosaccharides into furfural and 5-HMF that are inhibitory to
fermentation microorganisms, have been associated with this
process

Using volatile organic liquid at high temperature necessitates
using of containment vessels thus; no digester leaks can be
tolerated due to inherent fire, explosion hazards, environmental
and health and safety concerns
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increase in efficiency will allow biofuels and other bioproducts to become eco-
nomically competitive with petroleum-derived fuels and products.

In this method, milled biomass (<6 mm) is mixed in (1–10 % w/w) sulfite
(sodium sulfite, sodium bisulfate) solution in acidic, basic, or neutral environments
at selected temperatures (80–200 °C) and reaction times (30–180 min). Using
filtration, pretreated solids are separated from the spent liquor. The solids are
washed with distilled water and dried before undergoing saccharification. The
process degrades and sulfonates lignin partially and improves glucose yields due to
the formation of sulfonic and weak acid groups. This improves the hydrophilicity of
pretreated substrates (Bu et al. 2012). Sulfonation is increased in the presence of
volatile organic solvents. These solvents reduce the surface tension and allow
effective penetration of the solution in the biomass. In addition to this, the lignin is
hydrolyzed and dissolved in the organic phase and can be easily recovered in pure
forms (Bu et al. 2012). Lignin removal can be further improved by the presence of
sulfomethyl groups produced from the combined action of sulfite and formaldehyde
on lignin, resulting in high sugar yields (Jin et al. 2013). The process was inves-
tigated with the dried wood chips and the chops of corn stalks impregnated with a
bisulfite solution, ranging from a pH of 1–10, at a temperature of 180 °C for 30 min,
immediately followed by mechanical size-reduction and enzymatic hydrolysis. It
was found that almost all hemicellulose and 20 % of the lignin were removed at an
optimal pH of 2 and temperature of 180 °C. About 90 % of the recovered cellulose
could be used in hydrolysis when feedstock was treated with a sulfite pretreatment

Table 4.10 Applications of
SPORL process

Production of ethanol, biofuels, biochemicals, or other
bioproducts

Pretreatment of biomaterials with strong physical integrity

Recycling agricultural and forestry product wastes

Table 4.11 Key benefits of
SPORL process

Reduces energy consumption of size-reduction processes by
more than tenfold

Couples directly with enzymatic hydrolysis processes without
further treatment

Approximately 90 % conversion of the cellulose fraction to
glucose

Maximizes hemicellulose and lignin removal and recovery

Minimizes cellulose lost by degradation

Minimizes cost of chemicals and reagents

Able to process a variety of lignocellulosic biomaterials

Able to retrofit existing pulping mills or equipment to produce
biofuels

Excellent scalability for building new cellulosic ethanol plants

Sulfonated lignin byproducts can be sold as dispersants and
extenders
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solution at a pH of 2 for 48 h at a normal cellulase dose level of about 5–20 FPU/g
cellulose. Use of polyethylene glycol during hydrolysis gave cellulose conversions
of approximately 90 % in 12 h and increased to 95 % in 48 h.

The SPORL process has been effectively used to pretreat lodgepole pine for
subsequent conversion to ethanol at a yield of 276 L/t wood and at a net energy
output of 4.55 GJ/t wood (Zhu et al. 2010b). The conditions used were—
liquor/wood ratio = 3:1 v/w; temperature −180 °C and RT—25 min). SPORL
pretreatment of switchgrass was found to be superior to dilute acid and alkali
(Zhang et al. 2013b; Shuai et al. 2010) in terms of the digestibility of the pretreated
substrates. Similarly, higher sugar yields and lower inhibitor concentration were
found with SPORL-pretreated agave stalk relative to dilute acid and sodium
hydroxide (Yang and Pan 2012). The SPORL process was also found superior to
the organosolv and steam explosion pretreatments based on total sugar recovery and
energy consumption (Zhu and Pan 2010).

Pretreatment of corn stover with alkaline sodium sulfite at 140 °C resulted in
92 % lignin removal and 78.2 % total sugar yield (0.48 g/g raw biomass) after
enzymatic hydrolysis, which was higher than four other alkali-based methods under
similar conditions (Li et al. 2012c). About 79.3 % of total glucan was converted to
glucose and cellobiose during corn cob pretreatment at 156 °C, 1.4 h, 7.1 % charge,
and solids loading of 1:7.6 w/w; and subsequent SSF gave 72.2 % theoretical
ethanol yield (Cheng et al. 2011).

In another study by Bu et al. (2012), pretreatment of corn cob residues produced
the highest glucose yields (81.2 %) in the presence of ethanol compared to acidic,
basic, and neutral conditions. At the pilot level, sulfite-based methods have been
studied and showed good results.

Liu and Zhu (2010) reported that the negative effects of soluble inhibitors and
lignosulfonate on enzymatic hydrolyses could be counteracted by adding metal salts
to the pretreated contents, making it possible to avoid the costly washing process.

Table 4.12 shows advantages and disadvantages of sulfite pretreatment (Bensah
and Mensah 2013).

Table 4.12 Advantages and
disadvantages of sulfite
pretreatment

Advantages

High sugar yields

Lignin removal

Recovery of biomass components in less chemically
transformed forms

Disadvantages

Sugar degradation at severe conditions

Large volumes of process water used in post pretreatment
washing

High costs of recovering pretreatment chemicals
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4.1.4 Cellulose Solvent-Based Lignocellulose Pretreatments

Cellulose solvent-based lignocellulose pretreatments are gaining attention because
they can break the recalcitrant structure of biomass by increasing cellulose acces-
sibility in a more effective manner than traditional biomass pretreatments
(Sathitsuksanoh et al. 2012a). The hydrolysis rate and digestibility of pretreated
biomass are increased as a result of this and enzyme use is decreased
(Sathitsuksanoh et al. 2009, 2010, 2012a, b). Also, cellulose solvent-based pre-
treatments may be regarded as a biomass-independent pretreatment. A few cellulose
solvent-based strategies are being developed such as concentrated phosphoric acid
[85 % (w/w)], ionic liquids, NMMO, NaOH/urea, and DMAc/LiCl.

4.1.4.1 Cellulose Solvent- and Organic Solvent-Based
Lignocellulose Fractionation

Cellulose solvent- and organic solvent-based lignocellulose fractionation (COSLIF)
were developed to fractionate lignocellulose using a combination of concentrated
phosphoric acid as a cellulose solvent and an organic solvent such as acetone or
ethanol under modest reaction conditions (Ladisch et al. 1978). The ideas of
COSLIF are following (Zhang et al. 2006, 2007a, b, c; Zhang and Lynd 2006):

– Removal of partial lignin and hemicellulose—eliminating the major obstacles to
hydrolysis and allowing cellulase to access the substrate more efficiently

– Decrystallization of cellulose fibers—providing better cellulose accessibility to
cellulase

– Modest reaction conditions—a reduction in sugar degradation, reduced forma-
tion of inhibitors, reduced utility consumption, and capital investment.

Concentrated phosphoric acid can completely dissolve cellulose fibers. This
results in effective disruption of highly ordered hydrogen bonding network of
crystalline cellulose (Sathitsuksanoh et al. 2011; Moxley et al. 2008) and drastic
increases in CAC (Rollin et al. 2011; Zhu et al. 2009). COSLIF has been
demonstrated to efficiently pretreat a variety of feedstocks, such as bamboo, ber-
mudagrass, common reed, corn stover, gamagrass, giant reed, elephant grass,
sugarcane, hemp hurd, Miscanthus, poplar, and switchgrass (Sathitsuksanoh et al.
2009, 2010, 2012a, b; Zhu et al. 2009; Zhang et al. 2007a, b, c; Moxley et al. 2008;
Conte et al. 2009; Ge et al. 2012).

Different species of untreated biomass show a large variation in their glucan
digestibilities at 15 filter paper units (FPUs) of cellulase per gram of glucan,
showing their different recalcitrant degrees. However, all of the COSLIF-pretreated
biomass have similar high digestibilities (>87 %) after 72 h at an enzyme loading of
5 FPUs of cellulase per gram of glucan. Therefore, COSLIF treatment could be
regarded as a feedstock-independent pretreatment. The cost of fungal cellulose is
high approximately 100 US cents per gallon of cellulosic ethanol. Therefore,
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3–5-fold reduction in cellulase use means up to 80 cents saving per gallon of
ethanol produced (Sathitsuksanoh et al. 2010). Optafuel in Southern Virginia
(United States) is studying COSLIF technology in a pilot plant.

Sathitsuksanoh et al. (2012a) studied the correlation between cellulose accessi-
bility to cellulose (CAC) values of numerous feedstocks before and after pre-
treatment and enzymatic glucan digestibility. Untreated biomass feedstocks with
different carbohydrate and lignin contents were found to have low CAC values,
resulting in low enzymatic glucan digestibility (lower than 20 %). An exception is
bagasse possibly because it was prepared through leaching, drying, followed by
milling that may disrupt biomass fiber more efficiently than other untreated feed-
stocks through simple particle size reduction. Energy-intensive milling is a very
efficient biomass pretreatment for increasing substrate accessibility but it is very
expensive. After pretreatments, such as dilute acid, SAA, and lime, pretreated
biomass samples show improved CAC values, accompanied by higher glucan
digestibility. This correlation between CAC and digestibility suggests that
increasing substrate accessibility for most pretreatments is important for obtaining
high enzymatic glucan digestibility. When CAC values were higher than a critical
value of 8 m2 g–1 biomass, very high glucan digestibilities were obtained. In these
cases, digestibilities were independent of CAC values. This suggested that further
improvement of CAC higher than the critical value was not important.
Although COSLIF very efficiently overcomes lignocellulose recalcitrance, a large
volume of cellulose solvents and organic solvents are needed so that process
modification and optimization must be conducted in order to make the whole
process economically attractive.

4.1.4.2 Ionic Liquids

Novel pretreatment methods using ionic liquids (ILs) are creating new opportunities
in the area of biomass conversion (Socha et al. 2014; Sathitsuksanoh et al. 2012a;
Wu et al. 2004, 2011). ILs are salts that exist as liquids and are composed entirely
of paired ions and have tuneable properties. These are being extensively studied as
“green solvents” for several industrial and research applications, particularly in the
area of catalysis, chemical synthesis, and separation of cellulose-based biomass (Pu
et al. 2007). They are able to dissolve large amounts of cellulose at extremely mild
conditions. The possibility of recovering almost 100 % of the used ILs to their
initial purity makes them attractive (Heinze et al. 2005). This technology was used
for direct dissolution of cellulose in the commercial Lyocell process for modern
industrial fiber-making (Fink et al. 2001).

ILs convert carbohydrates in lignocellulosic materials into fermentable sugars
via two main pathways (Wang et al. 2011b). One is the pretreatment of the biomass
to improve its efficiency of enzymatic hydrolysis, and the other deals with the
transformation of the hydrolysis process from a heterogeneous to a homogeneous
reaction system by dissolution in the solvent.
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ILs are recognized to facilitate more green applications in reactions and sepa-
rations due to their special beneficial properties, such as high thermal stability and
negligible vapor pressure. Their very low vapor pressure reduces the risk of
exposure which is a clear advantage over the use of the traditional volatile solvents.
ILs are increasingly being used to dissolve various lignocellulosic biomass as
shown in Table 4.13.

Table 4.14 shows properties of ionic liquids. As cellulose solvents, ILs possess
several advantages over regular volatile organic solvents. They show low hy-
drophobicity, low toxicity, broad selection of anion and cation combinations, better
electrochemical stability, thermal stability, low viscosity, high reaction rates, low
volatility with potentially reduced environmental impact, nonflammable property,

Table 4.13 Use of ionic
liquids for dissolution of
lignocellulosic biomass

Poplar
Emim-Ac

Pine
Amim-Cl

Eucalyptus
Emim-Ac

Spruce
Amim-Cl

Bagasse
Emim-Ac

Switchgrass
Emim-Ac

Bamboo
Emim-Gly

Wheat straw
Amim-Cl, Bmim-Ac

Water hyacinth
Bmim-Ac

Rice husk
Bmim-Cl, Emim-Ac

Rice straw
Ch-Aa

Kenaf powder
Ch-Ac

Cassava pulp
Emim-Ac, Dmim-SO4, Emim-DePO4

Dmim-SO4: 1,3-dimethylimidazolium methyl sulfate
Emim-DePO4: 1-ethyl-3-methylimidazolium diethyl phosphate
Ch-Aa: Cholinium amino acids
Ch-Ac: Cholinium acetate
Based on Li et al. (2010a, b), Guragain et al. (2011), Muhammad
et al. (2011), Papa et al. (2012), Weerachanchai et al. (2012),
Perez-Pimienta et al. (2013), Hou et al. (2012), Yuan et al.
(2012), Qiu et al. (2012), Ninomiya et al. (2013), Bensah and
Mensah (2013)
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low melting points, high polarities, negligible vapor pressure consisting entirely of
ions (anions and cations) (Wasserscheid and Keim 2000; Zavrel et al. 2009). Ionic
liquids exist in two main forms—simple salts consisting single cations and anions,
and those where equilibrium is involved (Menon and Rao 2012). The most common
forms contain the imidazolium cation which can pair with anions such as acetate,
sulfate, nitrate, chloride, bromide, methanoate, and triflate. ILs could be designed
and developed to pretreat specific biomass under optimal conditions by combining
anions and cations which can result in an estimated formulation of 109 ILs (Wu
et al. 2011). The properties of ILs could be changed by varying the length and
branching of the alkyl groups that are integrated into the cation (Holm and Lassi
2011). The ILs 1-ethyl-3-methylimidazolium glycinate (Emim-Gly) and
1-allyl-3-methylimidazolium chloride (Amim-Cl) were synthesized from various
compounds for the dissolution of bamboo and wood (Muhammad et al. 2011;
Zhang et al. 2013a, b), respectively. Not all characteristics of ionic liquids are
favorable as solvents in pretreatment. Chloride-based ILs such as
1-butyl-3-methylimidazolium chloride (Bmim-Cl) are corrosive, hygroscopic, and
toxic while others such as Amim-Cl are viscous with reactive side chains (Xie et al.
2012). Also, ILs with long akyl chains have the tendency to obstruct nonpolar
active sites of enzymes because of their hydrophobic nature (Ventura et al. 2012).
Others have favorable properties and have been under investigation as promising
solvents. Mora-Pale et al. (2011) have reported that phosphate-based solvents show
higher thermal stability and lower toxicity and viscosity than chloride-based ones.
Positive outcomes have been obtained with the use of 1-ethyl-3-methylimidazolium
acetate (Emim-Ac) since it is favorable to in situ enzymatic saccharification due to
its enzymatic activity and biocompatibility (Li et al. 2011).

ILs are being screened for their potential to improve the digestibility of ligno-
cellulosic biomass (Zavrel et al. 2009).

Imidazolium-based ILs effectively dissolve biomass and represent an important
platform for biomass pretreatment. Although imidazolium cations are efficient,
these are expensive and therefore limited in their large-scale industrial applications.

Table 4.14 Properties of
ionic liquids (ILs)

Salts consisting of large cations (mostly organic) and small
anions (mostly inorganic), with a low degree of cationic
symmetry

Melting point below 100 °C

Nonflammable

Liquid at room temperature

Improve antielectrostatic and fire-proof properties of wood

Low volatility and high thermal stability up to temperatures of
about 300 °C

High electrical conductivity, high solvating properties, and wide
electrical window

Based on Yang and Wyman (2008), Dadi et al. (2007), Mora-Pale
et al. (2011), Vancov et al. (2012)
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The dissolution mechanism of cellulose in ILs involves the hydrogen and
oxygen atoms of cellulose hydroxyl groups in the formation of electron donor–
electron acceptor complexes which interact with the ILs (Feng and Chen 2008).
These ionic liquids compete with lignocellulosic components for hydrogen bond-
ing, thus disrupting its three dimensions network (Moultrop et al. 2005). Upon
interaction of the cellulose-OH and ILs, the hydrogen bonds are broken. This results
in opening of the hydrogen bonds between molecular chains of the cellulose (Feng
and Chen 2008). The interaction ultimately results in the dissolution of cellulose.

It is found that ILs having imidazolium or pyridinium cations paired with Cl−,
CF3SO3

−, CF3CO2
−, CH3CO2

−, HCOO−, R2PO4
− anions are able to dissolve cellulose

fibers through strong basicity of hydrogen bond. The dissolution of lignocellulose
in ILs disrupts the primary bonds among cellulose, hemicellulose and lignin and
provide more substrate accessibility to hydrolytic enzymes. According to Li et al.
(2011), with suitable choice of anti-solvents which are water, acetone, and alcohol,
up to 80 % lignin and hemicellulose can be fractionated.

By the use of antisolvents, solubilized cellulose can be recovered by rapid pre-
cipitation. The recovery cellulose was found to have the same polydispersity and the
degree of polymerization as the initial cellulose, but significantly different macro-
and microstructure, particularly the reduced degree of crystallinity (Zhu 2008). The
previously used ILs include N-methylmorpholine-N-oxide monohydrate (NMMO)
(Kuo and Lee 2009a), 1-allyl-3-methylimidazolium chloride (AMIMCl) (Dadi et al.
2007; Wu et al. 2004; Zhang et al. 2005), 1-n-butyl-3-methylimidazolium chloride
(BMIMCl) (Dadi et al. 2006, 2007; Liu and Chen 2006; Swatloski et al. 2002),
3-methyl-N-bytylpyridinium chloride (MBPCl), and benzyldimethyl (tetradecyl)
ammonium chloride (BDTACl) (Heinze et al. 2005).

Using 1-butyl-3-methylimidazolium chloride (BMIMCl) for pretreatment, Dadi
et al. (2006) reported that the initial enzymatic hydrolysis rate and yield of pre-
treated Avicel-PH-101 were increased by 50- and 2-fold compared with untreated
Avicel. Liu and Chen (2006) obtained significant improvement of enzymatic
hydrolysis yield using BMIMCl to treat raw and steam-exploded wheat straw. They
found BMIMCl modified the structure of wheat straw by decreasing the degree of
polymerization and crystallinity and partially solubilizing cellulose and hemicel-
lulose. Kuo and Lee (2009a) also observed that the 1, 3-N-methylmorpholine-
N-oxide (NMMO) pretreated sugarcane bagasse has about 2 times higher enzymatic
hydrolysis yield as compared to untreated bagasse.

Most ILs used in biomass fractionation are imidazonium salts. Studies have
shown that 1-allyl-3-methylimidazonium chloride (AMIMCl) and 1-butyl-3-
methylimidazonium chloride (BMIMCl) can be used effectively as a nonderiva-
tizing solvent for the dissolution of cellulose at temperatures below 100 °C (Zhang
and Lynd 2006; Zhu et al. 2006). The cellulose fraction can be recovered by the
addition of water, ethanol or acetone. The solvent can be recovered and reused by
using various techniques such as reverse osmosis, pervaporation, salting out, and
ionic exchange.

Ionic liquids are able to dissolve a variety of biomass with different hardness and
are introduced as selective solvents of lignin and cellulose (Cao et al. 2010). In this
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process, biomass is solubilized in the solvent at 90–130 °C and ambient pressure,
followed by the addition of water to precipitate the biomass. The process is com-
pleted by washing the precipitate. The structure of lignin and hemicellulose remain
unchanged after treatment with ionic liquids. This allows the selective extraction of
unaltered lignin because lignin is highly soluble in solvents whereas the solubility
of cellulose is low (Zhang et al. 2012). This can result in the separation of lignin
and the enhancement in cellulose accessibility under ambient temperature and
pressure without alkaline or acidic reagents and the formation of inhibitors. These
solvents are expensive. But, the cost of their recovery is not high because of the low
vapor pressure of the solvents. Nevertheless, cellulase enzyme is irreversibly
inactivated in ionic liquid solvents (Zhi et al. 2012), which reduces the biomass
conversion efficiency and increases the overall cost. This result shows the need to
develop solvents in which cellulase and microorganisms are active.

Application of ionic liquids has opened new ways for the effective utilization of
lignocellulosic materials in areas such as biomass pretreatment and fractionation.
However, there are still many challenges in putting these potential applications into
practical use. These are listed below:

– High cost of ILs
– Action mode on hemicellulose and/or lignin contents of lignocellulosic

materials
– Regeneration requirement
– Lack of toxicological data and knowledge about basic physicochemical

characteristics
– Generation of inhibitors

Further research and financial support are required to address these challenges.

4.1.4.3 Aqueous N-Methylmorpholine-N-Oxide

Aqueous N-Methylmorpholine-N-Oxide (NMMO) has attracted interest for use as a
pretreatment solvent. It is a well-known industrial solvent used in the Lyocell
process for the production of fibers. Cellulose dissolves without derivatization in
NMMO/H2O system and the hydrogen bonds in cellulose are broken down in favor
of new bonds between cellulose and solvent molecules (Zhao et al. 2007). This
leads to swelling and increased porosity (Li 2012a, b, c), and also reduced degree of
polymerization and crystallinity which improves enzymatic saccharification.
Addition of boiled distilled water to pretreatment slurry containing dissolved bio-
mass causes cellulose I to precipitate into cellulose II which is more reactive.
Regenerated solids are filtered and washed with warm/boiling water until the filtrate
is clear. Like ionic liquids, NMMO dissolves biomass with no/less chemical
modification at low/moderate temperatures (80–130 °C). Additional favorable
characteristics of NMMO pretreatment include high sugar yields, high solvent
recovery, formation of low degradation products, and no harmful effect on the
environment. Further, cellulase activity is not negatively affected by low
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concentrations (15–20 % w/w) of NMMO, indicating the potential of application in
continuous processes (Li et al. 2012d).

Aqueous NMMO has already being used on several types of biomass as a sole
pretreatment method or in combination with others. Poornejad et al. (2013) com-
pared the effectiveness of NMMO and the ionic liquid (Bmim-Ac) treatment on rice
straw at 120 °C/5 h. Glucan conversion was complete with the ionic acid, whereas
96 % conversion was obtained with the use of NMMO. Upon SSF, the yield of
ethanol was higher with NMMO (93.3 %) than Bmim-Ac (79.7 %). Shafiei et al.
(2010) observed total conversion of cellulose to ethanol at ethanol yields of up to
85.4 and 89 % for pretreatment (130 °C/3 h) of oak and spruce, respectively. High
saccharification yields (>90 %) were observed for ultrasound-assisted NMMO
treatment of sugarcane bagasse (Yang et al. 2012) and also pretreatment of birch
(Goshadrou et al. 2013). Lennartsson et al. (2011) studied concentrated NMMO
pretreatment (85 % w/w, 130 °C, 5 h) of spruce and birch in pilot scale. For wood
chips below 2 mm, maximum hydrolysis yields (mg/g wood) ranged from 195 to
128 for spruce and 136 to 175 for birch depending on the scale of the pilot reactor
using nonisothermal SSF. A technoeconomic analysis of NMMO pretreatment of
spruce for ethanol and biogas production was conducted by Shafiei et al. (2011).
They observed relatively high process energy efficiency of 79 %.

4.1.4.4 Urea/Sodium Hydroxide

The Urea/Sodium hydroxide solutions have been found to dissolve cellulose at a
subzero temperature for the homogeneous synthesis of cellulose derivatives
(Khodaverdi et al. 2012; Wang et al. 2008, 2011a; Ruan et al. 2004). Khodaverdi
et al. (2012) used urea/sodium hydroxide solution to pretreat spruce. Spruce showed
slight removal of cellulose, hemicellulose, and lignin. However, a significant
increase in enzymatic glucan digestibility was observed (Khodaverdi et al. 2012).
But, it may be too expensive to prepare prechilled urea/sodium hydroxide and
recycle this solution, particularly in the case of biomass pretreatment that is used to
produce low-value biocommodities. For example, sodium hydroxide-based pulping
used to cause serious water pollution in China. So it has been abandoned
(Sathitsuksanoh et al. 2012a). It should be noted that pulp is several times more
valuable than ethanol.

4.1.4.5 N,N-Dimethylacetamide (DMAc)/LiCl

N,N-Dimethylacetamide (DMAc)/LiCl solution can dissolve cellulose (Cai et al.
2004) because hydrogen bonding of the hydroxyl protons of cellulose with the
chloride ions allows the solvent to penetrate into cellulose fibers. DMAc/LiCl is
suitable for processing and derivatizing pure cellulose (Striegel 1997). Wang et al.
(2011b) conducted a comparative study using different cellulose solvents—LiOH/
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urea, LiCl/DMAc, concentrated phosphoric acid, NMMO, and 1-butyl-3-
methylimidazolium chloride. Except for the cellulosic sample regenerated from
LiCl/DMAc system, all the other treated samples showed reduced cellulose crys-
tallinity and the degree of polymerization and as a consequence, showed a signif-
icant improvement of enzymatic hydrolysis kinetics. The regenerated cellulose from
concentrated phosphoric acid almost completely consisted of cellulose II, and
obtained the highest saccharification yield (Sathitsuksanoh et al. 2012a).

4.1.5 Biological Treatment

Biological pretreatment uses wood degrading microorganisms which include
white-rot fungi, brown-rot fungi, soft-rot fungi, and bacteria to modify the struc-
ture/chemical composition of the lignocellulosic biomass so that the modified bio-
mass is more responsive to enzymatic digestion. Fungi have distinct degradation
characteristics on lignocellulosic biomass. Generally, brown and soft rots mainly
attack cellulose and impart minor modifications to lignin, whereas white-rot fungi
more actively degrade the lignin component. Currently, research is aimed toward
finding those organisms which can degrade lignin more effectively and more
specifically. White rot fungi are considered the most promising basidiomycetes for
bio-pretreatment of biomass and are the most studied biomass degrading microor-
ganisms (Lee 1997; Sun and Cheng 2002). Brown-rot, white, and soft-rot fungi
attack wood via the production of enzymes such as lignin peroxidases, polyphenol
oxidases, manganese-dependent peroxidases, and laccases that degrade the lignin.
Hatakka et al. (1993) reported the selective delignification of wood and wheat straw
by selected white-rot fungi such as; Phanerochaete chrysosporium, Phlebia radiata,
Dichmitus squalens, Rigidosporus lignosus, and Jungua separabilima. Lignin de-
polymerization by these fungi takes several weeks to achieve significant result but
can be very selective and efficient (Hatakka 1994; Hatakka et al. 1993).

Hwang et al. (2008) investigated biological pretreatment of wood chips using
four different white-rot fungi for 30 days. They observed that the glucose yield of
pretreated wood by Trametes versicolor MrP 1 reached 45 % by enzymatic
hydrolysis whereas 35 % solid was converted to glucose during fungal incubation.
A Japanese red pine Pinus densiflora (softwood) was pretreated biologically by
several white-rot fungi—Ceriporia lacerata, Stereum hirsutum, and Polyporus
brumalis and it was found that S. hirsutum is the most effective to degrade lignin
and improve the enzymatic digestibility of wood (Lee et al. 2007).

Preliminary studies conducted by Keller et al. (2003) showed a 3- to 5-fold
improvement in enzymatic digestibility of corn stover after pretreatment with
Cyathus stercoreus; and a 10- to 100-fold reduction in shear force required to obtain
the same shear rate of 3.2–7.0 rev/s, respectively, after pretreatment with
Phanerochaete chrysosporium.

Zhang et al. (2007a, b, c) screened 35 isolates of white-rot fungi for the bio-
logical pretreatment of bamboo for enzymatic saccharification. They observed that
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Echinodontium taxodii 2538, Trametes versicolor G20 and Coriolus versicolor B1
were the most promising white-rot fungi for significant improvement of enzymatic
saccharification and highly selective lignin degradation. Degradation of lignin by
white-rot fungi is a cooxidative process. Therefore, accompanying carbon source is
necessary, usually from cellulose and hemicellulose. In order to reduce and avoid
the sugar loss during bio-pretreatment, the fungal strains with preference of lignin
degradation such as C. subvermispora, Cyathus stercoreus, P. ostreatus and
genetically modified P. chrysosporium were developed to produce less cellulase
activity (Kerem et al. 1992; Kirk et al. 1986). The biological pretreatment appears
to be a promising technique and has very evident advantages, including no chemical
requirement, low energy input, mild environmental conditions, low energy input,
and environmentally friendly working manner (Sun and Cheng 2002). However,
biological pretreatment is very slow and large amount of space is required to
perform this treatment. It also requires careful control of growth conditions
(Chandra et al. 2007). In addition, most lignolytic fungi solubilize/consume not
only lignin but also hemicellulose and cellulose (Lee et al. 2007; Singh et al. 2008;
Kuhar et al. 2008; Shi et al. 2008). Therefore, the biological pretreatment faces
technoeconomic challenges and is less attractive commercially.

4.1.6 Other Methods

4.1.6.1 Glycerol

Crude glycerol has been also studied as a solvent for fractionating biomass in order to
improve the economics of cellulosic ethanol and also upstream biodiesel production.
Glycerol pretreatment causes very effective delignification of biomass. Guragain et al.
(2011) found the optimum conditions for the use of crude glycerol (water:glyc-
erol = 1:1) in pretreatingwheat straw andwater hyacinth. Best results were obtained at
a temperature of 230 °C for 4 h for wheat straw and 230 °C for 1 h for water hyacinth.
Enzymatic hydrolysis of pretreatedwheat straw produced reducing sugar yields (mg/g
of sample) of 423 and 487 for crude and pure glycerol, respectively, compared to 223
for dilute acid. In addition, hydrolysis tests on water hyacinth gave yields of 705, 719,
and 714 for crude glycerol, pure glycerol, and dilute acid, respectively.

Ungurean et al. (2011) conducted glycerol pretreatment of different types of
wood—poplar, acacia, oak, and fir—and obtained higher cellulose conversion rates
compared to dilute acid application. However, combinations of glycerol and acid/IL
pretreatment produced higher sugar levels compared to glycerol pretreatment alone.
There are wide variations in the composition of crude glycerol which usually
contains methanol, ash, soap, catalysts, salts, and nonglycerol organic matter,
among others, in different proportions (Yang et al. 2012). While the potential for
exploring crude glycerol application together with other methods is high, there is a
need to assess the quality of crude glycerol and its effects on sugar and ethanol
yields of promising feedstocks.
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4.1.6.2 Wet Oxidation

Wet oxidation process was originally used as a means of wastewater treatment and
soil remediation, and later on it was also used in the pretreatment of lignocellulosic
feedstocks (Chaturvedi and Verma 2013). Wet oxidation involves water and air,
oxygen, or hydrogen peroxide at high pressure and temperature (Varga et al. 2003).
Most of the hemicellulose is dissolved in the pretreatment, and it is possible to obtain
a moderate to high degree of delignification through oxidation (controlled com-
bustion). In this process, large number of organic polymers mostly hemicellulose
and lignin are converted to oxidized compounds, such as low-molecular-weight
carboxylic acids, alcohol, or even carbon dioxide and water. Wet oxidization is
mostly carried out with the addition of an alkali such as sodium carbonate to reduce
the reaction temperature and the amount of hemicellulose being oxidized. The use of
hydrogen peroxide has attracted much interest in the recent years, but the high cost of
this chemical could make this technology economically prohibitive. The introduc-
tion of pure oxygen to the reaction has been challenged, since uncontrolled com-
bustion can occur at the oxygen injection points. Therefore, it is very much unlikely
that this pretreatment method will find practical applications in biomass processing.

In the wet oxidation process, oxidation of organic matter in the presence of
oxygen takes place. When the process takes place at low temperatures, hydrolysis
of lignocellulose occurs. At high temperatures, oxidation of lignocellulose occurs
with liberation of carbon dioxide and water. Wet oxidation process solubilizes
hemicellulose and lignin is degraded into carbon dioxide, water, and carboxylic
acids (succinic acid, formic acid, acetic acid, glycolic acid) and phenolic com-
pounds (Bjerre et al. 1996). It was presented as an alternative to steam explosion
process which had become the most widely used pretreatment method (Palonen
et al. 2004). Industrially, wet air oxidation processes have been used for the
treatment of wastes with a high organic matter by oxidation of soluble or suspended
materials using either an oxidizing agent such as hydrogen peroxide or oxygen in
aqueous phase at high temperatures (180–200 °C) (Jorgensen et al. 2007).

The effect of wet oxidation to improve anaerobic biodegradability and methane
yields from different biowastes such as food waste, yard waste, and digested bio-
waste by using thermal wet oxidation was studied by Lissens et al. (2004). Methane
yields for wet oxidized yard waste, raw food waste, wet oxidized food, and raw
yard waste were 345, 685, 536, 571, and 345 mL of methane/g of volatile sus-
pended solids, respectively. Higher oxygen pressure during wet oxidation of
digested biowaste substantially increased the total methane yield and digestion
kinetics and also allowed lignin utilization during a subsequent second digestion.
The increase of the specific methane yield for the full-scale biogas plant by using
thermal wet oxidation was 35–40 %, showing that there is still a significant amount
of methane that can be harvested from anaerobic digested biowaste.

Szijártó et al. (2009) treated common reed (Phragmites australis) by using the
wet oxidation process to improve the enzymatic digestibility of reed cellulose to
soluble sugars, thus improving the convertibility of reed to ethanol. The most
effective treatment increased the digestibility of reed cellulose by cellulase enzymes
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more than three times compared to the untreated control. About 51.7 % of the
hemicellulose and 58.3 % of the lignin was solubilized and about 87.1 % of the
cellulose remained in the solids during this wet oxidation process. The conversion
of cellulose to glucose was 82.4 % after enzymatic hydrolysis of pretreated fibers
from the same treatment. Simultaneous saccharification and fermentation of pre-
treated solids resulted in a final ethanol concentration as high as 8.7 g/L which was
73 % of the theoretical yield.

Pretreatment of rice husk by wet air oxidation for the production of ethanol was
studied by Banerjee et al. (2009). Optimum conditions were found to be 0.5 MPa,
185 °C, and 15 min. About 67 % (w/w) cellulose content in the solid fraction was
obtained with 89 % lignin removal, and 70 % hemicellulose solubilization.

Banerjee et al. (2011) also investigated pretreatment of rice husk by Alkaline
Peroxide—Assisted Wet Air Oxidation (APAWAO) to increase the enzymatic
convertibility of cellulose in pretreated rice husk. Rice husk was presoaked over-
night in 1 % (w/v) hydrogen peroxide solution at room temperature, followed by
wet air oxidation. APAWAO pretreatment resulted in solubilization of 67 wt% of
hemicellulose and 88 wt% of lignin initially present in raw rice husk. APAWAO
pretreatment resulted in 13-fold increase in the amount of glucose that could be
obtained from otherwise untreated rice husk. Up to 86 % of cellulose in the pre-
treated rice husk could be converted into glucose within 24 h, yielding over 21 %
glucose. For pretreatment of biomass having high lignin content, wet oxidation
process is considered suitable. This process has shown promising results with
different types of biomass. Reducing sugar yields up to 70 % have been obtained by
utilizing this pretreatment process (Banerjee et al. 2009). The disadvantage of this
process is that it requires high temperature, pressure, and the presence of strong
oxidizing agents such as hydrogen peroxide. This lead to high costs to maintain
such conditions and also require large-scale reaction vessels to tolerate such harsh
conditions. Therefore, application of this process in large-scale pretreatment of
biomass is not very common.

In the wet oxidation process, lower amounts of furfural and
5-hydroxymethylfurfural are produced. These are strong inhibitors in the fermen-
tation step, as a result of oxygen degradation of these components. However, for the
same reason, the large amount of hemicellulose sugars are lost, and therefore the
overall process yield would be reduced and the economy is not attractive. Another
concern associated with the oxidation process is its exothermal nature, which
requires careful control of the process parameters.

4.1.6.3 Microwaves Pretreatment

Microwaves have been used in the treatment of lignocellulosic biomass (Chaturvedi
and Verma 2013). Microwaves cause localized heating of biomass which leads to
disruption of lignocellulose architecture. Thus, cellulose and hemicellulose become
accessible to enzymatic hydrolysis (Sarkar et al. 2012). Microwave chemistry offers
many advantages over conventional methods of heating. The process is more
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energy efficient because microwave irradiation heats the whole volume of a sample
whereas conventional heating heats the sample in contact with the reaction vessel
before the bulk. The heating effect is almost rapid, unlike conventional heating
methods. There is no time spent waiting for the source to heat up or cool down.
Microwave reactor operating systems allow easy control of temperature and pres-
sure to exact and steady values. The speed of microwave systems also allows for
quick screening of parameters and evaluation of new methods (Kappe 2004). The
application of microwave technology in high throughput reactions such as flow
reactors adds further to the advantages of microwave irradiation (Roberts and
Strauss 2005; Wilson et al. 2004).

Su et al. (2010) studied the effects of microwave treatment on sorghum liquor
waste for bioethanol production. Their results showed that reducing sugar yield
following microwave treatment was very high as compared to untreated waste. Liu
et al. (2010) studied microwave pretreatment of recalcitrant softwood in the presence
of aqueous glycerol and different organic and inorganic acids. They found that the
pulp obtained by organosolvlysis with 0.1 % hydrochloric acid (pKa-6) at 180 °C for
6 min gave the highest sugar yield, 53.1 %. With other acids such as malonic acid,
and phosphoric acid having lower pKa value, a lower sugar yield was obtained.
Microwave-assisted glycerolysis is a suitable process for treatment of different types
of soft woods.

Maa et al. (2009) studied microwave pretreatment of rice straw. Under optimized
conditions consisting of microwave intensity 680 W, substrate concentration
75 g/L, irradiation time 24 min, maximal efficiencies of cellulose, hemicellulose
and total saccharification were, respectively, increased by 30.6, 43.3, and 30.3 %.
Microwave treatment of biomass is a harsh process. It leads to increased sugar
yields and high lignin removal. Studies have shown that the yield of reducing
sugars ranges from 40 to 60 % (Verma et al. 2011). Promising results are obtained
by microwave pretreatment of biomass. However, the process is very expensive
when efficacy of this process in terms of cost is considered (Feng and Chen 2008).
A large microwave irradiator is required for large-scale pretreatment of biomass.
The process is energy consuming and time consuming and limits its use in
large-scale operations. Another major drawback of the process is the generation of
high temperature and nonuniform heating of biomass. This leads to the generation
of inhibitors and therefore the yields are generally lower as expected. The opera-
tional cost is also increased (Jackowiak et al. 2011).
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Chapter 5
Summary of Biomass Pretreatment
Methods

Abstract Advantages, limitations, and disadvantages of various pretreatment
processes for lignocellulosic biomass are presented in this chapter. Combination of
two or more pretreatment processes is proven to be efficient when compared with
single pretreatment process alone in terms of reducing sugar yield and lignin
removal from different biomasses.

Keywords Pretreatment � Lignocellulosic biomass � Advantages � Limitations �
Disadvantages

Several types of materials are found to be suitable for the production of biofuels. It
must be stressed that it is not always possible to transfer the results of pretreatment
from one type of biomass material to another. Furthermore, one technology that is
effective for a particular type of biomass material might not be suitable for another
material. All of the pretreatment methods discussed can lead to a high yield of
glucose from cellulose as long as suitable feedstock and sufficient enzyme activities
are used in hydrolysis. It is not the enzymatic accessibility that actually matters in
the overall cost of biomass processing. However, the other factors such as enzyme
dosing, total recovery of sugars (especially hemicellulose sugars), equipment, and
energy cost, and so forth, can vary dramatically among the different types of
pretreatment technologies and will result in different overall process economics.
Also, it is obvious that the solid substrates obtained from different pretreatment
methods vary greatly in composition and properties, which shows that the optimal
enzyme recipes could be very different for each of the substrates. An in-depth
understanding of the substrates and how they affect the enzyme functions is very
important.

Various pretreatment processes for lignocellulosic biomass, and their advantages
and disadvantages, are summarized in Table 5.1. The choice of the pretreatment
technology used for a particular biomass is dependent on the composition of bio-
mass and the byproducts produced as a result of pretreatment (Elander et al. 2009;
McMillan 1994; Johnson and Elander 2007; Bensah and Mensah 2009; Hsu 1996;
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Table 5.1 Summary of various processes for the pretreatment of lignocellulosic feedstocks

Pretreatment
process

Advantages Limitations and disadvantages

Acid
hydrolysis

Hydrolyzes hemicellulose to xylose
and other sugars; alters lignin
structure

High cost; equipment corrosion;
formation of toxic substances

Increase in porosity/increased
enzymatic hydrolysis

Generation of
furfural/hydroxymethyl furfural/need
for recycling/costly

Alkaline
hydrolysis

Removes hemicelluloses and lignin;
increases accessible surface area

Long residence times required;
irrecoverable salts formed and
incorporated into biomass

Formation of salts of calcium and
magnesium

Organosolv Hydrolyzes lignin and
hemicelluloses; pure lignin obtained
and used as value added product

Solvents need to be drained from the
reactor, evaporated, condensed, and
recycled; high cost; solvents inhibit
enzymatic hydrolysis

AFEX Increases accessible surface area,
removes lignin and hemicellulose to
an extent; does not produce
inhibitors for downstream
processes; decrystallization of
cellulose

Not efficient for biomass with high
lignin content; costly

Ammonia
treatment

Removal of lignin/decrystallizing
cellulose

Removal of ammonia/costly

Mechanical
comminution

Reduces cellulose crystallinity Power consumption usually higher
than inherent biomass energy

Steam
explosion

Causes hemicellulose degradation
and lignin transformation;
cost-effective

Destruction of a portion of the xylan
fraction; incomplete disruption of the
lignin-carbohydrate matrix;
generation of compounds inhibitory
to microorganisms

CO2

explosion
Increases accessible surface area;
cost-effective; does not cause
formation of inhibitory compounds

Does not modify lignin or
hemicelluloses

Pyrolysis Produces gas and liquid products High temperature; ash production

Ozonolysis Reduces lignin content; does not
produce toxic residues

Large amount of ozone required;
expensive

Lignin is damaged;
cellulose/hemicellulose unaltered

Biological Degrades lignin and hemicelluloses;
low energy requirements

Rate of hydrolysis is very low; a part
of fermentable sugars are utilized as
carbon source

Wet
oxidation

Treatment of wastes Costly

Microwave
Treatment

Cheap/generates less pollution Degradation of
cellulose/hemicellulose

Based on Kumar et al. (2009), Chaturvedi and Verma (2013)
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Wooley et al. 1999; Eggeman and Elander 2005). These factors substantially affect
the costs associated with a pretreatment method.

Several researchers have made a comparison of various pretreatment methods for
lignocellulosic feedstocks (Wyman et al. 2005a, b; Wyman 2007; Rosgaard et al.
2007; Silverstein et al. 2007). Rosgaard et al. (2007) evaluated the effectiveness of
different types of pretreatment procedures, i.e., acid or water impregnation followed
by steam explosion versus extraction with hot water, on wheat straw and barley.
The pretreatments were compared after enzyme treatment using cellulase enzyme.
The acid or water impregnation followed by steam explosion of barley straw was
found to be the best pretreatment in terms of the resulting glucose concentration in
the liquid hydrolysate after enzymatic hydrolysis.

Silverstein et al. (2007) examined the effectiveness of sulfuric acid, sodium
hydroxide, hydrogen peroxide, and ozone pretreatments for the conversion of
cotton stalks to ethanol. Solids from sulfuric acid, sodium hydroxide, and hydrogen
peroxide pretreatments showed significant lignin degradation and/or high sugar
availability and therefore were hydrolyzed rapidly by cellulsae enzymes—
Celluclast 1.5 L and Novozym 188 from Novozymes. Pretreatment with sulfuric
acid resulted in the highest xylan reduction (95.2 % for 2 % acid, 121 °C/15 psi,
90 min) but the lowest cellulose-to-glucose conversion during hydrolysis (23.9 %).
Sodium hydroxide pretreatment resulted in the highest level of delignification
(65.6 % for 2 % NaOH, 121 °C/15 psi, 90 min) and cellulose conversion (60.8 %).
Pretreatment with hydrogen peroxide resulted in significantly reduced delignifica-
tion (maximum of 29.5 % for 2 %, 121 °C/15 psi, 30 min) and cellulose conversion
(49.8 %) in comparison to sodium hydroxide pretreatment. Ozone did not cause any
significant changes in xylan, glucan, or lignin contents over time.

Wyman et al. (2005b) studied various pretreatment technologies for corn and
reported that different methods yield different results. Therefore, the choice of
pretreatment technology for a particular material depends on which components of
the biomass required to be altered.

None of the processes discussed are found to be efficient enough to give 100 %
yield of reducing sugars from different types of biomasses. The efficiency of the
process depends mainly on the type of biomass used as raw material, its structure,
and the lignin content (Mckendry 2002; Cao et al. 2012). Combination of two or
more pretreatment processes is found to be efficient when compared with single
pretreatment process alone in terms of reducing sugar yield and lignin removal from
different biomasses. Therefore, combinations of pretreatment processes are being
studied by several researchers for increasing the yield of reducing sugars (Cara et al.
2006; Yu et al. 2009; Miura et al. 2012).

An increased use of biofuels would contribute to sustainable development by
reducing emissions of greenhouse gas and the use of nonrenewable resources.
Lignocellulosic feedstocks, including forestry and agricultural residues instead of
traditional feedstocks such as starch crops, could prove to be an ideally inexpensive
and amply available source of sugar for fermentation into transportation fuels.
Cellulose crystallinity, protection by lignin, accessible surface area, and sheathing
by hemicellulose contribute to the resistance of cellulose in biomass to hydrolysis.
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The biomass pretreatment and the intrinsic structure of the biomass itself are
basically responsible for its subsequent hydrolysis. The conditions used in the
selected pretreatment method will affect various characteristics of the substrate.
This in turn, governs the susceptibility of the substrate to hydrolysis and the sub-
sequent fermentation of the liberated sugars. Therefore, pretreatment of biomass is a
very important step in the synthesis of biofuels from lignocellulosic feedstocks.
There is a critical requirement to understand the fundamentals of various processes,
which can help in making a suitable choice depending on the biomass structure and
the hydrolysis agent.
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Chapter 6
Future Perspectives

Abstract Some major challenges in the area of lignocellulosic biomass pretreat-
ment are presented. Future research required is also discussed.

Keywords Lignocellulosic biomass � Pretreatment � Future research � Challenges

The effect of greenhouse gasses on the climate change has been recognized as a
serious environmental threat. Serious efforts are being made for the search of
sustainable more efficient and environmental friendly technology to prevent such
emission. Production of ethanol from lignocellulosics has received much attention
since the last decade due to enormous potential for conversion of renewable bio-
materials into biofuels. A major impediment in this technology is the presence of
lignin, which inhibits hydrolysis of cellulose and hemicellulose. This has resulted in
extensive research in the development of various pretreatment processes for the
treatment of lignocellulosic biomass. The pretreatment step plays a very important
role in a lignocellulosic biorefinery process.

Various research groups and companies at various levels, usually with financial
support from national governments and public bodies (example Swedish Energy
Agency, Danish Ministry of Energy, US Department of Energy/Agriculture, and
Canadian Sustainable Development Technology Canada) and multinational insti-
tutions such as the European Union have developed several proprietary cellulosic
ethanol production configuration and technologies. Chemical pretreatment of lig-
nocellulosic biomass due to its high reactivity at mild conditions forms the basics of
these technologies.

Table 6.1 gives profiles of some of the main projects undertaken or under
construction/development underpinned by breakthrough pretreatment, hydrolysis,
and fermentation technologies, as well as process integration and optimization. The
pretreatment of feedstocks to improve biodegradability to simple sugars has been
the subject of intensive research worldwide with a focus on maximizing sugar
yields at high solid loads and at the lowest economic and environmental costs.
Widely known and emerging chemical pretreatment methods have been reviewed
with regard to process description, advantages, drawbacks, and recent innovations
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employed to offset inherent challenges. Cellulosic ethanol is close to commercial-
ization but there are still technical, environmental, and economic challenges asso-
ciated with biomass pretreatment, hydrolysis, and fermentation. No solvent has
been found to work best for all biomass and such optimized methods and process

Table 6.1 Selected
large-scale cellulosic ethanol
plants based on chemical
pretreatment

SEKAB Örnsköldsvik, Sweden
Two stage dilute H2SO4/SO2; pine chips

Abengoa bioenergy, Salamanca, Spain; York, NE, USA;
Kansas, USA
Acid impregnation + steam explosion; wheat and barley straw,
corn stover, wheat straw, switchgrass

BioGasol Ballerup, Denmark
Dilute acid/steam explosion or wet explosion; wheat straw and
bran, corn stover, garden wastes, energy crops and green wastes

Procethol 2G, Futurol Pomacle, France
Wheat straw, switchgrass, green waste, miscanthus, vinasses

Izumi Biorefinery Japan
Arkenol; cedar, pine, and hemlock

INEOS Florida, USA
Thermochemical; municipal solid waste and so forth

ZeaChem Oregon, USA
Chemical; hybrid poplar, corn stover, and cob

Logos Technologies California, USA
Colloid milling; corn stover, switchgrass, and wood chips

BlueFire Mississippi, USA
Concentrated acid (Arkenol); wood waste, municipal solid
waste

Weyland AS, Norway
Concentrated acid; corn stover, sawdust, paper pulp,
switchgrass

Borregaard Norway
Acidic/neutral sulphite; wheat straw, eucalyptus, spruce

Queensland University of Technology, Queensland, Australia
Acid, alkaline, steam explosion, ionic liquid; sugarcane bagasse

Praj Industries, India
Thermochemical; corn cob, sugarcane bagasse

Lignol Energy Corporation, Canada
Organosolv; wood, agricultural residues

Blue sugars, Wyoming, USA
Acid, thermomechanical; pine

Petrobras/Blue sugars; Brazil
Acid, thermomechanical; sugarcane bagasse

Dupont, Danisco Cellulosic Ethanol (DDCE), Iowa, USA
NH3 steam recycled; corn stover

COFCO/SINOPEC/Novozyme, Zhaodong, China
Steam explosion (with acid impregnation); corn stover

Based on Bensah and Mensah (2013)
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conditions for various materials need to be examined and developed further. Some
major challenges of the chemical pretreatment include the following:

– Requirement of extensive size reduction
– Handling biomass at high solids concentration
– Corrosion
– Solvent costs, and recovery
– Environmental pollution from solvents, by-products, and waste from reactions.

Nevertheless, the challenges mentioned above are being tackled via several
interventions, particularly, the application of novel solvents and the combination of
different chemical methods with physicochemical and biological pretreatments to
obtain higher sugar yields, reduced use of costly solvents, lower enzyme dose,
milder process conditions, recovery, and use of biomass components in pristine
forms, and also improvements in environmental sustainability. Presently, several
efforts are being made to develop new technologies to further reduce the cost of
pretreatment and generate less toxic chemicals, higher sugar yield, and higher-value
by-products. The choice of the pretreatment technology depends on several factors,
such as the type of biomass, the value of by-products, and the process complexity
(Chaturvedi and Verma 2013). The combination of different methods may yield
more positive effects in the future. Extensive research has been done on the
development of advanced pretreatment technologies to produce more digestible
biomass in order to ease bioconversion of biomass into cellulosic ethanol. An ideal
cost-effective pretreatment method should have the following characteristics (Hsu
et al. 1996; Yang and Wyman 2008; Drapcho et al. 2008):

(1) Maximum fermentable carbohydrate recovery
(2) Minimum inhibitors generated as a result of carbohydrate degradation during

pretreatment
(3) Reduced environmental impact
(4) Lower demand of post-pretreatment processes such as washing, neutralization,

and detoxification
(5) Reduced use of water and chemicals
(6) Reduced capital cost for reactor
(7) Moderately reduced energy input
(8) Relatively high treatment rate
(9) Production of high value-added by-products.

Therefore, the future research on pretreatment should be focused on the fol-
lowing areas (Zheng et al. 2009):

(1) Reduction of water and chemical use
(2) Recovery of carbohydrates and value-added by-products to improve the

economic feasibility
(3) Development of clean delignification yielding benefits of co-fermentation of

hexose and pentose sugars with improved economics of pretreatment
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(4) Basic understanding of pretreatment mechanisms and also the relationship
between the biomass structure features and enzymatic hydrolysis

(5) Reduction of the formation of inhibitors such as furfural, 5-hydroxymethyl
furfural and acetic acid which could significantly inhibit enzymatic hydrolysis
and fermentation of biomass (Hsu et al. 1996; Yang and Wyman 2008).

Like most established industrial processes, a possible major step towards
bioprocessing of lignocellulosics on an industrial scale is creating or finding mar-
kets for by-products of biomass pretreatment technologies (Agbor et al. 2011).
Multiple or combinatorial pretreatments have the ability to enhance biomass
digestibility and operate under various conditions to maximize selective product
recovery, while reducing the generation of inhibitory carbohydrate degradation
products. As pretreatment is the second most expensive unit cost in the conversion
of lignocellulosic biomass to ethanol (NREL 2002), it calls for systematic analysis
of pretreatment process dynamics and their by-products as means to reduce cost in
designing a cost competitive process (Agbor et al. 2011). Lignol Innovations
Burnaby, British Columbia, Canada has demonstrated its unique and economical
integrated process technology for biorefining abundant and renewable lignocellu-
losic biomass feedstocks into fuel ethanol, pure lignin and other valuable
co-products. Lignol’s unique delignification pretreatment Organosolv process
fractionates or separates woody biomass into cellulose, hemi-cellulose and lignin.
The cellulose and hemi-cellulose are enzymatically hydrolysed into sugars. These
sugars are fermented into ethanol which can be distilled and dehydrated to
fuel-grade ethanol. The high purity lignin can be processed into a great variety of
high value products. This innovation is a key solution for producing ethanol and
high value products from low-value feedstocks, while providing an alternative to
reliance on fossil fuels.

In the United States, at DOE bioenergy research centres, AFEX pretreated spent
grains and lignocellulosics are being considered as feed for livestock. Although
industrial production of biofuels has preceded a detail understanding of pretreat-
ment, optimization of integrated biorefining processes requires strong coordinated
research that will, delineate pretreatment chemistries and their effects on feedstocks
and also fermentation yields of fuels and co-products.
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Ammonia hydroxide, 34
Ammonia recycle percolation, 3, 25
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Aqueous ammonia, 25, 27, 34, 35
Aqueous fractionation, 24
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Ash, 1, 54
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Biorefinery platform, 40
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Calcium hydroxide, 34–38
Caproic, 32
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Carbon dioxide explosion, 27, 29
Carbon monooxide, 1
Carbonic acid, 28, 29
Cassava bark, 35
Cassava pulp, 48
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Cellulase, 2, 3, 30, 41, 45–47, 51, 54, 55
Cellulolytic enzymes, 1, 5, 38
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Ceriporia lacerata, 53
Chipping, 20, 22
Cholinium acetate, 48
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Compression milling, 20
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53
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Cotton straw, 31
Coumaryl alcohol, 4
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Distillation, 3, 33
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Electrical conductivity , 49
Electrochemical stability, 48
Electron beam, 21, 35
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Enzymes porosity, 72
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54–56
Ethylene glycol, 38, 40, 42, 45
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