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v

In order to counter the increasing global demand for energy, a multifaceted approach 
is needed. Renewable bioenergy produced from various types of biomass, especially 
lignocellulosic biomass, is an important source of energy supply. Such biomass 
sources can be agricultural wastes or direct harvests from high-yield energy corps. 
Lignocellulosics are recalcitrant by nature’s design. Fermentable sugars must be lib-
erated from the biomass before ethanol fermentation. Pretreatment is necessary and 
it is often an expensive part of the overall lignocellulosic ethanol process, which is 
critical to the economic feasibility of lignocellulosic ethanol. A good pretreatment 
method makes the subsequent enzyme hydrolysis step much more effective while 
minimizing the formation of fermentation inhibitors. This book emphasizes on 
potential on-farm and tactical mobile applications that use green pretreatment and 
processing methods without the need for on-site waste treatment. The first chapter 
in this book, discusses plant cell wall structures and their impact on pretreatment. 
Each subsequent chapter is dedicated to one pretreatment methods. These methods 
include mechanical pretreatment, biological pretreatment, hydrothermal pretreat-
ment (including steam explosion), supercritical CO2 explosion pretreatment, and 
ionic liquid pretreatment. Because there a huge variety of different lignocellulosic 
biomass types that are potential targets, no single pretreatment is expected to be the 
universal choice. Some of the pretreatment methods are niche applications that are 
particularly suitable for the desired small-scale on-farm or mobile operations that 
eliminate the need to transport bulky raw biomass feedstock. Mobile or tactical bio-
energy production is already a feasible option for military forward operating bases 
in a war zone where fuel costs can be ten times higher than normal.

Athens, OH, USA Tingyue Gu

Preface
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Abstract One of the targeted research areas in implementing alternative 
renewable energy production is the improvement of the yield and quality of 
plant biomass, which consists mostly of plant cell walls (called lignocellulosic 
 biomass). Sugars from plant biomass can be used to produce bioethanol through 
fermentation, but can also be used to make other hydrocarbons via direct pyroly-
sis or gasification. However, the conversion of lignocellulosic biomass to ferment-
able sugars is far from optimal due to the lack of efficient pretreatment processes, 
simply because the exact composition and the manner in which different cell 
wall components interact between each other strongly influence energy recov-
ery. Pretreatment techniques can be grouped into three distinct categories: physi-
cal (mechanical), biological, and chemical pretreatments. Currently, pretreatment 
step is the most costly step in the whole process of biofuel production, and there 
is a positive correlation between cell walls recalcitrance and the costs in biofuel  
production. Because there are many different kinds of plant biomass, no single 
pretreatment method is expected to be the preferred universal choice. Furthermore, 
there is recurring debate about “food or fuel” balance, and the emerging picture 
from this debate is that there is a need for domestication of several feedstock 
crops, because none of the current available feedstock crops have all the require-
ments to balance our food and fuel needs. The ultimate goal is to elucidate the key 
structural elements of lignocellulosic biomass that would allow a balance between 
biofuel production, carbon sequestration, and land management. This chapter will 
describe the composition and structural aspects of plant cell walls found in plant 
biomasses, and their impact on pretreatment of biomass.

Keywords  Lignocellulosic biomass  •  Cell wall  •  Pretreatment  •  Biofuels  •  Energy  
balance  •  Hemicellulose  •  Cellulose  •  Xylan  •  Bioethanol  •  Lignin  • 
Miscanthus  •  Switchgrass  •  Oil  •  Fermentation  •  Saccharification  •  
Sustainability  •  Green energy  •  Basidiomycetes  •  Saccharomyces cerevisiae  •  Yeast

Ahmed Faik
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1.1  Introduction

Until recently (2002), fossil fuels supplied ~86 % of the energy consumed in the 
United States, and more than half (62 %) of that was imported. To achieve its energy 
needs and independence from foreign oil, the United States set a goal to substitute 
20 % of its gasoline usage with alternative fuels by 2022, which would correspond 
to an increase in the annual alternative fuel production of up to 35 billion gallons. 
On the other hand, it is important to understand that no matter how many new oil 
fields are (or will be) discovered, oil is a finite and nonrenewable resource (Campbell 
2006). Therefore, alternative renewable energy production needs to be implemented. 
One of the targeted research areas to reach this goal is the improvement of the yield 
and quality of plant biomass, which consists mostly of plant cell walls (called lig-
nocellulosic biomass). These cell walls are the result of capturing and converting 
solar energy into energy-rich polymers (carbohydrates) via carbon fixation during 
photosynthesis. Although the annual solar energy reaching Earth’s surface is evalu-
ated to be ~5.5 × 1024 J, which is 12,000 times the annual global energy demand 
(Larkum et al. 2011), the amount of carbon annually fixed is estimated to 1011–1012 
tons, which if converted to biofuels would correspond to only 10 times our energy 
need (Hall 1979). Therefore, biofuels production is not limited by energy input, but 
rather by other factors such as efficient use of land and nutrient to efficiently har-
vest the light and fix the carbon into biomass, and the conversion of this biomass 
to sugars that are then fermented to biofuels. Another alternative for efficient light 
harvesting and usage as renewable energy could be the artificial photosynthetic  
systems (e.g. photochemical panels); however, these systems are currently limited to 
the production of only hydrogen (from phytolysis: hydrolysis of water to hydrogen 
and oxygen) (Melis et al. 2000; Hemschemeier et al. 2009). Biomass sugars can be 
used to make bioethanol (through pretreatment and fermentation), but can also be 
used to make other hydrocarbons via direct pyrolysis or gasification (Regalbuto 2009).

The conversion of lignocellulosic biomass to fermentable sugars is far from optimal 
due to the lack of efficient pretreatment processes, simply because the exact composi-
tion and the manner in which different cell wall components interact between them 
strongly influence energy recovery (as fermentable sugars). Thus, biomass pretreat-
ment is a critical step in this process. Figure 1.1 summarizes the average values of 
cellulose, hemicellulose, and lignin content (as  % dry weight) in most promising lig-
nocellulosic biomass such as wheat straw (Lynd et al. 1999; Kabel 2007; Carvalheiro 
et al. 2009; Thomsen et al. 2008), barley straw (Saha and Cotta 2010; Persson et al. 
2009), corn stover (Kaar and Holtzapple 2000; Kim et al. 2003; Zhang et al. 2007; 
Chundawat et al. 2007), hardwood (Kim et al. 2000; Howard 2003; Sjostrom 1993), 
softwood (Howard 2003; Miller and Hester 2007; Mabee et al. 2006), Miscanthus 
(Majid et al. 2004), switchgrass (Lynd et al. 1999), and rice straw (Jin and Chen 2007).

Currently, U.S. generate ~1.3 billion tons of plant biomass, which should allow 
the production of ~130 billion gallons of bioethanol and other biofuel molecules 
under optimal conditions (Somerville 2006). Bioethanol obtained from cereal 
grains and biodiesel obtained from soybean and rapeseed are considered the first-
generation biofuels, while biofuels from nonfood annual crops (e.g., sorghum, 
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switchgrass, and Miscanthus, Fig. 1.1) are considered the second generation, 
also called lignocellulosic biofuels (Yuan et al. 2008). Products with energy con-
tent closer or higher to petroleum and diesel (e.g., the high-chain alcohols such as 
alkanes and butanol) are considered as the next-generation biofuels (Duree 2007). 
However, in the U.S., even if all biomass currently available were converted to 
biofuels, the U.S. energy needs would still not be met (Hill et al. 2006).

This chapter will describe the structural aspects of plant cell walls found in 
plant biomasses, and their impact on biofuel yields. The ultimate goal is to elu-
cidate the key structural elements of lignocellulosic biomass that would allow a 
balance between biofuels production, carbon sequestration, and land management. 
With scientific progress in genomics and genetic, it would be possible to engineer 
or domesticate some plant species that would help achieve this goal.

1.2  History and Context

The idea of using biofuels is not new (Muller 1974). It started in 1893 when 
Rudolf Diesel, a thermal engineer, invented the pressure-ignited heat engine 
that ran on its own power. In 1900, Diesel used peanut oil to demonstrate that 
his engine can run on vegetable oil (“Paris Exhibition of Alcohol Consuming 

Fig. 1.1  Comparison of 
cellulose. hemicellulose, and 
lignin contents in eight plant 
lignocellulosic biomasses: 
Switchgrass, Miscanthus, 
softwood, hardwood, corn 
stover, and straw from rice, 
barley, and wheat (see text for 
references)
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Devices,” Scientific American, Nov. 16, 1901). At that time, Diesel said: The 
use of vegetable oils for engine fuels may seem insignificant today, but such oils 
may become, in the course of time, as important as petroleum… At the same time 
(1908) in the U.S., Henry Ford designed his Model T to run on ethanol produced 
from corn. However, prohibition of use of ethanol in all forms in 1919 in U.S. 
brought this adventure to a halt, until 1970s, when the Clean Air Act was adopted 
by the environmental protection agency (EPA) to promote the use of biofuels. By 
1944, three-quarters of the tires and other rubber products were produced using 
ethanol. In the current context, there is an intense discussion about the relative 
merits of a variety of alternative biomass sources for biofuels. This discussion is 
driven by three main questions: how much of the biomass would be needed if the 
country were to switch to biofuels? does it take more energy to produce a biofuel 
than it actually contains? And finally, would food production be sacrificed to fuel 
needs? The purpose of these questions is to raise awareness about the efficient use 
of the available land, and the balance between generating renewable biomass and 
providing food to an increasing world population (projected to reach up to 10.5 
billion by 2050).

1.3  Plant Cell Wall Composition and Current Models: 
When the Fine Structural Variation Matters

Biofuel yields depend on the variations in the structural and chemical composi-
tion of plant cell walls. These structurally complex cell walls allowed the plants 
to succeed in colonizing land, and stand tall for better capturing light energy. Cell 
walls were designed to be strong and serve for a tall growth and protection/defense 
under various land climates. Any abnormality in these cell walls produces defect 
and/or halt of the growth of the plants (Reiter et al. 1993). It is this strength in cell 
wall structure that makes it recalcitrant to conversion to biofuel.

1.3.1  General Chemical Composition of Plant Cell Walls

All plant cell walls are made of carbohydrate polymers (microfibrils of cellulose, 
hemicellulose, and pectin) and other noncarbohydrate polymers such as pro-
teins, and lignin (produced from phenylpropanoid units). Carbohydrate polymers 
and lignin are insoluble polymers and must be synthesized from soluble subunits 
(within plant cells) before assembly and deposition (outside of the cells) as insolu-
ble but functional plant cell walls. The chemical composition of the cell walls has 
been extensively studies since the early 1970s. Figure 1.2 summarizes the general 
chemical structure and composition of cellulose, hemicellulose, and pectin along 
with their building units.
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1.3.1.1  Cellulose

Cellulose is made of repeating β(1,4)-linked cellobiose units. Cellobiose is a disac-
charide formed of two d-glucose residues themselves linked via a β(1,4)-linkage 
but one residue is right side up and the other is upside down (Fig. 1.2). Each β(1,4)-
d-glucan chain is an assembly of up to 10,000 glucose residues depending of the 
species and tissues (Klemm et al. 2005). About 36 of these β(1,4)-d-glucan chains 
are orderly assembled and held together via interchain hydrogen bonds to form a 
long rod-like microfibrils (Fig. 1.2). The assembly of these cellulose microfibrils 
occurs concomitantly with the synthesis of individual glucan chains by a sym-
metrical multiprotein enzyme complex called rosette (Mueller and Brown 1980; 

Fig. 1.2  Chemical structure of the building blocks of plant cell wall polymers. Bottom panel 
shows the presentation of the structures and symbols of these building blocks (monomers). Upper 
panels show the representation of the polymers, namely cellulose, hemicellulose, and pectin
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McCann and Roberts 1991; Carpita and Gibeaut 1993; Brown et al. 1996; Ding 
and Himmel 2006; Wightman and Turner 2010). The diameter of each microfibril 
ranges from 3 to 68 nm depending of the biomass source (Brown et al. 1996; Jarvis 
2003; Tsekos 1999), and up to 5 μm in length. Because of the crystalline struc-
ture of cellulose microfibrils (due to tight hydrogen-bounding between the chains), 
dissociation of the glucan chains (to become amorphous) requires harsh condi-
tions such as heating at 320 °C under a pressure of 25 MPa (Deguchi et al. 2006). 
Because cellulose represents up to 50 % of the weight of plant lignocellulosic  
biomass (Fig. 1.1), and is constituted of glucose (Glc) that is easily fermented, all 
pretreatment methods were optimized to maximize the release of Glc residues and 
minimize its conversion to other byproduct before fermentation.

1.3.1.2  Hemicellulose

Hemicellulose is a generic name for a heterogeneous group of plant cell wall 
polymers that have typically β(1,4)-d-glycan backbones (e.g., xylan, mannan, 
xyloglucan) branched with one monosaccharide and/or small oligosaccharides 
(Fig. 1.2). They share another characteristic that consists in their solubility in low 
concentration alkali solutions (e.g., 0.1–0.4 M KOH or NaOH). These hemicel-
lulosic polymers do not form crystalline structure (compared to cellulose). Plant 
biomass for biofuels contains the following hemicellulose (with varying amounts): 
xyloglucan (XyG), β(1,3)(1,4)-d-gucan (called also mixed-linkage glucan, MLG), 
β(1,4)-d-xylan, and β(1,4)-d-mannan. Figure 1.2 summarizes the simplified dia-
grammatical presentation of the chemical structure of these polymers.

Xylan is the third most abundant polymer on earth after cellulose and chitin (not 
present in plant cell walls). It consists of various types of polymers that can be sim-
ple homopolymers such as β(1,4)- and β(1,3)-d-xylan; or heteropolymers such as 
glucuronoxylan (GX) found in the wood of dicots, glucurono(arabino)xylan (GAX) 
found in softwoods and vegetative tissues of grasses, and neutral arabinoxylan (AX) 
found in the endosperm of cereal grains (Ebringerova and Heinze 2000, Faik 2010). 
All these xylan types have a backbone of β(1,4)-linked d-xylose  (Xyl)  residues  in 
common. This xylan backbone is substituted at the C-2 and/or C-3 positions, mainly 
with α-arabinofuranose (Araf) residues, or to a lesser extent, with α-d-glucuronyl or 
O-methyl-α-d-glucuronyl uronic acid (GlcA) residues on the C-2 position, depending 
on the tissues and species (Fig. 1.2). The fact that Ara and GlcA substitutions can be 
esterified with ferulic, acetic, or p-coumaric acid groups, a xylan chain can be cross-
linked to either lignin or to another xylan chain (Fry 1986; Watanabe and Koshijima 
1988; Ebringerova and Heinze 2000; Saulnier et al. 1995). This cross-linking is the 
main contributor to the recalcitrance of xylan-rich plant biomasses (e.g., grasses and 
trees), and can have a great impact on biofuel production, especially if we consider 
that GX and GAX are the predominant (up to 50 % w/w) hemicellulose in the most 
promising plant biomass for biofuel production (e.g., grasses and trees).

The other types of hemicellulose are mostly hexose-based (6-carbon sugars) pol-
ymers, which include XyG, MLG, and mannan (Fig. 1.2). Although both XyG and 
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mannan are considered as cell wall storage polysaccharides found in seeds of many 
taxonomically  important  plant  groups,  XyG  is  also  the  major  hemicellulose  (up  to 
30 % w/w) in cell walls of vegetative tissue of many herbaceous dicot plants and non-
graminaceous monocots (Carpita and Gibeaut 1993; Buckeridge 2010). XyG has a 
regular structure with a backbone composed of β(1,4)-linked d-Glc residues, and up 
to 75 % of these Glc residues are substituted at C-6 positions with xylosyl residues, 
galactosyl-β(1,2)-d-xylosyl disaccharide, or l-fucosyl-α(1,2)-d-galactosyl-β(1,2)-d-
xylosyl trisaccharide side chains (Fig. 1.2). Mannan and glucomannan can be substi-
tuted with single units of α(1,6)-linked d-galactosyl (Gal) to the main chain (Fig. 1.2).

In the case of MLG, the uniform β(1,4)-glucan backbone structure is inter-
rupted at regular intervals (up to 5 Glc residues) by β(1,3)-linkages, which intro-
duces kinks in the polymer and makes it more flexible and soluble in water (Miller 
and Fulcher 1995; Manthey et al. 1999; Burton and Fincher 2009). In contrast to 
xylan,  both  XyG  and  MLG  are  present  in  low  amounts  in  mature  plant  tissues 
used for biofuels, but are major hemicelulose (up to 30 % w/w) in the primary cell 
walls (developing plants). Thus, they have less impact on biofuel production from 
plant biomass. However, because of their importance in plant development, they 
have direct effect on plant biomass yields.

1.3.1.3  Pectin

Pectin is a group of polysaccharides that are characterized by their richness in 
d-galacturonic acid (GalA) residues, a negatively charged monosaccharide that 
makes pectin easy to solubilize in hot water. It is believed that pectin polymers 
contain three structurally different domains consisting of homogalacturonan (HG) 
domain, rhamnogalacturonan II (RG-II) domain, and RG-I domain (Fig. 1.2). HG 
domain is a linear and unbranched chain of α(1,4)-linked GalA. When some of GalA 
residues of this HG domain are substituted with β(1,4)-linked d-Xyl residues on C-3 
positions,  the  domain  is  called  xylogalacturonan  (XGA)  (Zandleven  et  al.  2006). 
RG-II domain has a backbone similar to HG (at least eight GalA residues), but bear-
ing on the C-3 positions of GalA residues complex oligosaccharide side chains that 
may contain up to 12 different sugars linked between them with up to 22 different 
glycosidic linkages (Mohnen 2008). RG-I domain, on the other hand, has a back-
bone made of a repeating unit of α(1,4)-d-GalA-α(1,2)-l-rhamnose disaccharide. 
Rhamnose (Rha) residues can bear oligosaccharide side chains of β(1,4)-linked d-Gal 
residues, or α(1,5)-linked l-Ara residues (arabinan and galactan branches in Fig. 1.2). 
Pectin constitutes a minor component (up to 10 % w/w) in woody plant biomass and 
grasses. Thus, they have less impact on biofuel production from plant biomass.

1.3.1.4  Lignin

Lignin is the result of combinatorial radical (oxidative) coupling of  phenylpropanoid 
subunits (called p-coumaryl, guaiacyl, and syringyl alcohols in Fig. 1.3a). 
These three precursors differ in the number of methoxyl groups (-OCH3) on the 
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aromatic ring (Fig. 1.3a). The oxidative coupling reactions, catalyzed by peroxidases  
or laccases (Higuchi 1985; Sterjiades et al. 1992; Ranocha et al. 2002), proceed in 
3-D dimension (Fig. 1.3b), and seem to follow a high degree of selectivity (Erickson 
et al. 1973; He and Terashima 1989). This high degree of selectivity is dictated 
by a class of proteins called dirigent proteins (Davin and Lewis 2000). Lignin is  
considered the most abundant of all biopolymers.

Plants designed lignin as a strong glue that holds together and impermeabilizes 
“cellulose-hemicellulose” network (Fig. 1.3c), providing tissues with both the 
strength to resist pathogen attacks and the capacity to limit water loss (Rubin 2008). 
Therefore, lignin limits accessibility to cellulose and hemicellulose, which hinders 

Fig. 1.3  Chemical structure and organization of lignin polymer in plant biomass. a Chemical 
structures and symbols of lignin monomers (the three monolignols p-coumaryl, coniferyl, and 
sinapyl alcohols). b Schematic representation of a polymerized lignin polymer in its 3-D structure, 
along with 8-O-4, 8-5, 8-8, 8-1, 5-5, and 4-O-5 linkages that interconnect p-hydroxyphenylpro-
panoid units in the polymer (source, DOE-Oak Ridge National Laboratory). c “Lignin- cellulose” 
complex presented as a drawing of the bilayer of 142 lignin dimers adsorbed on a cellulose micro-
fibril surface as predicted by molecular medeling (source Besombes and Mazeau 2005)
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the complete enzymatic hydrolysis of these polymers (Chen and Dixon 2007). 
The assembly of “cellulose-lignin” complex has been investigated through molec-
ular modeling using lignin oligomers having up to 20 subunits. The data showed 
that, from the energetic stand, the association “cellulose–lignin” is preferred over 
“lignin–lignin” (Besombes and Mazeau 2005; Erilkssen et al. 1980). This means 
that during early stages of lignin deposition, lignin monomers/dimers tend to cover 
most cellulose microfibrils and hemicellulose surfaces available by adsorption (via 
hydrogen bonding to create a film on cellulose microfibril surface) before lignin 
self-aggregation. In later stages of lignin deposition, “lignin–lignin” complexes are 
formed and locked by oxidative coupling reactions catalyzed by peroxidases and/
or laccases. As a result, cellulose microfibrils and hemicellulose are glued by a 3-D 
lignin polymer (Fig. 1.3b, c). Thus, lignin is still one of the main obstacles in the 
conversion of lignocellulosic plant biomass into bioethanol (Lynd et al. 1991; Hill 
et al. 2006). Any pretreatment that enhances the release of cellulose and hemicel-
lulose from lignin would tremendously impact the cost of bioethanol production. 
Manipulation of oxidative coupling reactions in later stages of lignocellulosic for-
mation would logically lower the recalcitrance of plant biomass. Also, identifying 
microbes able to metabolize lignin, as carbon source, would be of interest.

Lignin composition is cell types- and species-dependent and is affected by 
environmental conditions. For example, softwood lignin contains mostly guaiacyl 
alcohol (G-monomer), while hardwood lignin contains almost equal amounts of 
guaiacyl and syringyl (S-monomer) units (Boerjan et al. 2003; Ralph et al. 2004, 
2008). However, grass lignin contains p-coumaryl (hydroxyphenyl, H-monomer) 
units in addition to G- and S-monomers. Because of the differences in the chemi-
cal bonds that link G-, S-, and H-monomers within lignin polymer, plant biomass 
can have different degree of recalcitrance. An increase in S-monomer content 
in lignin is believed to confer more recalcitrance to plant biomass compared to 
G-monomer (Li et al. 2001; Kishimoto et al. 2010). Modification of lignin compo-
sition in transgenic plants has been shown to result in significant improvements in 
the conversion of biomass into bioethanol (Chen and Dixon 2007).

1.3.2  Macromolecular Organization: Primary Versus 
Secondary Cell Walls

The polymers described in the previous section (cellulose, hemicellulose, pectin,  
and lignin) interact in a specific manner to form a functional and complex  
network, the cell wall. Each polymer has a specific physiological function, for 
example, cellulose microfibrils are the load-bearing component of the cell walls. 
These microfibrils are held together by hemicellulosic polymers (hence the name 
of cross-linking polysaccharides) to give additional strength to the cell wall 
(Hayashi and Maclachlan 1984; McCann et al. 1990; Carpita and Gibeaut 1993; 
Scheller and Ulvskov 2010). The “cellulose-hemicellulose” matrix is embedded 



10 A. Faik

into another matrix made of pectin, as an adhesive. Several schematic models for 
how cellulose, hemicellulose, and pectin interact with each other to form architec-
turally functional “primary cell walls” have been proposed (Keegstra et al. 1973; 
McCann et al. 1990, 1992; Carpita and Gibeaut 1993). A schematic presentation 
of primary cell wall organization is indicated in Fig. 1.4. The primary cell walls 
of adjacent plant cells are glued together by middle lamella, a matrix of polymers 
rich in pectin (Fig. 1.4). The primary cell wall is structurally strong and yet flex-
ible to allow its smooth remodeling during cell elongation and growth (McCann et 
al. 1990; Cosgrove 1993).

At the end of cell elongation (transition to differentiated cells), some cells lay 
down additional layers of cellulose microfibrils and hemicellulose between the 
plasma membrane and the primary cell wall, and lock the whole polymers in a 
rigid, 3-D matrix of lignin. This thick and impermeable cell wall is now called 
the secondary cell wall (Carpita and Gibeaut 1993; McCann et al. 1990), and 
represents the main component of plant biomass used for biofuel production. 
However, despite the complexity of the structural organization of the polymers 
within each cell wall types, some subtle differences in their interactions (e.g., cel-
lulose-hemicellulose or cellulose-lignin interactions) can have important impact 
of the costs of the processing of the biomass for biofuel production (Dien et al. 
2006; Narayanaswamy et al. 2011), and forage quality (Fales and Fritz 2007). 
Polysaccharide contents of plant cell walls (primary and secondary cell walls) vary 
depending of the species, tissues, growth stage, and conditions, they all contain 
cellulose. However, while cellulose content (expressed in dry weight) in the pri-
mary cell walls is usually up to 30 %, it can reach up to 50 % in the secondary 
cell walls (Mellerowicz et al. 2001). On the other hand, hemicellulose composition 

Fig. 1.4  Schematic representation of a plant cell wall model showing the interactions between 
cellulose, hemicellulose, and pectin within plant primary cell wall in growing tissues (source 
DOE-Oak Ridge National Laboratory). At tissue maturity, the cells of some tissues depose 
additional layers of cellulose microfibrils (up to 50 % of the biomass) and hemicellulose, and 
lock them with a 3-D lignin polymer. This additional structure is called secondary cell wall and 
located between primary cell wall and plasma membrane (not shown in the picture)
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shows drastic differences compared to cellulose. For example, whereas XyG is the 
major hemicellulose in primary cell walls of dicots and noncommelinoid mono-
cots (These walls are also called type I walls), xylan (e.g., GAX, GX, and AX) and 
MLG are the most abundant hemicellulose in walls from Poales including grasses 
(these walls are also called type II walls) (Carpita and Gibeaut 1993). Plant bio-
mass from feedstock is composed of secondary cell wall materials that are rich in 
cellulose and xylan and/or glucomannan.

1.3.3  Biosynthesis and Assembly of Plant Cell Walls

The process of biosynthesis and assembly of all cell wall polymers is not well 
understood. Currently our knowledge of the biochemistry of these processes is 
very limited, as we lack an understanding of the enzymology itself, secretion; 
coordination of gene expression, multi-enzyme complex assembly/organization; 
and this list is not exhaustive. Ultimately, if we want to be able to design/engineer 
plants for biofuel production (biotechnologically domesticate), it will be neces-
sary to understand how plants synthesize and assemble these polymers into struc-
turally functional cell walls. If one considers the number of different glycosidic 
linkages within and between plant cell wall polysaccharides, numerous enzymes 
would be required for wall elaboration. Only about a dozen of such enzymes have 
been characterized and their biochemical functions identified, in addition to at 
least 12 genes in xylan biosynthesis, called irregular xylem (IRX) for which their 
exact biochemical functions remain elusive (Edwards et al. 1999; Perrin et al. 
1999; Faik et al. 2000, 2002; Burton et al. 2006; Sterling et al. 2006; Eglund et 
al. 2006; Dhugga et al. 2004; Cocuron et al. 2007; Persson et al. 2007; Doblin et 
al. 2009; Wu et al. 2009; 2010a, b; Jensen et al. 2011). In general, the biosynthetic 
enzymes can be classified into two broad groups: the enzymes that make the back-
bones of the polymers, called synthases, and those that decorate these backbones, 
called glycosyltransferases (GTs). Although both types of enzymes use activated 
sugar residues as donor molecules, they have completely different mechanisms. 
Synthases are usually processive enzymes, adding sugars repeatedly to make the 
backbone of a polysaccharide; however, GTs add one sugar residue at a time onto 
a specific position of a specific acceptor. The carbohydrate-active enzymes (CAZy, 
http://afmb.cnrs-mrs.fr/CAZY/) database has classified these putative synthases 
and GTs into families referenced as “GT” and numbered from 1 to 94. According 
to various biochemical and structural studies, the Golgi apparatus is the intracel-
lular site for the biosynthesis of noncellulosic polysaccharides, with callose being 
the exception. These studies include ultrastructural work, and work showing poly-
saccharide biosynthetic enzymes and activities associated with fractions enriched 
in Golgi vesicles.

To gain insights into this assembly process, Gluconacetobacter xylinus (former  
Acetobacter aceti subsp. xylinum) was used as a system to investigate “cellu-
lose-hemicellulose” network assembly in vitro. The idea is to grow G.  xylinus in 

http://afmb.cnrs-mrs.fr/CAZY/
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presence of hemicellulosic polymers and analyze the crystalline structure of newly 
synthesized cellulose microfibrils. In absence of hemicellulose, G. xylinus synthe-
sized highly ordered cellulose microfibrils (crystalline structure), but in presence of 
hemicellulosic polymers the bacterium produced cellulose microfibrils with altered 
shape, similar to cellulose microfibrils synthesized by plants (Atalla et al. 1993; 
Whitney et al. 1995, 1998). Interestingly, these type of experiments showed that 
cross-linking with XyG has resulted  in a dramatic weakening of cellulose micro-
fibrils  and  greater  extensibility  of  “cellulose-XyG”  matrix  (Whitney  et  al.  1999, 
2006; Chaliaud et al. 2002). Similar system was used to investigate the interactions 
between cellulose microfibrils and lignin-like polymers (Touzel et al. 2003).

1.4  Domestication of Plants for Biofuel: 
Yield, Recalcitrance, and Carbon Sequestration

In the last decades, genomics and biotechnology have impacted plant improve-
ment and will most likely result in domestication of plants for biofuel production. 
Considering that the world’s energy consumption will increase by 57 % in the next 
20 years (EIA 2007; Li et al. 2001), and the world population is expected to reach 
up to 10.5 billion by 2050 (http://www.worldometers.infor/world-population), 
developing a dedicated feedstock crop for biofuels production not only must take 
in account these two variables, and avoid “energy-food” competition, but must 
also answer the following goals: Goal 1: The plant system should allow efficient 
use of the biomass (gallon/ton); Goal 2: the plant system must allow efficient use 
of land (ton/acre); and Goal 3: the plant system must be carbon neutral (Fig. 1.5). 
So a plant (or a plant system) that answers all these needs would be a good fit for 
biofuel production.

1.4.1  Efficient Use of the Biomass (Goal 1)

The efficient use of the biomass can be achieved through several ways. For example, 
crops with less recalcitrant cell walls generate biomass that is easy to deconstruct 
without the need of expensive pretreatment steps. Efficient use of plant biomass can 
also be achieved through metabolic engineering of a plant to make it produce new 
components with low nutrient input (less fertilizer and water use), in addition to lig-
nocellulosic biomass. Alternatively, lignocellulosic biomass can also be optimized 
for the production of chemicals of interests such as furans and acetic acid (Binder 
and Raines 2009; Hsieh 2009).

Crops with enhanced biotic (pests and diseases) resistance, and abiotic (drought, 
cold, salt) tolerance are also desired, as these crops would grow on nonarable land 
and produce high biomass yield. For example, improving biotic resistance, and abi-
otic tolerance of any promising C4-type plants feedstocks that have efficient carbon 

http://www.worldometers.infor/world-population
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fixation, water and nitrogen use (such as Miscanthus and switchgrass), would have 
an impact on biomass research field (Fig. 1.5).

1.4.2  Efficient Use of the Land (Goal 2)

In this regarding, one should consider the energy content of the biofuel produced 
from renewable biomass (bioethanol versus biodiesel). For example, a liter of 
bioethanol has only two-thirds of energy density of biodiesel, making the cars 
that run on E85 (85 % ethanol and 15 % diesel) have ~30 % lower gas mileage 
(Regalbuto 2009). Because biodiesel is a more energy-rich biofuel, it is also suited 
for fueling aircraft and heavy trucks (Service 2011). Biodiesel can be produced by 
reacting vegetable oils (typically triacylglycerides) from soybean, sunflower, or oil 
palm with an alcohol, which results in the production of fatty acid methyl esters 
(Hu et al. 2008). Thus, there is an increasing interest in the fast-growing algae that 
can produce up to 40 % of its weight in oil, 6 times more than the most producing 
plants such as oil palm (Fig. 1.6a) (Posten 2009; Stephenson et al. 2011; Araujo 
et al. 2011). However, while the fast-growing algae can be a good choice in many 
regards (e.g. use land unsuited for agriculture, only small area is needed), until 
now, the costs of the extraction and processing of the oil are still high ($2.25 per 
liter), and water usage is high (Service 2011).

An alternative way to achieve an efficiently use of land is to select feedstock 
crops that are easy to engineer for better growth on nonarable land with mini-
mal nutrient inputs to avoid competition for food crops, and lower the production 
costs. It would be even better if this selected feedstock crop has both enhanced 
carbon assimilation (e.g., C4 photosynthetic plants), and sustainable rapid growth 
cycle (e.g., crops with multiple harvests per season). Currently, Miscanthus 

Fig. 1.5  Domestication of plant biomass for biofuels. This process would either use plant traits 
or metabolically engineer current plant biomass to achieve efficient use of land (tons per acre), 
efficient use of biomass (gallon per acre), and carbon sequestration. The targets are recalcitrance 
of cell wall, growth in marginal land and/or low nutrient requirement, biomass yield, stress toler-
ance, production of new chemicals, and carbon neutrality
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(Fig. 1.6b) appears to have these advantages, as it is a C4 plant exhibiting greater 
photosynthetic efficiency, and requires less water and mineral nutrients compared 
to corn or other grasses. In addition, Miscanthus can grow up to 3.5 m in height, 
which would produce an annual 10 tons biomass per acre, compared to 7.6 and 
4 tons biomass/acre for corn and wood timber, respectively (U.S. DOE. 2006). In 
terms of ethanol production, Miscanthus can produce up to 165 gallons ethanol 
per ton of biomass compared to 95 gallons per ton for corn.

1.4.3  Efficient Reduction of Carbon Release (Goal 3)

Improved capacity to sequester assimilated carbon in organs below ground is 
important for negative carbon cropping. In this regard, perennial grass species 
(e.g., switchgrass and Miscanthus) appear to have superior capacity in sequester-
ing captured carbon in their roots (Tilman et al. 2006). Therefore, these feed-
stock crops would have less carbon emission, which would limit greenhouse 
gas effects (GHG) due to burning of fossil fuels and industrial processes (Alder  
et al. 2007).

In summary, although Miscanthus has attractive qualities to answer the needs 
of biofuel industry, it does not have all the desired traits, and most likely a mix of 
species that are adapted to various climatic regions will be engineered to maximize 

Fig. 1.6  The two most promising feedstock plants for biofuels currently under investigation. 
a Oil palm, Elaeis guineensis Jacq., a tropical tree species that produces oil-rich fruit resembling 
avocados, and yields up to 10.6 tons of oil per hectare per year. The oil has similar composi-
tion to soy oil and well suited for biodiesel usages (credit Somerville c., Stanford University; 
source DOE-Oak Ridge National Laboratory). b Miscanthus is a promising feedstock crop that is 
currently under investigation in the United States (Credit Long S., University of Illinois, source 
DOE-Oak Ridge National Laboratory)
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biofuel production (Fig. 1.7). Screening for the best fit should continue, and in 
this regard I would like to cite what Thomas Jefferson already said in his letter 
to William Drayton in 1786, We are probably far from possessing, as yet, all the 
articles of culture [crops] for which nature has fitted our country. To find out these, 
will require an abundance of unsuccessful experiments. But if, in a  multitude of 
these, we make one or two useful acquisitions, it repays our trouble. This is still 
valid now, and with a scientific progress in genomics, metabolic engineering, and 
screening nature’s biodiversity, we should be able to achieve this goal within a rea-
sonable amount of time.

1.5  Plant Biomass Conversion: the Good, the Bad, 
and the Difficult

The general scheme of bioethanol production from biomass involves three steps 
(Fig. 1.8): step 1: biomass pretreatment to deconstruct cell walls into accessible 
cellulose (“the good”), hemicelluloses (“the difficult”), and eliminating other poly-
mers such as lignin (“the bad”); step 2: hydrolysis/saccharification of the pretreated 

Fig. 1.7  Feedstock crops currently under investigation in the United States along with their geo-
graphic distribution. These crops have various ecological habitats and optimizing several of them 
would be required to cover U.S. liquid fuel needs (source DOE·Oak Ridge National Laboratory)
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biomass; and step 3: fermentation of the monosaccharides (6- and 5-carbon sug-
ars) into ethanol. Each of these steps has difficulties that add costs to  bioethanol 
production.

1.5.1  Pretreatment and Saccharification Basics

The efficiency of the conversion of plant biomass to biofuels (particularly 
bioethanol) depends on how much efforts (and costs) are required to overcome 
cell wall recalcitrance. Currently, pretreatment step, which allows accessibil-
ity of the enzymes to cellulose and hemicellulose, is the most costly step in the 
whole process (Mosier et al. 2005). There is a positive correlation between cell 

Fig. 1.8  General steps of biochemical conversion of various types of biomass into ethanol and 
other byproducts. The starting biomass material can be lignocellulosic, bagasse (rich in recalci-
trant fibers) or grains (rich in starch and/or oil). Pretreatment step, however, is required only for 
recalcitrant plant biomasses such as lignocellulosic and bagasse. After this pretreatment step, the 
following steps in ethanol production process are common for all biomasses, and consist in sac-
charification to produce monosaccharides, which are then fermented to produce ethanol as well 
as other coproducts (e.g., distillers, gluten). Distillers are usually added to animal diets (beef, 
swine, and poultry) up to 20 %(w/w), which increase the livestock industry
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walls recalcitrance and their lignin content/type. Plant biomasses that are rich in 
lignin require harsh and costly pretreatment to free cellulose and hemicellulose. 
Moreover, the degree of crystalline structure and bundling of cellulose microfibrils 
can also limit the accessibility of enzymes to dissociated glucan chains. For exam-
ple, woody biomass (especially softwood) is very recalcitrant because is made of 
secondary cell walls that are rich in lignin (up to 40 %) and their cellulose micro-
fibrils are highly crystalline and form thick bundles (up to 68 nm in diameter) 
(Ding and Himmel 2006; Kennedy et al. 2007; Xu et al. 2007). Lignin is linked 
to carbohydrates (cellulose and hemicellulose) through benzyl ester, benzyl ether, 
and glycosidic linkages. The benzyl ester linkages can be broken by alkali treat-
ments, but benzyl ether and glycosidic linkages are resistant to alkali hydrolysis 
and require harsher conditions. Currently, pretreatment strategies used in cellu-
losic conversion include a wide range of physico-chemical reactions such as tem-
perature (90–250 °C), pH, and fiber explosion (stem, ammonia, and CO2) (Mosier 
et al. 2005; Narayanaswamy et al. 2011). However, some of these pretreatment 
methods have additional impact on the efficiency of the enzymes used in sacchari-
fication, and can also inhibit the growth of the fermenting microorganisms (Saha 
and Cotta 2010; Rosgaard et al. 2007). Therefore, extra costs are usually encum-
bered to remediate the effect of pretreatment methods on the enzymes.

Saccharification is the second most costly step in biofuel production process 
due to the price of the enzymes. So far, pretreatment with high temperature is the 
most compatible with subsequent use of enzymes without additional adjustment 
steps, but it usually involves high-energy usage and degradation of labile/unstable 
sugars. To overcome this issue, Narayanaswamy et al. (2011) recently proposed 
super critical CO2 pretreatment to limit sugar loss and lower energy usage.

The knowledge learned from structural studies on plant cell walls suggests that 
no universal pretreatment method is optimal for every plant biomass. Thus, pre-
treatments should be designed on the basis of this knowledge. However, pretreat-
ment techniques can be grouped into three distinct categories: physical, chemical, 
and biological pretreatments. These categories can be combined, as two or more 
pretreatment techniques can be incorporated for efficient result. Any pretreatment 
combination that allows (i) minimal use of energy input, catalyst recycling, value-
added chemicals, and low impact on downstream processes, (ii) recovery of sugars 
from hemicellulose portion of biomass, and (iii) limiting the production of inhibi-
tors, is highly desired.

1.5.1.1  Physical Pretreatments

These pretreatments involve chemical-free methods such as steam water explo-
sion (autohydrolysis), liquid hot water, and mechanical grinding (e.g., milling). 
Currently autohydrolysis is the most cost-effective pretreatment used in pilot scale 
(Hsu 1996). It consists of inducing explosive decompression by rapid heating of the 
biomass (up to 160–260 °C) under high-pressure (saturated steam of water at 0.69–
4.83 MPa) for a short time before a sudden release of pressure (McMillan 1994; Sun 
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and Cheng 2002). While heat and pressure induce hemicellulose  solubilization (and 
also its partial hydrolysis by organic acids), pressure decompression produces dis-
sociation of cellulose microfibrils and “cellulose-lignin” complexes (Michalowicz et 
al. 1991), which allows access of enzymes to glucan chains. In liquid hot water pre-
treatment (opposed to steam water), plant biomass is basically cooked under pres-
sures that maintain water in the liquid state (Rogalinski et al. 2008). This method 
can release up to 80 % of hemicellulose, but only certain amount of lignin was 
released from the biomass.

However, steam explosion and water cooking methods may not be very effective 
on lignocellulosic biomass from grasses such switchgrass (Alizadeh et al. 2005) 
and Miscanthus (Brosse et al. 2009), most likely because of the high strength of 
cellulose microfibrils in these biomasses, and the release of furfurals. These organic 
compounds are result of the loss of three water molecules (dehydration) from 
C5-carbon sugars (e.g., Xyl and Ara) to form aldehydes. Furfurals can be toxic to 
certain fermenting microorganisms.

1.5.1.2  Chemical Pretreatments

They involve the use of chemicals to help disintegrate the biomass before sacchar-
ification. Most methods utilize acids (e.g., SO2, H2SO4, and other acids), alkali 
(e.g., calcium hydroxide, potassium hydroxide, ammonia, hydrogen peroxide, 
and others), or organic solvent (e.g., ethanol and methanol) (Zhang et al. 2007). 
These methods are, in a sense, similar to steam water explosion. For example,  
the biomass is impregnated in SO2 or H2SO4 solutions, and then subjected 
to steam explosion as described in the previous section (De Bari et al. 2007). 
Comparatively, alkali pretreatments use in general lower temperatures and pres-
sures than pretreatments with acid solutions. Also, CO2 appears to be less effective 
than SO2 and H2SO4 (Mackie et al. 1985), but SO2 has negative effects on health 
and environment. However, recent study using super critical CO2 showed promises 
for grass biomass pretreatment (Narayanaswamy et al. 2011).

The other chemical pretreatment widely used is ammonia fiber/freeze explo-
sion (AFEX). This method uses hot  liquid ammonia under high-pressure  that  is 
rapidly released to induce explosion. The main advantage of this method is that 
it removes most lignin and at the same time dissociates cellulose microfibrils 
without major loss of hemicellulose. This method has been successfully applied 
to lignocellulosic biomass from grasses such as switchgrass and Miscanthus. 
Another delignification process, called organosolv, consists in using an organic 
solvent such as ethanol and methanol (in presence or absence of acid or alkali 
chemicals) to break lignin-carbohydrates linkages (Pan et al. 2007; Taherzadeh 
and Karimi 2008). Although organosolv is an efficient method that improves bio-
mass conversion to ethanol, its use is costly due to their high volatility, which 
requires expensive high-pressure equipment (Aziz and Sarkanen 1989). Thus, 
this method is not as attractive for industrial scale production as the other pre-
treatment methods.



191 “Plant Cell Wall Structure-Pretreatment” the Critical Relationship

1.5.1.3  Biological Pretreatments

The physical and chemical pretreatments described above require subsequent use 
of enzymes to degrade cellulose and hemicellulose before fermentation. In bio-
logical pretreatments, microorganisms are used to directly degrade lignocellulosic 
biomass and initiate fermentation process at the same time. As a result, lactate, 
ethanol, acetate, hydrogen, and CO2 are directly produced (Kurakake et al. 2007; 
Lee et al. 2007). These microorganisms are able to degrade solid biomass because 
they secrete hydrolases that bind to insoluble cell wall polymers through carbohy-
drate binding domains. They are able to synthesize large multi-enzyme complexes 
called cellulosomes that can bind and degrade cellulose and hemicellulose (Bayer 
et al. 1998; Lynd et al. 2002). Usually, these microorganisms are thermophilic and 
can still grow in temperatures higher than 50–60 °C. For example, Clostridium 
thermocellum, a cellulosome producing bacterium, has an optimal growth around 
60 °C (Bayer et al. 1998). Other anaerobic thermophiles such as Anaerocellum 
thermophilum strain Z-1320 (Blumer-Schuette et al. 2008; Svetlichnyi et al. 1990) 
and strain DSM 6725 (Yang et al. 2009) can grow in 75 °C. Because of these high 
temperatures required for bacterial growth, there is less bacterial contamination 
during fermentation, a problem that is not desired in traditional fermentation pro-
cess (Skinner and Leathers 2004). Currently efforts are directed toward the identi-
fication of microorganisms that can efficiently degrade or modify lignin. White-rot 
fungi (Basidiomycetes) appear to be promising candidates for biofuels production 
from solid biomass (Hwang et al. 2008; Kuhar et al. 2008). The main disadvantage 
is that most of these fungi use the energy generated by polysaccharide fermenta-
tion to degrade lignin, which results in a lower fermentation yield. It would be 
necessary to develop strains that use lignin itself (instead of polysaccharides) to 
generate the energy needed for lignin degradation. Such strains are valuable even 
if they are not efficient in fermenting sugars, as they can be used in combination 
with traditional fermentation with limited loss of sugars. There are many other 
advantages in developing biological pretreatment for biofuels. First, some of these 
microorganisms have their genome already sequenced (Kataeva et al. 2009), which 
would open the door to identifying “super-active” enzymes that can degrade insol-
uble cellulose and hemicellulose in the biomass before carrying out traditional 
fermentation. With the progress in genomics and next-generation sequencing, it is 
possible now to screen for other thermophilic bacteria, and easily sequence their 
genomes.

1.5.2  Fermentation Basics

Efficient fermentation of sugar mixtures released from pretreated and  saccharified 
lignocellulosic biomass is crucial for successful large-scale bioethanol produc-
tion. Until recently, most researchers focused on the conversion of the cellu-
losic part (composed of Glc, a 6-carbon sugar) of the biomass and neglected 
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the  hemicellulose  portion  (composed  mainly  of  Xyl  and Ara,  both  are  5-carbon 
sugars, called pentoses). Pentoses are not or very difficult to ferment to ethanol 
by mostly used microorganisms in traditional fermentation process. This wasted 
biomass represents up to 40 % (w/w) of the total sugars (Fig. 1.1). Currently, 
Saccharomyces cerevisiae is the microorganism mostly used in large-scale fer-
mentation of Glc from sugarcane and starch. However, this microorganism is not 
suited for fermenting sugars from plant biomass that are rich in pentoses (van 
Maris et al. 2006). The first microbes (e.g. Zymomonas mobilis) that could fer-
ment these pentoses were discovered in the 1970s, which allowed engineering 
Escherichia coli and S. cerevisiae for the conversion of hexoses and pentoses 
(Ohta et al. 1991). Despite this progress, cofermenting simultaneously Glc and 
pentoses in a mixture is still far from optimal for bioethanol production, on a com-
mercial scale. The bottleneck comes from “glucose repression” effect, as most 
fermenting yeast do not metabolize other sugars when Glc is present in the mix-
ture, until Glc is depleted (Trumbly 1992; Kim et al. 2012). “Glucose repression” 
effect inhibits the uptake and metabolism of other sugars (Fig. 1.9). Therefore, 
to improve efficient use of plant biomass in bioethanol production, efforts have 
been focusing on engineering yeast S. cerevisiae for cofermentation of Glc and 
pentoses (Kim et al. 2012). The first step was to engineer S. cerevisiae  into Xyl-
fermenting yeast by introducing the genes that encode for enzymes involved 
in  the conversion of Xyl  to pyruvate. This pathway consists of  three main genes 
(red in Fig. 1.9b): Xyl reductase (XYL1 or XR), xylitol dehydrogenase (XDH), and 
 xylulokinase (XKS). These genes were isolated from Xyl-fermenting fungi such as 
Pichia stipitis, Candida tenuis, and Spathaspora passalidarum (Ho 1998; Eliasson 
et al. 2000). The other alternative is to engineer S. cerevisae strains that overex-
press both xylose isomerase (xylA) and xylulokinase (XKS) genes allowing an effi-
cient  fermentation of Xyl  (red  in Fig. 1.9b) (Walfridsson et al. 1996; Brat et al. 
2009; Karhumaa et al. 2005).

Currently, ethanol industry has given priority to metabolically engineer these 
Xyl-fermenting S. cerevisiae  strains  into strains  that can coferment Glc and Xyl. 
However, “glucose repression” effect is still a big handicap in this process. To 
overcome this issue, several approaches have been employed to either (i) gener-
ate S. cerevisiae strains that are defective in glucose-sensing or signaling pathway 
that is involved in “glucose-repression” effect (Kraakman et al. 1999; Versele et 
al. 2004; Hector et al. 2008). In these strains, the uptake and metabolism of other 
sugars in presence of Glc would be eliminated, or (ii) generate S. cerevisiae 
strains overexpressing transporters for cellobiose and Xyl (S. cerevisiae lacks Xyl-
specific transporter), along with β-glucosidase (breaks down cellobiose to two Glc 
residues) activity that would eliminate Glc accumulation in the medium and stimu-
late the uptake of Xyl. S. cerevisiae strains overexpressing β-glucosidase enzyme 
and cellobiose transporter improved ethanol production yield, as Glc formed from 
cellobiose is rapidly assimilated, which reduces Glc repression effect. Cellobiose 
does not exert any repression effect on the metabolism of other sugars. Thus, these 
engineered S. cerevisiae  strains  allowed efficient  cofermentation of Glc  and Xyl 
and an increase in ethanol production (Nakamura, et al. 2008). It is clear that 
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metabolic engineering of S. cerevisiae is a promising strategy and is currently 
given a priority in the conversion of lignocellulosic biomass to bioethanol. For 
example, improving the activity (Km, Vm) of the proteins listed above by protein 
engineering would allow enhanced Xyl metabolism in yeast (Kim et al. 2012).

Progress in genomics and high-throughput screening methods could result in 
the discovery of new genes or  gene variations,  such  as Xyl  transporters  that  are 
not inhibited by Glc, would improve cofermentation process and bioethanol pro-
duction (Ni et al. 2007; Liu and Hu 2011; Peng et al. 2012). However, despite all 
these intensive efforts and until now, any engineering that strongly reduces Glc 
fermentation efficiency, also negatively impacts the assimilation and fermentation 
of  Xyl. Although  cofermentation  of  cellulose  and  xylan  through  overexpression 
of glucosidase and xylosidase at the surface of S. cerevisiae is now possible, it 

Fig. 1.9  Schematic presentation of yeast (Saccharomyces cerevisiae) fermentation metabolic 
pathway of sugars derived from plant biomass. a Glucose, cellodextrins, and pentoses produced 
from hemicellulose and cellulose are transported inside of yeast cells through transporter pro-
teins to be metabolized via pentose phosphate pathway and/or glycolysis before either conver-
sion to ethanol via ethanolic fermentation (anaerobic conditions), or oxidative phosphorylation in 
the mitochondria (aerobic conditions). “Glucoes-repression” effect is illustrated by the inhibition 
(X  sign)  of  pentose  uptake  and  metabolism,  and  the  inhibition  of  complete  cellulose  degrada-
tion by enzymes. b Metabolic engineering of xylose-fermenting yeast to enhance simultaneous 
fermentation of hexose and pentose sugars. Heterologous expression of genes encoding enzymes 
involved in the conversion of xylose to pyruvate, namely xylose reductase (XYLl), xylitol dehy-
drogenase (XYL2), xylose isomerase (xyIA), and xylulokinase (XKS I, XYL3), allowed the gen-
eration of engineered S. cerevisiae strains that are able to co-ferment xylose and glucose present 
in mixtures
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still needs optimization for a large industrial scale. Alternatively, engineering grass 
plants (particularly C4 plants) with less pentose content (e.g., xylan and arabinan) 
in their cell walls, would improve biomass conversion.

During fermentation, ethanol is recovered from the mixture by distillation fol-
lowed by adsorption or filtration. The residual materials (e.g., lignin, ash, enzyme, 
microorganism debris, nonfermented cellulose, and hemicellulose) are recovered as 
solid for burning or can be converted to various value-added by-products (Fig. 1.8).

1.6  Concluding Remarks

Plant biomass holds great promise as raw material for the biofuel renewable 
energy sector, and also for textile and food industries. Thus, in term of fossil 
energy ratio (FER, also called energy balance), which is an indication of whether 
the fuel is renewable and is defined as the energy delivered to customer divided 
by fossil energy used, cellulosic feedstock ethanol is 2 times better than biodiesel 
(from soybean oil), 3–4 times better than corn ethanol, and more than 10 times 
better than electricity (Fig. 1.10, Sheehan et al. 1998, 2003). Thus, while electric-
ity is almost nonrenewable, lignocellulosic ethanol appears to provide the best 
sustainability scenario. In addition, the fact that energy is provided from lignocel-
lulosic biomass itself results in a reduction of CO2 release by up to 70 %.

The main current recurring debate is also dominated by “food or fuel” balance. 
The emerging picture from this debate is that there is a need for domestication 
of several feedstock crops, because none of the current available feedstock crops 
have all the requirements to balance our food and fuel needs. With the current 
scientific progress in genomics, it is possible to metabolically engineer the most 
promising plant candidates (Miscanthus, oil palm, and others) to fit our needs. 

Fig. 1.10  Comparison of the 
ratio of the energy output of 
the final biofuel product to 
the fossil energy required to 
produce it for lignocellulosic 
ethanol, biodiesel, corn 
ethanol, gasoline, and 
electricity. Adapted from 
Sheehan et al. 1998 and 2003)
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However, efforts to develop high-throughput screening of plant diversity and 
adaptation should continue, as they may bring new discoveries to biofuel field. 
Meanwhile, close consideration of the variations in plant cell wall structure must 
be taken in consideration when developing cost-effective pretreatment methods 
for second generation of biofuels. Plant cell walls are complex and sophisticated 
networks made of cellulose, hemicellulose, and lignin. Variations in the archi-
tectural interactions, even subtle ones, between these polymers within these cell 
walls may significantly contribute to recalcitrance of plant biomass. Many pre-
treatment techniques currently used showed varying efficiency in loosening dif-
ferent parts of cell walls in plant biomass. For example, steam explosion achieves 
a high hemicellulose yield and low lignin solubility while ammonia fiber explo-
sion pretreatment is particularly effective at delignification. Because there are 
many different kinds of biomass, no single pretreatment method is expected to 
be the preferred universal choice. An in-depth understanding of various cell wall 
structures will help in the selection process. Continued improvements in pretreat-
ment methods are desired to improve the economics of the lignocellulosic fuel 
production.
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Abstract Pretreatment is the first step to open up the complex structure of 
feedstock and to facilitate the access of hydrolytic enzymes to carbohydrates. 
Researchers are paying utmost care to pretreatment since it has pervasive impact 
in downstream processing. Numerous pretreatments have been investigated in the 
past with various degrees of success and still several new investigations are under 
progress. Extrusion/thermo-mechanical process is a continuous viable pretreat-
ment and easy to adapt at industry scale with flexibility in process modifications.  
Agricultural residues and dedicated energy crops such as corn stover, prairie cord 
grass, wheat straw, rice straw, rape straw, barley straw, wheat bran, soybean hull, 
switchgrass, miscanthus, big bluestem, and forest products such as poplar, pine, 
Douglas fir, and eucalyptus were subjected to extrusion pretreatment with or 
without chemicals. This chapter provides an overview of extrusion pretreatments 
including the mechanism influencing extruder and feedstock parameters, evalu-
ation of pretreatment efficiency including production of potential fermentation 
inhibitors, torque requirements, and direction for future work.
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2.1  Introduction

About 60 % of the world’s ethanol is produced in the US and Brazil exploiting sug-
arcane and corn, respectively. Economics and limitation in grain supply lead to search 
for alternative resources. In order to meet the ever-growing fuel demand, worldwide 
researchers are exploring alternate renewable resources for more than three decades. 
Biomass is an attractive feedstock due to its renewable nature, positive environmental 
impact, and abundant supply. According to the US National Research Council (National 
Research Council 2000), biobased industry should provide at least 10 and 50 % of liq-
uid fuel by the year 2020 and 2050, respectively. Further, the 2007 Energy Act mandates 
the production of 21 billion gallons of biofuels from noncorn starch materials by 2022.

Ethanol production from biomass is quite different from corn, because the acces-
sibility of carbohydrates in biomass to hydrolytic enzymes is more difficult than the 
starch in grain (Gibbons et al. 1986). The complex structure and recalcitrant nature of 
biomass necessitates an additional step called pretreatment. The primary purposes of 
pretreatment are to open up the biomass structure, to increase accessible surface area, 
to reduce the cellulose crystallinity, and to increase the porosity, pore size, and pore 
volume. In other words, pretreatment should address the factors influencing enzy-
matic hydrolysis. Yang and Wyman (2008) reported that pretreatment is a key step in 
converting biomass into biofuel because of its pervasive impact on the downstream  
processing. Numerous pretreatment methods such as physical, chemical, biological, 
and their combinations can be found in the literature. Most of these pretreatments often 
involve high temperature and acidic conditions resulting in degradation and leading to 
the formation of potential fermentation inhibitors. Moreover, most of the conventional 
pretreatment methods are batch in nature with low throughput and low solids loading 
rate resulting in high energy consumption. Dilute acid pretreatment requires corrosion 
resistant construction materials, neutralization of the pretreated feedstocks; hydrother-
mal pretreatment requires elevated temperature; chemicals are expensive and difficult 
to recover and reuse; and in addition safety becomes an important concern. An effective  
pretreatment must expose the fiber, thereby the cellulose fraction could be hydrolyzed 
by cellulases without significant trouble, preserve the hemicellulose, and avoid the 
inhibitory by-products formation (Laser et al. 2002). Inexpensive chemicals, simple  
equipment and procedures enable the pretreatment to be economical. Thermo-
mechanical/extrusion pretreatment meets the above listed criteria and address the listed 
issues associated with other pretreatment methods. This chapter presents in-depth a 
review and discussion on extrusion pretreatment of different feedstocks.

2.2  Extrusion Pretreatment

2.2.1  Extruder’s Capability

Extrusion is a continuous cost-effective, fast, and simple process hence practi-
cal and useful for large-scale operation with high throughput and adaptability for 
many different process modifications (high pressure, explosion, chemical addition, 
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and reactive extrusion). Extruder screw and barrel can be made using acid-resist-
ant stainless steel and its alloy, such as SS 316L (Chen et al. 2011) and AL6XN 
(Miller and Hester 2007) even if one has to add acid during extrusion pretreat-
ments. Extrusion pretreatments of different feedstocks revealed that no effluent 
disposal cost is involved due to the absence of any effluent production, no solid 
loss, and no safety issues are involved. The unique advantages of extrusion pre-
treatment are high shear, rapid  mixing, short residence time, excellent tempera-
ture and screw speed control, and flexibility in screw configuration to mention a 
few. Moderate temperature employed in extrusion pretreatment prevents the deg-
radation and formation of potential fermentation inhibitors (de Vrije et al. 2002). 
Extruder can accommodate wide range of feedstock sizes especially larger sizes 
when compared to other leading pretreatment methods; thereby extruder leads to 
remarkable saving in terms of size reduction.

2.2.2  Mechanism of Extrusion Pretreatment

In general, as the feedstock pass through an extruder barrel, high shear is exerted 
by the screw, high pressure and temperatures are developed (Lamsal et al. 2010) 
causing defibration, fibrillation, and shortening the fibers (change in aspect 
ratio) (de Vrije et al. 2002). When the pretreated feedstock exits through die 
 section, some of the moisture present in the feedstock is flashed off into steam 
due to sudden drop in the pressure resulting in expansion and porous structure 
(de Vrije et al. 2002). Several researchers have attributed possible reasons for 
the increase in sugar recovery in extrusion pretreatment includes increases in 
surface area (Karunanithy and Muthukumarappan 2011a, b, c, d), specific sur-
face area (Chen et al. 2011; Lee et al. 2009, 2010), pore size (Jurisic et al. 2009; 
Zhang et al. 2012a), and pore quantity (Zhang et al. 2012b), a decrease in cel-
lulose  crystallinity (Lamsal et al. 2010; Zhang et al. 2012b), and induction of 
micro/nano fibrallization (Zhang et al. 2012b), all of these facilitate the access 
of enzymes to cellulose. The developed mechanical high shear breaks down the 
structure of feedstock and facilitates contact between feedstock and chemicals 
(acid/alkali/cellulose affinity additives) added during extrusion due to effective 
mixing. Further, the shear exerted by the screw helps in continuous removal of 
softened regions of the feedstock and expose fresh interior surface to chemical 
and thermal action that improves the overall rate of decrystallization (Lamsal et 
al. 2010).

2.3  Extruder Parameters Influencing Sugar Recovery

Pretreatment efficiency (sugar recovery) depends on several extruder parameters 
such as compression ratio, screw configuration, screw speed, and barrel tempera-
ture and they are presented below.
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2.3.1  Screw Compression Ratio

Compression ratio is the channel depth at feed to channel depth at discharge that 
has a direct impact on shear development within the extruder barrel; it affects sugar 
release from the feedstock due to the process of plasticization which occurs in the 
compression zone. Harper (1981) listed several ways to achieve the desired com-
pression ratio by varying the screw and barrel configuration: by increasing the root 
diameter, by decreasing the pitch or barrel diameter with constant root diameter, by 
decreasing the screw pitch in a decreasing barrel diameter, and by introducing restric-
tions. However, the most common ways to achieve compression are gradual decrease 
of flight depth in the direction of the discharge and a decrease in the pitch in the 
compression section (Harper 1981). Among the literature surveyed, only researchers 
from South Dakota State University studied the effect of screw compression ratio on 
different feedstocks (Karunanithy and Muthukumarappan 2010a, b). Though screw 
compression ratio used in food industries typically ranges from 1:1 to 5:1 that are 
widely available, the authors used only 2:1 and 3:1 in their study to understand the 
influence of screw compression ratio on sugar recovery. As Harper (1981) described, 

Screw compression ratio 2:1

Screw compression ratio 3:1

Fig. 2.1  Screw diagram showing the difference between 3:1 and 2:1 compression ratio (with 
permission: C.W. Brabender Instruments Inc, NJ). Reprinted from BioEnergy research, a com-
parative study on torque requirement during extrusion pretreatment of different feedstocks,  
© 2011, Chinnadurai Karunanithy, 5, with kind permission from Springer Science+Business 
Media and any original (first) copyright notice displayed with material
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the screws were identical except for the depth of the  discharge flight at the screw end 
and had a continuous taper (decrease of flight depth) from the feed to the discharge 
of 3.81–1.27 mm and 3.81–1.90 mm for the screws with compression ratios of 3:1 
and 2:1, respectively (Fig. 2.1). They concluded that a screw compression ratio of 3:1 
was better than 2:1 due to more work (shear force and long residence time) applied 
on the feedstocks. Recently, Chen et al. (2011) used twin screw extruder with a screw 
compression ratio of 5:1; however, no comparison was possible due to lack of data 
with other screw compression ratios.

2.3.2  Screw Configuration

It is an important factor that would affect pretreatment efficiency. In order to use 
different screw configurations in a single screw extruder, one has to change  
different screw since the screw shaft and flights are made of single solid rod/shaft or 
inseparable. In the case of twin screw extruder, one has the flexibility of arranging  
different screw elements such as forward conveying, forward kneading, eccentric  
kneading, neutral kneading, mono or bilobal kneading, and reverse kneading in 
any order for maximizing pretreatment efficiency or other objectives. Different 
screw elements and screws made thereof is shown in Fig. 2.2. In general, screw ele-
ments are arranged to have a constantly decreasing pitch to enhance the shear on 
the feedstock (Lamsal et al. 2010). N’Diaye et al. (1996) used twin screw extruder 
for hemicellulose extraction from poplar and they arranged the conveying screw ele-
ments to facilitate conveying and heating due to decrease in pitch for compacting, 
removing of air, and starting impregnation of alkali; followed by bilobal and eccen-
tric kneading elements for homogenizing the slurry and increasing impregnation of 
alkali; then reverse screw element for separating liquid through the filter and finally 
conveying screw elements. de Vrije et al. (2002) used twin screw extruder with con-
veying and reverse screw elements for accumulating and compressing miscanthus 
between elements space that resulted in high shear development. Lee et al. (2009) 
arranged left and right corrugated conveying elements for continuous movement of 
Douglas fir followed by reverse screw elements for increasing the residence time 
as well pulverization effect and finally conveying elements for forward conveying.  
One such arrangement is shown in Fig. 2.3 used for soybean hull pretreatment. 

Fig. 2.2  Different screw elements and screws made thereof
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Chen et al. (2011) used twin screw extruder with different screw elements such as 
conveying, kneading, and combing mixer blocks for transport, mixing, and granula-
tion of rice straw, respectively. Recently, Choi and Oh (2012) employed twin screw 
extruder with forward conveying and kneading screw elements for accomplish-
ing effective conveying, mixing, and pretreatment of rape straw. Researchers from 
University of Nebraska, Lincoln has used different screw configuration (Fig. 2.4) 
with conveying element, reverse element for enhancing mixing and pulverizing, and 
again conveying element for creating more pressure (Zhang et al. 2012a, b).

2.3.3  Screw Speed

The authors reported that screw speed is responsible for the rate of shear develop-
ment and the mean residence time (Karunanithy and Muthukumarappan 2010a, b), 
wherein these are two sides of a coin and competing factors (Yoo et al. 2012). In 
general, the screw speed is inversely proportional to the mean residence time of 
the feedstock in the extruder (Chen et al. 2011; Lamsal et al. 2010). Researchers 
have reported that the effect of screw speed was inconsistent with respect to sugar 
recovery from different feedstocks.

Soybean hull pretreated using twin screw extruder exhibited mixed behav-
ior depending upon the barrel temperature i.e., sugar recovery decreased with 
an increase in screw speed (220–420 rpm) at 110 °C, whereas sugar recov-
ery increased with an increase in screw speed at 150 °C (Lamsal et al. 2010). 
In another soybean hull twin screw extrusion study, an increase in screw speed 
from 220 to 350 rpm increased sugar recovery and further increase to 420 rpm 

Fig. 2.3  Schematic showing lab-scale twin screw extruder screw profile and barrel temperature 
setting (Yoo et al. 2012). Reprinted from applied biochemistry and biotechnology, Soybean 
hulls pretreated using thermo-mechanical extrusion—hydrolysis efficiency, fermentation 
inhibitors, and ethanol yield, © 2011, Juhyun Yoo, 2, with kind permission from Springer 
Science+Business Media and any original (first) copyright notice displayed with material
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decreased sugar recovery (Yoo et al. 2011). Similarly, rice straw pretreated in a 
twin screw extruder with dilute acid also revealed that an increase in screw speed 
from 30 to 80 rpm increased the sugar recovery and further increase to 150 rpm 
decreased the sugar recovery (Chen et al. 2011). Twin screw extrusion pretreat-
ment of corn stover revealed that screw speed significantly influenced sugar  
recovery (Zhang et al. 2012b). In addition, they reported that shear rate devel-
oped at 80 rpm would be sufficient for lignin softening, further increase in screw 
speed  lessened the residence time that possibly resulted in insufficient destruction 
of lignin sheath. The possible reasons are as lower screw speed allows more time 
for hydration, thermal degradation, and mechanical separation of lignin and cellu-
losic components at the same time reduces mechanical energy input and less inten-
sive treatment. Since residence time and mechanical energy input are competing 
factors, their effects might mitigate each other to some extent (Yoo et al. 2011). 
Therefore, one has to identify whether residence time or rate of shear develop-
ment plays a major role in the pretreatment of specific feedstocks. Accordingly, 
Karunanithy and Muthukumarappan (2010a, b); Karunanithy et al. (2012) found 
that the rate of shear development (high screw speed) was critical for corn stover, 
switchgrass, and pine chips and the mean residence time was critical for big 
bluestem and prairie cord grass.

Karunanithy and Muthukumarappan (2010a, b, c, 2011a, b, c, d, e, f, g, h); 
Karunanithy et al. (2012) observed that screw speed had a strong influence on 
sugar recovery from variety of feedstocks. Screw speed had a positive influence 
on sugar recovery from different feedstocks such as corn stover, switchgrass 
and big bluestem when pretreated in a single screw extruder, whereas it exerted 
a negative impact on sugar recovery when alkali soaked corn stover, switchgrass, 
big bluestem, and prairie cord grass pretreated in a single screw extruder. More 
energy is available for fiber breakage as the screw speed increases that the fiber 
length and aspect ratio. Moreover, the applied high shear forces during extrusion 
influences the fiber length reduction, which is similar to pelletizing (Baillif and 
Oksman 2009). The reduction in fiber length increases the accessible surface area 

Fig. 2.4  Screw configurations used for corn stover pretreatment (Zhang et al. 2012b). Reprinted 
from applied biochemistry and biotechnology, pretreatment of corn stover with twin-screw extru-
sion followed by enzymatic saccharification, © 2011, Shujing Zhang, 2, with kind permission 
from Springer Science and Business Media and any original (first) copyright notice displayed 
with material
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for enzymes during hydrolysis (as presented in Sects. 2.6.1 and 2.6.2). Though 
the linear term of screw speed did not have significant effect on sugar recovery 
from prairie cord grass (Karunanithy and Muthukumarappan 2011d) and mis-
canthus (Jurisic 2012), its quadratic term and interaction with other variables had a  
significant effect. Screw speed influenced sugar recovery from corn stover when 
pretreated in twin screw extruder without alkali, whereas it was not an influencing 
factor when alkali was added for moisture balancing and extruded in a twin screw 
extruder (Zhang et al. 2012a, b). Possible reasons might be that the differences in 
screw speeds (40–140 rpm vs. 40–100 rpm) and moisture content (22.5–27.5 vs. 
50 % wb). These studies also emphasis that the screw speed is one of the factors 
influencing the pretreatment efficiency.

2.3.4  Barrel Temperature

Extruder barrel temperature is another important extrusion parameter that facili-
tates the melting or softening/plasticizing of the feedstock; and thereby affects 
the flow pattern and residence time. Though there is several extrusion pretreat-
ments literature found, only a few studies the effect of barrel temperature on sugar 
recovery. Lee et al. (2009) achieved fine and even fibrillated (most of them <1 μm 
and some of them <100 μm) Douglas fir fibers when extruded in a twin screw 
extruder at a barrel temperature of 40 °C as compared to 120 °C. They attributed 
the fibrillation to high torque at low temperature. Researchers from South Dakota 
State University have investigated the temperature effect with a wide range of tem-
perature 45–225 °C for corn stover, switchgrass, big bluestem, and prairie cord 
grass using a single screw extruder with or without alkali soaking. The authors 
observed that the barrel temperature had a positive influence on the sugar recovery 
from switchgrass and big bluestem when pretreated with or without alkali soaking  
(Karunanithy and Muthukumarappan 2011a, b, c, d). They also reported that bar-
rel temperature had a positive effect on sugar recovery for corn stover without 
alkali soaking, whereas it had negative effect when alkali soaked and extruded in 
a single screw extruder. Although barrel temperature was not an influencing factor 
for prairie cord grass without alkali soaking, it turned to be an influencing fac-
tor when prairie cord grass alkali soaked and extruded. Optimization extrusion 
 pretreatment conditions for different feedstocks revealed that not only linear term 
of barrel temperature affected sugar recoveries but also its quadratic term and 
interaction with other factors (Karunanithy and Muthukumarappan 2011a, b, c, d, 
e, f, g, h). Recently, Jurisic (2012) and Karunanithy et al. (2012) observed that 
the barrel temperature had a strong impact on sugar recovery from miscanthus 
and pine chips, respectively. On one hand, an increase in the barrel temperature 
would enhance the moisture evaporation that develops more friction thereby more  
disturbances to the feedstocks. On the other hand, an increase in the barrel  
temperature would decrease viscosity, which resulted in a more flowable mate-
rial and decrease in residence time. Chen et al. (2011) reported an increase in 
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barrel temperature (150–155 °C) increased sugar recovery and further increase 
(170 °C) led to decrease in sugar recovery from rape straw pretreated in a twin 
screw extruder. They (Chen et al. 2011) also reported a similar trend when rice 
straw pretreated in a twin screw extruder, as the barrel temperature increased from 
80 to 120 °C sugar recovery increased and further increase to 160 °C decreased 
the sugar recover. A possible reason is that degradation of sugar into by-products 
occurs at high severity factor (high temperature and acid concentration).

2.4  Feedstock Parameters Influencing Sugar Recovery

Feedstock parameters such as type of feedstocks, moisture content, and particle 
size affect not only the sugar recovery but also economics. The following section 
presents the details of them.

2.4.1  Type of Feedstock

Optimum pretreatment conditions depends upon the type of feedstocks especially 
the chemical composition including lignin content. The chemical composition is 
different for agricultural residues, perennial grasses, and wood species as shown 
in Table 2.1. Lignin is considered as key hurdle in the conversion process and it 
varied from 2 to 34.7 % depending upon the feedstocks. In general, the low cel-
lulose and high lignin would affect the pretreatment efficiency (sugar recovery). 
Literature survey reveals that there was no study conducted to understand the 
effect of feedstock’s extractives on extrusion pretreatment and the impact of ash 
content on wear and tear of the extruder screw and barrel and they are potential 
topics that should be addressed before adopting at industrial scale. So far sev-
eral researchers have optimized extrusion parameters for individual feedstocks, 
whereas finding the optimum pretreatment conditions for mixed feedstocks is 
difficult. In reality, a biorefinery plant may get a mixed feedstocks from differ-
ent farms, wherein separating them is a difficult task. This indicates the research 
opportunities for optimizing pretreatment conditions for mixed feedstocks.

2.4.2  Feedstock Moisture Content

Moisture content is an important factor in most of the mechanical and phys-
icochemical pretreatments such as disc refining, wet ball milling, steam pre-
treatment, and steam explosion used for softening the matrix of feedstocks. In 
extrusion pretreatment, feedstock moisture content plays a role in the development 
of friction and residence time, in addition to thermal softening by utilizing the barrel 



40 C. Karunanithy and K. Muthukumarappan

Ta
bl

e 
2.

1 
 C

he
m

ic
al

 c
om

po
si

tio
n 

of
 d

if
fe

re
nt

 f
ee

ds
to

ck
s 

us
ed

 in
 e

xt
ru

si
on

 p
re

tr
ea

tm
en

ts
 (

%
 d

ry
 b

as
is

)

Fe
ed

st
oc

k
C

el
lu

lo
se

H
em

ic
el

lu
lo

se
L

ig
ni

n
A

sh
E

xt
ra

ct
iv

es
R

ef
er

en
ce

s

C
or

n 
st

ov
er

33
.2

22
.0

14
.9

10
.9

12
.9

Z
ha

ng
 e

t a
l. 

(2
01

2a
, b

)
C

or
n 

st
ov

er
35

.2
–3

8.
4

19
.0

–2
1.

6
19

.2
–2

1.
2

6.
6–

7.
2

8.
8–

12
.5

K
ar

un
an

ith
y 

an
d 

M
ut

hu
ku

m
ar

ap
pa

n 
(2

01
2a

)
Sw

itc
hg

ra
ss

25
.5

–3
1.

3
22

.3
–2

5.
6

24
.7

–2
6.

8
3.

0–
5.

6
18

.5
–2

3.
8

K
ar

un
an

ith
y 

an
d 

M
ut

hu
ku

m
ar

ap
pa

n 
(2

01
2a

)
B

ig
 b

lu
es

te
m

34
.0

–3
6.

5
17

.3
–1

9.
3

19
.1

–2
1.

1
9.

2–
11

.2
12

.5
–1

9.
2

K
ar

un
an

ith
y 

an
d 

M
ut

hu
ku

m
ar

ap
pa

n 
(2

01
2a

)
Pr

ai
ri

e 
co

rd
 g

ra
ss

33
.1

–3
3.

5
13

.1
–1

7.
7

20
.5

–2
1.

5
5.

0–
5.

6
20

.3
–2

2.
K

ar
un

an
ith

y 
an

d 
M

ut
hu

ku
m

ar
ap

pa
n 

(2
01

2a
)

M
is

ca
nt

hu
s

38
.2

24
.3

25
.0

2.
0

5.
6

de
 V

ri
je

 e
t a

l. 
(2

00
2)

M
is

ca
nt

hu
s

34
.3

36
.8

24
.8

4.
9

5.
7

Ju
ri

si
c 

(2
01

2)
R

ic
e 

st
ra

w
38

.8
12

.3
19

.5
13

.1
13

.1
C

he
n 

et
 a

l. 
(2

01
1)

B
ar

el
y 

st
ra

w
39

.1
25

.7
16

.4
6.

8
10

.2
D

uq
ue

 e
t a

l. 
(2

01
1)

R
ap

e 
st

ra
w

32
.9

17
.1

N
R

N
R

N
R

C
ho

i a
nd

 O
h 

(2
01

2)
W

he
at

 b
ra

n
10

37
7

N
R

N
R

L
am

sa
l e

t a
l. 

(2
01

0)
So

yb
ea

n 
hu

ll
31

19
14

N
R

N
R

L
am

sa
l e

t a
l. 

(2
01

0)
So

yb
ea

n 
hu

ll
36

.2
17

.2
2

N
R

N
R

Y
oo

 e
t a

l. 
(2

01
1)

Po
pl

ar
44

.9
36

.8
17

.7
0.

19
5.

0
N

’D
ia

ye
 e

t a
l. 

(1
99

6)
D

ou
gl

as
 fi

r
46

.8
28

.9
25

.3
N

R
N

R
L

ee
 e

t a
l. 

(2
01

0)
E

uc
al

yp
tu

s
42

.1
34

.6
28

.8
N

R
N

R
L

ee
 e

t a
l. 

(2
01

0)
Pi

ne
33

.8
27

.6
34

.7
0.

5
3.

8
K

ar
un

an
ith

y 
et

 a
l. 

(2
01

2)

N
R

 n
ot

 r
ep

or
te

d



412 Thermo-Mechanical Pretreatment of Feedstocks

temperature and rate of shear development. In a single screw extruder, the feed-
stock is mainly conveyed by friction (Yeh and Jaw 1998), therefore grooved barrel  
is required for conveying action (Akdogan 1996). Feedstock with low moisture 
content enhances friction development due to resistance offered by the feedstock. 
An increase in moisture content would decrease the friction between the feed-
stock, screw shaft, and extruder barrel (Chen et al. 2010) due to softening of the 
cellulose, hemicellulose, lignin complex of the feedstock; moreover, high mois-
ture acts as lubricant (Hayashi et al. 1992) contributes to slippage. Because of the 
above facts, as expected when corn stover, switchgrass, big bluestem, prairie cord 
grass, and pine wood chips with a wide range of moisture contents (10–50 % wb) 
were pretreated in a single screw extruder, the sugar recovery decreased remark-
ably (Karunanithy and Muthukumarappan 2011a, b, c, d). Optimization of extru-
sion pretreatment conditions for many feedstocks revealed that the moisture content 
has a strong influence on sugar recovery i.e., the lower the moisture content, better  
the sugar recovery. Most of the ground feedstocks would have moisture content 
in the range of 5–8 % wb; however, feedstocks with these low moisture contents 
cannot be pretreated in an extruder since it would get struck in the extruder barrel. 
Therefore, addition of moisture becomes inevitable. Instead of adding water to bring 
the feedstock moisture content to a target level, it is better to use the feedstocks from 
the field with the desired range of moisture thereby one can save drying cost.

Researchers from University of Nebraska, Lincoln reported that twin screw 
extrusion of corn stover with a moisture content of 22.5–27.5 % wb did not con-
tribute to the sugar recovery due to narrow range of moisture content (Zhang et al. 
2012b). However, in another study these authors adjusted corn stover moisture 
content to 50 % wb by adding required alkali solution (Zhang et al. 2012a). Twin 
screw extrusion of soybean hull with high in-barrel moisture contents (45–50 % 
wb) resulted in a better sugar recovery. In most of the twin screw extrusion pre-
treatment, chemical solutions are added to different feedstocks during extrusion 
that brings up the moisture content. When compared to single screw extruder, the 
feedstock moisture content was high in twin screw extruder. A possible reason 
might be the difference in conveying mechanisms of single screw and twin screw 
extruders. Akodagan (1996) reported that the feedstock is transferred in bulk from 
one screw to the other that facilitates the forward conveyance of the feedstock in 
a twin screw extruder. Again literature survey indicated that only a few  studies 
have investigated the effect of moisture content on sugar recovery. Since mois-
ture  content is a critical factor in extrusion pretreatment, optimum range should be 
identified for each feedstock and for the type of extruder.

2.4.3  Feedstock Particle Size

Feedstock particle size depends on the type of pretreatment methods e.g. most 
of the chemical pretreatments require 1–2 mm particle size. According to an 
US  patent 5677154 (Draanen and Mello 1997), for ethanol production process 
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requires feedstock particle size in the range of 1–6 mm. Smaller particle sizes 
contribute to higher surface to mass ratio that are more readily hydrolyzed by 
enzymes. Cadoche and Lopez (1989) reported that the power requirement for size 
reduction of feedstocks depends on the final particle size and characteristics of 
feedstocks. In general, size reduction costs and energy requirements has inverse 
relation with particle sizes. Particle size not only affect the cost of size reduction 
but also affects the diffusion kinetics and effectiveness of pretreatment (Kim and 
Lee 2002; Chundawat et al. 2007), sugar yield (Chang et al. 2001; Hu et al. 2008; 
Yang et al. 2008), lignin removal (Hu et al. 2008), hydrolysis rate, rheological 
properties (Chundawat et al. 2007; Desari and Bersin 2007), and acetic acid for-
mation (Guo et al. 2008). The authors investigated the effect of feedstock parti-
cle size (2–10 mm) as part of the optimization study and found an 8 mm particle 
size can be used in single screw extruder without compromising sugar recovery 
(Karunanithy and Muthukumarappan 2011a, b, c, d). Jurisic (2012) also evalu-
ated the effect of miscanthus particle size on sugar recovery but in a narrow range 
(0.67–2.33 mm) using a single screw extruder. The effect of feedstock particle size 
in a twin screw extruder was not found in the literature; therefore, it is another 
research area that should be addressed before moving into industrial scale.

2.5  Extrusion Pretreatment of Different Feedstocks

Researchers evaluated the pretreatment efficiency in terms of ruminant digest-
ibility, sugar recovery, and enzymatic digestibility. Summary of extrusion pre-
treatment of different feedstocks is divided before and after the year 2000 and 
presented in the following section.

2.5.1  Earlier Extrusion Studies

In the early days, extrusion has been used as means to enhance delignification, 
ruminant digestibility, nutritive value, and fermentability. Mostly extrusion 
was used in combination with chemicals such as dilute sulfuric acid (Noon and 
Hochstetler 1982), sodium hydroxide, sodium sulfide, anthraquinone, anthrahyd-
roquinone, hexamethylenediamine, hexamethylenetetramine, hydrogen peroxide, 
and ferrous ammonium sulfate (Carr and Doane 1984), and alkaline hydrogen 
peroxide (Gould et al. 1989; Helming et al. 1989) for improving nutritive value 
or digestibility of straw/biomass. Noon and Hoschtetler (1982) utilized pilot-scale 
single screw extruder with dilute sulfuric acid injection at three different locations 
along the barrel for exploring alcohol fuel from saw dust, corn stover and wheat 
straw. The authors fed the moisture balanced feedstocks (40 % wb) to the extruder, 
acid (1.78 % of gross mass flow) was injected about hallway or more down the 
barrel and they reported 40, 33, and 33 % cellulose conversion for saw dust, 
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corn stover, and wheat straw, respectively. Extrusion treatments (stainless steel 
interrupted-flight screw and stationary pins) of wheat straw (20 % solids loading 
rate, 98 °C, 5.6 ± 1 min; 35 rpm) with sodium hydroxide (15.7 % DM), sodium 
hydroxide (15.7 %) and anthrahydroquinone (0.3 %), and sodium hydroxide  
(12.7 %) and sodium sulfide (5.0 %) resulted in a lignin removal of 64–72 % and 
pentosans of 36–43 %, whereas they were 46–56 and 23–27 %, respectively, for 
without extrusion. The cellulase treatment of the residues converted 90–92 % of 
the cellulose to glucose compared to 61–69 % for without extrusion (Carr and 
Doane 1984). The same authors carried out another experiment to disrupt wheat 
straw lignin, hemicellulose, cellulose complex in a twin screw compounder  
(200–450 rpm, 103 °C) with sodium hydroxide (0–24 %), sodium hydroxide and 
anthraquinone (0–0.5 %) and water (1:1–1:9) only. Twin screw compounder treat-
ment of wheat straw with 16 % sodium hydroxide and 30 s residence time resulted 
in a lignin removal of 62–64 % and cellulose to glucose conversion of 87–92 % 
(Carr and Doane 1984).

Earlier studies using alkaline hydrogen peroxide (H2O2) on the digestibility of 
wheat straw and similar materials employed as high as 250 g H2O2/kg of straw to 
be considered nonpractical for a commercial process (Gould 1984, 1985; Kerley 
et al. 1985, 1986; Lewis et al. 1987). Significant amount of liquid stream was also 
produced with good amount of solubilized hemicellulose. In order to reduce the 
amount of chemical used and liquid stream, Gould et al. (1989) used an extruder 
(with flighted screw sections separated by flight interrupting steam-locks) for 
treating biomass and they reported the addition of H2O2 and sodium hydroxide 
(NaOH) to wheat straw (1.6 cm) in the extruder. The highest in-situ digestibility 
of more than 75 % was reported with 25 g H2O2/kg of wheat straw coupled with 
extruder and it was tenfold reduction in the amount of H2O2 though the digest-
ibility was only slightly lower than the highest values obtained in earlier studies  
(Kerley et al. 1985, 1986). Helming et al. (1989) reported synergistic effects 
between alkaline hydrogen peroxide and twin screw extrusion treatments of 
wheat straw. Chopped wheat straw (1.5–2.5 cm, 50 % moisture content) impreg-
nated in different amounts of NaOH, H2O2, and sodium silicate before extruding 
in a twin screw extruder. By treating wheat straw with 1–2 % H2O2 and 4–5 % 
NaOH in a twin screw extruder, the amount of cell-wall available for microbio-
logical digestion increased from 30 to 40 % for untreated substrate to over 80 % 
for the treated.

Xylan-Delignification-Process (XDP) utilizes extrusion technology in conjunc-
tion with alkali soak and H2O2 injection. Chen and Wayman (1989) also employed 
this sort of treatment for aspen wood chips adding SO2 prior to extrusion followed 
by soaking in a 4 % hot NaOH solution as post-extrusion delignification process. 
When the pretreated wood chip stream was added to water and hydrolysed using 
cellulase resulted in 10.7 g/l ethanol during a simultaneous saccharification and 
fermentation with 31.9 % yield of ethanol from dry matter (Tyson 1993). The 
xylan method continuously treats the biomass by first reacting with a medium 
containing an alkali agent (pH 11.5), which softens lignin and allows water to 
enter the biomass. The high temperature and pressure allow the minimization of 
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chemicals as compared to other technologies for cellulose  pretreatment- low acid 
and high temperature or high acid and low temperature. The extrusion mixes, 
grinds, sterilize, and disrupts the biomass cell-wall. Dale et al. (1995) employed 
XDP  on  switchgrass  and  corn  stalk  at  the  extrusion  temperature  of  200  °C  and 
pressure of 300–400 psi. The authors first added 50 % NaOH solution to bio-
mass and it was 3 % of the biomass weight. After mixing for 15 min, it was fed to 
extruder and 1 % w/w H2O2 (9 % solution) was injected near the entrance of the 
extruder. The residence time was about 15 s. Authors added H2O2 to the extruder 
barrel to catalyze the breakdown of the biomass structure. They defined the yield 
as grams of cellobiose and glucose released per gram of cellulose and it was about 
85 % within 7 h of enzymatic hydrolysis. The concentration of 4.8 g/l glucose, 
3.2 g/l cellobiose, and 2.6 g/l xylose were noted in 24 h for the treated corn stalks. 
They used ground corn stover (40 mesh) as control and reported a yield of 50 and 
72 % in 7 and 24 h, respectively. The treated switchgrass yielded 65 % in 7 h and 
it increased to 78 % in 24 h, whereas α- cellulose (control) showed 97 % yield.

Williams et al. (1997) conducted an experiment to find out the effects of extru-
sion on different feedstocks (corn silage and wheat straw) cell-wall quality and 
to determine whether the fermentability of their cell-wall can be altered. Wheat 
straw and corn silage were extruded in conical, corotating twin screw extruder 
at two temperature conditions (60–115–140–150 and 60–135–165–185 °C) and 
three screw speeds (10, 25, and 40 rpm) without die. The authors tested the extru-
dates for their fermentability in cumulative gas production method and compared 
with each other and controlled too. It was reported that an analysis of the cumula-
tive gas production showed significant differences between substrates. Extrusion  
treatment also led to significant differences, though the effect of screw speed and 
temperature were not always consistent.

Dale et al. (1999) explored corotating, self-wiping twin screw extruder for 
ammonia fiber expansion (AFEX). The sugar yield of extrusion AFEX treated corn 
stover after enzymatic hydrolysis increased up to 3.5 times than that of control. 
The ruminant digestibility of corn stover increased up to 32 % (from 54 to 71 %) 
over completely untreated material, and 23 % (from 63 to 77 %) over material 
extruded without ammonia.

2.5.2  Recent Extrusion Studies

It is very difficult to compare the results of the extrusion studies due to differ-
ences in the type of extruder, type of feedstocks, chemicals used, enzyme dose, 
ratios between cellulase and β-glucosidase, and enzymatic hydrolysis conditions. 
However, Tables 2.2 and 2.3 is presented here for comprehensive understanding  
and comparisons of different extrusion studies without and with chemicals. 
Though, this book primarily deals with ‘green pretreatments’, in order to provide 
up to date development on extrusion pretreatments the authors included extrusion 
pretreatments with chemicals. As observed from Tables 2.2 and 2.3, extrusion 
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pretreatments without chemicals resulted in a less sugar recovery than that of 
extrusion pretreatment with chemicals. We performed extrusion pretreatment of 
different feedstocks with and without alkali soaking and the results are depicted 
in Fig. 2.5 for easy understanding. The reduction or absence of processing aid led 
to burning of the feedstock and blocking of the die during extrusion (Lamsal et al. 
2010), in order to avoid these problems, Yoo et al. (2011) added starch (5–20 %) 
and adjusted moisture high range of 20–40 % (wb). If Yoo et al. (2011) would 
have carried out the extrusion pretreatment without (circular die) as most of the 
studies listed in Table 2.2, these issues would not have risen due to smooth flow of 
the feedstock.
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Fig. 2.5  Comparison of sugar recovery profile from control, alkali soaked, and alkali  
soaked-extruded feedstocks
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2.6  Evaluation of Pretreatment Efficiency

Researchers employed different techniques or methods such as measurement of 
mean particle size, surface area, pore size and quantity (SEM images), crystallinity 
index, fermentation inhibitors, and mass balance analysis to support their findings 
and they are presented in this section.

2.6.1  Mean Particle Diameter

Lee et al. (2009, 2010) observed most of the fibers had a diameter of 20 nm 
and some in the 100 nm when douglas fir was extruded with cellulose affinity  
additives, whereas hot compressed water-extrusion resulted in a submicron 
fiber diameter (5 nm). Different feedstocks pretreated using a single screw 
extruder is shown in Fig. 2.6 for easy visualization of the changes in parti-
cle sizes and they were subjected to particle size analyses (Karunanithy and 
Muthukumarappan 2011a, b, c, d) The authors reported about 90 % of the 
control passed through 8 mm and about 95 % of optimum pretreated corn 
stover, switchgrass, big bluestem, and prairie cord grass passed through 1.78, 
1.85, 1.79, and 1.80 mm, respectively. Recently, Chen et al. (2011) found 
the mean particle diameter of extrusion pretreated rice straw in the range of  
400–500 μm depending upon the screw speed, whereas extrusion followed by 
hot water extraction resulted in lower range of 90–300 μm. The above results 
provide evidence for increase in sugar recovery from different feedstocks is due 
to decrease in fiber diameter.

2.6.2  Surface Area

In general, greater the surface area, greater the sugar recovery or hydroly-
sis yield. Lee et al. (2009) found the specific surface area using two different 
methods namely, BET method and Congo red dye absorption. They reported 
the specific surface area as 21.3 and 19.4 m2/g and amount dye absorbed was 
14.3 and 13 mg/g, respectively, for Douglas fir with an ethylene glycol as  
cellulose affinity additive pretreated at a barrel temperature of 40 and 120 °C in a 
twin screw extruder. Zhang et al. (2012b) also reported a similar observation i.e., 
specific surface area of 367–439 m2/g and amount of dye absorbed was 246–
293 mg/g when corn stover pretreated in a twin screw extruder. Karunanithy and 
Muthukumarappan 2011a, b, c, d) reported that optimum extrusion pretreated corn 
stover, switchgrass, big bluestem, and prairie cord grass had a surface area of 0.772, 
0.688, 0.790, and 1.15 m2/g when compared to an 8 mm control of 0.400, 0.445, 
0.469 and 0.347 m2/g, respectively, when measured using Beckman Coulter SA3100 
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surface area analyzer. Recently, Chen et al. (2011) observed when rice straw pre-
treated with acid in a twin screw extruder had a BET surface area of 2.8–4.0 m2/g

2.6.3  Crystallinity Index

Cellulose crystallinity is considered as one of the factors impeding the enzymatic 
hydrolysis. Crystalline cellulose offers resistance to enzymatic hydrolysis because of 
strong interchain hydrogen-bonding network, whereas amorphous cellulose is readily 
digestible, thereby lowering the cellulose crystallinity is desirable. A few research-
ers have evaluated the crystallinity index of control and extrusion pretreated feed-
stocks. Though there was an absolute differences among the crystallinity index of 
raw Douglas fir, extrusion pretreated at 40 and 120 °C were 68.4, 54.7, and 47.1 %, 

Switchgrass 

Corn stover

Big bluestem 

Prairie cord grass 

Pine chips 

Control feedstocks Pretreated feedstocks 

Fig. 2.6  Feedstocks pretreated in a single screw extruder
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respectively, they were not significantly different (Lee et al. 2009). Lamsal et al. 
(2010) noticed that extrusion pretreatment of soybean hull and wheat bran did not 
lower their crystallinity index. Recently, Zhang et al. (2012b) found that corn stover 
had a tendency of crystal lattice transition from cellulose I to cellulose ΙΙ as a result of 
extrusion pretreatment (Fig. 2.7). The characteristic peaks observed around 12.1° 2θ 
and a shoulder between 19 and 20° 2θ indicate the presence of cellulose ΙΙ. However, 
they did not observe a similar change with other extrusion pretreatment conditions. In 
another study, Zhang et al. (2012a) observed that alkali extrusion of corn stover had 
no effect on crystallinity index. The above studies confirm that extrusion facilitates 
the fibrillation without losing energy to destroy the cellulose crystallinity that raises 
the question of whether cellulose  crystallinity is an impeding factor or not.

2.6.4  Pore Size and Quantity

Some of the researchers have supported their finding with scanning elec-
tron microscopic (SEM) images to show the topological changes. One such 
image is presented for control and extrusion pretreated feedstocks in Fig. 2.8.  
Senturk-Ozer et al. (2011) have provided the evidence in Fig. 2.9 how the topol-
ogy changes when mixed wood species was pretreated using reactive extrusion 
process. One can easily notice the increase in pore size as well as the gradual emer-
gence of separated cellulosic fibers in the extruder upon delignification. Recently,  
Zhang et al. (2012a) reported an increase in porosity from 73 to 148 mg/g when 
corn stover extruded depending upon the alkali concentration. However, the authors 
concluded that higher alkali concentrations not necessarily result in more meso and 
large-scale pores since the porosity/amount of dye absorbed was not in full agree-
ment with sugar recovery.

Fig. 2.7  X-ray  diffractograms  of  control  and  twin-screw  extruded  at  80  rpm  with  27.5  %  wb 
moisture content corn stover (Zhang et al. 2012b). Reprinted from applied biochemistry and 
biotechnology, pretreatment of corn stover with twin-screw extrusion followed by enzymatic 
saccharification, © 2011, Shujing Zhang, 2, with kind permission from Springer Science and 
Business Media and any original (first) copyright notice displayed with material
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2.6.5  Washing of Extrudates is Boon or Bane?

Soybean hull and wheat bran were moisture balanced with sodium hydroxide, urea, 
and thiourea solution (10 % w/w) to achieve 30–35 and 20–25 %, respectively, and 
then extruded in a twin screw extruder (Lamsal et al. 2010). Extrudates washed 
extensively with excess water and centrifugation, HCl was used for adjusting pH to 
6.5 and finally the samples were dried at 45 °C for overnight. The reducing sugar 
of 12–18 % and 38–40 % for soybean hull and wheat bran extrudates, respectively, 
before washing increased to 28–30 % and 63–70 %, respectively. The authors specu-
lated that extensive washing for the removal of solvents and inhibitors that increased 
sugar recovery without reporting the amount of solvent and inhibitors details before 
and after washing, further the effect of HCl addition and pore collapsibility details 
also missing. They also reported that washing of extrudates made with water alone 
also improved the reducing sugar without providing sufficient details. According 
to Yoo et al. (2011), unlike acid or alkali hydrolyzed soybean hulls (Lamsal et al. 
2010), the extruded soybean hulls (moisture balanced with water) did not require 
neutralization or washing steps prior to enzymatic hydrolysis.

Corn stover after

Miscanthus before Miscanthus after

Corn stover before

Fig. 2.8  SEM images of corn stover (Zhang et al. 2012b) and miscanthus (Jurisic 2012) before 
and after extrusion pretreatment. Reprinted from applied biochemistry and biotechnology, 
pretreatment of corn stover with twin-screw extrusion followed by enzymatic saccharification, 
© 2011, Shujing Zhang, 2, with kind permission from Springer Science and Business Media and 
any original (first) copyright notice displayed with material
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Barta et al. (2011) extruded barely straw with alkali (6 % dm) and then washed 
the solid fraction with tenfold amount of distilled water. They found the washed 
solid fraction resulted in higher glucose (60–68 %) and xylose recovery (52–59 %) 
than that of whole slurry (44–50 % glucose and 40–46 % xylose) at different 
enzyme loading. Duque et al. (2011) also washed the barely straw extruded with 
alkali and further details were not found in the conference poster.

Zhang et al. (2012a) extruded corn stover after moisture balancing to 50 % db 
with alkali solutions (1–14 % w/w), washed with 44 mL of distilled water/g of 
corn stover extrudates through vacuum filtration and dried the extrudates at ambi-
ent conditions for 3 days. They found the extrudates without washing had higher 
sugar recovery than that of washed extrudates at lower alkali concentrations 
(1–3 % w/w), but the observation was opposite at higher alkali concentrations 
(5–14 % w/w). Higher alkali concentration resulted extrudates with high pH that 
necessitates the washing to neutralize the samples before enzymatic hydrolysis. 
The authors also attributed pore collapsibility during air drying might outweighed 
the washing effect at higher alkali concentrations.

Fig. 2.9  SEM micrographs of mixed wood samples collected from different locations in the 
twin screw extruder (Senturk-Ozer et al. 2011). Reprinted from bioresource technology, biomass 
pretreatment strategies via control of rheological behavior of biomass suspensions and reactive 
twin screw extrusion processing, 102/19, 2011, Semra Senturk-Ozer, Halil Gevgilili, Dilhan M. 
Kalyon, 8, with kind permission from Springer Science and Business Media and any original 
(first) copyright notice displayed with material
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The above researchers have reported washing of the feedstocks after extru-
sion pretreatment; however, it may not be necessary if the alkali concentra-
tion is low enough. Zhang et al. (2012a) also found that corn stover extrudates 
with no washing resulted higher sugar recovery than that of washed extrudates. 
According to the Novozymes biomass kit, most of the enzymes have optimum 
activity between a pH of 4.5–6.5 at 45–70 °C. When switchgrass is soaked with 
different alkali concentrations, the sample prepared for enzymatic hydrolysis 
(after adding citrate buffer, DI water, and enzymes) had a pH of 4.8–5.4, which 
is well within the range of Novozyme’s recommendations. The authors recorded 
a sugar recovery of 35–40 % for alkali soaked feedstocks without washing them, 
depending upon the type of feedstock, alkali concentration, and particle size.  
It is better to prepare the hydrolysis sample and check the pH before hydrolysis, 
if the pH is within the recommended pH of the enzymes then there is no need for 
washing. Moreover, washing removes solubilized sugars (5–7 %) and increases 
water consumption also.

2.6.6  Fermentation Inhibitors

Compounds like furfural, HMF, acetic acid, and glycerol are formed during  
feedstock pretreatment depending upon the severities (pretreatment temperature, 
residence time, and acid concentration); moreover the degradation is proportional 
to the pretreatment severities. Degradation of pentose and hexose results in for-
mation of furfural and HMF, acetyl content in hemicellulose is hydrolyzed into 
acetic acid. According to Luo et al. (2002), furfural and HMF inhibits glycolysis 
and ethanol pathway, protein and RNA synthesis and all these indicate they are 
potential fermentation inhibitors. Furfural and HMF was not found in any of the 
extrusion pretreatments employed on different feedstocks with or without alkalis  
and this makes extrusion pretreatment is better than other leading pretreat-
ments. However, Chen et al. (2011) reported furfural in the range of 0.3–1 g/L 
when dilute sulfuric acid (1–3 % w/w) added to the rice straw in a twin screw 
extruder. This indicates that the combination of acidic condition and high tem-
perature leads to furfural formation. Considering this criterion, when sulfuric acid  
(1.5–3.5 % w/w) added to rape straw pretreated in a twin screw extruder (Choi 
and Oh 2012) would have resulted in furfural, which was not reported. If the 
hydrolysate contains furfural in the range of 0.5–8 g/L that would result in an 
inhibition 21–97 % of ethanol production by Saccharomyces cerevisiae, with 
HMF having a higher threshold level than furfural (Luo et al. 2002; Pienkos and 
Zhang 2009; Banerjee et al. 1981).

Hydrolysis of the acetyl group present in the hemicellulose is responsible  
for acetic acid formation as a result of deacetylation. Chemical interference is 
the mechanism that acetic acid inhibits ethanol production through dissociat-
ing in the cytoplasm and causing pH imbalances at high concentration ulti-
mately result in cell growth inhibition or death (Luo et al. 2002). Acetic acid 
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was the most common inhibitors found in low concentrations in the extrusion 
pretreatments. The hydrolyzate of extruded soybean hull had acetic acid con-
centration of 1.12–1.42 g/L (Yoo et al. 2012). The authors found acetic acid 
in the range of 0.04–0.26 g/L for corn stover, 0.03–0.43 g/L for switchgrass 
(Karunanithy and Muthukumarappan 2011b), 0.05–0.18 g/L for big bluestem 
(Karunanithy and Muthukumarappan 2012b), and 0.04–0.20 g/L for prairie cord 
grass (Karunanithy and Muthukumarappan 2011d) when pretreated in a sin-
gle screw extruder. Similarly, the authors found acetic acid concentration of 
0.06–0.17, 0.07–0.16, 0.06–0.1, and 0.07–0.18 g/L, respectively, for corn stover 
(Karunanithy and Muthukumarappan 2011e), switchgrass grass (Karunanithy and 
Muthukumarappan 2012b), big bluestem (Karunanithy and Muthukumarappan 
2011g), and prairie cord grass (Karunanithy and Muthukumarappan 2011h) when 
extruded after alkali soaking. However, Karunanithy et al. (2012) reported there 
was no acetic acid found in the hydrolyzate of extruded pine chips. Chen et al. 
(Chen et al. 2011) reported higher acetic acid concentration (2.0–5.9 g/L) for rice 
straw extruded with sulfuric acid than other extrusion studies. If the hydrolyzate 
contains 1.4–7.5 g/L of acetic acid that would inhibit 50–80 % of ethanol pro-
duction by Sacchromyces cerevisiae; however, the effect is pH dependent (higher 
inhibition at lower pH) (Olsson and Hanh-Hägerdal 1996; Maiorella et al. 1983; 
Phowchinda et al. 1995; Pampulha and Loureiro 1989). The concentration of ace-
tic acid found in most of the extrusion studies [extrusion of rice with acid] was far 
lower than the inhibition limit (5 g/L) (Taherzadeh et al. 1997).

Glycerol is a by-product and it is not directly toxic to yeast. If the glycerol 
concentration is greater than 100 g/L then it generates osmotic stress in the cells 
thereby inhibits ethanol fermentation (Maiorella et al. 1983). Extrusion pretreat-
ment of corn stover, switchgrass, big bluestem, and prairie cord grass resulted in 
a glycerol concentration of 0.02–0.18 g/L (Karunanithy and Muthukumarappan 
2010a, b). When these feedstocks subjected to alkali soaking followed by extru-
sion, a glycerol concentration of 0.04–0.16 g/L was found only for switchgrass 
(Karunanithy and Muthukumarappan 2012b). Yoo et al. (2012) reported a higher 
glycerol concentration of 0.24–0.69 g/L for the hydrolyzate of extruded soybean 
hull. Jurisic (2012) reported byproducts in the range of 0.2–5.1 % on dry mat-
ter basis when miscanthus pretreated in a single screw extruder. Yoo et al. (2012) 
reported a significant increase in acetic acid and glycerol concentration between 
hydrolyzate and fermentation broth of extruded soybean hull. They also found high 
concentration of lactic acid (7.2–9.3 g/L) only in fermentation broth. Hence, these 
observations necessitate the fermentation trials of extrusion pretreated feedstocks to 
ensure extrusion’s merit.

2.6.7  Mass Balance Analysis

Mass balance provides details on how the pretreatment changes the solid fraction, 
change in composition of the feedstocks, and degradation/formation of byproducts 
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if any. Figure 2.10 shows the mass balance of extruded switchgrass grass with and 
without alkali soaking. As noticed from the figure, alkali soaking resulted in a 
solid loss of 20 % including small amount of hemicellulose. Preservation of hemi-
cellulose is one of the criteria for an effective pretreatment. The hemicellulose loss 
can be avoided in the above study if the authors would have used alkali solution 
for moisture balancing of switchgrass. Mass balance analysis is an important tool 
for economic reasons; therefore, researchers should report the mass balance analy-
ses of extrusion employed on different feedstocks.

2.7  Comparison of Extrusion with Other Pretreatments

A few researchers have compared different pretreatments with extrusion using 
the same feedstocks. The authors compared alkali soaking of different feedstocks 
with extrusion and they found the performance of extrusion (48–57 %) was better 
than alkali soaking (35–39 %) as shown in Fig. 2.5. However, when alkali soaked 
feedstocks pretreated in an extruder increased the sugar recovery to 86–95 %. 
Similarly Zhang et al. (2012a, b) compared extrusion with alkali-extrusion of corn 
stover and found alkali-extrusion had better glucose (87 %) and xylose (51 %) 
than that of extrusion alone (49 % glucose and 25 % xylose). A possible reason 
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Fig. 2.10  Mass balance diagram of extrusion pretreated switchgrass (Karunanithy 
andMuthukumarappan 2011b). Reprinted from industrial crops and products, optimization of 
switchgrass and extruder parameters for enzymatic hydrolysis using response surface methodology, 
2011, 33/1, C. Karunanithy, K. Muthukumarappan, 12, with kind permission from Springer 
Science+Business Media and any original (first) copyright notice displayed with material
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for increase in sugar recovery is a combination of delignification due to alkali  
soaking/incorporation and extrusion. The sugar recovery from soybean hull through 
extrusion pretreatment (155 %) was better than dilute acid (70 %) and alkali 
(129 %) pretreatments (Yoo et al. 2011, 2012) compared to control. Ng et al. (2011) 
compared extrusion (50 °C, 100, rpm, 1 straw: 2 water), alkali-extrusion (50 °C, 
100 rpm, 4 % NaOH, 1 straw: 2 water), and steam explosion (190 °C, 10 min, 11.6 
bars; 220 °C, 10 min, 22.2 bars) of wheat straw. They concluded that low tem-
perature extrusion (32 %) alone yields with 14 % glucose lower in comparison to 
highest yield from severe stream explosion (46 %). They also reported that alkali-
extrusion (42 %) had a comparable glucose yield to severe steam explosion (46 %) 
and better than steam explosion (40 %). They were in the opinion that tempera-
ture would increase the degree of fractionation in extrusion; however, high pretreat-
ment temperature (>200 °C) would generate fermentation inhibitors, thus one has 
to strike a balance between sugar recovery and inhibitors.

2.8  Torque and Specific Mechanical Energy

The amount of energy required to run the extruder screw is called torque that pro-
vides insight into the extruder operation. The motor provides power to turn the 
screw. Torque relates to the power consumption of the extruder. Torque is related 
to extruder speed, fill, and viscosity of the material in the screw channel (Harper 
1989). Several factors extruder parameters such as screw speed, temperature, com-
pression ratio, and feedstock parameters such as moisture content and particle size 
are contributing to the net torque. In general, high screw speed and low temperature 
led to greater torque thereby specific mechanical energy (SME). SME is defined as 
the mechanical energy input required obtaining unit weight of extrudate. In order to 
calculate SME, one should know throughput of the feedstock (ṁ kg/h).

In P(W) formula, P(W) represents the power consumption, I(A) is the electrical 
intensity through the driving motor. In torque formula, 9550 is the conversion fac-
tor, P(kW) is the measured power, and 1/2 represents the twin-screw (if it is single 
screw extruder, this term becomes one).

A certain optimum level of torque and SME is necessary to achieve maximum 
sugar recovery, beyond which negative effects, such as re-condensation of lignin 
(Karunanithy and Muthukumarappan 2010c) and degradation of sugars (Lamsal 
et al. 2010; Yoo et al. 2011), might become significant. Lee et al. (2009) found 
torque as the most effective parameter for fibrillation, compared to the operation 

(2.1)SME (Wh/kg) = P(W) × ṁ(kg/h)

(2.2)
P(W) = 220 V × I(A) × Screw speed (rpm)/Rated screw speed (rpm) × 0. 95

(2.3)Torque, τ (Nm) = 9550 × P (kW)/Screw Speed (rpm) × (1/2)
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temperature and the swelling effect of agents, within the results obtained in this 
study. They achieved a high torque (~60–75 Nm) at operating temperature of 
40 °C in counter rotating twin screw extrusion of Douglas fir led to the highest 
glucose recovery. The authors compared torque requirement of different feed-
stocks and correlated with total sugar recovery as depicted in Fig. 2.11. Chen et al. 
(2011) reported a similar range of torque requirement (107–202 Nm) for extru-
sion pretreatment of rice straw with acid. Recently, Karunanithy et al. (2012) 
found the torque requirement as 180–320 Nm for pine chips. In general, the torque 
requirement/SME is high at low screw speed (Chen et al. 2011; Karunanithy 
and Muthukumarappan 2011i, 2012a), barrel temperature (Lee et al. 2009; 
Karunanithy and Muthukumarappan 2011i, 2012a) and feedstock moisture content 
(Yoo et al. 2012; Karunanithy and Muthukumarappan 2011i, 2012a). However, 
Yoo et al. (2012) reported an increase in torque with screw speed for soybean hull 
pretreatment. The authors reported varying optimum ranges of torque requirement 
during extrusion for maximum sugar recovery from switchgrass (85–100 Nm), 
corn stover (52–70 Nm), prairie cord grass (27–42 Nm), and big bluestem (53–84 
Nm) (Karunanithy and Muthukumarappan 2011i). They also reported the torque 
requirement depends upon the lignin content of the feedstocks.

SME for soybean hull and wheat bran was reported in the range of 566–2615 
and 800–2300 kJ/kg, respectively (Lamsal et al. 2010; Yoo et al. 2012). However, 
addition of chemicals (solution) during extrusion pretreatment of soybean hull and 
wheat bran reduced the SME 240–540 kJ/kg (Lamsal et al. 2010) due to increase 
in feedstock moisture content. Rice straw pretreatment in a twin screw extrusion 
with acid had a SME in the range of 192–496 Wh/kg. The relationship between 
sugar recovery and torque/SME may not be linear since other factors such as res-
idence time, degree of hydration, degree of fill, and any adverse changes in the 
substrate would affect the process (Yoo et al. 2012). In order to establish and con-
firm the relationship between sugar recovery and torque, further investigations are 
required.

2.9  Extrusion Involved in Sequential Pretreatments

According to Lee et al. (2010), mechanical kneading alone may not be sufficient 
for exposing cellulose in submicro/nanoscale for complete enzymatic hydroly-
sis. With the aim of complete hydrolysis, first Douglas fir and eucalyptus were 
subjected to hot-compressed water treatment (140–180 °C for 30 min excluding 
come up time), followed by water washing and then fed to twin screw extruder 
at room temperature with a screw speed of 45–120 rpm. The glucose yield of 
sequential pretreated Douglas fir was about 5 times (18–26 wt %) higher than 
that of hot-compressed water treatment (<5 wt %) alone. Sequential pretreat-
ment resulted in a higher glucose yield for Eucalyptus than for Douglas fir due 
to the higher hot-compressed water treatment effect in Eucalyptus. Extrusion of 
Douglas fir with ethylene glycol had a glucose yield of 62.4 % (Lee et al. 2009) 
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Fig. 2.11  Effect of independent variables on torque requirement (____) and sugar recovery 
(……) from switchgrass and corn stover (Karunanithy and Muthukumarappan 2012a). 
Reprinted from BioEnergy research, a comparative study on torque requirement during extrusion 
pretreatment of different feedstocks, © 2011, Chinnadurai Karunanithy, 5, with kind permission 
from Springer Science+Business Media and any original (first) copyright notice displayed with 
material
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and this sequential pretreatment had a glucose yield of 67.2 % (Lee et al. 2010). 
The authors attributed that hot-compressed water treatment facilitated the partial 
removal of hemicellulose and lignin resulted in loosening the structure in turn the 
fibrillation (about 20 nm) and hydrolysis. Advantage of this sequential pretreat-
ment is that the extruder can be operated at room temperature with less torque 
requirement since the feedstock structure was already loosened. Was it worth that 
the energy spent in the sequential pretreatment for an increase of 5 % glucose 
yield? Or in other words, is it economical considering only 5 % increase in glu-
cose yield.

In order to increase sugar concentration and overall sugar recovery from rice 
straw Chen et al. (2011) explored the sequential pretreatment consisting of extru-
sion with dilute sulfuric acid followed by hot water extraction using saturated 
steam (130–160 °C) for 10–30 min. They found that enzymatic yield of 19–33 % 
and 50–61 %, respectively, for only extrusion and sequential extrusion-hot water 
extraction. The increase in yield was attributed to increase in surface area and 
decrease in mean particle diameter from 2.8 to 4.0 m2/g and 400–500 μm (only 
extrusion)/g to 7–10 m2/g and 90–300 μm (sequential pretreatment), respectively.

We are exploring different sequential pretreatments consisting microwave or 
ozone in the front or back end of extrusion and the results are yet to be published. 
We expect about 20–30 % increase in sugar recovery depending upon the pretreat-
ment conditions.

2.10  Future Directions

Extrusion pretreatments of different feedstocks clearly demonstrate that it is one 
of the continuous methods ready for scaling up. However, fermentation results of 
the extrusion pretreated feedstocks are missing. Fermentation trials of extrusion 
pretreated soybean hull revealed the presence of lactic acid, though it was not pre-
sent in the hydrolyzate, but no furfural or HMF presents either in the hydrolyzate 
or fermentation broth. Hence, in order to prove extrusion pretreatment capabil-
ity, extruded feedstock should be subjected to fermentation trials to check types 
of inhibitors and their levels and effects. Though torque requirements of different 
feedstocks gives fair idea about extrusion pretreatment, energy analysis is miss-
ing. Providing complete energy analysis of the extrusion pretreatment of differ-
ent feedstocks would help the biorefinery industry. The literature survey reveals 
that extrusion pretreatment alone is capable of getting a sugar recovery in the 
range of 50–65 %. This indicates sequential pretreatment would be viable option. 
Considering the cost economics of chemicals and effluent treatment, hot water/
steam pretreatment in the front (preferably) or back end of extrusion would be 
explored for different feedstocks. Hot water pretreatment in the front end would 
reduce the torque requirement remarkably during extrusion pretreatment thereby 
one can save energy cost. In addition, we have indicated several research opportu-
nities in different sections on this chapter.
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Abstract Interest in biological pretreatment of lignocellulosic biomass has shifted 
from traditional applications, such as ruminant feed upgrading and biopulping, to 
biofuel production. Biological pretreatment is considered to be a “green” tech-
nology as it is performed under ambient conditions without chemical addition. 
The main benefits include low energy requirements and little or no waste stream 
 output. It has the potential to be applied to on-farm wet storage for cost-effective 
biofuels production from lignocellulosic biomass. White rot fungi are particularly 
suitable for biological pretreatment as they enzymatically degrade lignin through 
their unique ligninolytic systems. This  chapter reviews biological pretreatment of 
lignocellulosic biomass with white rot fungi under solid-sate fermentation for on-
farm application. The topics discussed focus on ligninolytic systems, processing 
conditions, and degradation effectiveness of lignocellulosic biomass.

Keywords  Biological  pretreatment  •  Lignocellulosic  biomass  •  Wet  storage  •  
Biofuels

3.1  Introduction

One of the greatest challenges of producing biofuels from lignocellulosic biomass 
is to reduce biomass recalcitrance to hydrolytic microorganisms or enzymes. To 
accomplish this, various pretreatment methods have been used to break down 
the complex lignocellulosic biomass and, consequently, facilitate its conversion 
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into biofuels and bioproducts. Thermochemical methods, such as dilute acid and 
ammonia explosion, can efficiently fractionate biomass feedstocks and thus are 
considered the current leading pretreatment technologies (Moiser et al. 2005). 
However, inherent drawbacks with these methods, such as high capital cost, 
 intensive energy requirement, and waste stream generation, have become barriers 
to their industrial applications. Biological pretreatment, which generally involves 
lignin-degrading organisms, is a low carbon-footprint technology and can be an 
alternative to thermochemical pretreatment in many applications. Figure 3.1 sum-
marizes applications of biological pretreatment of lignocellulosic biomass for 
biobased products and biofuels. Traditional biological pretreatment applications 
are biopulping and ruminant feed upgrading, while recent studies have focused on 
biogas, bio-oil, and biofuel production.

Microorganisms that secrete multiple cell wall degrading enzymes have been 
effectively used for biological pretreatment. These microorganisms include wood 
rot fungi, ruminant bacteria, and symbiotic bacteria found in some invertebrate 
animals (e.g., termites, earthworms). Wood rot fungi (e.g., white rot, brown rot, 
and soft rot) can degrade or modify lignin to some extent through ligninolytic 
enzymes (Eriksson et al. 1990). Symbiotic microbes in animal rumens or diges-
tive tracts of termites can produce cellulolytic and hemicellulolytic systems, which 
are largely responsible for hydrolysis of the biomass taken in by their hosts (Varm 
et al. 1994). Invertebrate animals, like termites and earthworms, are also believed 
to produce highly active cellulase by themselves (Watanabe and Tokuda 2001). 
Nevertheless, wood decay fungi, especially white rot fungi, are the most attrac-
tive and widely studied for biological pretreatment due to their unique ligninolytic 
 systems (e.g., lignin peroxidase, laccase, and manganese peroxidase).

Fig. 3.1  Suggested biological pretreatments with white rot fungi for various applications 
 (Diagram modified from Isroi et al. 2011)
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Biological pretreatment is mostly conducted via a solid-state fermentation 
(SSF) process. Compared to thermochemical pretreatments, biological pretreat-
ment takes a longer time as the microbes, especially fungi, slowly colonize and 
decompose biomass feedstocks. This makes this technology less feasible for 
on-site pretreatment of lignocellulosic biomass in a processing plant. To solve 
this problem, Wan and Li (2010a, b) have proposed applying a fungal pretreat-
ment to wet storage of agricultural residues on farms. Such emerging in-storage 
pretreatment generally incorporates long pretreatment times and thus can success-
fully provide year-round delignified biomass to biorefineries (Digman et al. 2010; 
Shinner et al. 2007). Also controlling and optimizing influential factors can speed 
up fungal degradation. Another issue with microbial pretreatment is consump-
tion of carbohydrates by microbes for self-growth and metabolism. Therefore, 
microbes which selectively degrade lignin over cellulose are preferred for biologi-
cal pretreatment. Despite these disadvantages, biological pretreatment has great 
potential to reduce environmental impacts and energy expenditure relative to cur-
rent prevailing pretreatment technologies. Furthermore, compared to ensilages that 
harness lactic acid bacteria for fermentation, fungal pretreatment applied as an 
on-farm wet storage pretreatment would provide pretreated biomass residues with 
much higher cellulose digestibility.

3.2  White Rot Fungi

Wood rot fungi are the most understood lignin degrading microorganisms and 
belong to the ascomycete or basidiomycete groups. According to their decay 
patterns, wood rot fungi can be classified into three categories: white rot, brown 
rot, and soft rot. Among these, white rot fungi are the only group that can com-
pletely degrade lignin to CO2 and H2O, and thus have received extensive inter-
est for delignifying lignocellulosic biomass (Kirk and Farrell 1987). The 
most widely studied white rot fungi include Phanerochaete chrysosporium, 
Ceriporiosis  subvermispora, Cyathus stercoreus, Dichomitus squalens, Phlebia 
radiate, Pleurotlls ostreatus, and Trametes versicolor. During white rot decay, 
fungal hyphae massively colonize the ray parenchyma cells of the biomass feed-
stock, then penetrate through pits and form numerous boreholes and erosion 
troughs on the vessel beneath or around the hyphae (Fig. 3.2). At the advanced 
stage of decay, the feedstock generally changes to a whitish-yellow color and 
becomes light, soft, and spongy. Reactions within the lignin by this group of 
fungi include side-chain oxidation, propyl side-chain cleavage, and demethyla-
tion (Chen et al. 1983). Although white rot fungi attack polysaccharides, some of 
them are able to degrade hemicellulose rather than cellulose. Such selective deg-
radation leaves delignified and cellulose-rich residues for subsequent processing 
(Blanchette 1995). Therefore, white rot fungi with high selectivity are important 
for biological pretreatment. Genetic engineering has been used to modify some 
fast- growing but nonselective white rot fungi, like P. chrysosporium, in order to 
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obtain cellulase-deficient strains (Eriksson et al. 1983). Unfortunately, reports on 
the performance and degradation efficiency of lignocellulosic biomass by geneti-
cally modified strains have not been as good as expected.

Unlike white rot fungi, brown rot fungi preferentially degrade polysaccha-
rides but only modify lignin to a limited extent (Green and Highley 1997). These 
fungi modify lignin via demethylation or hydroxylation but with no fragmentation 
of the aromatic ring (Kirk and Highley 1973). Important brown rot fungi include 
Tyromyces balsemeus, Gloeophyllum trabeum, Poria placenta, Lentinus lepidius, 
Lenzites trabeum, Coniophora puteana, Fomitopsis pinicola, Laetiporus sulfureus, 
and, similar to brown rot fungi, soft rot fungi (e.g., Chaetomium cellulolyticum, 
Aspergillus niger, Thielavia terrestrisorllm) also efficiently degrade polysaccha-
rides while slowly and slightly altering the lignin structure. Wood decayed by soft 
rot fungi is depleted with carbohydrates but rich in lignin, with a noticeably sof-
tened surface (Blanchette 1995).

(a) (b) 

(d) (c) 

Fig. 3.2  Colonization of fungal hyphae on lignocellulose biomass (images from Wan 
2011). Scanning electron micrograph of corn stover pretreated by C. subvermispora for 18 d.  
a untreated corn stover (at 450 × magnification), b fungal-pretreated corn stover (at 250 × mag-
nification) showing numerous erosion troughs and holes on the vessel wall (arrows), c fun-
gal pretreated corn stover (at 1000 × magnification) showing cracks and cavities with erosion 
troughs enlarged (arrows), and d fungal pretreated corn stover (at 900 × magnification) showing 
hyphae penetration through cell walls (arrows)
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3.3  Ligninolytic Systems

Lignin, a complex phenolpropanoid polymer, provides structural support for 
plants and also serves as a natural barrier to microorganism attack on plant  tissues. 
Lignin primarily arises from three hydroxycinnamyl alcohol precursors that dif-
fer in their degree of methoxylation: p-coumary, coniferul, and sinapyl alcohols 
(Campbell and Sederoff 1996). These alcohols are randomly copolymerized 
through one-electron oxidation, which contributes to the extremely heterogeneous 
and highly rigid structure of lignin. Due to these structural features, biodegrada-
tion of lignin must be accomplished through oxidative mechanisms by extracel-
lular and nonspecific enzyme systems (Kirk and Farrell 1987). Aerobic conditions 
are essential for oxidative cleavage of lignin subunits, specifically carbon–carbon 
and ether bonds. Primary lignin-degrading enzymes include lignin peroxidase 
(LiP, EC 1.11.1.14), manganese peroxidase (MnP, EC 1.10.1.13), and laccase 
(Lac, EC 1.11.1.13). Versatile peroxidase (VP, EC 1.11.1.16) also has an important 
role in lignin degradation. In addition, some accessory enzymes, such as aryl alco-
hol oxidase (AAO, EC 1.1.3.7) and glyoxal oxidase (GLOX), are involved in H2O2 
generation, which provide extracellular H2O2 for oxidative turnover of MnPs and 
LiPs. White rot fungi possess gene families that encode the enzymes responsible 
for oxidation of lignin and its structural analogues (Hatakka 1994). However, not 
all of the above enzymes are found in a single fungal culture. For example, LiP 
activity was not detected in the extensively studied white rot fungus, C. subvermis-
pora, although a lip-like gene was revealed in this fungus (Rajakumar et al. 1996). 
The key enzymes responsible for lignin depolymerization are discussed below.

3.3.1  Lignin Peroxidase

Lignin peroxidase (LiP, 1.11.1.14) was first found in a liquid culture of P. chrys-
osporium and later in other white rot fungi, e.g., Phlebia radiate, Coriolus 
 versicolor, Pleurotus ostreauts, T. versicolar, Bjekandera sp., and T. cervina. LiPs 
are heme-containing proteins in which the iron is presented as Fe3+ in a porphy-
rin ring (Farrell et al. 1989, Wong 2009). The molecular weight of LiPs is around 
40 kDa. Figure 3.3 illustrates the mechanism of LiP-catalyzed oxidation of lignin 
polymers (Breen and Singleton 1999). Initially, LiPs are oxidized by H2O2 to form 
an intermediate (compound I) that is deficient in two electrons. Compound I then 
extracts one electron from the donor substrate, resulting in a reduced intermedi-
ate (compound II) and a cation radical intermediate. Compound II can in turn 
oxidize a second molecule of the donor substrate, also through one electron trans-
fer, yielding a cation radical intermediate and the resting state of the peroxidase. 
These cation radical intermediates spontaneously break into small fragments. In 
the absence of a suitable donor substrate, compound II can be further oxidized to 
compound III by H2O2 (Dosoretz et al. 2004). Compound III readily returns to the 
native LiP state if H2O2 and veratryl alcohol (VA) are present. However, excessive 
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H2O2 inactivates compound III. VA plays an important role in protecting LiP from 
so-called H2O2-dependent inactivation by providing the intermediate VA+ that is 
capable of reducing compound III to its native state.

LiPs are strongly oxidizing, preferentially cleaving Cα–Cβ bonds in lignin-
related compounds (Hammel et al. 1986). Compared to classical peroxidases, such 
as enzymes from horseradish, LiPs are capable of oxidizing bulky lignin-related 
substrates (e.g., polycyclic aromatic hydrocarbons  phenols, aromatic amines) 
(Breen and Singleton 1999). The highly oxidative activity of LiPs could be due 
to the electron deficiency of the iron on the porphyrin ring (Millis et al. 1989). In 
addition, invariant tryptophan residue in LiP proteins, which is believed to have 
important functions for electron transfer from aromatic compounds, presents on 
enzyme surface with sufficient exposure and thus enables LiPs to directly oxi-
dize nonphenolic lignin-related structures (Doyle et al. 1998; Hammel and Cullen 
2008). Veratryl alcohol, a secondary metabolism produced by some white rot 
fungi, has been postulated to function as an efficient reducing agent to counter 
possible oxidative inactivation of LiPs caused by H2O2 (Hammel et al. 1993). For 
larger lignin models, in particular lignocellulosic biomass, LiPs are too large of 
a molecule to diffuse into sound cell walls (Blanchette et al. 1997; Srebotnik et 
al. 1988). However, these oxidative enzymes could induce the formation of diffus-
ible radicals at the surface of the cell wall (Enoki et al. 1999; Kapich et al. 1999). 
These radicals are diffusible and could initiate biomass decay and facilitate the 
penetration of lignin-degrading enzymes (Galkin et al. 1998). Cation radicals of 

Fig. 3.3  Oxidative mechanism of lignin peroxidase (LiP). AH is an electron-donor substrate; 
A+ denotes a cation radical; VA+ denotes VA radical cation. LiP is activated by H2O2 to form 
intermediates capable of oxidizing lignin-related compounds following one electron transfer. 
(Modified from Applied Biochemistry and Biotechnology, 157/2, Structure and Action Mecha-
nism of Ligninolytic Enzymes, Dominic W. S. Wong, 1, Copyright 2008, with kind permission of 
Springer Science + Business Media)
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veratryl alcohol can act as such a mediator, which also explains the effect of vera-
tryl alcohol on LiP-catalyzed reactions (Gilardi et al. 1990). However, there is no 
strong evidence supporting the proposed mechanism that LiPs act on such indirect 
lignin oxidation.

There are ten LiP isoenzymes, termed as LiPA to LiPJ, found in P.  chrysosporium, 
but they are similar in reactivity (Gaskell et al. 1994). Expression of LiP isoenzyme 
genes is differentially regulated by culture conditions and also varies from strain to 
strain. In chemical defined media, transcripts lipA, lipC, and lipJ were sufficiently 
upregulated under nitrogen deficiency while the situation was reversed under carbon 
deficiency. In addition, transcript expression patterns and levels were impacted by 
substrate sources. For example, lipD and lipE transcripts were highly expressed in 
soil but not in aspen wood (Bogan et al. 1996; Janse et al. 1998). However, no simi-
larity of transcript expression profiles has been observed in chemical-defined media 
or in complex substrates such as wood.

3.3.2  Manganese Peroxidase

Most white rot fungi produce a manganese peroxidase system (MnP, EC 1.11.1.7). 
Similar to LiPs, MnPs are heme-containing glycoproteins that functionally require 
H2O2 (Kirk and Farrell 1987). MnPs are also strong oxidants, capable of oxidiz-
ing numerous lignin-related compounds (Gold et al. 2000). Unlike LiPs, MnPs gen-
erate a large amount of small and diffusible oxidizing agents and in turn oxidize 
lignin indirectly (Breen and Singleton 1999). Figure 3.4 shows proposed oxidative 
mechanisms of MnP (Kirk and Cullen 1998). As with manganese binding sites, 

H2O2MnP

MnPox

Lignin

Ligninox

Mn (III)

Mn (II) H2O

Mn (III)Malonate

Malonate

Fig. 3.4  Oxidative  mechanisms  of  Manganese  Peroxidase  (MnP).  OX  denotes  the  oxidized 
state. MnPs oxidize Mn2+ by one electron to Mn3+. Mn3+ can be released from active binding 
sites as a form of Mn3+-organic acid chelates which are capable of oxidizing lignin substrates 
(phenolics). (Reprinted from Current Opinion in Biotechnology, 10/3, Alec Breen, Fred L Single-
ton, Fungi in lignocellulose breakdown and biopulping, 7, Copyright 1999, with permission from 
Elsevier)
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MnPs oxidize Mn2+ by one electron to Mn
3+

, which can be released from active 
binding sites as a form of Mn

3+-organic acid chelates. Oxalate, a secondary metab-
olite of many white rot fungi, is generally thought to act as the chelator to stabilize 
Mn

3+. On the other hand, stabilizing considerably decreases the oxidizing power of 
Mn3+ and could result in limited lignin oxidation. In light of MnPs highly oxidative 
activity, other oxidants, like peroxyl and acyl radicals, generated from subsequent 
reaction of Mn3+ should be able to extensively degrade lignin (Kapich et al. 1999; 
Watanabe et al. 2000). It has been shown that peroxyl radicals generated from lipid 
peroxidation catalyzed by MnPs in the presence of chelated Mn

3+ and H2O2 are 
capable of cleaving nonphenolic lignin structures (Kirk and Cullen 1998).

MnP isoenzymes, as many as 11 in C. subvermisporo, are similar to LiPs in 
that they do not differ from each other in reactivity (Breen and Singleton 1999). 
However, it is still unclear why so much redundancy exists in both peroxidase 
enzymes (Hammel and Cullen 2008). Relative to LiP gene expression, MnP is 
more differentially regulated not only by culture conditions, such as nutrient 
limitation and Mn2+ concentration, but also by other physiological  factors (e.g., 
temperature, agitation, moisture) (Janse et al. 1998). Identification of regulatory 
elements in promoter regions indicates that the expression of genes encoding ligni-
nolytic enzymes is regulated at the transcription level. Activator protein-2-binding 
sequences in the upstream of lip and mnp genes could respond to nitrogen limi-
tation, while cAMP response elements (CRE) could have a role in either carbon 
or nitrogen regulation (Dhawale 1993; Have and Teunissen 2001). Putative metal 
response elements (MREs), responding to heavy metals regulation, have been 
identified in the upstream regulatory region of mnp1 and mnp2 genes but not in 
that of mnp3, which corresponds to high dependency of mnp1 and mnp2 on Mn2+ 
with no mnp3 response to Mn2+ (Breen and Singleton 1999). Some regulatory 
elements that respond to physiological factors, such as cis-regulatory element’s 
response to heat shock, are also identified upstream of mnp1 in P. chrysosporium.

3.3.3  Laccase

Laccases (Lac, EC 1.10.3.2) are widespread and can be found in fungi, bacteria, 
and plants. Most white rot fungi secret laccase but P. chrysosporium apparently 
lacks detectable laccase activity even with putative lcc genes (Bollag and Leonwicz 
1984). Laccases are blue-copper containing phenoloxidases with molecular masses 
between 60 and 80 kDa, capable of oxidizing phenolics and similar molecules 
by one electron (Gianfreda et al. 1999). The oxidative mechanism of laccase on 
phenolic lignin-related molecules is proposed as follows: the laccase removes one 
electron from a phenolic nucleus, generating phenoxyl radicals, which leads to 
polymer cleavage that mainly involves Cα-hydroxyl oxidation, alkyl-aryl cleavage, 
and demethoxylation (Breen and Singleton 1999).When small molecular media-
tors such as hydroxyl-benzotriazole are present, laccases are also able to degrade 
 nonphenolic lignin structures via one electron oxidation (Call and Muche 1997).
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Similar to LiP and MnP, white rot fungi harbor several laccase (lcc) genes 
that encode multiple isoforms. Copper, nitrogen, and certain aromatic com-
pounds have been tested (i.e., 2, 5-xylidine and 1-hydroxybenzotriazole) and 
reported to activate lcc transcriptions (Colllins and Dobson 1997). Mansur 
et al. (1998) discovered that lcc1 and lcc2 were induced by veratryl alco-
hol at different stages of growth while lcc3 were noninduced by veratryl 
alcohol.

3.3.4  Versatile Peroxidase

Versatile peroxidases (VPs), which have been found and characterized in various 
Pleurotus and Bjerkandera species, are regarded as a hybrid peroxidase because 
they have both LiP and MnP activity (Camarero et al. 1999; Mester and Field 
1998). Correspondingly, the structures of VPs share both MnP and LiP substrate 
interaction sites, such as Mn2+ binding sites for Mn2+ oxidation exhibited by 
MnPs (Camarero et al. 1999) and invariant tryptophan residues responsible for 
direct one-electron oxidation of nonphenolics via LiPs (Perez-Boada et al. 2005). 
The molecular weight of VPs, around 40–50 kDa, is also close to that of LiPs and 
MnPs. Thus, similar to MnP and LiP, VPs are capable of degrading phenolic and 
nonphenolic compounds (Martinez et al. 1996; Mester and Field 1998). However, 
VPs do not functionally require H2O2, which is different from LiPs and MnPs. 
Instead, these peroxidases generate H2O2 by oxidation of hydroquinone in the 
presence of Mn2+ (Gómez-Toribio et al. 2001). VPs could also possess oxidative 
abilities that neither LiPs nor MnPs have. For example, substituted phenol was 
efficiently oxidized by VPs isolated from Pleurotus eryngii but not by peroxidases 
from P. chrysosporium (Martinez et al. 1996).

3.3.5  Peroxide-Producing Enzymes

Extracellular H2O2 is required for activating LiP and MnP for subsequent 
 lignnolysis. H2O2  generating  enzymes,  such  as  glyoxal  oxidase  (GLOX),  aryl 
alcohol  oxidase  (AAO),  and  glucose-1-oxidase  (GOX),  have  been  discovered  in 
many white rot fungi for supplying extracellular H2O2 (Cohen et al. 2002). For 
example,  GLOX  accepts  electrons  from  aldehyde-type  substrates  by  coupling 
reduction of O2 to H2O2 (Kirk and Cullen 1998). Extracellular metabolites (e.g., 
glyoxal, methylglyoxal) produced by some white rot fungi, or lignin degraded 
fragments such as glycolaldehyde, can serve as the substrates for GLOX (Hammel 
et al. 1994; Kersten 1990). Although extracellular oxidases are the primary sources 
of H2O2, intracellular sugar oxidase found in a few fungi has been proposed to be 
involved in H2O2 supply (Kirk and Farrell 1987).
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3.4  Fungal Pretreatment Process

Solid-state fungal pretreatment involves degradation of the feedstock that occurs 
without free water (Gowthamana et al. 2001). Processing parameters, such as 
moisture, temperature, and aeration, are crucial for lignin degradation. In general, 
a moist environment favors fungal growth and activity as nutrients can be readily  
diffusible and accessible by the fungi (Reid 1989). Although optimal moisture con-
tent varies with strains and substrates, prior studies suggested that fungi can grow 
well and substantially degrade lignin with an initial moisture content of 60–85 % 
(Wan and Li 2012). Some studies have reported that the initial moisture content 
for fungal pretreatment can be as low as 50–60 %, depending on the feedstock and 
nutrient amendment. Too high a moisture may favor formation of fungal mycelia 
while inhibiting the delignification process (Zadrazil and Brunnert 1981). However, 
too low a moisture content tends to retard fungal growth. Although fungal metabo-
lism increases moisture due to production of water, it does not help maintain mois-
ture levels due to significant moisture loss under natural ventilation conditions. For 
example, Cui et al. (2012) reported that the moisture content gradually decreased 
from 75 to 5 % during 90 days of pretreatment of corn stover with C. subver-
mispora. After 50 days, the moisture content was below 45 %, where no further 
improvement on sugar yield was observed as the fungal growth and metabolism 
almost ceased at such a low moisture content. Due to lack of free water and low 
conductivity of solid particles, heat generated by fungal metabolic activity gener-
ally causes temperature gradients in the reactors. Accumulated heat should be dis-
sipated via a way that ensures suitable temperatures for ascomycetes, around 39 °C, 
and for white rot basidiomycetes, between 20 and 30 °C (Reid 1989). Aeration is 
necessary to dissipate heat, but more importantly, to provide uniform air/oxygen 
diffusion throughout the substrate. Oxygen enrichment could increase the delignifi-
cation rate but may not affect delignification selectivity (Hatakka 1983; Reid 1989). 
In addition, the aeration rate also affects fungal performance. In a  study of P. 
chrysosporium treatment of aspen chips for biopulping, the median aeration rate of 
three test levels (0.001, 0.022, 0.1 v v−1 min−1) was enough to achieve good fungal 
growth and degradation (Messner et al. 1998). Thus, aeration needs to be controlled 
to ensure effectiveness of biological pretreatment. Nutrient supplements, such as 
nitrogen sources, Mn2+, and aromatic compounds, also play important roles in 
fungal degradation. Similar to physical culture conditions, nutrients affect fungal 
growth and differentially regulate expression of white rot fungi genes encoding 
ligninolytic enzymes. However, the response of white rot fungi to nutrient addition 
varies between species and strains due to regulatory elements in promoter regions 
of genes (Collins and Dobsen 1997; Have and Teunissen 2001; Janse et al. 1998).

Taking into consideration the effects of processing parameters, various 
 bioreactors, including tray reactors, packed-beds, rotating drums, and stirred  
bioreactors, have been developed for solid-state fermentation (Mitchell et al. 2006). 
Mycelial fungi act on the substrate by binding the solid particles with the inter-
particle hyphal bridges across the substrates. Tray and packed-bed reactors which 
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are operated statically are used for mycelia fungi as mixing can disrupt hyphae 
between particles (Fanaei and Vaziri 2009; Mitchell et al. 2000). The tray reactors 
are simple but have a limited loading capacity due to a low production v olume. 
Packed-bed reactors, with a larger loading capacity, are widely used for solid-state 
fermentation, but have a major disadvantage of temperature gradients. Convective 
heat transfer, instead of water jacked such as forced humid air, is used for tradi-
tional packed-beds for the purpose of removing the heat while preventing the 
substrate bed from drying out. The main problems with this design are axial tem-
perature gradients and evaporative losses (Mitchell et al. 2000). One of the modi-
fied packed-bed bioreactors, the zymotis packed-bed, which is equipped with 
internal heat transfer plates, was developed to overcome these problems (Mitchell 
et al. 2006). However, this type of reactor also increases operational costs and diffi-
culties due to the presence of the heat transfer plates. For fungal pretreatment, tubu-
lar reactors such as PVC tubes and silos were used. As some white rot fungi can 
outcompete or co-exist with indigenous microorganisms, relatively rough and open 
reactors, such as chip piles were tested for scale-up of fungal pretreatment (Scott 
et al. 1998). Although pile reactors had a lower cost than packed bed reactors, dif-
ficulty in managing heat transfer in large-scale pile reactors (up to 40 tons) led to a 
lower quality of pretreated feedstock due to degradation caused by undesirable bac-
teria and fungi. Therefore, more practical bioreactors that ease both operation and 
heat transfer are under development for solid-state fungal pretreatment.

3.5  Effect of Fungal Pretreatment on Lignocellulosic 
Biomass

White rot fungi enzymatically “combust” the lignin in biomass feedstocks while 
consuming carbohydrates via hydrolysis of self-secreted cellulolytic and/or hemi-
cellulolytic enzymes. Analysis of white rot decayed feedstocks shows substantially 
altered physiochemical characteristics of the biomass. Ideally, most of the cellu-
lose remains after delignification and its digestibility is improved significantly. 
However, experimental results indicate that improvement of cellulose digestibility 
is highly dependent  on degradation patterns of the fungi. The remaining cellulose 
is more susceptible to subsequent enzymatic hydrolysis when fungi preferentially 
degrade lignin, while it is less digestible when fungi simultaneously degrade lignin 
and cellulose.

Table 3.1 summarizes the effect of fungal pretreatment on digestibility of lig-
nocellulosic biomass. As a widely studied but nonselective white rot fungus, P. 
chrysosporium degraded both lignin and holocellulose (cellulose and hemicellu-
lose) to a large extent, but resulted in little or no improvement of cellulose digest-
ibility. For example, lignin and holocellulose loss in aspen wood increased with 
pretreatment time, reaching 42 and 17 %, respectively, after 28 days of P. chrys-
osporium pretreatment (Sawada et al. 1995). Extension of the pretreatment 
time to 100 days led to 8 % more lignin removal but 33 % more holocellulose  
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degradation. The resulting sugar yields increased during the first 28 days and 
then kept decreasing due to degradation of large amounts of holocellulose during 
prolonged pretreatment periods. The results indicated that pretreatment with P. 
chrysosporium was not sufficient to enhance enzymatic hydrolysis of aspen wood 
meal. Similar findings were reported for cotton stalks (Shi et al. 2009), corn fiber 
(Shrestha et al. 2008), and corn stover (Keller et al. 2003). Reduced sugar yields 
after P. chrysosporium pretreatment were also observed with those biomass feed-
stocks. Shi et al. (2009) reported that for a 14-day pretreatment, P. chrysosporium 
degraded 36 % lignin but at the expense of 40 % cellulose loss. The authors also 
washed treated material using hot water with an attempt to remove possible inhibi-
tors to enzymatic hydrolysis which may have resulted from fungal pretreatment. 
However, the glucose yield was still close to that of non-treated. Therefore, nonse-
lective fungi may not be suitable for improving enzymatic hydrolysis due to their 
vigorous cellulose degradation. In contrast, selective lignin degrading fungi pref-
erentially degrade lignin while preserving most cellulose and in turn result in sig-
nificantly increased digestibility. For example, lignin loss of corn stover was 36 % 
during 35 days of pretreatment with C. subvermispora, a typical selective fungus, 
while cellulose loss was less than 5 % throughout fungal pretreatment (Wan and 
Li 2010a, b). At an enzyme loading of 10 FPU/g solid for enzymatic hydrolysis, 
the glucose yield of fungal-pretreated corn stover was as high as 67 %, which was 
about three times that of nontreated.

The ability of white rot fungi to delignify lignocellulosic biomass varies among 
genera and species as well as in various fungal-substrate combinations (Akin et al. 
1995; Anderson and Akin 2008). Herbaceous plants contain guaiacyl and syring-
lyl lignin and significant amounts of P-hydroxyphenyl lignin (10–20 %) (Boerjan 
et al. 2003). High contents of ester-linked p-coumeric and ferulic units were also 
found in nonlignified cell walls, which are believed to partially contribute to grass 
recalcitrance. However, in delignification of Bermudagrass, C. subvermispora and 
Cythus stercoreus were capable of attacking both ester- and ether-linked phenolic 
acids from unlignified cell walls and also showed increased degradation of guaia-
cyl lignin over syringyl lignin (Akin et al. 1995). In contrast, in the degradation 
of woody biomass by some white rot fungi, such as C. subvermispora, the results 
indicated that syringyl (S)-rich lignin was degraded more rapidly than other lignin 
subunits (e.g., hydroxyphenyl (H), guaiacyl (G)) (Camarero et al. 1999; Eriksson 
et al. 1990). In other studies, hardwoods, which consist of about equal amounts 
of guaiacyl and syringyl lignin, appeared to be more susceptible to fungal degra-
dation than softwoods that contain a high amount of guaiacyl lignin (90 %). For 
example, 50–55 % of the polysaccharides in aspen wood were enzymatically con-
verted into simple sugars after pretreatment with Polyporus giganteus, Polyporus 
berkeleyi, or Polyporus resinosus for 63–99 days (Kirk and Moore 1972). Chinese 
willow, after pretreatment with E. taxodii 2538 for 120 days, also resulted in 
about 37 % sugar yields at a cellulase loading of 20 FPU/g solid for enzymatic 
hydrolysis. In contrast, even with a pretreatment time of more than 8–12 weeks, 
cellulose digestibility of fungal-treated softwood, such as China fir (Yu et al. 
2009a) and Japanese red pine (Lee et al. 2007), was less than 20 %. Studies of 
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agricultural residues have shown that improvement in digestibility due to fun-
gal pretreatment varies with different feedstocks. Wan and Li (2011a) compared 
18-day fungal degradation on different types of feedstock and found that among 
those tested, C. subvermispora was especially effective for corn stover, switch-
grass, and hardwood, with lignin degradation of 28, 26, and 15 %, respectively, 
while the fungus was not effective for two other agricultural residues, wheat straw 
and soybean straw. Similarly, C. subvermispora was also less effective for delig-
nification of rice straw, likely due to high contents of p-coumeric units in lignin 
of rice straw (Taniguchi et al. 2005). In contrast, P. ostreatus appeared to be more 
effective on straw materials than other fungi and has been widely tested for bio-
logical pretreatment of these kinds of feedstocks (Hatakka 1983; Taniguchi et al. 
2005; Yu et al. 2009b). These variations in fungal performance on different feed-
stocks suggest that specific substrate-fungal interactions occur. Various factors, 
such as lignin compositions, covalent bonds linking lignin and hemicelluloses, 
and plant extractives, may restrict the degradation of plant cell walls by the fungi 
(Grabber 2005).

3.6  Synergism Between Fungal and Physicochemical 
Pretreatment

Biological pretreatment with white rot fungi has been traditionally applied in the 
biopulping industry to convert wood chips into paper pulp. Its benefits include sav-
ing energy and/or reducing reaction severity in the subsequent mechanical/chemi-
cal pulping. Similarly, fungal pretreatment has been studied in combination with 
mild mechanical or physical/chemical pretreatments in order to synergistically 
improve the digestibility of lignocellulosic biomass while overcoming disadvan-
tages associated with either pretreatment method. Specifically, fungal pretreat-
ment time can be shortened while delignification efficiency can be increased. In 
one study, a relatively short fungal incubation time (1–2 weeks) only modified 
the lignin structure rather than depolymerizing it, but substantially improved the 
subsequent chemical pulping process (Messner et al. 1998). A similar observa-
tion was reported with fungal pretreatment followed by mild alkaline or acid pre-
treatment of lignocellulosic biomass. Yu et al. (2010) reported that pretreatment 
of corn stalks with I. lacteus for only 15 days shortened either pretreatment time 
or pretreatment temperature of the subsequent alkaline pretreatment, which was 
conducted at 1.5 % alkaline loading. For pretreatment of water hyacinth, fungal 
pretreatment for 15 days improved its sugar yields by 1–2 times over dilute sul-
furic acid pretreatment alone (Ma et al. 2010). Similarly, combined C. subvermis-
pora pretreatment and ethanolysis improved ethanol yield of woody biomass by 
1–2 times over a single pretreatment (e.g., Japanese cedar, beech wood) (Baba et 
al. 2011; Itoh et al. 2003).

Fungal pretreatment following non-biological pretreatment also been shown 
to improve the efficiency as the first step of this combined pretreatment at mild 
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conditions generally reduces biomass recalcitrance to fungal pretreatment. As a 
result, the time of fungal pretreatment can be shortened. Yu et al. (2009b) reported 
that the sugar yield resulting from 18-day fungal pretreatment succeeding ultra-
sonic pretreatment (250 w, 40 kHz, 30 min) was comparable to that from 42-day 
fungal pretreatment alone. It is also interesting to note that for some premodified 
biomass, fungal pretreatment can become effective for feedstocks that were origi-
nally resistant to the white rot fungi. The study of Wan and Li (2011b) showed 
that hot water pretreatment at 170 °C for 3 min facilitated fungal pretreatment of 
soybean straw while single fungal pretreatment was not effective for this feed-
stock. The glucose yields resulting from combined pretreatment were improved by 
30 % over a sole pretreatment. Analysis of pretreated soybean straw showed that 
the cell wall structure was modified rather than degraded by hot water pretreat-
ment at the conditions tested. On the other hand, combination of hot water and 
fungal pretreatment did not improve corn stover which can be readily degraded by  
C. subvermispora, probably because fungal pretreatment was effective with-
out other pretreatments and thus masked possible synergism from adding a hot 
water pretreatment. These, as well as other studies, have suggested that biomass 
feedstocks most suitable for fungal pretreatment as the second step of combined 
pretreatment should be resistant to fungal treatment to some extent. In addition, 
regardless of pretreatment order, the  mildest physicochemical pretreatment that 
produces the sufficient modification is suggested.

3.7  Summary

Biological pretreatment with white rot fungi under solid-state conditions reduces 
biomass recalcitrance through unique ligninolytic enzymes. In general, due to 
a slow growth rate of the fungi, a few weeks to months are required to achieve 
significant delignification, which becomes the main drawback of this  technology. 
However, benefits of this pretreatment are obvious, as it does not use chemi-
cals and also minimizes downstream waste treatment. Such “green” pretreat-
ment has been of particular interest for on-farm scale applications because 
on-farm in-storage pretreatment can generally incorporate the long pretreat-
ment times needed to maintain a year-round supply of pretreated feedstock for 
 biorefineries. Ensilage, which harnesses indigenous lactic acid bacteria for degrad-
ing cell walls under solid-state conditions, is traditionally used for feed upgrad-
ing on farms and recently has been studied for the pretreatment of lignocellulosic  
biomass for biofuels. Fungal pretreatment by white rot fungi has advantages over 
ensilage as it provides a delignified but cellulose-rich biomass residue. In order 
to improve fungal performance, proper processing conditions should be  optimized 
and incorporated into the reactor design. In addition to being used as a single 
pretreatment, synergism arising from pretreatment combinations suggests fun-
gal pretreatment could be a good supplement to thermochemical pretreatment by 
overcoming shortcomings of both methods. The benefits include shortened fungal 
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pretreatment time and reduced severity of thermochemical pretreatments, while 
increasing digestibility of pretreated biomass. On the other hand, fungal pretreat-
ment alone can be applied to on-farm wet storage by taking advantage of long pre-
treatment time while improving cellulose digestibility. In conclusion, solid-state 
fungal-pretreatment, with or without combination of mild thermo-chemical pre-
treatment, has the potential to be an important alternative for biofuel production.
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Abstract As global energy demands grow and as the environmental and 
 economic issues of fossil fuel use arise, lignocellulosic biomass is starting to 
attract increased attention as a potential source of energy and chemicals. Being 
an abundant, accessible, and cost-effective feedstock for a wide variety of prod-
ucts, ranging from transportation fuels to pharmaceuticals, lignocellulose shows 
great promise for the future. However, in order to utilize its potential, an efficient 
pretreatment method has to be applied. Hydrothermal pretreatment is one of the 
most promising and environmentally friendly biomass pretreatment methods avail-
able to make the lignocellulosic biomass vulnerable to enzymatic breakdown. 
This chapter describes the principle of the hydrothermal pretreatments, as well as 
influence of temperature and time on the effectiveness of the pretreatment and the 
kinetic models of the process. Various configurations of systems employing hydro-
thermal pretreatments have also been presented (with examples of process condi-
tions), including hot water, steam explosion, catalyzed hydrothermal treatment, 
and combination with other methods.
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4.1  Introduction

Processing of lignocellulosic biomass requires breaking down the coherent struc-
ture in order to access all the needed components. The cellulose component needs 
to be hydrolyzed to fermentable glucose for the production of ethanol. Most of the 
cellulose is not accessible to enzymes because of its association with other lig-
nocellulosic components. Non-treated lignocellulosic biomass usually produces 
 glucose yields below 20 % (Zheng et al. 2009). Therefore, a suitable pretreatment 
has to be applied prior to hydrolysis in order to cleave the bonds among and within 
cellulose, hemicellulose, and lignin, as well as to increase its surface area and 
reduce the degree of polymerization (DP) and crystallinity.

The research performed to date shows that lignocellulosic biomass is potentially 
the most promising alternate source of energy and value-added products. It can be 
pretreated efficiently, cost-effectively, and in an environmentally friendly manner if 
the methods are correctly optimized. Ongoing research is focusing on optimizing and 
improving these technologies in order to reduce energy demands, the use of chem-
icals and the formation of by-products, and more importantly, to find applications 
for the coproducts produced during the lignocellulosic ethanol production  process to 
create a complete and economically feasible biorefinery (Wyman 1996). A desired 
pretreatment method should be as simple as possible, applicable to a wide variety of 
feedstock, and should ensure purity of all products obtained (Chandra et al. 2007). 
Other important factors include catalyst use, catalyst recovery, and waste treatment 
(Zheng et al. 2009). Although currently there are no perfect pretreatment methods 
for lignocellulosic biomass, during the past decade advancements have been made 
in optimizing already discovered techniques and modifying old industrial processes 
for new applications (ethanol fermentation and lignin utilization). Based on many 
studies completed, one of the methods that show especially high potential in future 
research is hydrothermal pretreatment. Hydrothermal pretreatment uses no chemicals 
(or small amounts of mineral acids/alkali as catalysts), generates highly digestible 
cellulose, requires relatively short treatment time and moderate energy use, and has 
low equipment capital costs. All of these features suggest that hydrothermal pretreat-
ment has low environmental impact and is highly effective in the improvement of 
lignocellulose’s digestibility. It shows promise as a robust and effective biomass pro-
cessing method to produce a wide range of biobased products. It can be designed as a 
green pretreatment method for on-farm or mobile applications.

4.2  Hydrothermal Pretreatment Influence  
on the Lignocellulosic Biomass

The principle of  hydrothermal pretreatment is that high temperature causes auto-
ionization of water, generates hydrogen ions, and thus reduces the pH significantly 
(Aita and Kim 2010). Water at high temperatures generates enough hydrogen ions 



894 Hydrothermal Pretreatment of Lignocellulosic Biomass

to drop the pH to acidic levels. At 200 °C the pH of water was found to be below 5  
(Wyman et al. 2005). This process induces hemicellulose solubilization and 
hydrolysis of the acetyl groups. Acetic acid is a by-product of this reaction, which 
further catalyzes the hydrolysis. Hydronium ions generated from acetic acid are 
considered even more important than those of water origin (Garrote et al. 1999). 
Therefore, another name for the hydrothermal treatment is autohydrolysis (Aita 
and Kim 2010). The pH relationship with temperature in the liquid fraction of the 
hydrothermally pretreated rice straw can be found in Fig. 4.1 (Yu et al. 2010). This 
treatment has been proven to work especially well when applied to herbaceous 
materials and hardwoods, but was not efficient for softwoods due to the low con-
tent of acetyl groups in the softwood hemicellulose (Alvira et al. 2010).
Generally, hydrothermal pretreatment does not require size reduction prior to the 
process, especially when applied on a large scale, thus resulting in a large cost 
reduction (Taherzadeh and Karimi 2008). However, according to Hosseini and Shah 
(2009), 50 % increase in energy efficiency can be achieved when the size of wood 
chips is reduced. Hydrothermal pretreatment removes only small amounts of lignin 
(the acid soluble fraction), but it does change lignin structure by melting, coagu-
lation, and its subsequent repolymerization on cellulose fibers. Therefore, it is not 
possible to extract lignin in its functional form from hydrothermally pretreated sol-
ids (Aita and Kim 2010). Changing the lignin structure results in cleavage of the 
linkages between lignin and carbohydrates. This opens the cellulose fibrils to the 
actions of enzymes. Syringil units in lignin were found to be most susceptible to 
degradation during hydrothermal pretreatment. Repolymerized lignin, referred to 
as “pseudolignin”, contains residual xylans as well as  hemicellulose degradation 
products, and is acid insoluble, thus resulting in false Klason lignin measurements 
of the solid fraction. Sugar degradation products tend to react with precipitat-
ing lignin, following the condensation route (Garrote et al. 1999; Young 1998). 
Repolymerization counteracts depolymerization and lignin removal, and although 

Fig. 4.1  pH relationships with temperature in the liquid fraction of the hydrothermally pre-
treated rice straw indicate pressure (Reprinted from Applied Biochemistry and Biotechnology, 
160/2, Pretreatment of Rice Straw by a Hot-Compressed Water Process for Enzymatic Hydroly-
sis, Guoce Yu, Copyright 2008, with permission from Springer)
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the ether bonds are being cleaved, delignification rates can be found close to zero 
(Li et al. 2007). Furthermore, as depicted in Li et al. (2007), the molecular weight 
of lignin measured in the pretreated material increases with the increasing severity 
factor, thus suggesting lignin’s repolymerization.

Hydrothermal pretreatment greatly increases surface area of cellulose (by 
nonchemical swelling), which significantly enhances possible enzyme access 
(Chang et al. 1981; Sun and Cheng 2002) (Fig. 4.2). Due to its high severity of 
process conditions, this treatment is one of the methods creating high concentra-
tions of sugar degradation products. These include furfural (from dehydration of 
pentoses) and 5-hydroxyl-methyl-furfural (from dehydration of hexoses). Both 
degradation products and acetic acid (along with small amounts of other organic 
acids, such as levulinic and formic acids) formed during the treatment inhibit 
yeast and other fermenting microorganisms when present in high concentrations. 

Fig. 4.2  Scanning electron microscopy (SEM) photographs of prairie cordgrass pretreated 
under various conditions: 210 °C/10 min (Experiment 2), 162 °C/15 min (Experiment 5), 
218 °C/15 min (Experiment 6), and 190 °C/15 min (Experiment 7). (Reprinted with permission 
from Energy Fuels, Hydrothermal Pretreatment and Enzymatic Hydrolysis of Praire Cord Grass, 
Iwona Cybulska, Hanwu Lei, and James Julson, Copyright 2010, American Chemical Society)
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Other by-products can include lignin degradation products, which are generally 
organic acids of phenylpropane origin (e.g., coumarilic acid, ferulic acid) (Aita and 
Kim 2010; Garrote et al. 1999). Hexose degradation to by-products become more 
favorable at temperatures above 210–220 °C (Garrote et al. 1999). There are meth-
ods for detoxification that could be applied in order to remove the inhibitory com-
pounds, but it should be avoided due to the additional costs (Alvira et al. 2010). 
Instead, a simple filtration following the cooking step, would remove most of the 
by-products. Also, controlling pH during the process by addition of a base was 
found to reduce degradation of pentoses and therefore the formation of by-products 
(Taherzadeh and Karimi 2008). Steam explosion can also be part of hydrothermal 
pretreatment treatment with high-pressure saturated steam. The steam explosion 
process causes hemicelluloses degradation and lignin transformation due to high 
temperature (Sun and Cheng 2002). Limitations of steam explosion were reported, 
such as destruction of a portion of the xylan fraction, incomplete disruption of the 
lignin-carbohydrate matrix, and generation of compounds that might be inhibitory 
to microorganisms used in downstream processes (Mackie et al. 1985). Steam pre-
treated biomass needs to be washed with water to remove the inhibitory materials 
along with water soluble hemicellulose (McMillan 1994).

4.3  Kinetics of Hydrothermal Pretreatment  
(Time and Temperature Effects)

Generally, there are two models used for describing the kinetics of hydrothermal 
pretreatment: pseudohomogeneous first-order model and severity factor model 
(Garrote et al. 1999). The first model uses similar simplifications as the model of 
acid hydrolysis (the same mechanism of reaction) (Rodrigues Rde et al. 2010; Yat 
et al. 2008), and assumes that the polysaccharides hydrolysis follows irreversible 
and pseudohomogeneous first-order kinetics, with apparent coefficients following 
the Arrhenius equation for temperature dependence, and that hemicellulose deg-
radation is independent of other processes occurring in the treatment. This model 
also neglects time, particle size, and pH effects (Saeman 1945). However, this 
model does not include the subsequent steps of the hydrothermal pretreatment, 
which are: diffusion of the hydronium ions into biomass structure, protonation of 
ether bonds, cleavage of ether bonds, and diffusion of the reaction products into 
the liquid phase (Garrote et al. 1999).

Severity factor is defined by an empirical equation, which is related to the most 
important factors of the treatment—time and temperature (Eq. 4.1) (Aita and Kim 
2010; Hendriks and Zeeman 2009):

T—temperature, °C
t—time, min
Ro—severity factor

(4.1)R0 = te
(T −100)/ 14.75
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Its logarithmic form has been used by other authors (Eq. 4.2) (Galbe and 
Zacchi 2007; Hendriks and Zeeman 2009):

The pH influence can be also included in the equation (Eq. 4.3) (Galbe and 
Zacchi 2007):

The optimal value of the severity factor for maximum enzymatic hydrolysis yield 
should be contained between 3.0 and 4.5 (Aita and Kim 2010). The relationship 
between the severity factor and sugar removal to the liquid fraction (biomass solubi-
lization) can be found in Fig. 4.3a, while Fig. 4.3b presents the severity factor influ-
ence on the solid fraction yield remaining after the pretreatment (Ruiz et al. 2011).

(4.2)Log(R0) = log

(

t exp

(

T − 100

14. 75

))

(4.3)CS (combined severity) = log(R0) − pH

Fig. 4.3  Severity factor 
versus solubilized sugar 
concentration (a) and 
solid fraction yield (b) 
for wheat straw. Different 
dots represent various 
particle sizes of wheat 
straw blends: 0.488 mm, 
0.330 mm, and 0.435 mm 
(Reprinted from Journal of 
Chemical Technology & 
Biotechnology, Hector A. 
Ruiz, Denise S. Ruzene, 
Daniel P. Silva, Mafalda 
A.C. Quintas, Antonio A. 
Vicente, Jose A. Teixeira, 
88-94, Copyright 2010, with 
permission from Springer 
Science + Business Media)
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Severity factor equation can be used for each of the subsequent steps of the  
pretreatment process. Since hydrothermal treatment removes most of the hemicellulose, 
describing its kinetics can be based on the xylan removal from biomass using a follow-
ing differential equation (Eq. 4.4) (which assumes first-order relation):

where:
PX—percent of xylan remaining in the solid, %
Ro—severity factor
K—kinetic constant independent from the severity of the process, min−1

4.3.1  Influence of the Temperature Parameter

According to many studies performed to date, temperature has a major influence 
on the hydrothermal pretreatment efficiency and it determines the severity of the 
treatment more than the time factor (being in the exponent of the severity factor 
equation). The relationship between severity factor and temperature has been pre-
sented in Fig. 4.4 (Yu et al. 2010).

Temperatures below 180 °C were found to give low enzymatic hydrolysis  
glucose yields when applied to rice straw as a feedstock according to Yu et al. 
(2010) and Zhang et al. (2011). However, according to Cybulska et al. (2009), 
temperatures above 200 °C were found to produce high enzymatic hydrolysis 
glucose yields when hydrothermal pretreatment was applied to prairie cordgrass. 
These trends are presented in Figs. 4.5, 4.6, and 4.7 (Cybulska et al. 2009;  
Yu et al. 2010; Zhang et al. 2011). One of the reasons for an increased cellulose 
digestibility with increased pretreatment temperature is reduced DP of the cellu-
lose fibers in samples treated at higher temperatures (Fig. 4.8). Generally, xylose 
yield rapidly decreases after a pretreatment at a temperature higher than 170 °C, 

(4.4)
d (PX)

dR0

= − K (PX)

Fig. 4.4  Severity factor 
versus temperature of the 
hydrothermal pretreatment 
(based on severity factor 
model in Eq. (4.2) (Reprinted 
from Applied Biochemistry 
and Biotechnology, 160/2, 
Pretreatment of Rice Straw 
by a Hot-Compressed Water 
Process for Enzymatic 
Hydrolysis, Guoce Yu, 
Copyright 2008, with 
permission from Springer)
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as the degradation of pentoses becomes favorable. This relationship has been pre-
sented in Figs. 4.9, 4.10, and 4.11 (Cybulska et al. 2009; Yu et al. 2010; Zhang et 
al. 2011).

4.3.2  Influence of the Time Parameter

Based on the severity factor theory of hydrothermal pretreatment, time has a much 
lower influence on the pretreatment’s effectiveness in improving cellulose digest-
ibility than temperature. This fact has been proven by many experimental data, in 

Fig. 4.5  Temperature influence on the enzymatic hydrolysis glucose yield of the solid fraction 
obtained after hydrothermal pretreatment of rice straw. (Reprinted from Applied Biochemistry 
and Biotechnology, 160/2, Pretreatment of Rice Straw by a Hot-Compressed Water Process for 
Enzymatic Hydrolysis, Guoce Yu, Copyright 2008, with permission from Springer)

Fig. 4.6  Temperature influence on the enzymatic hydrolysis glucose yield of the solid fraction 
obtained after hydrothermal pretreatment of cattails. (Reprinted from Journal of Industrial 
Microbiology and Biotechnology, 38/7, Hot water pretreatment of cattails for extractions of 
Cellulose, Bo Zhang, Copyright 2010, with permission from Springer)
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which time is mostly a factor of low significance in modeling of the sugar yields 
responses. The trend has been presented in Figs. 4.5, 4.6, 4.7, and 4.12 for the 
enzymatic hydrolysis glucose yield for different biomasses. Furthermore, the same 
trend was observed for xylose yields in both enzymatic hydrolysis and pretreat-
ment liquid fraction (Figs. 4.9, 4.10, and 4.11). Similarly, experimental data show 
that inhibitory by-products formation does not depend strongly on the  processing 
time, which is depicted in Fig. 4.13.

Fig. 4.7  Temperature versus time versus glucose hydrolysis yield for hot water pretreatment of 
prairie cordgrass. (Reprinted with permission from Energy Fuels, Hydrothermal Pretreatment 
and Enzymatic Hydrolysis of Praire Cord Grass, Iwona Cybulska, Hanwu Lei, and James Julson, 
Copyright 2010, American Chemical Society)

Fig. 4.8  Degree of polymerization of cellulose versus pretreatment temperature (Reprinted from 
Bioresource Technology, 101/4, Cellulose pretreatment in subcritical water: Effect of tempera-
ture on molecular structure and enzymatic reactivity, Sandeep Kumar, Rajesh Gupta, Y.Y. Lee, 
Ram B. Gupta, 1337-1347, Copyright 2010, with permission from Elsevier)
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4.3.3  Influence of Other Factors (Biomass Loading  
and Pressure)

According to Taherzadeh and Karimi (2008) solids loading for the process ranges 
from 1 to 8 %. However, most of the industrial process conditions include solids 
loading of 10 % (liquor to solids ratio (LSR) is equal to 10) (Garrote et al. 1999). 
Pressure influence is directly related to the processing temperature used, and 
thus the relationship is similar (based on vapor pressure of water related to tem-
perature). Enzymatic hydrolysis yield of the pretreated lignocellulosic materials 
tends to increase in the range between 0.5 and 2 MPa, then drastically decreases 

Fig. 4.9  Temperature influence on the xylose yield extracted to the liquid fraction (free means 
xylose in monomeric form; total includes both monomeric and oligosaccharide forms) of the 
hydrothermally pretreated rice straw. (Reprinted from Applied Biochemistry and Biotechnology, 
160/2, Pretreatment of Rice Straw by a Hot-Compressed Water Process for Enzymatic Hydrolysis, 
Guoce Yu, Copyright 2008, with permission from Springer)

Fig. 4.10  Temperature influence on the enzymatic hydrolysis xylose yield of the solid fraction 
obtained after hydrothermal pretreatment of cattails. (Reprinted from Journal of Industrial Micro-
biology and Biotechnology, 38/7, Hot water pretreatment of cattails for extractions of Cellulose, 
Bo Zhang, Copyright 2010, with permission from Springer)
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Fig. 4.11  Temperature and time influence on the enzymatic hydrolysis xylose yield from prairie 
cordgrass. (Reprinted with permission from Energy Fuels, Hydrothermal Pretreatment and 
Enzymatic Hydrolysis of Praire Cord Grass, Iwona Cybulska, Hanwu Lei, and James Julson, 
Copyright 2010, American Chemical Society)

Fig. 4.12  Enzymatic hydrolysis glucose yield percentage (response value) after subcritical water 
pretreatment of cellulose (Reprinted from Bioresource Technology, 101/4, Cellulose pretreatment 
in subcritical water: Effect of temperature on molecular structure and enzymatic reactivity,  Sandeep 
Kumar, Rajesh Gupta, Y.Y. Lee, Ram B. Gupta, 11 pages, Copyright 2010, with permission from 
Elsevier)
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Fig. 4.14  Pressure influence on the enzymatic hydrolysis glucose yield of the lignocellulosic 
feedstock (combined data from pretreatment of Avicel cellulose and prairie cordgrass) (Cybulska 
et al. 2009; Geankoplis 2003; Kumar et al. 2010)

Fig. 4.13  Formation of inhibitory by-products in liquid fraction during hydrothermal pretreatment 
of rice straw. (Reprinted from Applied Biochemistry and Biotechnology, 160/2, Pretreatment of 
Rice Straw by a Hot-Compressed Water Process for Enzymatic Hydrolysis, Guoce Yu, Copyright 
2008, with permission from Springer)
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between 2 and 4 MPa, to eventually increase beyond 4 MPa (entering subcritical 
region for water). An exemplary graph combining two pressure regions from two 
research studies is presented in Fig. 4.14.

4.4  Characteristics of Hydrothermal Pretreatment  
and Examples of Applications

4.4.1  Hot Water Pretreatment

It has been established that hydrothermal pretreatment does not have to involve 
explosion, but the reactor is slowly heated and then cooled after the process (can 
be referred to as hot water treatment or liquid hot water cooking). The process is 
gaining interest as a pretreatment method for the ethanol industry since it does not 
require any chemicals and is simple in operation. It has been implemented on a pilot 
scale at DONG Energy facility in Skærbek, Denmark. Hot water pretreatment has 
been applied in a screw-conveying reactor. A particle pump prevents the biomass 
from splashing due to pressure release while exiting the reactor. Splashing is a com-
mon problem occurring at the location of biomass removal from the reactor (in 
either continuous or batch mode) (Petersen et al. 2009). The process schematic is 
presented in Fig. 4.15. Hot water pretreatment may be followed by a liquid and solid 
fractionation separation step, or the effluent can be fed into the next step in the form 
of a slurry (Wyman 1996). Hot water pretreatment can be applied to almost any type 
of lignocellulosic biomass. A study using olive tree residues revealed that the highest 

Fig. 4.15  Flow sheet a hydrothermal pretreatment process. (Reprinted from Biomass and Bioenergy, 
33/5, Optimization of hydrothermal pretreatment of wheat straw for production of bioethanol at low 
water consumption without addition of chemicals, Mai Østergaard Petersen, Jan Larsen, Metter Hede-
gaard Thomsen, 834-840, Copyright 2009, with permission from Elsevier)
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glucose yields obtained in enzymatic hydrolysis using the pretreatment temperatures 
between 200 and 210 °C are the most efficient, while the highest xylose recovery 
occurred at lower temperatures (~170 °C) (Cara et al. 2007). Glucose yield of 90 % 
occurred during enzymatic hydrolysis of hydrothermally pretreated (at 240 °C)  
yellow poplar sawdust. However, the inhibitory compounds formed during the treat-
ment resulted in a low ethanol yield (50 %) (Weil et al. 1997).

According to Mok and Antal (1992), the efficiency of the treatment does not depend 
on the reaction conditions, but mainly on the feedstock type, especially when woody 
and herbaceous materials are being compared. However, the variability among the 
feedstock types was not found to be significant. It was also observed that compressed 
hot water percolation can remove 76–100 % of hemicellulose (depending on the mate-
rial type) and up to 60 % of lignin at a severity parameter (log Ro) of 4.1 (at 230 °C 
for 2 min). Fermentation of the pretreated samples was not performed (Mok and 
Antal 1992). Good hemicellulose solubility (64 %) was also achieved in a study using 
hydrothermally treated wheat straw (with severity factor equal to 3.96, corresponding 
to 215 °C). Hemicellulose removal resulted in enriching the solids in cellulose up to 
61 %. The amount of inhibitors generated was acceptable (Carvalheiro et al. 2009).

The most beneficial configuration for the hot water pretreatment reactor would 
be a continuous flow-through. This would ensure constant removal of hemicellu-
lose from the material (Alvira et al. 2010). Other configurations include cocurrent 
and countercurrent flow reactors (Mosier et al. 2005b).

Hydrothermal pretreatment possesses some desirable features for bioetha-
nol production. It is usually short (minutes), does not require any chemicals, and 
produces good hydrolysis and fermentation results. It cleaves the bonds between 
lignin and carbohydrates, and alters lignin structure to the point where it does not 
interfere with the enzymes. Moderate energy demand and water usage are also 
favorable characteristics of this green pretreatment method.

4.4.2  Steam Explosion

Steam explosion is a type of hydrothermal pretreatment and one of the most  common 
and efficient methods of lignocellulosic biomass pretreatment. In this process, steam 
is injected into a reactor along with biomass feedstock, resulting in swelling of the 
lignocellulosic structure. Steam temperature, which also generates high pressure is 
usually in the range of 180–260 °C (corresponding pressure, 0.69–4.83 MPa). After a 
specified reaction time, usually between 5 and 30 min, the steam is released suddenly 
through a release valve, causing the biomass structure to explode. The explosion rap-
idly disrupts the linkages between cellulose, lignin, and hemicellulose.

During steam explosion, some of the hexoses and pentoses from hemicellulose 
fraction are degraded to aldehydes and organic acids due to high temperature and 
pressure, which are inhibitory to fermenting microorganisms (Kosarie et al. 2001). 
The treatment does not involve any chemicals and has a moderate energy demand 
(Chandra et al. 2007). Steam explosion efficiency is affected by particle size of the 
feedstock (Zheng et al. 2009). For example, a steam explosion at 210 °C and 4 min 
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residence time applied to poplar resulted in a 60 % glucose enzymatic hydrolysis  
yield, 60 % ethanol yield obtained during the simultaneous saccharification and 
fermentation (SSF), and 41 % xylose recovery in the liquid fraction (Negro et al. 
2003). This pretreatment method is one of the few that have been demonstrated on 
both a pilot scale and a commercial scale (Wyman 1996; Zheng et al. 2009).

One of the industrial demonstration-scale steam explosion facilities is operated 
by Iogen Corporation in Canada. Its production capacity is 340 L of ethanol per ton 
of fiber (Zheng et al. 2009). Another example of the industrial-scale steam explo-
sion pretreatment is the Masonite batch process used for production of fiber-board 
and other products in the early twentieth century (Mosier et al. 2005b). This pre-
treatment was applied to wood chips and used steam at pressures up to 90 atm and 
residence time between 1 and 10 min. A continuous mode of the Masonite process, 
called Stake II, uses an extruder as the reactor. Another example of a continuous 
industrial-scale process is the Rapid Steam Hydrolysis (RASH). In this process, the 
liquid fraction is continuously drained from the reactor, which reduces generation of 
inhibitory by-products (Garrote et al. 1999; Young 1998). A summary of hydrother-
mal pretreatment results for various biomass feedstocks is presented in Table 4.1.

4.4.3  Catalyzed Hydrothermal Pretreatment

4.4.3.1  Sulfur dioxide Catalyzed Hydrothermal Treatment

When compared to sulfuric acid impregnation, sulfur dioxide application creates 
less corrosion concerns, reduces gypsum formation, and produces higher xylose 

Table 4.1  Exemplary hydrothermal pretreatment results for various biomass feedstocks

Biomass Type of  
pretreatment

Optimal  
temperature (oC)/
time (min)/ 
pressure (MPa)

Enzymatic 
hydrolysis  
glucose yield  
(%)

Reference

Yellow poplar 
sawdust

Hot water cooking 230/<1/2.8 90 Weil et al. (1997)

Prairie cordgrass Hot water cooking 210/10/1.9 95 Cybulska et al. 
(2009)

Olive tree Hot water cooking 210/60/1.9 76 Cara et al. (2007)
Wheat straw Hot water cooking 195/6-12/1.4 93-94 Petersen et al. 

(2009)
Corn fiber Hot water cooking 260/0.17/4.7 100 Weil  

et al. (1998)
Corn stover Hot water cooking 190/15/1.3 90 Mosier et al. 

(2005a)
Poplar Steam explosion 210/4/1.9 60 Negro et al.  

(2003)
Wheat straw Steam explosion 200/10 75 Ballesteros  

et al. (2006)
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yields (Aita and Kim 2010; Wyman 1996). As an example, SO2 can be applied at 
the concentration of 1–4 % w/w biomass at typical steam explosion temperature 
and time (Taherzadeh and Karimi 2008). Catalyst application in hydrothermal treat-
ment generally reduces the temperature and time needed for the autohydrolysis of 
lignocellulose, and also partially hydrolyzes cellulose (Aita and Kim 2010; Chandra 
et al. 2007). It is especially effective when applied to softwoods (Alvira et al. 2010).

A study with a two-step process of SO2- catalyzed steam explosion applied 
to softwood showed high cellulose digestibility and ethanol yield (higher than 
a one-step process), achieving glucose yield of 80 % and ethanol yield of 69 % 
(Söderström et al. 2002). This process has also been practiced as a pretreatment 
method applied to agricultural residues with high efficiencies. Complete glucose 
to ethanol conversion and xylose to ethanol conversion was achieved by sugarcane 
bagasse pretreated by SO2- impregnated steam explosion, utilizing recombinant 
yeast strains (Rudolf et al. 2008). High enzymatic hydrolysis glucose yields (~90 %) 
were also obtained from sweet sorghum bagasse treated by SO2- impregnated steam 
explosion at ~200 °C for a short time (5–10 min) (Sipos et al. 2009). However,  
sulfur dioxide presents a health and safety hazard, and therefore the necessary  
precautions must be taken. There have been pilot-scale trials reported utilizing sul-
fur dioxide catalyzed steam explosion process (Wyman 1996; Zheng et al. 2009).

4.4.3.2  Carbon dioxide Catalyzed Hydrothermal Treatment

In this treatment, carbon dioxide under high pressure penetrates into the lignocel-
lulosic structure, where it converts into carbonic acid, catalyzing the hydrolysis of 
hemicellulose. The studies using carbon dioxide include trials with supercritical 
carbon dioxide (Aita and Kim 2010). Supercritical carbon dioxide is in the form 
of a gas that has been compressed above the critical temperature and critical pres-
sure, and therefore has some properties of a liquid. It is called a supercritical fluid.  
It possesses mass transfer properties of a gas and solvating power of a liquid. Carbon 
dioxide has been found to be a good lignin solvent, because it is nontoxic, non-
flammable, and easy to recover (Alvira et al. 2010; Taherzadeh and Karimi 2008). 
There are several studies reporting application of carbon dioxide as a catalyst in the 
steam explosion process, most of them less efficient than Ammonia Fiber Explosion 
(AFEX) or the sulfur dioxide catalyzed process (Wyman 1996). However, according 
to Aita and Kim (2010), carbon dioxide use was found to be more economically fea-
sible than AFEX when applied to agricultural and industrial residues.

Using supercritical carbon dioxide, which is a green solvent without the need 
for waste treatment, simultaneously with enzymes to hydrolyze lignocellulosic  
feedstock has been reported to result in high glucose yield (up to 100 %). 
Applying supercritical fluid during the hydrolysis can significantly increase 
the kinetic constants of the process, enabling the retention time to be shortened 
(Taherzadeh and Karimi 2008). Usage of different catalysts in the hydrother-
mal pretreatment process applied to various biomass feedstocks are presented in 
Table 4.2.
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4.4.4  Hydrothermal Pretreatment Integrated with Other 
Methods

Due to drawbacks of individual pretreatment methods examined to date, many 
researchers have tried combining two or more pretreatment methods in series in 
order to enhance the overall performance. This includes combinations within the 
categories as well as between them. Generally, it has been found that integration of 
the treatment methods is more effective and selective than application of a single 
method; however, adding an extra step is usually associated with additional costs 
(Wyman 1996).

An example of an integrated process is the combination of steam explosion and 
alkaline/hydrogen peroxide post-treatment. It was found that while steam explo-
sion removes most of the hemicellulose component, the oxidative treatment that 
follows remove up to 80 % of the remaining lignin (Taherzadeh and Karimi 2008). 
Another example of an integrated biomass processing is an organosolv treatment 
followed by a hydrothermal post-treatment (Cybulska et al. 2012). The first step 
removes relatively pure lignin, which can be used as a value-added coproduct, 
while the hydrothermal post-treatment produces highly fermentable cellulose. 
It has been found that as much as 51 % of lignin can be recovered from prai-
rie cordgrass and up to 67 % from corn stover, producing 79 and 90 % of enzy-
matic hydrolysis glucose yields for prairie cordgrass and corn stover, respectively 
(Cybulska et al. 2012).

4.5  Conclusion

Hydrothermal pretreatment is one of the most effective and environmentally 
friendly pretreatment methods available. It has been optimized for a wide variety 
of feedstocks and has been tested extensively throughout the years. The disad-
vantage of using high temperatures (and thus the need for pressure reactors and 
energy demand) is balanced with the advantages of no requirement of chemi-
cal additives and a short processing time. Excluding chemicals from the process 
reduces its environmental impact and eliminates the costs in the pretreatment and 
product recovery, making the hydrothermal pretreatment a rather “green” process.

Table 4.2  Examples of catalyst uses for various types of biomass feedstocks

Biomass Catalyst type Enzymatic hydrolysis 
glucose yield (%)

Reference

Softwood Sulfur dioxide 80 Söderström et al. (2002)
Sweet sorghum bagasse Sulfur dioxide 90 Sipos et al. (2009)
Switchgrass Carbon dioxide 81 Luterbacher et al. (2010)
Corn stover Carbon dioxide 85 Luterbacher et al. (2010)
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Although high temperatures used during the hydrothermal processing favor for-
mation of small amounts of organic acids and furans, these by-products can be 
converted into value-added products and used as an additional source of profit, or 
(especially in the case of acetic acid) recycled and utilized as an external catalyst 
of the lignocellulosic bonds cleavage.

As explained in this chapter, due to years of research, there are multiple ver-
sions of the hydrothermal pretreatment, thus there is a vast range of possibilities 
suitable for various settings. Depending on the biomass feedstock used, available 
resources, or application of the end product, the proper configuration of this pro-
cess can be employed. It is one of the pretreatment methods that can be deployed 
on a form or on a mobile platform without the need for on-site waste treatment.
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Abstract Only concerted efforts utilizing various forms of energy can relieve 
today’s energy crunch that threatens world economy and stability. Renewable bio-
energy is an integral part of the solution. Lignocellulosic biomass is attractive for 
bioenergy production because it is cheap and ubiquitous. Unlike corn, its use does 
not interfere with the human and farm animal food supply chain. Unfortunately, by 
nature’s design, lignocellulosic biomass is recalcitrant. It is difficult and costly to 
release the fermentable sugars from lignocellulosic biomass for ethanol fermentation. 
Thus, pretreatment is necessary. In the production of lignocellulosic ethanol, the bio-
mass pretreatment step is often the most difficult and expensive part of the entire pro-
cess. Many pretreatment methods have been proposed in the literature. Some of them 
require harsh chemicals that are not suited for a mobile or on-farm biomass process-
ing unit. Supercritical CO2 (SC-CO2) explosion pretreatment uses CO2, which is 
a green solvent, to treat biomass prior to enzyme hydrolysis. In glucose fermenta-
tion for bioethanol production, each mole of ethanol is accompanied by one mole of 
CO2 by-product. Some of the CO2 can be used for biomass processing without a net 
increase in CO2 emission into the atmosphere. SC-CO2 can diffuse into the crystal-
line structure of cellulose. The subsequent explosion action weakens the biomass cell 
wall structure and increases accessible surface areas for cellulase enzymes. SC-CO2 
also introduces acidity in moist biomass that helps pretreatment. This chapter dis-
cussed various aspects of the SC-CO2 explosion pretreatment of lignocellulosic bio-
mass including corn stover, wood, and switchgrass. Operating conditions, glucose 
yields for different types of lignocellulosic biomass, and pretreatment mechanisms 
were investigated.
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5.1  Introduction

The world’s petroleum reserves are estimated to last only for another few  decades 
(Demirbas 2007). Although coal is far more abundant, its carbon emission is 
40 % more than that for oil and 80 % more than natural gas in power generation 
(Peterson and Hustrulid 1998). In the United States, environmental concerns are 
hampering shale gas exploration and production. All these common forms of fos-
sil fuels will eventually run out in the foreseeable future. Renewable energy must 
supplement the increasingly large shortfall. Among various forms of renewable 
energy, bioenergy is a key component. Corn ethanol production has been grow-
ing rapidly. More land is being allocated to corn used for bioethanol production, 
which drives up food prices. Lignocellulosic ethanol is an attractive alternative to 
corn ethanol because it uses various types of biomass that are agricultural wastes 
or can be grown on poor soils that are not suitable for food crops. RFA (2011) 
reported that there are more than 20 demonstration and pilot-scale facilities as of 
2011 utilizing a variety of different technologies to convert lignocellulosic bio-
mass such as wood, grasses, corn cobs, sugar waste, as well as algae and even 
garbage into ethanol.

Lignocellulosic biomass such as wood, corn stover, and switchgrass con-
tain lignin (15–25 % w/w), hemicellulose (23–32 %), and cellulose (38–50%) 
(Mamman et al. 2008). Cellulose is a glucan with a general molecular formula of 
(C6H10O5)n. Hydrolysis of cellulose produces glucose that is a fermentable sugar. 
Hemicellulose can be hydrolyzed to release xylose, arabinose, glucose, mannose, 
and galactose. The dominant hydrolysis product xylose is considered unferment-
able because most microorganisms cannot utilize xylose. Lignin contains phenyl-
propane units that are cross-linked together with a variety of chemical bonds. It 
is often burned as a high-energy fuel. Its complex chemistry has a potential as a 
feedstock to produce complicated chemicals. By nature’s design, lignocellulosic 
biomass is recalcitrant because cellulose, hemicellulose, and lignin are integrated 
together (Chap. 1). The release of glucose by cellulase enzyme is hindered by the 
protective sheath of lignin, the presence of hemicellulose around cellulose, and the 
crystallinity of cellulose (Laureano-Perez et al. 2005). Thus, pretreatment is nec-
essary. Without  effective pretreatment, cellulase enzyme hydrolysis of cellulosic 
biomass yields less than 20 % of fermentable sugar, whereas proper pretreatment 
improves the yields up to 90 % (Alizadeh et al. 2005). Lignocellulosic ethanol 
production typically involves four major steps: biomass pretreatment, biomass 
hydrolysis, fermentation of released sugars, and ethanol separation from fermenta-
tion broth. Yang and Wyman (2008) estimated that the pretreatment step accounts 
for as much as 20 % of the total cost for cellulosic ethanol production. Thus, a 
cost-effective pretreatment step is important toward the economic competitiveness 
and success of lignocellulosic ethanol.

There are quite a few pretreatment methods that have been developed for lig-
nocellulosic biomass in the literature (Mosier et al. 2005; Wyman et al. 2005; 
Hendriks and Zeeman 2009). They include (1) mechanical pretreatment Artz 

http://dx.doi.org/10.1007/978-94-007-6052-3_1


1095  Pretreatment of Lignocellulosic Biomass

et al. 1990; Karunanithy and Muthukumarappan 2011), (2) biological pretreat-
ment (Keller et al. 2003; Wan and Li 2010); (3) dilute acid pretreatment (Lloyd 
and Wyman 2005; Wang et al. 2011), (4) alkaline pretreatment (Carrillo et al. 
2005; Hu and Wen 2008); (5) ammonia fiber explosion pretreatment (Teymouri 
et al. 2004, 2005; Alizadeh et al. 2005), (6) steam explosion and hot water pre-
treatment (Kaar et al. 1998; Montane et al. 1998; Laser et al. 2002; Pérez et al. 
2008), (7) SC-CO2 explosion pretreatment (Zheng et al. 1998; Narayanaswamy  
vet al. 2011; Luterbacher et al. 2012), (8) ionic liquid (IL) pretreatment (Li et al.  
2010; Simmons et al. 2010), etc. Each method has its pros and cons. A single 
method is not expected to be suitable for all types of lignocellulosic biomass. 
Some of the pretreatment methods use harsh chemicals that lead to waste treat-
ment problems. Mechanical, biological, steam, and hot water pretreatment meth-
ods are obviously green treatment methods because they do not involve chemical 
additives. Pretreatment using green ionic liquid is also green. However, the costs 
of such liquids are still too high. SC-CO2 pretreatment is also considered green 
because CO2 is recognized as a green solvent. SC-CO2 pretreatment conditions 
are achieved more easily than some other methods. Thus, this green treatment is 
potentially attractive for mobile and on-farm applications without waste treatment 
problems. This chapter discussed various aspects in SC-CO2 explosion pretreat-
ment of lignocellulosic biomass.

5.2  Rationale for Selecting CO2 for Supercritical Fluid 
Pretreatment

Figure 5.1 shows the schematic of a pure component solid–liquid–vapor phase 
diagram. When its temperature and pressure both exceed its critical values, a 
supercritical state is achieved. This means the liquid and gas phases become 
indistinguishable. A supercritical fluid possesses properties of both liquid and 
gas. In the supercritical region, the fluid becomes a special solvent because it  
possesses gas-like viscosity and liquid-like density. Its gas-like viscosity and  
diffusivity allow it to penetrate into the small pores of lignocellulosic biomass 
more easily than other solvents. Table 5.1 shows that among several common 
chemicals proposed for supercritical pretreatment, CO2 has the lowest critical  
temperature (31.0 °C) and its critical pressure (1071 psi) is lower than that of 
ammonia, methanol, and water, respectively. Ethanol and n-propanol have the 
critical pressure of 926 and 934 psi, respectively, in Table 5.1. The pressures are 
lower but their critical temperatures of 243 and 263.6 °C are very high. It should 
be pointed out that biomass is usually wetted before SC-CO2 pretreatment for a 
better sugar yield. This means that the system liquid is a mixture of CO2 with a 
small amount of water. Its supercritical behavior will deviate from that of pure 
CO2 slightly. Typical SC-CO2 pretreatment uses a temperature and pressure much 
higher than the critical temperature and pressure for pure CO2 (Zheng et al. 1998).
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Apart from a relatively easily achieved supercritical state, CO2 has the following 
additional advantages over other chemicals (Narayanaswamy 2010):

(1) it is nontoxic (unlike ammonia),
(2) it is nonflammable (unlike alcohols),
(3) it does not cause degradation of sugars unlike steam explosion due to the 

higher temperature involved in the latter method (Zheng et al. 1995),
(4) it adds acidity to moist biomass that enhances pretreatment,
(5) it can be transported in solid (dry ice), liquid, and gas forms,
(6) it is inexpensive, and
(7) it is readily available from the ethanol fermentation process.

The SC-CO2 pretreatment method is environmentally friendly because CO2 
is considered a green solvent. Even if it is released to the atmosphere after use in  
biomass pretreatment, it does not automatically mean an increase in the net CO2 
emission. In glucose fermentation for ethanol production, each mole of ethanol is 
accompanied by one mole of CO2 as a by-product. The produced CO2 can be used 
for biomass pretreatment before its release or sequestration. In fact, for cellulosic  
ethanol product, the CO2 originally comes from the atmosphere via photosynthesis.  
Thus, its release is still carbon neutral. CO2 is especially attractive for tactical 

Table 5.1  Critical temperature and pressure of some chemicals (Felder and Rousseau 2005)

Chemical Tc (oC) Pc (psi)

Carbon dioxide (CO2) 31.0 1071
Water (H2O) 374.2 3208
Methanol (CH3OH) 240.0 1154
Ethanol (CH3CH2OH) 243.1 926
n-Propanol (CH3CH2OH) 263.6 734
Ammonia (NH3) 132.3 1636

Fig. 5.1  Pressure-
temperature phase diagram of 
a typical fluid showing solid, 
liquid, and gas phases and 
the supercritical fluid region 
above the critical temperature 
and pressure
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biomass processing because it is nontoxic, nonflammable, and inexpensive. Only a 
handful of papers in the open literature investigated this topic so far, probably because 
it is not favored for large-scale applications. Table 5.2 is a summary of SC-CO2 pre-
treatment of various types of biomass reported in the literature that resulted from lab-
oratory-scale investigations.

The first reported study was by Zheng et al. (1995) who explored the mech-
anism of SC-CO2 explosion pretreatment on cellulose by using Avicel which is 
a commercially available pure form of cellulose. They subsequently tested the 
method on recycled paper and sugarcane bagasse with good glucose yields (Zheng 
et al. 1998). They also tested nitrogen, helium at 3000 psi and 35 °C and found 
that they also increased glucose yield, but to a lesser extent compared with CO2. 
Kim and Hong (2001) investigated SC-CO2 pretreatment on aspen and  southern 
yellow pine wood and found that the method was effective on aspen, but not on 
pine. Gao et al. (2010) successfully used SC-CO2 pretreatment on rice straw 
which is an abundant biomass in Asian countries. SC-CO2 pretreatment was 

Table 5.2  CO2 explosion treatment of lignocellulosic biomass reported in the literature

Biomass T (oC) P (psi) Time  
(min)

Maximum  
glucose yield

Reference

Avicel 35–80 1000–4000 60 0.74 g/g Avicel Zheng  
et al. (1995)

Avicel, recycled 
paper, bagasse

25–80 1100–4000 60 0.74 g/g Avicel, 
0.33 g/g  
recycled paper 
mix, 0.43 g/g 
bagasse

Zheng  
et al. (1998)

Aspen (hardwood), 
southern  
yellow pine 
(softwood)

112–165 3100 and 
4000

10–60 84.7 % theoretical 
maximum for 
Aspen, 23 %  
for southern  
yellow pine

Kim and Hong 
(2001)

Rice straw 40–110 1450–4350 15–45 0.324 g/g straw Gao et al. (2010)
Guayule 100–200 2500–4000 30–60 77 % theoretical 

maximum
Srinivasan and  

Ju (2010)
Switchgrass,  

corn stover
160 2900 60 81 % for  

switchgrass and 
85 % for corn 
stover  
(theoretical  
maximum)

Luterbacher  
et al. (2010)

Corn stover 80–150 3500 10–60 30 g/100  
corn stover

Narayanaswamy  
et al. (2011)

Mixed hardwood, 
sunburst  
switchgrass

160–210 2900 60 83 % for  
hardwood and 
80 % for  
switchgrass 
(theoretical  
maximum)

Luterbacher  
et al. (2012)
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found effective for guayule which is a desert shrub used in the commercial pro-
duction of hypoallergenic latex and resin constitutes (Srinivasan and Ju 2010). 
The commercial production process produces bagasse from guayule which can 
be a potential feedstock for lignocellulosic ethanol. Luterbacher et al. (2010) 
achieved high yields using SC-CO2 pretreatment for switchgrass and corn stover. 
Narayanaswamy et al. (2011) successfully used liquid CO2 in a siphoning type of 
CO2 gas cylinder for a tubular reactor to achieve supercritical state without the 
need for a CO2 pump to treat corn stover with high glucose yield.

Most recently, Luterbacher et al. (2012) used SC-CO2 to treat mixed hardwood 
and Sunburst switchgrass with success. They recommended a two-temperature 
pretreatment strategy: 210 °C for 16 min followed by 150 °C for 60 min. Unlike 
other SC-CO2 studies that focused only on glucose yield, they also investigated 
the effect of SC-CO2 pretreatment on hemicellulose conversion. They found that 
SC-CO2 not only enhanced glucose yield, but also xylose, arabinose, and mannose 
yields from hemicellulose after enzyme hydrolyses.

Apart from these SC-CO2 explosion pretreatment cases, Muratov et al. (2005) 
tested cellulase enzymes from three different microorganisms (Trichoderma 
 viride, Trichoderma reesei, and Aspergillus niger) by dissolving them in supercrit-
ical CO2 (160 atm, 50 °C) mixed with a pH 5 acetate buffer for the hydrolysis of 
cotton fiber lasting 48 h. Improvement of glucose yield of only 20 % was observed 
compared with hydrolysis at 1 atm without CO2. Their process did not take advan-
tage of increased pore access due to the explosion of CO2. They used supercritical 
CO2 only as a special solvent.

5.3  SC-CO2 Pretreatment Procedure

Narayanaswamy (2010) built a laboratory SC-CO2 explosion device shown in 
Fig. 5.2. The main reactor tube had an outer diameter of one inch with a pressure 
rating of 4000 psi. Prior to SC-CO2 pretreatment, the biomass was cut into small 
pieces (~1.2 mm) and soaked in water overnight. Five grams of wetted biomass 
was then treated with SC-CO2. To measure the glucose yield versus untreated bio-
mass, the pretreated biomass and untreated biomass were both hydrolyzed using 
cellulase enzyme and β-glycosidase enzyme to obtain glucose. Glucose yield was 
measured using a glucose kit (Narayanaswamy et al. 2011). For each gram of cel-
lulose, its theoretical maximum glucose yield is 1.11 g, because each glucopyra-
nose unit in cellulose polymer gains one water molecule after hydrolysis. The 
entire experimental flowchart is shown in Fig. 5.3.

Figure 5.4 is a stirred tank reactor for SC-CO2 pretreatment of lignocellulosic 
biomass at high solid loadings (Luterbacher et al. 2012). CO2 was fed to the reac-
tor after it was chilled. Narayanaswamy et al. (2011) used a siphoning type of CO2 
cylinder to feed liquid CO2 into the SC-CO2 explosion reactor without an expen-
sive CO2 pump. The CO2 cylinder provided enough pressure at room temperature. 
The amount of CO2 was controlled by measuring the CO2 mass gained by the 
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reactor. Supercritical CO2 state was achieved by heating the reactor to a desired 
temperature. Increasing the reactor temperature increased CO2 pressure as well. 
With a fixed amount of CO2 for a fixed amount of moist biomass, a desired pres-
sure was achieved at the set-point temperature. For higher temperatures, an oil or 
sand bath can be used in laboratory settings. In a real-world deployment, steam or 
electrical heating can be used.

Fig. 5.2  Reactor used for the 
SC-CO2 pretreatment (batch 
process) by Narayanaswamy 
(2010)

CO In
CO2 Out

Release Valve

Tubular 
Reactor

Thermocouple
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Gauge

2 

Fig. 5.3  Flowchart of the 
experimental procedure 
used for pretreatment of the 
biomass (Narayanaswamy 
2010)
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Fig. 5.4  Stirred tank reactor for SC-CO2 pretreatment of lignocellulosic biomass at high solid 
loadings (Reprinted from Biotechnology and Bioengineering, Two-temperature stage biphasic 
CO2–H2O pretreatment of lignocellulosic biomass at high solid loadings, Jeremy S. Luterbacher, 
Jefferson W. Tester, Larry P. Walker, Copyright 2012, with permission from John Wiley and Sons)

Fig. 5.5  Gas-liquid phase partitioning line gradually lowered toward the bottom of the glass 
window and eventually disappeared in the presence of wetted biomass when temperature 
increased from 12 °C to 40 °C in a pressurized chamber (Narayanaswamy 2010)
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Figure 5.5 shows a series of visual images on the transition from gas–liquid 
binary-phase CO2 (with moist biomass in the liquid phase) to a single supercriti-
cal CO2 phase (gas and liquid phase indistinguishable) observed through a glass 
window (Narayanaswamy 2010). At the initial temperature, a clear partitioning 
line between the gas and liquid phases is clearly visible in Fig. 5.5. Heating the 
CO2 with submerged biomass raised the system temperature and pressure. The 
liquid phase volume shrank and became cloudy. The phase partition line eventu-
ally disappeared when the temperature was raised to 40 °C as shown in Fig. 5.5. 
Narayanaswamy (2010) suggested that the CO2 dosage required for a certain 
amount of moist biomass to achieve a  desired certain temperature and pressure 
could be predicted using a modified van der Waals equation of state or using 
experimental correlations from an SC-CO2 reactor.

5.4  Mechanisms

To probe possible mechanisms for the SC-CO2 explosion effect on biomass, 
Zheng et al. (1995) used Avicel, a form of pure cellulose. They observed a 50 % 
reduction in cellulose crystallinity after SC-CO2 pretreatment compared with 
untreated Avicel. They suggested that water molecules in general do not penetrate 
cellulose crystalline lattices. Their solid-state NMR data indicated a loosening of 
cellulose crystalline structure after SC-CO2 pretreatment. Thus, they reasoned that 
SC-CO2 was able to penetrate the cellulose crystalline structure.

Surprisingly, Narayanaswamy et al. (2011) found that SC-CO2 made no change 
in crystallinity in corn stover. They argued that Avicel is a pure cellulose with-
out other biopolymers in cell walls. In corn stover, however, cellulose microfibrils 
are embedded in hemicelluloses, lignin, and glycoproteins (Buchanan et al. 2000). 
This is somewhat consistent with data obtained by Kim and Lee (2005) who found 
that their ammonia pretreatment of corn stover showed undetectable change in the 
crystalline structure while the glucose yield was enhanced greatly.

It is reasonable to believe that SC-CO2 explosion opened up small pores in the 
biomass and thus increased accessible areas for subsequent enzyme hydrolysis. 
Scanning Electron Micrograph (SEM) images shown in Figs. 5.6 and 5.7 sup-
port this argument. Another likely contributing factor could be that CO2 dissolu-
tion in water increases acidity of the water that wets the biomass (Narayanaswamy  
et al. 2011; Zheng et al. 1995). Acid hydrolysis can dissociate cellulose-hemicellu-
loses-pectin network and this enhances cellulose hydrolysis. Figure 5.8 shows that 
the pH value of water-CO2 system at 37 °C approaches 3 when pressure reaches 
10 MPa and beyond (Meyssami et al. 1992). The pH effect theory is somewhat 
supported by tests with and without moisture performed by Narayanaswamy et al. 
(2011). They observed that without moisture, the SC-CO2 pretreatment achieved 
only a very small improvement in glucose yield compared with a considera-
ble increase in glucose yield when biomass was prewetted. Zheng et al. (1998) 
also pointed out the importance of water content in the biomass for SC-CO2 
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(a) Untreated corn stover 100X magnification (b) SC-CO2 treated corn stover 100X magnification

(c) Untreated corn stover 300X magnification treated corn stover 300X magnification

Panel A Panel B

(d) SC-CO2 

Fig. 5.6  SEM images of untreated and SC-CO2  treated  corn  stover  samples  at  100X  and 
300X  magnifications  (Reprinted  from  Bioresource  Technology,  102/13,  Supercritical  carbon 
dioxide pretreatment of corn stover and switchgrass for lignocellulosic ethanol production, 
Naveen Narayanaswamy, Ahmed Faik, Douglas J. Goetz, Tingyue Gu, 102(13):6995–7000, 
Copyright 2011, with permission from Elsevier)

Fig. 5.7  SEM images showing the transverse section of rice straw before (a) and after (b) SC-CO2 
pretreatment. Reprinted from Biosystems Engineering, 106/4, Effect of SC-CO2  pretreatment in 
increasing  rice  straw  biomass  conversion,  Miao  Gao,  Feng  Xu,  Shurong  Li,  Xiaoci  Ji,  Sanfeng 
Chen, Dequan Zhang, 106:470–475, Copyright 2010, with permission from Elsevier
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pretreatment because of carbonic acid formation. The pH introduced by CO2 is 
less acidic than the pH in the range of 1.0–2.5 used by Wang et al. (2011) and Xu 
and Tschirner (2012) for dilute acid pretreatment. However, the acidity due to CO2 
comes at no cost and does not present a problem for wastewater because the acid-
ity is gone when CO2 escapes from water.

5.5  Pretreatment Parameters

There are several key operating parameters for SC-CO2 pretreatment because of the 
various mechanisms involved. Among them, temperature, pressure, treatment time, 
moisture content, CO2/biomass ratio, are particularly worthy of investigations. So 
far, there is no detailed study on pressure release gradient.

5.5.1  Effect of Temperature

Zheng et al. (1998) studied the temperature effect on SC-CO2 pretreatment of 
Avicel at 3000 psi. Their data in Fig. 5.9 show that at a subcritical temperature of 
25 °C, there was only a small gain in glucose yield. A significant enhancement 
of glucose yield was observed when the temperature reached supercritical 35 °C. 
Further increasing the temperature to 80 °C saw only a very small additional gain 
in glucose yield. It should be noted that Avicel is a pure form of cellulose that is 
less recalcitrant than lignocellulosic biomass. Zheng et al. (1998) also noticed 
significant gains in glucose yield from sugarcane bagasse when the SC-CO2 pre-
treatment temperature was raised from 35 to 80 °C at 1100 psi and 3000 psi, 
respectively. Their bagasse was easier to treat because it was dilute acid-hydrolyzed 
prior to the SC-CO2 treatment.

Fig. 5.8  Measured and 
predicated pH of pure 
water-CO2 simulation 
system at 37 °C temperature 
and pressure up to 
34 MPa. (Reprinted from 
Biotechnology Progress, 
Prediction of pH in Model 
Systems Pressurized with 
Carbon Dioxide, Behrouz 
Meyssami,Murat O. 
Balaban,Arthur A. Teixeira, 
8:149–154, Copyright 1992, 
with permission from John 
Wiley and Sons)
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Kim and Hong (2001) found that at temperatures as low as 112 °C and 138 °C, 
the SC-CO2 pretreatment at 3100 psi for 60 min had negligible effect on sugar 
yield. They recommended 165 °C that had a very large enhancement in sugar yield 
from aspen word. For rice straw treated by SC-CO2 at 30 MPa for 30 min, Gao  
et al. (2010) found gradual improvements in glucose yield when the temperature 
was increased from 40 to 80 and then to 110 °C.

5.5.2  Effect of Pressure

Narayanaswamy et al. (2011) investigated temperature effect on SC-CO2 pretreat-
ment of corn stover. Their data at 3500 psi in Fig. 5.10 show that pretreatment at 
80 °C for 60 min was inadequate, while 120 °C achieved a considerable enhance-
ment in glucose yield. Increasing the pretreatment temperature to 150 °C further 
increased the glucose yield. Although the pretreatment temperature for lignocellu-
losic biomass favor a temperature much higher than the critical temperature, it is 
still much lower than the 250 °C used in steam treatment by Kim and Hong (2001).

A higher pressure helps the supercritical fluid to penetrate deeper and allows 
a more powerful explosion action to open up pores in the biomass. Figure 5.11 
(Narayanaswamy et al. 2011) showed that 3500 psi achieved a twice as much 
enhancement as 2500 psi in SC-CO2 pretreatment of corn stover at 150 °C for 60 
min compared with untreated corn stover. Zheng et al. (1998) observed that there 
was an incremental increase in glucose yield from Avicel treated with SC-CO2 at 
35 °C when the 1100, 2000, 3000, 4000 psi were tested, respectively. Surprisingly, 
Gao et al. (2010) found that 20 MPa showed almost no improvement over 10 MPa 

Fig. 5.9  Temperature 
effect on Avicel using 
subcritical and super critical 
CO2. (Reprinted from 
Biotechnology Progress, 
Pretreatment for Cellulose 
Hydrolysis by Carbon 
Dioxide Explosion, Yizhou 
Zheng, H.-M. Lin, George T. 
Tsao, 14:890–896, Copyright 
2008, with permission from 
John Wiley and Sons)
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while 30 MPa showed a large improvement in glucose yield from rice straw 
treated with SC-CO2 at 110 °C for 30 min. Figure 5.12 indicates that for aspen 
(hardwood) and southern yellow pine (softwood), 4000 psi actually had a lower 
sugar yield compared with 3100 psi according to Kim and Hong (2001).

5.5.3  Effect of Pretreatment Time

Zheng et al. (1995) used a fixed time of 1 h as SC-CO2 pretreatment time for 
Avicel in the temperature range of 35–80 °C, and the pressure range of 1000–4000 
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Fig. 5.10  Effect of temperature on SC-CO2 pretreatment of corn stover (Reprinted from Biore-
source Technology, 102/13, Supercritical carbon dioxide pretreatment of corn stover and switch-
grass for lignocellulosic ethanol production, Naveen Narayanaswamy, Ahmed Faik, Douglas J. 
Goetz, Tingyue Gu, 102(13):6995–7000, Copyright 2011, with permission from Elsevier)

Fig. 5.11  Effect of pressure 
on SC-CO2 pretreatment of 
corn stover. (Reprinted from 
Bioresource Technology, 
102/13, Supercritical carbon 
dioxide pretreatment of 
corn stover and switchgrass 
for lignocellulosic ethanol 
production, Naveen 
Narayanaswamy, Ahmed 
Faik, Douglas J. Goetz, 
Tingyue Gu, 102(13):6995–
7000, Copyright 2011, with 
permission from Elsevier)
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psi without doing a parametric study on time. It was found by Gao et al. (2010) 
that 30 min was sufficient for SC-CO2 pretreatment of rich straw at 110 °C 
because 45 min did not improve glucose yield. Kim and Hong (2001) also con-
cluded that 30 min was sufficient for SC-CO2 pretreatment of aspen wood and 
southern yellow pine at 3100 psi and 165 °C because 60 min showed no improve-
ment in sugar yield. Pretreatment time had a big impact on SC-CO2 pretreatment 
of corn stover at 3500 psi and 150 °C as shown in Fig. 5.13 by Narayanaswamy 
et al. (2011). The figure indicates that 30 min was clearly not optimal because 
increasing the pretreatment time to 1 h more than doubled the yield enhancement 
over untreated corn stover. A pretreatment time of 16 min for hardwood (or 1 min 
for switchgrass) at 210 °C followed by 60 min at 150 °C was commended by 
Luterbacher et al. (2012).

Fig. 5.12  Effect of pressure 
on SC-CO2 pretreatment of 
Avicel, Aspen, and southern 
yellow pine. (Reprinted from 
Bioresource Technology, 
77/2, Supercritical CO2 
pretreatment of lignocellulose 
enhances enzymatic cellulose 
hydrolysis, Kyoung Heon 
Kim, Juan Hong, 139–144, 
Copyright 2001, with 
permission from Elsevier)
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Fig. 5.13  Effect of time on SC-CO2 pretreatment of corn stover. (Reprinted from Bioresource 
Technology, 102/13, Supercritical carbon dioxide pretreatment of corn stover and switchgrass 
for lignocellulosic ethanol production, Naveen Narayanaswamy, Ahmed Faik, Douglas J. Goetz,  
Tingyue Gu, 102(13):6995–7000, Copyright 2011, with permission from Elsevier)



1215  Pretreatment of Lignocellulosic Biomass

5.5.4  Effect of Moisture

A small amount of moisture in the biomass appears to be essential for a success-
ful pretreatment using SC-CO2. SC-CO2 pretreatment at 3500 psi, 120 °C for 
60 min had only a small enhancement of glucose yield for dry corn stover while 
75 % (w/w) moisture almost doubled the glucose yield (Narayanaswamy et al. 
2011). This is consistent with the finding by Zheng et al. (1998) that there was 
almost no improvement in glucose yield from SC-CO2 pretreatment of dry Avicel. 
They argued that water helped swell the pores in the biomass before the SC-CO2 
pretreatment. Narayanaswamy et al. (2011) also stressed the beneficial effect 
of acidity provided by dissolved CO2 in water as discussed early in Sect. 5.4.  
Their data in Fig. 5.14 indicate that SC-CO2 pretreatment had only a marginal 
improvement on glucose yield for dry corn stover. A higher level of moisture 
would likely not provide further enhancement for SC-CO2 pretreatment (Zheng  
et al. 1998). Kim and Hong (2001) tested moisture contents of 40, 57, 73 % (w/w), 
respectively for SC-CO2 pretreatment of aspen wood and southern yellow pine at 
3100 psi and 165 °C for 30 min. They found that 57 % was sufficient and 73 % did 
not show a further improvement in sugar yield (Fig. 5.15).

5.5.5  CO2 to Biomass Ratio

The amount of CO2 for a fixed volume reactor containing biomass is largely deter-
mined by thermodynamics at the set-point operating pressure and temperature just 
before explosion assuming that the biomass quantity change does not change the 
fluid volume much. Biomass quantity can vary as long as the reactor volume is suf-
ficiently large to hold the biomass and CO2 and there is sufficient volume in the 
reactor for fluid to reach an equilibrium at the set-point supercritical pressure and 

Fig. 5.14  Effect of moisture 
on SC-CO2 pretreatment of 
corn stover. (Reprinted from 
Bioresource Technology, 
102/13, Supercritical carbon 
dioxide pretreatment of 
corn stover and switchgrass 
for lignocellulosic ethanol 
production, Naveen 
Narayanaswamy, Ahmed 
Faik, Douglas J. Goetz, 
Tingyue Gu, 102(13):6995–
7000, Copyright 2011, with 
permission from Elsevier) G
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temperature. Narayanaswamy (2010) used a CO2 to dry biomass loading ratio of 
roughly 10:1 (w/w) for SC-CO2 pretreatment. This ratio is the same as those for 
aqueous ammonia, acid hydrolysis pretreatment methods (Narayanaswamy 2010), 
as well as the hydrothermal pretreatment method (Garrote et al. 1999). This ratio 
compares favorably with the 20:1 and 30:1 ratios commonly used for ionic liq-
uid pretreatment (Table 6.4 in Chap. 6). It is not a minimized ratio. Only a small 
amount of CO2 is needed to “soak” the entire biomass at the supercritical state. This 
ratio can be minimized to use less CO2 if CO2 is released into the air after SC-CO2 
pretreatment. It is also possible to design a more sophisticated process that recycles 
CO2, but this would increase operating energy cost in addition to capital investment.

5.6  Mobile and On-farm Pretreatment of Biomass Using 
Green Chemistry

Biomass collection and transportation to a centralized facility are expensive. 
Biomass types such as corn stover and switchgrass are typically bulky. The end 
products of lignocellulosic ethanol production are ashes and other wastes that 
need to be disposed of. An alternative approach is to use small on-farm or even a 
truck-mounted mobile pretreatment. A hydrolysate can be obtained onsite and then 
shipped to a central processing unit for ethanol production, or fermented onsite 
to produce bioethanol for local use as a fuel. If green pretreatment methods are 
used, the biomass wastes can be disposed of locally without long-distance hauling. 
Lignin can be burned as fuel or as a feedstock for producing other useful chemi-
cals using lignin chemistry. Xylose from hemicellulose may be fermented to pro-
duce ethanol using special microbes that can utilize it as a carbon energy source. 
Genetically engineered yeast (Bera et al. 2011), Zymomonas mobilis (Yanase et al. 
2012) and Escherichia coli (Alterthum and Ingram 1989) were found capable of 
xylose fermentation. Xylose may also be co-fermented with glucose without sepa-
ration from glucose (Bera et al. 2011).

Fig. 5.15  Effect of 
moisture content on SC-CO2 
pretreatment of Avicel, 
Aspen, and southern yellow 
pine. (Reprinted from 
Bioresource Technology, 
77/2, Supercritical CO2 
pretreatment of lignocellulose 
enhances enzymatic cellulose 
hydrolysis, Kyoung Heon 
Kim, Juan Hong, 139–144, 
Copyright 2001, with 
permission from Elsevier)
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The localized pretreatment of bulky biomass reduces costs associated with bio-
mass handling, transportation, and storage. Unused by-products can be disposed of 
to return nitrogen, potassium, and other nutrients to the local soil. Because mobile 
or on-farm facility may not be large enough to afford waste treatment, green pre-
treatment methods are preferred.

Ammonia explosion with ammonia recycle is an effective pretreatment method. 
However, a potential ammonia leak can be very dangerous. The widely used steam 
explosion method requires a much higher temperature that is better suited for a 
large facility. Acid hydrolysis is another widely used pretreatment method, but it 
produces acid wastewater that requires neutralization before disposal. This neutral-
ization process produces gypsum that is difficult to dispose of.

The SC-CO2 pretreatment method is particularly suited for mobile and on-
farm pretreatment because it produces no wastes and its pressure and temperature 
requirements are tenable (Narayanaswamy et al. 2011). CO2 can be transported 
in solid (dry ice) or liquid form to the work site. It can be safely released after 
use without polluting the environment. Narayanaswamy (2010) presented a flow-
chart for an SC-CO2 mobile pretreatment unit for mobile and on-farm biomass 
pretreatment.

5.7  Conclusion

Several pretreatment methods for lignocellulosic biomass can be considered green 
because they do not use toxic chemicals and require no special waste treatment. 
They include mechanical pretreatment, biological pretreatment, H2O pretreat-
ment (steam explosion and supercritical hot water), IL pretreatment, and SC-CO2 
pretreatment. CO2 is a nontoxic green solvent. SC-CO2 pretreatment may utilize 
some of the CO2 produced during ethanol fermentation, thus resulting in no extra 
CO2 emission into the atmosphere. CO2 at supercritical state penetrates deeper 
than other fluids into the lignocellulosic biomass and the CO2 explosion opens 
up pores to increase the accessible surface areas for the subsequent enzymatic 
hydrolysis. This method also benefits from the acidity introduced by the dissolved 
CO2 into the water in moist biomass. The pretreatment is very effective for various 
types of biomass such as hardwood, softwood, corn stover, and switchgrass under 
certain operating conditions. This chapter discussed various operating parameters 
used in SC-CO2 pretreatment of different types of lignocellulosic biomass. It was 
found that the optimal operating conditions in the literature were different for 
various biomass types. Compared with H2O pretreatment, SC-CO2 pretreatment 
uses lower temperatures and pressures. The amount of CO2 to dry biomass mass 
ratio is much less than those used in AFEX and dilute acid pretreatment methods. 
This method is particularly suited for mobile biomass pretreatment because the 
operating conditions are readily met on a truck amounted system and no harmful 
chemicals are discharged. Research is needed to investigate the possibility of CO2 
recycling without increasing capital and operating costs considerably.
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Abstract Bioenergy is a critical part of renewable energy solution to today’s energy 
crisis that threatens world economic growth. Corn ethanol has been growing rapidly  
in the past few years. Policy-makers and researchers alike are becoming aware that 
corn ethanol has some serious drawbacks. It adversely impacts food prices and is harsh  
on soil fertility. Lignocellulosic ethanol on the other hand uses abundant lignocellulosic  
biomass. Various types of lignocellulosic biomass are agricultural wastes or can be 
grown as energy crops on poor lands that are otherwise vacant. However, lignocellu-
losic biomass is notoriously recalcitrant by nature’s design. Enzyme hydrolysis yield for 
glucose from lignocellulosic is very low without proper pretreatment. Quite a few pre-
treatment methods have been reported in the literature. For mobile and on-farm biomass 
processing, a pretreatment method that uses no chemicals or green chemicals without 
the need for waste treatment is preferred. In recent years, research on using ionic liquids 
as green solvents for pretreatment of lignocellulosic biomass has exploded. Hundreds 
of papers have been published in the literature in the past few years alone. Some ionic 
liquids such as [Amim]Cl and [C2mim]OAc have been proven highly effective in the 
dissolution of cellulose, lignin, and hemicellulose in different types of lignocellulosic 
biomass including corn stover, switchgrass, rice straw, and various hard and softwoods. 
This simple pretreatment method has been proven highly effective for improving sugar 
yields in the enzyme hydrolysis of the recovered biomass after pretreatment. Various 
methods have been developed for ionic liquid recycling after pretreatment. Although 
costly, ionic liquids hold great potential for green pretreatment of biomass as the tech-
nology improves. This chapter investigated the mechanisms and various parameters in 
ionic liquid pretreatment of various types of lignocellulosic biomass.
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6.1  Introduction

An integrated approach using different forms of renewable energy such as wind, 
solar, and biomass together with nuclear energy is necessary to supplement the 
shortfall caused by dwindling fossil fuel (especially petroleum) reserves. Bioethanol 
has seen a tremendous growth in the last few years. However, this growth cannot 
be sustained. Due to increased farmland use for corn ethanol, food prices have been 
increasing. In fact, 25-gallon of corn ethanol filled into the gas tank of a large sports 
utility vehicle consumes up to 450 pounds of corn. This much corn has sufficient 
calories to feed one person for a whole year (Runge and Senauer 2007).

Various types of lignocellulosic biomass such as corn stover, rice straw, wood, 
are abundantly available as agricultural wastes. They may be used as renew-
able feedstocks for a biorefinery that produces biofuels and chemicals. Some 
energy crops such as switchgrass may be planted on poor lands that are vacant. 
Unfortunately, lignocellulosic biomass is very recalcitrant. Without proper pre-
treatment, it is difficult to release fermentable sugars such as glucose using 
enzyme hydrolysis. The pretreatment step is often the most expensive part of a 
lignocellulosic ethanol process. It is critical to improve this step in order to make 
lignocellulosic ethanol economically competitive.

Chapter 1 in this book discussed cell wall structures and chemical components.  
Typical lignocellulosic biomass contain lignin (15–25 % w/w), hemicellulose  
(23–32 %), and cellulose (38–50 %) (Mamman et al. 2008). Cellulose is a glu-
can biopolymer containing glucopyranose subunits with a molecular formula of 
(C6H10O5)n. Upon hydrolysis, each subunit gains one H2O molecule. Thus, the max-
imum theoretical glucose yield for 100 g pure cellulose is 111 g. The glucopyranose 
subunits in the cellulose are linked by β-1,4-glycosidic bonds that are highly resist-
ant to hydrolysis. Apart from this, enzyme hydrolysis is greatly hindered by the crys-
tallinity of cellulose and the protective sheath of lignin and hemicellulose that wrap 
around cellulose (Laureano-Perez et al. 2005). An effective pretreatment method can 
weaken all these hindrances and exposes cellulose to cellulase enzymes for effec-
tive hydrolysis. Alizadeh et al. (2005) reported that only less than 20 % glucose is 
released from lignocellulosic biomass without pretreatment while the yield can be 
as high as 90 % with proper pretreatment. However, pretreatment is often expensive. 
It constitutes 20 % of the overall process cost for lignocellulosic ethanol (Yang and 
Wyman 2008). Thus, it is imperative to improve pretreatment methods.

Many types of lignocellulosic biomass such as corn stover and switchgrass are 
bulky and costly to transport on a mass basis to a central processing facility. Thus, 
it is desirable in some situations to use mobile (tactical) or on-farm processing to 
eliminate the need for biomass transportation. It is possible to integrate pretreatment, 
enzyme hydrolysis, fermentation, and ethanol fermentation and separation to produce 
fuel ethanol on farms where certain types of lignocellulosic biomass are abundant.  

http://dx.doi.org/10.1007/978-94-007-6052-3_1
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It can be economical even at relatively small scales to supply such fuels when the local 
supplies are unusually expensive, such as in some military forward operating bases.

Many pretreatment methods have been proposed for lignocellulosic biomass. They 
include mechanical pretreatment, biological pretreatment, acid and alkaline pretreat-
ment, steam explosion pretreatment, (supercritical) hot water pretreatment, ammonia 
pretreatment, supercritical CO2 explosion pretreatment and ionic liquid pretreatment 
(Zheng et al. 1995; Teymouri et al. 2004; Alizadeh et al. 2005; Lloyd and Wyman 
2005; Mosier et al. 2005; Kim and Lee 2007; Hendriks and Zeeman 2009; Wan and 
Li 2010; Karunanithy and Muthukumarappan 2011; Narayanaswamy et al. 2011; 
Wang et al. 2012). Among the chemical pretreatment methods, CO2 and ionic liquids 
are considered green treatment methods because CO2 and ionic liquids are green sol-
vents. Chapter 5 in this book discussed CO2 pretreatment in depth already.

The three major components in lignocellulosic biomass (lignin, hemicellulose, 
and cellulose) are biopolymers in an organized network that are considered insoluble 
because they cannot be dissolved in common solvents. If a special solvent that is 
able to dissolve any of the three components, it would weaken the biomass structure 
and makes the biomass less recalcitrant for enzyme hydrolysis. Ionic liquids are such 
solvents that can be used in the pretreatment step to achieve some or all of the fol-
lowing objectives that help to reduce the biomass recalcitrance: (1) Amorphization 
of cellulose, (2) delignification, and (3) deacetylation of hemicellulose.

Ionic liquids are a special group of organic salts that can exist in liquid form 
at relatively low temperatures (less than 100 °C) and some can even exist as liq-
uids at room temperature (Cull et al. 2000; Marsh et al. 2004; Zhu et al. 2006). 
They are usually molten salts or oxides (Marsh et al. 2004). Thus, they have much 
higher viscosities (similar to those for oils) than conventional organic solvents and 
most of them are heavier than water (Marsh et al. 2004). Ionic liquids are spe-
cial solvents that can dissolve chemical compounds that are otherwise considered 
insoluble in conventional solvents. Figure 6.1 shows the complete dissolution of 
tiny wood chips with the ionic liquid [C2mim]OAc.

Typically in ionic liquids, the cations are organic while the anions may be inor-
ganic or organic (Marsh et al. 2004; Wang et al. 2012). Some common cations and 
anions for ionic liquids used for biomass dissolution are listed in Table 6.1. Ionic 
liquids have found applications in many different areas, such as analytical chemis-
try (Baker et al. 2005; Han and Armstrong 2007), chemical reactions including bio-
transformation reactions (Cull et al. 2000; Sun et al. 2011), extractive separations of 
metal ions, proteins and other organic molecules (Huddleston and Rogers 1998; Han 
and Armstrong 2007), and lignocellulosic biomass pretreatment and processing (Zhu 
et al. 2006; Wang et al. 2012). Chemical compounds extracted or dissolved in ionic 
liquids may be recovered by using an antisolvent such as water, ethanol, acetone, or 
even supercritical CO2 (Blanchard and Brennecke 2001; Zhu et al. 2006).

Graenacher (1934) was the first to file a patent on the use of an ionic liquid for cellu-
lose dissolution. He claimed to have used molten N-ethylpyridinium chloride (an ionic 
liquid) in the presence of nitrogen-containing bases to dissolve cellulose without deri-
vation. Not enough attention was paid to this kind of application because there was no 
great push for cellulosic ethanol and green chemistry at the time. Although some of the 
claims in the patent were found to be inaccurate by Sun et al. (2011), Graenacher was 

http://dx.doi.org/10.1007/978-94-007-6052-3_5
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still considered the first person who brought up the use of ionic liquids for cellulose dis-
solution. It was Swatloski et al. (2002) who ignited this research area by publishing a 
widely cited study in 2002 on the use of ionic liquids for dissolution of pulp cellulose. 
They also showed that cellulose dissolved in ionic liquids could be precipitated using 
water. There has been an explosion in the number of publications dealing with ionic 
liquid pretreatment in the past few years. Dozens of ionic liquids are found to dissolve 
cellulose (Shill et al. 2011; Wang et al. 2012). The dissolved cellulose can be recov-
ered and hydrolyzed using enzymes with much higher glucose yields. Research in this 
area was also expanded to raw biomass containing lignin and hemicellulose in addition 
to cellulose that was used as a model biomass for early investigations in its essentially 
pure form (e.g., Avicel, microcrystalline cellulose, and pulp cellulose). Many ionic 
liquids are found to dissolve lignin and hemicellulose as well (Lee et al. 2009; Zavrel  
et al. 2009; Fu et al. 2010; Casas et al. 2012; Lynam et al. 2012;  Xin  et  al.  2012). 
By removing lignin and hemicellulose, enzyme hydrolysis of cellulose can also be 
improved greatly.

This chapter investigated the mechanisms for ionic liquid pretreatment and dis-
cusses various key operating parameters involved in the ionic liquid pretreatment 
of different types of lignocellulosic biomass. An emphasis is placed on how ionic 
liquid could be used for green mobile or on-farm pretreatment.

6.2  Mechanisms for Ionic Liquid Dissolution of Biomass

Swatloski et al. (2002) proposed that the high Cl- concentration and activity in 
an ionic liquid such as [C4mim]Cl can effectively break the extensive network 
of intra- and intermolecular hydrogen bonds in cellulose, thus allowing cellulose 

Fig. 6.1  Dissolution of tiny wood chips from common beech in an ionic liquid (left: blank 
[C2mim]OAc; middle: wood chips from common beech; right: a homogeneous ionic liquid  
solution after dissolution) (Reprinted from Bioresource Technology, 100/9, High-throughput screening 
for ionic liquids dissolving (ligno-)cellulose, Michael Zavrel, Daniela Bross, Matthias Funke, Jochen 
Büchs, Antje C. Spiess, 8, Copyright 2009, with permission from Elsevier)
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dissolution in the ionic liquid. For example, decreased Cl- concentrations (e.g., 
when using [C6mim]Cl and [C8mim]Cl instead of using [C4mim]Cl) led to lower 
cellulose solubility in the ionic liquids. They also observed a significant impair-
ment of cellulose solubility by adding as little as 1 wt% water in the ionic liquid, 
suggesting that competitive hydrogen bonding of water with cellulose was likely to 
blame for the impairment. This effect also means that water can be used to precipi-
tate cellulose from ionic liquids. The NMR data presented by Remsing et al. (2006) 

Table 6.1  Some common cations and anions in ionic liquids used in biomass dissolution
Type Formula Structure Full name

Cations [Amim]+ 1-allyl-3- 
methylimida-
zolium

[C1mim]+, [Mmim]+ 1,3-dimethylimi-
dazolium

[C2mim]+, [Emim]+ 1-ethyl-3- 
methylimida-
zolium

[C3mim]+, 1-propyl-3- 
methylimida-
zolium

[C4mim]+, [Bmim]+ 1-butyl-3- 
methylimida-
zolium

[C6mim]+,
[Hmim]+

1-hexyl-3- 
methylimida-
zolium

[C8mim]+ 1-octyl-3- 
methylimida-
zolium

[Cholinium]+ 2-hydroxy-
N,N,N- 
trimethyl-
ethanaminium

Anions Cl−

CH3COO− (OAc−, Ac−)
HCOO−

(C2H5O)2(PO2)− (DEP)
Gly−

Lys−

Chloride
Acetate
Formate
Diethyl phosphate
Glycine
Lysine

N N
+

N N
+

N N
+

N N
+

N N
+

N N
+

N N
+

N
+

CH3

CH3

CH3

OH
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confirmed that the solvation of cellulose by [C4mim]Cl had a 1:1 molar ratio for 
hydrogen-bonding between Cl- anions in the ionic liquid and the hydroxyl hydro-
gen atoms in cellulose polymer. Figure 6.2 shows a schematic presentation of sol-
vation mechanism of cellulose using [C4mim]Cl as an example.

Some other anions that are good hydrogen bond acceptors such as OAc-, HCOO- 
and (C2H5O)2(PO2)- have also been found effective for cellulose dissolution in 
ionic liquids. Acetate anion (OAc-) is considered more effective than chloride anion 
(Wang et al. 2012). Zhang et al. (2010) presented NMR data that suggested that 
acetate anions in [C2mim]OAc formed hydrogen bonds with the hydroxyl hydrogen 
atoms in cellobiose that is the repeating subunit in cellulose. They found that acety-
lation of the hydroxyl groups in cellobiose led to weakened solvation of cellobiose 
by [C2mim]OAc. NMR and solvatochromic studies of microcrystalline cellulose 
dissolution in ionic liquids containing [C4mim]+ cation paired with Brønsted basic 
anions [CH3COO]-, [HSCH2COO]-, [HCOO]-, [(C6H5]COO]-, [H2NCH2COO]-, 
[HOCH2COO]-, [CH3CHOHCOO]- and [N(CN)2]- carried out by Xu et al. (2010) 
showed that cellulose solubility increased nearly linearly with the anion’s hydrogen- 
bonding accepting ability. They also found that pretreatment temperature had a 
major impact on cellulose solubility in the ionic liquids. Molecular dynamics simu-
lation supported the NMR observation of hydrogen bonding between cellobiose’s 
hydroxyl hydrogen atoms with Cl- anions in [C4mim]Cl (Novoselov et al. 2007), 
and between cellulose’s hydroxyl hydrogen atoms and OAc- anions in [C2mim]OAc 
(Liu et al. 2010). Ionic liquids containing anions that are low basicity anions such as 
BF4

- or PF6
- were found ineffective for cellulose dissolution (Swatloski et al. 2002). 

It should be pointed out that some ionic liquids such as those containing [PF6] and 
[BF4] anions also have a tendency to decompose (Marsh et al. 2004).

Experimental results (Wang et al. 2012) and molecular dynamics simulation (Liu 
et al. 2010) seem to suggest that cations in ionic liquids also play a role in solvation 
of cellulose. It was found that [C2mim]Cl, [C4mim]Cl and [C6mim]Cl had good sol-
ubility for cellulose while [C3mim]Cl and [C5mim]Cl had almost no solubility and  
a low solubility, respectively. Wang et al. (2012) speculated that such disparities in  
cellulose solubility might be because cations played a role in solvating and dispersing 
the anionic hydrogen bonded cellulose•Cln moieties. Based on molecular dynamics sim-
ulation results, Liu et al. (2010) suggested that hydrophobic interactions between imida-
zolium cations in ionic liquids and glucopyranose subunits in the cellulose polymer play 
an important role in cellulose dissolution. The roles of cations are still somewhat contro-
versial. More investigative work is needed (Sun et al. 2011; Wang et al. 2012).

Fig. 6.2  Possible mechanism 
for cellulose dissolution in 
[C4mim]Cl (Adapted from 
Feng and Chen 2008)
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When any of the three components in lignocellulosic biomass (cellulose, hemi-
cellulose, and lignin) is dissolved in an ionic liquid, the extensive network within 
plant cell wall is disrupted. This reduces recalcitrance of the biomass. The cel-
lulose regenerated after the pretreatment tends to be more amorphous in its mac-
rostructure and thus is easier for enzyme hydrolysis (Wang et al. 2012). Cheng  
et al. (2011) studied the cellulose crystallinity transition and surface morphology of 
Avicel, switchgrass, pine wood, and eucalyptus wood after [C2mim]OAc pretreatment 
at 120 and 160 °C for 1–12 h. The pretreatment resulted in the loss of native cellu-
lose crystalline I structure. Avicel was easier to transform into the cellulose II struc-
ture than switchgrass and eucalyptus, while the cellulose II structure was not detected 
for pine after 12 h at 160 °C. Singh et al. (2009) visualized switchgrass dissolution in 
[C2mim]OAc through confocal fluorescence images and found that in 2 h the ionic 
liquid completely broke down the organized cell wall structure (Fig. 6.3). Their anal-
ysis of SEM images of switchgrass before and after the pretreatment indicated that 
there was no lignin accumulation in pretreated and regenerated cellulose (Fig. 6.4).

Ionic liquid pretreatment of biomass has gone far beyond the initial inten-
tion of just dissolving cellulose. Lignin and hemicellulose can also be selectively 
dissolved in some ionic liquids, thus providing more options for pretreatment of 
lignocellulosic biomass. Liu et al. (2012) synthesized a series of ionic liquids con-
taining cholinium cation paired with different amino acids as the anion. They 
found that [Cholinium]Gly pretreatment of rice straw improved enzyme hydrolysis 
yield of glucose by several folds due to lignin removal by the ionic liquid, which 
was found to have a high lignin solubility of 220 mg/g and a low cellulose solu-
bility of less than 5 mg/g at 90 °C. Lee et al. (2009) found that when 40 % of the 
lignin in wood flour was dissolved in [C2mim]OAc, the crystallinity of the cellu-
lose component was much reduced without cellulose dissolution in the ionic liquid. 
This led to greater than 90 % cellulose hydrolysis by Trichoderma viride cellulase. 
They noticed that when a type of lignin had a similar Hildebrand solubility param-
eter as that for the ionic liquid used for its dissolution, the lignin solubility was high 
because solubility of polymers in solvents could be predicted by the Hildebrand 
solubility parameter. For [C1mim][MeSO4] and [C4mim][CF3SO3], lignin solubil-
ity greater than 0.5 kg/kg ionic liquid were observed by Lee et al. (2009). These 
ionic liquids have low solubility for cellulose and hemicellulose and the regenerated 
lignin after dissolution was chemically unaltered. Apart from using cellulose to yield 
glucose for bioethanol production, lignin can be used as a renewable chemical feed-
stock for many other applications (Lee et al. 2009). Tan et al. (2009) successfully 
extracted lignin from bagasse using an ionic liquid consisting of [C2mim]+ cation 
and a mixture of alkylbenzenesulfonates and xylenesulfonate anions. The dissolved 
lignin was subsequently separated from dissolved cellulose using aqueous sodium 
hydroxide. Fort et al. (2007) demonstrated that [C4mim]Cl could dissolve woods 
with different hardness for further processing. Lignin extraction from biomass using 
an ionic liquid containing chloride anion requires a virtual absence of water mois-
ture in biomass and the ionic liquid, and an inert atmosphere (Tan and MacFarlane 
2010; Shill et al. 2011). It was suggested that lignin dissolution was facilitated by 
the π–π interactions between the cation and the lignin (Shill et al. 2011).
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Lynam et al. (2012) found that pretreatment of rice hulls at 110 °C for 8 h in 
[C2mim]OAc dissolved 100 % of lignin and up to 29 % hemicellulose, but it was 
ineffective in dissolving cellulose. However, [Amim]Cl under the same conditions 
dissolved 33 % cellulose and 75 % hemicellulose. For [C6mim]Cl, the numbers 
were 23 and 70 %, respectively. Both [Amim]Cl and [C6mim]Cl were ineffective  
in dissolving lignin. The impact of ionic liquid pretreatment on hemicellulose 
was studied using NMR by Çetinkol et al. (2010), who observed deacetylation of 
hemicellulose when Eucalyptus globules biomass was dissolved in [C2mim]OAc, 
leading to enhanced release of xylose during saccharification. They also found that 
the syringyl to guaiacyl ratio in lignin increased after the pretreatment and there 
was possible acetylation of β-aryl ether linkages in lignin.

Fig. 6.3  Confocal fluorescence images of switchgrass stem section before and after 
[C2mim]OAc pretreatment: a before pretreatment, b after 20 min pretreatment, c after 50 min 
pretreatment, and d after 2 h pretreatment. (Reprinted from Biotechnology and Bioengineering, 
Visualization of biomass solubilization and cellulose regeneration during ionic liquid pretreat-
ment of switchgrass, Seema Singh, Blake A. Simmons, Kenneth P. Vogel,104:68–75, Copyright 
2009, with permission from John Wiley and Sons)
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Ionic liquid pretreatment is comparable to other mainstream pretreatment meth-
ods in sugar yields, but it requires no harsh operating conditions such as high tem-
perature and high pressure. The maximum sugar conversion could reach 90.0 % 
(w/w) based on regenerated biomass from cassava pulp residue treated with 
[C2mim]OAc at 120 °C for 24 h (Weerachanchai et al. 2012).  Xu  et  al.  (2012) 
reported that after [C2mim]OAc pretreatment of corn stover at a relatively low pre-
treatment temperature of 70 °C for 24 h, they achieved glucose, xylose and total 
sugar yields of 84.9, 64.8, and 78.0 %, respectively, which are comparable to the 
yields of 82.0, 72.2, and 78.4 % obtained using the Ammonia Fiber Expansion 
(AFEX) pretreatment method by Li et al.  (2011a, b) as shown in Fig. 6.5. These 
were achieved when corn stover was not completely dissolved in the ionic liquid. 
Another group of researchers compared dilute acid pretreatment with ionic liquid 
pretreatment of switchgrass experimentally (Li et al. 2010). For ionic liquid pre-
treatment, they used [C2mim][OAc] at 160 °C for 3 h. For dilute acid pretreatment, 
the switchgrass sample was presoaked at room temperature in 1.2 % (w/w) sulfuric 
acid for at least 4 h before the reactor temperature was raised to 160 °C for 20 min. 
Figure 6.6 shows that yields of different sugars including glucose and xylose after 
enzymatic saccharification were slightly lower for ionic liquid pretreatment.

Many factors impact ionic liquid pretreatment of biomass. They include ionic 
liquid type, ionic liquid to biomass mass ratio, pretreatment time and temperature, 
and water content, etc. These factors are discussed in the sections below.

6.3  Selection of Ionic Liquids

Clearly, there are several possible basic strategies for ionic liquid pretreatment 
of lignocellulosic biomass: (1) Dissolve cellulose in processed cellulose material 
such as pulp cellulose in an ionic liquid, (2) remove lignin (and hemicellulose) by 

Fig. 6.4  SEM images of untreated (a), and ionic liquid treated and recovered switchgrass fibers 
(b). (Reprinted from Biotechnology and Bioengineering, Visualization of biomass solubilization 
and cellulose regeneration during ionic liquid pretreatment of switchgrass, Seema Singh, Blake A. 
Simmons, Kenneth P. Vogel, 104:68–75, Copyright 2009, with permission from John Wiley and 
Sons)
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dissolving the lignocellulosic biomass in an ionic liquid while leaving cellulose 
behind, and (3) dissolve all the biomass components and then selectively recover 
the needed component(s). Table 6.2 shows some ionic liquids that have been used 
for lignocellulosic biomass pretreatment in the literature.

An effective ionic liquid for cellulose dissolution in biomass pretreatment should 
satisfy the following three criteria: (1) Its anion is a good hydrogen bond acceptor; 
(2) its cation should be a moderate hydrogen bond donator, and (3) its cation should 
not be too bulky (Fukaya et al. 2008; Mäki-Arvela et al. 2010; Feng and Chen 2008). 

Fig. 6.5  Enzyme hydrolysis sugar yields from corn stover with pretreatment using [C2mim]OAc 
at 70 °C for 24 h compared with those with pretreatment using AFEX (Figure plotted with data 
from Xu et al. 2012)

Fig. 6.6  Various enzyme hydrolysis sugar yields from switchgrass pretreated in an ionic liquid 
compared with those with pretreatment using dilute acid. (Reprinted from Bioresource Technology, 
101/13, Comparison of dilute acid and ionic liquid pretreatment of switchgrass: Biomass recal-
citrance, delignification, and enzymatic saccharification, Chenlin Li, Bernhard Knierim, Chithra 
Manisseri, Rohit Arora, Henrik V. Scheller, Manfred Auer, Kenneth P. Vogel, Blake A. Simmons, 
Seema Singh, 4900–4906, Copyright 2010, with permission from Elsevier)



1376 Pretreatment of Lignocellulosic Biomass Using Green Ionic Liquids

From the perspective of process engineering, a good ionic liquid for cellulose dis-
solution should have high cellulose solubility, low melting point, low viscosity, good 
stability, and low toxicity (Sun et al. 2011). Experimental data suggest that with the 
same cation, the decreasing order for cellulose solubility for different anions is: (CH
3CH2O)2PO2

- ≈ OAc- > SHCH2COO- > HCOO- > Cl- > Br- ≈ SCN- (Swatloski et 
al. 2002, Klemm et al. 2005). The most effective cations for cellulose dissolution are 
found to be those based on the methylimidazolium and methylpyridinium cores, and 
contain allyl-, methyl-, ethyl-, or butyl- side chains (Wang et al. 2012). Some ionic 
liquids can be used to remove lignin from biomass while leaving behind cellulose. 
For example, [C2mim]OAc removes lignin from triticale (a hybrid of wheat and rye) 
straw efficiently at 70–150 °C in 1.5 h with some hemicellulose removal, but little 
removal of cellulose (Fu et al. 2010).

The cost of ionic liquid is another important factor in the selection of an ionic 
liquid for pretreatment. Table 6.3 shows published research chemical prices at www. 
sigmaaldrich.com in August 2012. The prices may only be used to compare relative 
prices because large-scale prices will be much lower. Some ionic liquids are about 

Table 6.2  Some ionic liquids used in lignocellulosic biomass pretreatment

Ionic Liquid Biomass Dissolved  
components

References

[Amim]Cl Southern pine TMP Alla Kilpeläinen et al. (2007)
Avicel cellulose All Zhao et al. (2009)
Corn stalk All Li et al. (2008)
Rice hull Hemicellulose and

 some cellulose
Lynam et al. (2012)

[C2mim]Cl Avicel Cellulose Erdmenger et al. (2007)
[C4mim]Cl Pine, poplar, oak,  

and eucalyptus
All Fort et al. (2007)

Pulp cellulose Cellulose Swatloski et al. (2002)
Bagasse All Lan et al. (2011)
Corn stalk and rice straw All Li et al. (2008)

[C6mim]Cl Corn stalk All Li et al. (2008)
Rice hull Hemicellulose and 

some cellulose
Lynam et al. (2012)

[C2mim]OAc Softwood and hardwood All Sun et al. (2009)
Triticale straw Lignin (and a little 

hemicellulose)
Fu et al.  (2010)

Bagasse and southern  
yellow pine

All Li et al. (2011b)

[C4mim]OAc Microcrystalline cellulose Cellulose Zhao et al. (2008)
Poplar sawdust All Vo et al. (2011)

[C4mim]HCOO Avicel cellulose Cellulose Zhao et al. (2008)
[C2mim]DEP Cassava pulp residue,  

rice straw
All Weerachanchai  

et al. (2012)
[Cholinium]Gly Rice straw All Hou et al. (2012)
[Cholinium]Lys Rice straw All Hou et al. (2012)
a Cellulose, hemicellulose, and lignin can all be dissolved

http://www.sigmaaldrich.com
http://www.sigmaaldrich.com
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5–20 times more expensive than conventional solvents for laboratory applications 
(Plechkova and Seddon 2008). This is because their synthesis and purification costs 
are much higher. As ionic liquid applications are expanding, their costs will certainly 
be more affordable in the future. This may shift biomass loading that is also a key 
parameter in the selection of ionic fluids for pretreatment (Sect. 6.4).

6.4  Biomass Loading

Biomass loading largely depends on the biomass solubility in the particular ionic 
liquid at the operating temperature and the biomass dissolution rate that influences 
pretreatment time. Because the time requirement can be excessively long, thermo-
dynamic solubility limit may not be reached during the given pretreatment time. 
Thus, the ionic liquid to biomass mass ratio should be substantially higher than 
the solubility limit. A smaller biomass particle size typically means faster biomass 
dissolution rate. Microwave and ultrasound can also be used to accelerate biomass 
dissolution (Ha et al. 2011; Wang et al. 2012).

Table 6.4 shows that researchers typically use a nominal biomass loading ratio of 
20/1–30/1 (g ionic liquid/g biomass) in ionic liquids pretreatment of various types 
of biomass under different temperature and time conditions. In comparison, a ratio 
of 10/1 (g liquid/g biomass) is common for aqueous ammonia, acid hydrolysis, 
supercritical CO2, and hydrothermal pretreatment methods (Narayanaswamy 2010; 
Garrote et al. 1999). It should be noted that if the biomass concentration reaches 
10 % (w/w), the ionic liquid solution is almost always very viscous, which makes 
it difficult to process (Laus et al. 2005). Thus, viscosity could be a limiting factor 
rather than biomass solubility in a practical pretreatment process.

6.5  Pretreatment Temperature

Apart from selecting a suitable ionic liquid for desired biomass pretreatment out-
come, pretreatment temperature is the most important operating parameter (Schultz 
et al. 1983; Yu et al. 2010). A higher temperature typically achieves higher biomass 
solubility and shortens the pretreatment time. It reduces the biomass recalcitrance 
better. However, it also means higher energy input. Compared with steam explosion 

Table 6.3  Prices for some ionic liquids used in lignocellulosic biomass pretreatment

Ionic Liquid Prices (US$/g) Comment

[Amim]Cl 19.14 Based on 5 g purchase
[Amim]Br 25.60 Based on 5 g purchase
[C2mim]Cl 31.80 Based on 5 g purchase
[C4mim]Cl 11.86 Based on 5 g purchase
[C2mim]OAc 7.04 Based on 5 g purchase
[C4mim]OAc 2.70 Based on 100 g purchase
[Cholinium]Cl 18.58 Based on 5 g purchase
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and hot water pretreatment methods, the required pretreatment temperature for ionic 
liquid pretreatment is relatively mild with a typical temperature range of 80–180 °C 
(Table 6.4). This is comparable to the typical temperature range used in supercritical 
CO2 explosion pretreatment discussed in Chap. 5, but ionic liquid pretreatment does 
not require pressurization, which is needed by supercritical CO2. Compared with 
the typical 140–250 °C temperature range used in steam explosion pretreatment and 
hot water pretreatment (Schultz et al. 1983; Kaar et al. 1998; Kim and Hong 2001; 
Yu et al. 2010), ionic liquid has a major advantage. Typically, the upper-end tem-
perature in the temperature ranges is required for the desired pretreatment outcome. 
Thus, ionic liquid pretreatment enjoys a much lower optimal temperature. This also 
means that pyrolysis side reaction is easier to avoid when using ionic liquid pre-
treatment compared with steam or hot water pretreatment.

Table 6.4  Selected data on ionic liquid (IL) pretreatment conditions and biomass dissolution

Biomass IL T(oC) t(h) IL/ biomass 
(g/g)

Biomass  
dissolved 
(wt%)

References

Southern pine 
powder

[Amim]Cl 80 8 NMa 8 Kilpeläinen  
et al. (2007)

Wood flour [C2mim]OAc 90 1.5 20/1 17 Lee et al.  
(2009)

Rice straw [Cholinium]Gly 90 24 20/1 48.4 Hou et al.  
(2012)

Triticale straw [C4mim]Cl 90 24 20/1 23.1 Fu et al.  
(2010)

Southern yellow 
pine

[C2mim]OAc 110 16 20/1 98.2 Sun et al.  
(2009)

Southern yellow 
pine

[C4mim]Cl 110 16 20/1 52.6 Sun et al.  
(2009)

Norway spruce 
sawdust

[C4mim]Cl 110 8 NMa 8 Kilpeläinen et al. 
(2007)

Southern pine 
TMP

[Amim]Cl 130 8 NMa 5 Kilpeläinen  
et al. (2007)

Sugarcane  
bagasse

[Amim]Cl 140 1 32/1 40.4 Zhu et al.  
(2012)

Triticale straw [C2mim]OAc 150 1.5 20/1 48.8 Fu et al.  
(2010)

Corn stover [C2mim]OAc 160 3 32/1 53.3 Li et al.  
(2011a, b)

Switchgrass [C2mim]OAc 160 3 32/1 49.3 Li et al.  
(2010)

Wheat straw [C2mim]OAc 162 4.5 20/1 57.6 Fu and Mazza 
(2011)

Cassava pulp [C2mim]DEP 180 24 20/1b 88 Weerachanchai et al.  
(2012)

a NM: not mentioned
b This special case used 20 ml ionic liquid/1 g biomass

http://dx.doi.org/10.1007/978-94-007-6052-3_5
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Fu et al. (2010) treated triticale straw for 1.5 h in [C2mim]OAc at temperatures 
ranging from 70–150 °C, and then conducted enzyme hydrolysis of residual bio-
mass using Trichoderma reesei cellulase at 50 °C. They found that [C2mim]OAc 
removed little cellulose, but removed lignin efficiently from triticale straw and 
this reduced the recalcitrance of the remaining cellulose. Figure 6.7 shows that 
the pretreatment improved cellulose hydrolysis sugar yield greatly and the pre-
treatment temperature had a strong effect. Higher temperature resulted in better 
lignin removal and cellulose hydrolysis yield. Complete cellulose hydrolysis (with 
a hydrolysis time of 11 h) required a pretreatment temperature of 150 °C with a 
pretreatment time of 1.5 h.

Li et al. (2009) pretreated wheat straw with 1-ethyl-3-methylimidazolium diethyl 
phosphate ([C2mim]DEP) for 1 h at various temperatures from 25 to 150 °C. Cellulose 
was precipitated by adding water to the ionic liquid after biomass dissolution. The 
regenerated cellulose was then hydrolyzed using cellulase. Their data in Fig. 6.8 sug-
gest that 70 °C pretreatment temperature showed no improvement over 25 °C, while 
100 °C had a big improvement in reducing sugar yield. Further increasing the pretreat-
ment temperature until 130 °C continued to improve the yield, but increasing the pre-
treatment temperature from 130 to 150 °C had only a small improvement, indicating 
that 130 °C could be used as the optimal pretreatment temperature. For lignin removal 
from rice straw using [Cholinium]Lys, Hou et al. (2012) found that 90 °C pretreatment 
for 24 h provided the highest glucose yield of 87.7 % after hydrolysis, while 110 and 
130 °C actually reduced the yield to 77.1 and 77.2 %, respectively, due to prolonged 
exposure to the high temperatures. Their data also indicated that 70 °C provided the 
highest xylose yield of 38.7 %. These relatively low optimal temperatures were par-
tially the result of a rather long pretreatment time of 24 h.

Pezoa et al. (2010) pretreated corn stover with [C2mim]Cl at different tempera-
tures for 60 min. The ionic liquid weakened the biomass by removing lignin while 
dissolving less than 10 % cellulose. They measured the various sugars released 

Fig. 6.7  Effect of pretreatment temperature on lignin extract rate from triticale straw by 
[C2mim]OAc with a fixed pretreatment time of 1.5 h (a), and effect of pretreatment temperature 
on the hydrolysis of cellulose recovered from triticale straw after lignin removal by the ionic 
 liquid (b) (Figure plotted with data from Fu et al. 2010)
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after enzyme hydrolysis of undissolved solid residue by a mixture of cellulase and 
β-glucosidase for 72 h at 47 °C. Figure 6.9 shows that 80 °C pretreatment temper-
ature had almost no improvement over untreated sample, while 121 °C and 150 °C 
improved glucose and xylose yields considerably. For wheat straw, they found that 
80 °C was ineffective and 121 °C showed only slight improvement, while 150 °C 
more than doubled glucose and xylose yields.

Instead of conventional conductive heating to raise the temperature for enhanced 
biomass dissolution in ionic liquids, microwave irradiation can be used. Ha et al. 
(2011) found that microwave heating not only increased cotton cellulose solubil-
ity in ionic liquids, but also reduced the degree of polymerization in the regener-
ated cellulose obtained after the pretreatment compared with pretreatment at 110 °C 
without microwave. They suggested that internal heating by microwave irradiation 
was more effective for polar solvents such as ionic liquids. Casas et al. (2012) used 
microwave successfully as a thermal source to reduce dissolution time required 
for Pinus radiata and Eucalyptus globulus woods in the following ionic liquids: 
[C2mim]OAc, [C4mim]OAc, [C2mim]Cl, [C4mim]Cl, and [Amim]Cl. Despite its 
advantages, microwave heating also has significant drawbacks. Apart from increased 
equipment cost and scale-up difficulties, another drawback for microwave heating is 
that uneven heating may cause pyrolysis of cellulose due to high local temperatures 
(Feng and Chen 2008). Sonication was also used to enhance cellulose dissolution 
in ionic liquids by some researchers (Swatloski et al. 2002; El Seoud et al. 2007; 
Mikkola et al. 2007; Wang et al. 2012), but it is costly and difficult to scale up.

6.6  Pretreatment Time

Lignocellulosic biomass dissolution in an ionic liquid is far from instantaneous. 
Typically, several hours are required for biomass dissolution as shown in Table 6.4. 
Biomass solubility limit in a particular ionic liquid may not be reached within the 

Fig. 6.8  Effect of 
pretreatment temperature on 
reducing sugar yield after 
enzyme hydrolysis using 
cellulase for wheat straw 
pretreated with [C2mim]DEP 
1 h (Figure plotted with data 
from Li et al. 2009)
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given pretreatment time frame. The solubility of dissolving pulp cellulose in differ-
ent ionic liquids was investigated by Swatloski et al. (2002). The highest solubil-
ity was obtained using [C4mim]Cl. Various types of biomass were pretreated with 
[C2mim]Cl at 150 °C by Pezoa et al. (2010) to study how lignin removal made the 
residual biomass easier to hydrolyze. Apart from lignin dissolution, some cellulose 
and hemicellulose were also dissolved. Thus, it was important to control pretreat-
ment time. They found that for corn stover, wheat straw, and eucalyptus, 1 h pre-
treatment time led to significantly higher glucose and xylose yields compared with 
0.5 h. However, the opposite trend was observed for Lenga (Nothofagus pumilio). 
They argued that the Lenga biomass pieces were smaller in size and thus faster for 
ionic liquid pretreatment. More cellulose and hemicellulose were lost due to disso-
lution in [C2mim]Cl when the pretreatment time was excessive.

Xu et al. (2012) studied the effect of [C2mim]OAc pretreatment time by dissolving 
corn stover at a relatively low temperature of 70 °C. Longer pretreatment time continu-
ously improved sugar yield (Fig. 6.10). After 24 h of pretreatment, they achieved very 
good glucose and xylose yields of 84.9 % and 64.8 %, respectively. They observed that 
even after 24 h of pretreatment, undissolved residual corn stover was still found.

The effect of pretreatment time using triticale straw pretreatment in [C2mim]OAc 
for lignin removal at 90 °C was investigated by Fu et al. (2010). Figure 6.11 shows 
that longer pretreatment time increased cellulose hydrolysis yield. A pretreatment 
time of 24 h was sufficient for complete cellulose hydrolysis. Obviously, pretreat-
ment time and temperature are closely related. Higher temperature requires less time.

Comparing Figs. 6.7 and 6.11, at 150 °C pretreatment temperature only 1.5 h 
pretreatment time was required to achieve complete cellulose hydrolysis after pre-
treatment, while 90 °C required 24 h. In comparison with rice straw treated with 
[Cholinium]Lys at 90 °C for lignin removal, 5 h was considered the optimal pre-
treatment time as seen in Fig. 6.12 according to Hou et al. (2012). Lignin removal 
by [Cholinium]Lys greatly reduced the recalcitrance of rice straw. Without the pre-
treatment, the glucose and xylose yields from enzyme hydrolysis were only 20.4 
and 6.8 %, respectively.

Fig. 6.9  Effect of 
pretreatment temperature on 
glucose and xylose yields 
after [C2mim]Cl pretreated 
corn stover was enzyme 
hydrolyzed (Figure plotted 
with data from Pezoa et al. 
2010)
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When a temperature of 130 °C was used in the pretreatment of wheat straw in 
[C2mim]DEP, pretreatment times greater than 30 min showed very little improve-
ments as shown in Fig. 6.13 (Li et al. 2009). This was because 130 °C was a suf-
ficiently high pretreatment temperature as indicated earlier in Fig. 6.8.

6.7  Water Content

Ionic liquids tend to be highly hygroscopic (Brandt et al. 2012), which can bring 
water into the pretreatment process. Water can also be introduced by moist bio-
mass. Mazza et al. (2009) investigated the effect of water on cellulose dissolution 

in [C4mim]Cl and 1,3-dimethylimidazolium dimethylphosphate ([C1mim]DMP). 

Fig. 6.10  Effect of pretreatment time on sugar yields after enzyme hydrolysis using cellulase for corn 
stover after pretreatment with [C2mim]OAc at 70 °C (Figure plotted with data from Xu et al. 2012)

Fig. 6.11  Effect of pretreatment time on lignin extract rate in pretreatment of triticale straw with 
[C2mim]OAc at 90 °C (a), and effect of pretreatment time on enzyme hydrolysis of the cellulose 
recovered from triticale straw after lignin removal by the ionic liquid (b) (Figure plotted with 
data from Fu et al. 2010)
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They found that increasing water content progressively reduced cellulose solu-
bility. Adding a small amount of water to a cellulose solution in [C1mim]DMP 
formed cellulose aggregates. This is consistent with the finding by Swatloski 
et al. (2002) that cellulose solubility decreased significantly in some ionic liq-
uids when a small amount of water was present. They argued that this probably 
was a result of competitive hydrogen bonding. Interestingly, Brandt et al. (2010) 
observed that a small amount of water promoted lignin (in pine) solubilization 
in [C4mim]Cl, but not in [C4mim]OAc. It was likely that the presence of water 
resulted in the release of HCl acid that was beneficial according to Xie and Shi 
(2006).

Water can be removed from ionic liquids using vacuum at an elevated temperature 
(Tan et al. 2009). One traditional method is to dry an ionic liquid over a mixture of 
Na2SO4 and MgSO4 before vacuum drying (Kilpeläinen et al. 2007; Shi et al. 2008). 
Freeze drying has also been used (Vitz et al. 2009). Furthermore, water can be stripped 

Fig. 6.12  Effect of 
pretreatment time on lignin 
extraction and sugar yield 
after enzyme hydrolysis 
using cellulase for rice 
straw pretreated with 
[Cholinium]Lys at 90 °C 
(Figure plotted with data 
from Hou et al. 2012)

Fig. 6.13  Effect of 
pretreatment time on 
reducing sugar yield after 
enzyme hydrolysis of 
wheat straw pretreated with 
[C2mim]DEP at 130 °C 
(Figure plotted with data 
from Li et al. 2009)
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from an ionic liquid by sparging dry nitrogen gas through the ionic liquid to a mass 
fraction as low as 0.001 within a few hours (Ren et al. 2010). Biomass drying has been 
well documented in the literature.

6.8  Ionic Liquid Recycling and Biomass Recovery

Due to the high cost and the potential toxicity of ionic liquids, they must be recy-
cled after biomass pretreatment. Various methods have been used by researchers to 
recover ionic liquids after biomass pretreatment. Each method has its advantages 
and limitations (Tan and MacFarlane 2010).

6.8.1  Precipitation Using Antisolvents

Cellulose can be recovered from its ionic liquid solution by adding an antisol-
vent such as water, which precipitates cellulose from the ionic liquid (Zavrel et al. 
2009). Subsequently, the precipitated cellulose can be regenerated using filtration 
or centrifugation. However, cellulose precipitates typically appear as a gel, making 
separation difficult. Sometimes, a water/acetone (1:1 v/v) mixture is used instead 
of water to avoid gel formation (Shill et al. 2011).

6.8.2  Distillation and Evaporation

Distillation or evaporation can be used to remove volatile antisolvents eas-
ily because most ionic liquids are practically nonvolatile and they have good 
thermo-stabilities. However, this is usually an energy-intensive process. Direct 
removal of ionic liquid without the antisolvent step is also possible. Earle et al. 
(2006) demonstrated that some ionic liquids are distillable at low pressure with-
out decomposition, but relatively high temperatures (200–300 °C) are needed. 
Olivier-Bourbigou et al. (2010) described several routes to convert ionic liquids 
into easily distillable compounds that can be subsequently converted back to ionic 
liquids by chemical reactions. This obviously could complicate process design.

6.8.3  Phase Separation and Liquid–Liquid Partitioning

Another method for ionic liquid recovery from the pretreatment process is to utilize 
their ability to form a biphasic system by adding an aqueous solution containing phos-
phate, carbonate, or sulfate anion, etc. For example, adding potassium phosphate to 
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a water and [C4mim]Cl mixture forms an aqueous biphasic system from which the 
ionic liquid can be recovered (Shill et al. 2011). Deng et al. (2009) found that the 
recovery of [Amim]Cl is better using a salt with a higher salting-out strength (e.g., 
K3PO4 > K2HPO4 > K2CO3). Using 46.5 % K2HPO4 concentration, they achieved 
[Amim]Cl recovery as high as 96.8 %. Phase equilibrium data for various ionic liquid/
water/salt systems have been presented by several research groups (Deng et al. 2009; 
Pei et al. 2009; Shill et al. 2011). Alcohols and supercritical CO2 may also be used for 
phase partitioning of ionic liquid systems (Aki et al. 2004; Crosthwaite et al. 2004).

6.8.4  Membrane Filtration

Precipitates from ionic liquid pretreatment of biomass can be separated using 
membrane filtration. For example, nanofiltration membranes have been used to 
reject ionic liquids while allowing smaller molecules to pass through for ionic  
liquid recycling (Han et al. 2005; Hazarika et al. 2012). Membrane filtration has 
the advantage that room temperature operation may be possible. However, high 
viscosity is often a hurdle.

6.8.5  Chromatography

Ion exclusion chromatography, which is already in use for carbohydrate process-
ing, can also be used for ionic liquid recovery because it can exclude charged spe-
cies such as ionic liquid species, thus separating them from nonelectrolytes such 
as sugar molecules (Binder and Raines 2010). For continuous chromatographic 
separation, Simulated Moving Bed (SMB) chromatography is used. SMB utilizes 
a series of ion-exchange chromatography columns with synchronized moving 
ports to simulate resin movement. Although chromatography separation has the 
advantage of high resolution and more than two separated fractions in the output, 
it is far more expensive than other separation methods.

6.9  Mobile and On-farm Pretreatment Using Ionic Liquids

Most lignocellulosic biomass tend to be bulky and not cost-effective for trans-
portation from remote agricultural areas to a central processing facility. Mobile 
and on-farm biomass processing may be an answer to address this problem. 
Lignocellulosic biomass may be processed using a truck-mounted or on-farm-
scale processor to obtain intermediary products such as fermentable sugars that 
can be shipped to a centralized facility for further processing or fermentation.  
A self-contained complete mobile or on-farm processor may even be used to 
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produce bioethanol as a fuel cost-effectively in some regions that have abnormally 
high fuel costs such as a remote military forward operating base in a war zone. 
Mobile and on-farm processing units favor green pretreatment methods to elimi-
nate the need for on-site waste treatment.

Unlike conventional organic solvents that are volatile, ionic liquids do not give 
out measurable vapor pressure. This makes them “green” solvents because they do 
not pollute the atmosphere (Blanchard et al. 1999). Ionic liquids can be recycled 
easily after pretreatment, thus no waste treatment is needed after the pretreatment 
process. A pretreatment process that uses ionic liquid typically uses mild temper-
ature and atmosphere pressure without harsh conditions. Thus, ionic liquid pre-
treatment is particularly suitable for mobile and on-farm lignocellulosic biomass 
processing.

Figure 6.14 shows a flowchart used by Shill et al. (2011) to process gram quan-
tities of Avicel and Miscanthus giganteus (a large perennial grass). The high-
est temperature used in the process was 140 °C (for biomass dissolution) that 
is much lower than the 250 °C used in steam pretreatment by Kim and Hong 
(2001). Figure 6.15 shows a process designed by Sen et al. (2012) for ionic liq-
uid pretreatment of corn stover with ionic liquid recycling using an SMB chro-
matographic system instead of evaporation of the antisolvent (such as water in the 
previous flowchart) because evaporation is an energy-intensive process. However, 
the SMB system overtook the cost of the ionic liquid as the most expensive cost 
factor in capital investment for the large-scale operation (Sen et al. 2012). SMB 
may be replaced by a liquid–liquid partitioning process to reduce cost. The pro-
cess shown in Fig. 6.16 used by Sun et al. (2009) may be scaled up for mobile or 
on-farm application. It uses water and acetone to selectively precipitate cellulose 
and lignin from softwood and hardwood after the wood is completely dissolved 
in [C2mim]OAc. The ionic liquid is recycled in the process. A less volatile solvent 
may be used to replace acetone for lignin recovery if desired. All these pretreat-
ment processes may be refined and scaled up or scaled down properly for mobile 
and on-farm applications.

6.10  Conclusion

In recent years, ionic liquid pretreatment of lignocellulosic biomass has drawn 
considerable attention. They are effective in cellulose dissolution for many types 
of lignocellulosic biomass. Some ionic liquids can also be used to selectively dis-
solve lignin and hemicellulose in addition to cellulose, and the components can 
be selectively recovered for hydrolysis. Separation of cellulose from lignin and 
hemicellulose greatly enhances cellulose hydrolysis after the pretreatment because 
the extensive networking consisting of lignin, hemicellulose, and cellulose can be 
disrupted by the ionic liquid pretreatment. Recovery of dissolved biomass com-
ponents is relatively easy and ionic liquids can be recycled. Due to their solvation 
ability and basicity or acidity, ionic liquids are also special solvents that can be 
used for bioconversion to produce renewable bioproducts as specialty chemicals.
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Fig. 6.14  A lignocellulosic biomass pretreatment process using an ionic liquid for cellulose 
dissolution. (Reprinted from Biotechnology and Bioengineering, Ionic liquid pretreatment of 
cellulosic biomass: Enzymatic hydrolysis and ionic liquid recycle, Kierston Shill, Sasisanker 
Padmanabhan, Qin Xin, John M.Prausnitz, Douglas S. Clark, Harvey W. Blanch, 108:511–520, 
Copyright 2010, with permission from John Wiley and Sons)

Fig. 6.15  A proposed corn stover pretreatment process using [C2mim]Cl that incorporates SMB 
for ionic liquid recycling. (Reprinted from Biofuels, Bioproducts and Biorefining, Conversion 
of biomass to sugars via ionic liquid hydrolysis: process synthesis and economic evaluation, S. 
Murat Sen, Joseph B. Binder, Ronald T. Raines, Christos T. Maravelias, 6:444–452, Copyright 
2010, with permission from John Wiley and Sons)
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Although attractive, ionic liquid pretreatment of lignocellulosic biomass is still 
not deployed for practical applications because of several drawbacks. No pilot-
scale tests have been reported so far. The most noticeable obstacle is the initial 
high chemical cost. Although research is underway using amino acids to make 
biodegradable ionic liquids, most ionic liquids for biomass processing are not 
biodegradable. Toxicity, corrosivity, and hygroscopicity of ionic liquids are also 
major concerns. Ionic liquids can be recycled easily, but a tiny amount unrecov-
ered ionic liquids may still present a safety concern if the recycling is not com-
plete. Residual ionic liquids in the biomass may cause enzyme inhibition in the 
hydrolysis step and can be toxic to the microorganisms in the fermentation step 
(Alvira et al. 2010). Despite these hurdles, ionic liquids have a promising future 
for biomass pretreatment and processing. It can be envisioned that in the not- 
too-distant future some low-cost biodegradable ionic liquids with no or low toxic-
ity will be available at reasonable costs. This would make their practical deploy-
ment feasible for mobile, on-farm, or even large-scale applications.
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