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Lignocellulosic Biomass
Lignocellulosic biomass is abundantly available feedstock 

for bioenergy production. This biomass includes trees, bushes, 
grass, agricultural residues, energy crops, and agricultural 
industrial wastes. Lignocellulosic biomass is a sustainable and 
cheap feedstock for the production of chemicals, fermentable 
sugars, and biopolymers. Biofuel production from the 
lignocellulosic feed stocks consists of five major unit operations: 
feedstock preparation, pretreatment, enzymatic hydrolysis, and 
fermentation. Therein, the major bottleneck is low enzymatic 
hydrolysis efficiency and the high expense of pretreatment, both 
of which can be attributed to the complex cell wall structure of 
lignocellulosic biomass.

Lignin Structure
Table 1: BDE for the common linkages calculated at M06-2X/6-
311++G(d,p)2.

Bonds Bond Dissociation Energy, Kcal/Mol

α-O-4 60.0-70.9

β-O-4 69.5 -71.8

β-5 103.9-106.4

β-β 112.2-118.5

Lignocellulosic biomass is composed of lignin, hemicellulose, 
and cellulose. Lignin is a complex phenolic polymer formed  

 
by radical coupling reactions of primarily three different 
monolignols: p-coumaryl, coniferyl, and sinapyl alcohol. The 
lignins formed from thesemonolignols are syringly lignin 
(s-lignin), guaiacyl lignin (G-lignin), and hydroxyl-phenyl lignin 
(H-lignin). The common lignin linkages in the lignin are formed 
by the connection of C-O bonds (β-O-4, α-O-4) and C-C bonds 
(β-5, β-1 and β-β). The amounts of these linkages are 50, 2-8, 
9-12, 7 and 2%, respectively [1]. Degradation and dissolution of 
lignin loosen the plant cell wall structure and improve enzymatic 
hydrolysis. The bond dissociation energies of all common lignin 
linkages are shown in Table 1. The most common native β-O-4 
lignin linkage has the BDE of 69.5-71.8kcal/mol as calculated by 
density functional theory [2].

Figure 1: Phenolic lignin (X=OH) and nonphenolic lignin(X=H, 
or O-Lignin).
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Abstract

Deconstructing lignin structure is a critical step in utilizing cellulosic sugar for the production of biofuels and bioproduct.  This is 
accomplished typically in a biomass pretreatment process.  Various options have been investigated for this application but comparisons 
of these processes have been difficult.  This review summarizes the chemical nature of these processes with focus on bond cleavage.  The 
commonly accepted technologies such as alkane, acidic, ionic, and biological processes are assessed.  The chemical nature of these processes 
provides a scientific base for understanding and evaluating these different processes.  The information presented in this paper can be used 
for selecting the proper pretreatment technologies for processing lignocellulosic biomass.  
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Lignin polymers are further classified as phenolic or 
nonphenolic. The former has an -OH moiety in the X position as 
shown in Figure 1 and nonphenolic lignin has H or O-lignin at 
the X position.

Pretreatment Techniques
The goal of the pretreatment technique is to break the 

natural recalcitrant (lignin) of the lignocellulose to produce 
a high amount of fermentable sugar during the enzymatic 
saccharification. An ideal pretreatment technique should have 
the following characteristics. 

•  Cost effectiveness

•  A high sugar yield

•  Low chemical consumption

•  A low energy requirement

•  Be selective towards lignin

•  Be environmental friendly

Pretreatment methods are broadly classified as physical, 
chemical, and biological. All existing pretreatment techniques 
have their own unique way to deconstruct the recalcitrant 
plant cell wall structure. For instance, physical pretreatment 
increases the specific surface area of the feedstock to enhance 
the digestibility of cellulose. Fungal pretreatment is a selective 
and efficient technique, while chemical pretreatments are the 
most rapid. The key issues associated with existing pretreatment 
techniques are that physical methods are energy intensive and 
the biological pretreatment like fungi are slow and require a 
large physical area. Further, a chemical pretreatment technique 
such as dilute acid produces high concentration of inhibitors 
and an alkali pretreatment consumes a lot of chemicals and 

is not environmentally friendly. Thus, the development of a 
cost effective, environmentally benign and industrially viable 
pretreatment technique remains a challenge. Toward that end, 
understanding the fundamental chemistry of how a pretreatment 
techniques act to deconstruct the lignin molecule is important. 
Herein I present a brief review regarding the state of knowledge 
on how alkali, acid and ionic liquid conditions decompose the 
most common β-O-4 lignin linkages in chemical pretreatment 
methods.

Lignin deconstruction in alkali based pretreatment
Sodium hydroxide, lime, sodium carbonate, and aqueous 

ammonia are common existing alkali based pretreatments 
techniques. The lignocellulose degradation reactions in the 
alkali based pretreatment is diffusion controlled. This means the 
rate of reaction is controlled by the ability of the alkali solution 
to be transported through the biomass structure. As an example, 
the aqueous ammonia pretreatment of an oil palm empty fruit 
bunch with 35.4% acid insoluble lignin took 10 to 12hrs of 
pretreatment time at a solid loading of 21% (w/w) at 60 oC 
to obtain 36.4% lignin removal [3]. One improvement that can 
be made is to remove the diffusion barrier. The diffusion of an 
alkali solution can be enhanced by increasing the surface area of 
the biomass and opening up the pores to chemical degradation. 
For instance, the sodium hydroxide pretreatment time of wheat 
straw was reduced to 1hr from 12hrs when integrated with 
10mins of an ozone pretreatment [4]. The ozone pretreatment 
alters the lignin structure in biomass. As a result, the pore size 
increases and diffusion barrier is removed to alkali solution. 
The integrated process had the sugar yield of 98% which was 
significantly larger compared to 50% untreated, 60% with only 
ozone and 80% with only alkali. The review of the existing alkali 
pretreatment techniques and their pros and cons are discussed 
in detailed in a review article [5].

Figure 2: Lignin reactions in alkaline conditions a) cleavage of phenol type β-aryl ether b) fracture of nonphenol type β-aryl ether [6].

The glucose yield of the alkali based pretreatment ranges 
from 80 to 95% [5]. The rate of delignification in the alkali 
pretreatment depends upon the cleavage of phenol type β-aryl 

ethers (β-O-4) as the C-C linkages are relatively stable [1]. Figure 
2 shows the reaction mechanism by which phenolic and non 
phenolic β-aryl ethers dissociateduring the alkali pretreatment.
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The main reaction during alkaline treatment of phenolic 
β-aryl ether linkages is the elimination reaction of the β-proton 
as shown in Figure 2. The OH- will add to α-C atoms, initiating 
a fracture of the linkages by the formation of the epoxides 
(Figure 2). The cleavage of phenol type β-aryl ethers can be 
significantly enhanced in the presence of stronger nucleophilesin 
pretreatment liquor [6]. For instance sulfate digestion in pulping 
industries is enhanced by the nucleophilic attack of HS- or S2- 
ions to dissociate the β-O-4 linkages [1].

Lignin deconstruction in acid based pretreatment
Dilute acids are commonly used in acid pretreatment and 

includes sulfuric acid, nitric acid, hydrochloric acid, phosphoric 
acid, peracetic acid and oxalic acid. Among these, dilute sulfuric 
acid (H2SO4) is the most widely used for experiments because 
it is cheaper, readily available and has low safety concerns. The 
glucose yield of the dilute acid pretreatment at an optimum 
temperature of 170 °C ranges from 75% to 97% [7].

Figure 3: Reaction route for the formation of ketol and guaiacol on acidolysis [8].

Figure 4: Dissociation of β-O-4 type HH, GG, PE and PD types of lignin in the dilute acid pretreatment (POH=phenol; GOH=guaiacol). 

The proposed reaction pathway for the cleavage of β-O-4 
linkage in acid solution is shown in Figure 3. The acidolysis of 
β-O-4 type lignin model compound with 0.2M HCl in dioxane 

water (9:1) reveals the guaiacol and ketolas the primary 
products [8].The presence of a benzyl alcohol group on the 
carbon adjacent to the β-O-4 bond, results in abenzylium ion 
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and that converts to an enol ether on acidolysis. The Enol ether 
then undergoes hydrolysis (breaking of a molecular bond in the 
presence of water) via hemiketal forming ketol and guaiacol as 
shown in Figure 3.

Depolymerization of phenolic and nonphenolic β-O-4 lignin 
model compounds (PE, PD, HH and GG as shown in Figure 4) 
in the acidic environment (0.2M H2SO4 at 150 °C in water)was 
studied both experimentally and computationally. GC-MS was 
used to identify the products structures and HPLC was used 
to determine the concentration and kinetics of the products. 
The major products obtained from the PE and PD was guaiacol 
and phenol, and from HH and GG were phenol, guaiacol and 
acetaldehyde.  Using DFT the structures of the intermediates 
and products were analyzed and the energetics of the reaction 
pathway was proposed along with a determination of the 
reaction rate. Their results indicate that the

presence of phenolic-hydroxyl groupaccelerates the reaction 
rate (1.1 and 1.51/h) of C-O bond cleavage in lignin model 
compounds with β-O-4 linkages [9].

Ionic liquids are salts made of from an organic cation and 
an organic/inorganic anion, and utilizing these for the lignin 
deconstruction is termed as ionic liquid pretreatment. Ionic 
liquid pretreatment is conducted in mild temperature (<100 
°C) and pressure. It is environmentally benign compared to 
chemical pretreatment. However, the major bottleneck of this 
pretreatment is the high price and toxic effects of ionic liquids in 
enzymes during the enzymatic hydrolysis process for cellulose 
conversion to simple sugars. Moreover, ionic liquids have high 
viscosities that limit its dissolution ability and mass transfer. This 
problem is overcome by the addition of conventional solvents 
such as DMSO, which makes ionic liquid toxic to enzymes [10].

Figure 5: Cleavage of β-O-4 ether bonds in the ionic liquid [11].

Ionic pretreatment has also demonstrated a high amount 
of dissociation of the β-O-4 type lignin linkages. The hydrolytic 
cleavage of the β-O-4 ether bonds in lignin model compounds has 
been studied experimentally in 1-butyl-3-methylimidazolium 
chloride ([BMIM]Cl) with metal chlorides (FeCl3, CuCl2 and AlCl3) 
and water. [BMIM]Cl (100g) was mixed with metal chlorides 
(5mol% to lignin) and water (2.25µL). The reaction temperature 
was 110 to 150 °C. HPLC was used to analyze the reactants and 
products structure. The cleavage of the C-O bond was determined 
based on the concentration of guaiacol in the products. About 
75 to 80% of the β-O-4 ether bond was cleaved. They proposed 
that HCl formed in situ by the hydrolysis of metal chlorides might 
have catalyzed the C-O bond cleavage as shown in Figure 5 [11].

Figure 6: Structure of the pincer complex.

Figure 7: Proposed reaction mechanism of degradation of lignin model compound by pincer complexes (molecule in blue are the final 
products, Ph is the aromatic ring). Route A: Oxidative addition of the catalyst (M) binding the beta oxygen of adduct [1] and form adduct [2]; 
β-C-O bond of the adduct [2] is dissociated by the metal center and formed compound [3] where β-C and O both bonded with metal center. 
Adduct [3] undergoes β-hydride abstraction and formed compound [4] cleaving C-OPh bond [4]. Route B: Dehydrogenative equilibrium 
between the benzylic alcohol [1] and aryl ketone [5], [5] binds with metal through the ketone oxygen and form adducts [6] which activates the 
β-C-O bond and formed [7]. [7] goes through dehydrogenation reaction and formed [8]. [8] will dissociated into compound [9] and phenol.
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DFT (B3LYP/CEP-31G (the Stevens/Basch/Krauss ECP split 
valance basis set)) study indicated the activation of C-O bond 
during the reaction of β-O-4 type lignin compounds with metals 
solution. Metal solution was pincer complex (Fe, Ru and Os 
as shown in Figure 6).The C-O bond cleavage mechanism was 
described by two schemes as illustrated in Figure 7. Results 
indicated that the C-O activation energies follow the electro 
negativity trend i.e. Fe>Ru>Os and concluded that C-O bond 
dissociation depends upon the ability of the metal ions to donate 
electrons to the C-O bond [12].

Termite based pretreatment
Chemical pretreatments need high temperature and 

pressure conditions because the C-O bonds and C-C bonds 
in lignin are strong (Table 1) and cannot be easily cleaved in 
ambient conditions. Biological pretreatments, like fungi takes 
a long time(15 to 60 days) to degrade lignin and needs a large 
space (25 ml flask per g of biomass in lab scale) to grow [13,14]. 
However, termite based pretreatment is promising alternative 
because it can be conducted in ambient conditions. Termites 
have been able to survive in the lignocellulosic feedstock while 
pretreating the lignocellulosic feed stocks in its digestive tract. 
Termites consume lignocellulosic biomass rapidly; 1 gram of the 
C. Formosanus termite consumes 23.4mg of wood in a day [15]. 
Studies show that termites can digest 99% of cellulose from 
wood particles within 24 hours at room temperature [16-18]. 
There are several hypothetical pathways postulated regarding 
termites’ 

lignin deconstruction mechanisms. Termites have a crop 
and gizzard that grind the wood particles in to very small sizes 
modifying the lignin structure [19,20] anticipated that lignin 
is depolymerized and mineralized by radical reactions that 
are triggered by oxidation with the enzymes such as lignin 
peroxidase (Lip), manganese peroxidase (MnP) and laccase 
[20]. The presence of lignolytic (laccase, Lip) and cellulolytic 
(β-glucosidase) enzymes were found in the digestive tract which 
indicates the possibility of enzyme induced lignin modification 
in termite21. The termite digestive tract is composed of the 
foregut, midgut and hindgut. The β-glucosidase activity was 
experimentally measured as 2.33 in salivary glands, 0.2 in foregut, 
0.11 in midgut, and 0.47U (enzyme unit defined as the amount of 
enzyme that produces certain amount of enzymatic activity) per 
gram per termite in hindgut [21]. The termite gut environment 
is oxidative. The dissolved oxygen in the termite digestive tract 
was experimentally measured using a microelectrode with 
a tip diameter <10µm of termite C. formosanus. The oxygen 
concentration in the foregut, midgut, and hindgut were ranged 
from 2-2.5, 3-4, and 2-1mg/L, respectively [17]. The redox 
potential of the gut environment measured using micro sensors 
along the central axis was 200-0 for midgut and 0-200 for the 
hindgut [22]. The pH was 6.7 to 7 in the midgut 5. 5-6.7 in the 
hindgut [22]. The hydrogen peroxide and Fe(II) concentration 
was also measured in the midgut [23]. The presence of an 
oxidative environment is favorable for the occurrence of 

Fenton-like reactions in the midgut, wherein molecular oxygen 
reacts with hydrogen to produce hydrogen peroxide, and in the 
presence of hydrogen peroxide and iron, the hydroxyl radical 
OH. is produced (reactions r1-r3) which is responsible for the 
cleavage of β-O-4 linkages in termite [19].  

Fe2++O2↔Fe3++O2 [r1]

H2+O2→H2 O2     [r2]

H2 O2 +Fe2+→Fe3++OH+OH∙ [r3]

At the same time, it has been observed that termite-
degraded wood retains its aromatic structure [16,24,25] 
which corroborates the potential reactivity of OH [26,27] 
with lignin, as it is known that hydroxyl radical reactions 
with aromatic systems do not destroy the phenyl rings [28]. 
Previous investigation of OH. reactivity has been observed to 
be 5-6 times higher with lignin linkages than for carbohydrate 
linkages, supporting the potential for selective OH. modification 
of lignin in the biomass [29]. Radicals have a very short half-life; 
therefore, experimentally they are difficult to trap and study 
their reactivity. In this circumstance, computational chemistry 
can provide valuable information for characterizing the potential 
process by which a reaction takes place between the hydroxyl 
radicals and lignin model compounds.

This chapter has introduced the strategies used to study 
pretreatment techniques from different field of study. In the 
remaining chapters we discuss further experimental and 
theoretical study using computational fluid dynamics, kinetics, 
quantum mechanics and molecular dynamics. The second 
chapter is a review of the computational methods employed in 
this thesis including quantum mechanics, statistical mechanics. 
The third chapter describes the computational fluid dynamics 
and kinetic study of the ozone pretreatment of wheat straw 
with experimental validation. The fourth chapter describes the 
application of quantum mechanical approaches to study the 
reaction between hydroxyl radical and lignin linkages leading 
to the ring hydroxylation reactions that are a common type 
of products found in termite pretreatment. The fifth chapter 
discusses the application of molecular dynamics methods for 
studying the reactive systems of hydroxyl radical, phenol and 
water and its application to lignin.
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