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SUMMARY

Bioethanol has been a popular choice as a renewable energy source to supplement fossil
fuels because of its high octane number, heat of vaporization, and compatibility with
modern motor vehicles. Abundant and renewable lignocellulosic biomass containing
large amounts of structural polymeric sugars can play a significant role in the production
of fuels and chemicals. To accomplish this, a number of process steps must be applied,
with pretreatment being essential to overcome the natural resistance of plant cell walls to
decomposition from microbes and enzymes. In general, acid pretreatment does not result
in significant delignification; instead, it has been reported of the formation of a lignin-like
material termed pseudo-lignin after acid pretreatment from literature. The understanding
of fundamental chemistry surrounding pseudo-lignin formation is extremely important
from the perspective of bioethanol production because pseudo-lignin may inhibit
enzymatic deconstruction of biomass just like native lignin.
The first objective of this thesis focuses on the investigation of the chemistry of pseudolignin formation. Various analytical tools such as GPC, FT-IR and 13C NMR were
utilized to characterize pseudo-lignin extracted from holocellulose and cellulose treated at
various dilute acid pretreatment conditions. The molecular weight and chemical structure
information from these characterizations can provide valuable and precious mechanistic
insights into the mechanisms of pseudo-lignin formation during pretreatment. The
presence and structure of pseudo-lignin is important since this study shows that pseudolignin inhibits the enzymatic conversion of cellulose.

xix

The second objective of this thesis aims to further investigate the effects of carbohydratederived pseudo-lignin on cellulose saccharification with the purpose of providing
plausible mechanisms accounting for enzymatic hydrolysis retardation by pseudo-lignin.
Due to the complex structure of cellulosic biomass, the wet chemistry method for
compositional analysis defined by National Renewable Energy Laboratory (NREL,
Golden, CO) does not distinguish between acid-insoluble lignin (Klason lignin) naturally
found in biomass and pseudo-lignin resulting from carbohydrate degradation during
pretreatment. Therefore, to avoid the complexity often encountered with interpretation of
results for real biomass, pure Avicel cellulose alone or mixed with pure xylan or xylose
sugar was pretreated with dilute sulfuric acid over the range of pretreatment severities
often found to give the best conversion results. Following pretreatment, the solids were
subjected to enzymatic hydrolysis, physical and chemical characterizations to elucidate
the effects of pseudo-lignin on enzymatic hydrolysis and support identification of
possible mechanisms to explain the results.
The third objective provides a detailed comparison of chemical structures between
pseudo-lignin and native lignin after a mild dilute acid pretreatment. As native lignin is
one of the major factors contributing to biomass recalcitrance, it is important to evaluate
the inhibition effects of pseudo-lignin to enzymatic hydrolysis of cellulose in comparison
to lignin. Enzymatic mild acidolysis lignin (EMAL) was isolated from hybrid poplar after
a mild dilute acid pretreatment. This EMAL lignin isolation protocol was chosen because
of its greater isolation yield compared to milled wood lignin (MWL) and cellulolytic
enzyme lignin (CEL) protocols. More importantly, EMAL protocol has been shown to
offer access at lignin samples that are more representative of the overall lignin present in

xx

milled wood. The results of the third study revealed that pseudo-lignin is not derived
from native lignin, but is even more detrimental to enzymatic hydrolysis of cellulose than
dilute acid-treated lignin, thus its formation during acid pretreatment should be avoided.
The last part of this thesis focuses on optimization of dilute acid pretreatment conditions
to effectively reduce pseudo-lignin formation without significantly changing pretreatment
severities. Although lowering pretreatment severity can suppress pseudo-lignin
formation, it cannot effectively enhance biomass digestibility. Therefore, dilute acid
pretreatment conditions that can reduce pseudo-lignin formation and increase biomass
digestibility are essential to biorefining industry. Pseudo-lignin analysis showed that the
addition of dimethyl sulfoxide (DMSO) to dilute acid pretreatment reaction medium
significantly reduced pseudo-lignin formation, which is attributed to DMSO
preferentially solvating and stabilizing the key intermediate, 5-hydroxymethyl furfural
(HMF), to prevent it from further reactions to form pseudo-lignin.
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CHAPTER 1
INTRODUCTION

As global energy consumption is continuing to rise, the world is pursuing the
development of renewable energy sources to address vital strategic, economic and
environmental issues related to the depleting fossil fuels [1]. Future reductions in fossil
fuel consumptions will reside in a multifaceted approach including nuclear, solar,
hydrogen, wind, and particularly biofuels such as bioethanol, which many countries have
already initiated by advancing research and development programs [2]. At present,
bioethanol production largely represents the first-generation biofuel which is produced
from readily processable bioresources such as starch from corn and simple sugars from
sugar cane [3,4]. However, as the demand for food resources increases, the search for
renewable nonfood resources to displace substantial amounts of biofuels based food
resources rests largely on low-cost lignocellulosic biomass [5]. Lignocellulosic biomass,
such as wood, grass, and agricultural and forest residues, are the most abundant
renewable feedstocks on the planet, with approximately 200 billion tons produced
annually in the world [6]. Compared to grain, oil seed, or sugar crops, lignocellulosics
have a higher productivity per hectare and require less input per unit of biomass produced
than food based sugars and oils [7]. More importantly, lignocellulosic biomass can be
acquired from agricultural and forest residues which complement current farm and forest
products practices.
According to Renewable Fuel Standards (RFS) which represents a hybrid approach that
superimposes a performance-based standard on a set of volumetric targets, the minimum
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of volumetric requirement for cellulosic biofuel represents 60% GHG (greenhouse gas)
reduction [8]. On November 8 2013, EPA released its proposed rulemaking for the 2014
Renewable Fuel Obligation. The revised cellulosic biofuel mandate was reduced from
1.75 billion gallon to 17 million gallon due to its limited availability [8]. This clearly
indicates the need to research and develop technologies to boost cellulosic biofuel
production.
To biologically convert lignocellulosic biomass to biofuels, a number of steps must be
applied with pretreatment being critical to reduce biomass recalcitrance via altering cell
wall structural features so that the polysaccharide fractions (mainly cellulose) locked in
the intricacy of plant cell walls can become more accessible and amenable to enzyme
attack [9]. Several leading thermochemical pretreatment technologies have been reported
to enhance biomass enzymatic digestibility significantly [10]. Dilute acid pretreatment
(DAP) is such a representative leading technology, which often results in higher acidinsoluble lignin content than the untreated material [11,12,13,14]. This phenomenon has
been hypothesized to be due, in part, to the formation of a lignin-like material termed
pseudo-lignin [15,16].
The first part of this thesis (Chapter 4) verified this hypothesis and further demonstrated
that pseudo-lignin can be generated from biomass polysaccharides without significant
contribution from native lignin during DAP. Pseudo-lignin generated from dilute acidtreated poplar holocellulose and cellulose was isolated, and its molecular weight,
chemical structure and morphology were characterized. Equally important, the study in
Chapter 4 showed that the presence of pseudo-lignin on the surface of pretreated biomass
dramatically lowered cellulose digestibility. To illustrate this inhibition effect caused by
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pseudo-lignin while avoiding the complexity encountered with interpretation of results
for real biomass, Avicel cellulose alone or mixed with Beechwood xylan or xylose was
pretreated with dilute sulfuric acid over a range of optimal conditions that often give the
best cellulose-to-glucose conversion yields (Chapter 5). The pretreated solids were then
subjected to enzymatic hydrolysis, physical and chemical characterizations to provide
possible mechanisms to explain the inhibition effect. During enzymatic hydrolysis, lignin
acts as a physical barrier to prevent enzyme access to the carbohydrate fraction of
biomass and tends to unproductively bind to enzymes. Therefore, it is essential to
compare the inhibition effect of lignin after DAP with that of pseudo-lignin. The study in
Chapter 6 was conducted with this purpose, and the results revealed that pseudo-lignin is
not derived from native lignin but it is even more detrimental to enzymatic hydrolysis of
cellulose compared to dilute acid-treated lignin, clearly indicating the formation of
pseudo-lignin during DAP should be avoided. Chapter 7 developed a method to optimize
DAP conditions to effectively reduce pseudo-lignin formation without significantly
lowering pretreatment severity. Unfortunately, this method could not change the pseudolignin molecular weight or any of its structural features significantly. Nevertheless, the
study in Chapter 7 is the first demonstration that the amount of pseudo-lignin formed
during DAP can be reduced, which contributes to further optimization of DAP
technology.
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CHAPTER 2
LITERATURE REVIEW

2.1 Cellulosic Ethanol
Biofuels are fuels that contain energy from geologically recent carbon fixation. Due to
the rising oil price and the need for energy security, biofuels have increased in popularity.
Bioethanol is one of the most important liquid forms of biofuel and is an alcohol made by
fermentation. At present, bioethanol is mostly produced from carbohydrates derived from
starch crops such as corn or sugarcane, representing the first-generation of biofuel. The
U.S. production of the first-generation bioethanol has increased dramatically since 1980
(Figure 2.1) [17]. However, as continued growth in food price and in the number of
starving people, first-generation biofuel is threatening food supplies and biodiversity
[3,4]. Alternatively, bioethanol can be produced from non-food sources such as
lignocellulosic biomass which represents one of the most abundant, renewable and
sustainable resource one the plant. This second-generation bioethanol or cellulosic
ethanol can help solve the problems of first generation biofuel and can supply a larger
proportion of fuel supply sustainably, affordably, and with greater environmental
benefits.
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Figure 2.1 The U.S. ethanol production from 1980 to 2013
Production of cellulosic ethanol generally requires more complex processes compared to
the first-generation bioethanol (Figure 2.2). For the first generation bioethanol
production, the sugar extracted from sugar-rich crops is directly fermented to ethanol. To
convert lignocellulosic biomass into cellulosic ethanol, a pretreatment step is usually
required to overcome lignocellulosic recalcitrance. The pretreated biomass is then
amenable to be accessed by cellulolytic enzymes to convert cellulose to glucose.
Subsequently, simple sugars are fermented to ethanol followed by a distillation process
separating and purifying ethanol to meet fuel specifications.
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Figure 2.2 An overview of the production process of bioethanol: 1st and 2nd generation
bioethanol [18]

2.2 Ligocellulosic Biomass
Most terrestrial lignocellulosics are primarily composed of three major components:
cellulose (38–50%), hemicellulose (23–32%), and lignin (10–25%), as well as smaller
amounts of pectin, protein, extractives and ash [5,19]. These components together form a
complex and rigid structure, leading lignocellulosic biomass to be resistant to biological
and chemical deconstruction [6]. Table 2.1 summarizes average contents of these three
major components from several common biofuel crops.
Table 2.1 The average contents of major components from common biofuel crops

Switchgrass
Poplar
Miscanthus
Corn stover
Wheat straw
Rice straw
Sugarcane bagasse
Cotton stalk

Composition (%, dry basis)
Cellulose
Hemicellulose
45
30
45
21
48
30
40
25
38
27
37
34
40
24
31
11

2.2.1 Cellulose
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Reference
Lignin
12
24
12
17
20
12
25
28

20
21
22
20
23
24
20
25

Cellulose is a linear polymer made up of β-D-glucopyranosyl units linked with 1→4
glycosidic bonds with cellobiose as the repeating unit. The size of cellulose molecule is
typically defined by the average number of monomer (glucose) units referred as the
degree of polymerization (DP), which can be determined by various analytical techniques
including gel permeation chromatography (GPC), light scattering intrinsic viscosity
measurements and viscometric methods [26]. The DP of cellulose in plants depends on
cellulose origin, cellulose isolation method and even the measurement technique, and the
value is typically in the range of 1510 to 5500 (Table 2.2) [26]. Cellulose DP value is
very important because it profoundly influences the mechanical, solution, biological, and
physiological properties of cellulose.
Table 2.2 the DP of native cellulose from plants [26]
Plant species
Southern pine
Corn kernels
Cotton stalks
Jute fiber
Wheat straw
Rice straw
Corn stover
Poplar
Aspen

DP
1450
1693
1820
3875
2660
1820
2520
3500
4581

Cellulose has a strong tendency to form intra- and inter-molecular hydrogen bonds by the
large number of hydroxyl groups on the cellulose chains. These hydrogen bonds stiffen
cellulose chains and promote aggregation into a crystalline structure [27]. The most
common crystalline form of native cellulose is cellulose I that has parallel glucan chains
and strong intramolecular hydrogen bonds. In nature, cellulose I exists as two crystalline
suballomorphs, cellulose Iα and Iβ. Cellulose Iα has a one-chain triclinic unit cell while
cellulose Iβ has a monoclinic two-chain unit cell [28]. The relative amounts of cellulose Iα
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and Iβ have been found to vary between samples from different origins. Whereas
cellulose Iα has been found rich in the cell wall of primitive microorganisms such as some
algae and in bacterial cellulose, cellulose Iβ has been found rich in higher plants such as
cotton, wood, and ramie fibers [28]. Cellulose Iα is meta-stable in nature and can be
converted to the thermodynamically more stable allomorph (cellulose Iβ) by annealing
[29,30]. Nishiyama et al. [30] proposed that slippage of the glucan chains is the most
likely mechanism for conversion of cellulose Iα to cellulose Iβ. Both chains in cellulose Iα
and Iβ are organized in sheets packed in a parallel-up fashion, with the hydroxymethyl
groups in the tg conformation [30]. Amorphous cellulose can be divided into accessible
fibril surface portion and inaccessible fibril surface portion. Accessible fibril surfaces are
those in contact with water, while the inaccessible fibril surfaces are fibril-fibril contact
surfaces and surfaces resulting from distortions in the fibril interior [11]. In addition to
the crystalline and amorphous regions, some researchers used CP/MAS 13C NMR
technique to reveal that cellulose also contains a para-crystalline portion, which is less
ordered than crystalline cellulose Iα and Iβ, but more ordered than the amorphous region
[31,32]. Table 2.3 lists the relative contents of crystalline, para-crystalline and amorphous
portion of cellulose from three popular biomass feedstocks determined by CP/MAS 13C
NMR.
Table 2.3 The relative contents (%) of crystalline, para-crystalline and amorphous
portion of cellulose from Populus, Loblolly pine and Switchgrass
Biomass
Iα Iα+β ParaIβ
Accessible
Inaccessible
Reference
feedstock
crystalline
fibril surface fibril surface
Populus
5.0 14.2 31.1
19.8 10.2
18.3
33
Loblolly
0.1 30.7 24.8
6.9 33.1
15.6
11
pine
Switchgrass 2.3 8.8 27.3
4.5 5.7
51.3
34
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2.2.2 Hemicellulose
Hemicellulose is the second most common polysaccharide in nature [20]. It is amorphous
and hydrophilic in the fiber wall and acts as an interfiber bonding agent serving as
support for cellulose microfibrils. Unlike cellulose, hemicellulose is composed of
combinations of pentoses (xylose and arabinose) and/or hexoses (mannose, galactose, and
glucose), and it is frequently acetylated and has side chain groups such as uronic acid and
the 4-O-methylester. Other sugars such as rhamnose and fucose are also sometimes
present in small amounts. The DP of hemicellulose is typically in the range of 50 to 300
[27], which is much lower than that of cellulose.
The chemical nature of hemicellulose is dependent on the source. In general, the
dominant component of hemicellulose from hardwoods is glucuronoxylan, while
galactoglucomannan or arabinoglucuronoxylan is prevalent for softwoods (Table 2.4)
[27]. Xylan is a heteropolysaccharide with a homopolymeric backbone chain of 1,4linked β-D-xylopyranosyl units [20]. The branches of xylan vary from species to species,
which may contain arabinose, glucuronic acid, or the 4-O-methyl ether, acetic, ferulic,
and p-coumaric acids. For example, the C2-OH and C3-OH of hardwood glucuronoxylan
are partially acetylated (i.e., 3.5 – 7.0 acetyl groups/10 xylose), whereas softwood xylan
polymer is not acetylated and typically is branched with (1→2)-linked pyranoid 4-Omethyl-β-D-glucuronic acid and (1→3)-linked β-L-arabinofuranosyl units with an
arabinose:uronic acid:xylose ratio of ~1:2:8 [35]. Galactoglucomannan is comprised of
(1→4)-linked β-D-glucopyranosyl and D-mannopyranosyl units which are partially
acetylated at the C2-OH and C3-OH and partly substituted by (1→6)-linked α-Dgalactopyranosyl units [35]. There are generally two different types of
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galactoglucomannans in softwoods: one being highly branched with a ~1:1:3 ratio of
galactose:glucose:mannose and another that is less branched with a ~0.1:1:3 ratio
galactose:glucose:mannose [35]. On the other hand, the glucomannan polymer in
hardwoods has little or no branching with a typical glucose:mannose ratio of ~1:1.5 [35].
Table 2.5 summarizes hemicellulose composition and its DP in several hardwood and
softwood species.
Table 2.4 The major hemicellulose component in softwood (SW) and hardwood (HW)
[27,36,37]
Composition
Wood
Amount (%
Hemicellulose type
Unit
Major Linkage DP
type
on wood)
ratio
Galactoglucomannan

10-15

SW
Arabinoglucuronoxylan

Glucuronoxylan

7-10

15-30

HW
Glucomannan

2-5

β-D-Manp
β-D-Glcp
β-D-Galp
Acetyl
β-D-Xylp
4-O-Me-αD-GlcpA
β-L-Araf
β-D-Xylp
4-O-Me-αD-GlcpA
Acetyl
β-D-Manp
β-D-GlcpA

4
1
0.1
1
10
2

1→4
1→4
1→6

1.3
10
1

1→3
1→4
1→2

7
1-2
1

1→4
1→4

1→4
1→2

100

100

200
200

Table 2.5 Hemicellulose composition and its DP in several biomass feedstocks [38,39]
Carbohydrate composition of the
hemicellulose
Biomass
Hemicellulose
Sugar residues
Molar ratio
DP
Birch
Glucuronoxylan
4-O-MeGlcA:Xyl
5:100
101-122
Aspen
Glucuronoxylan
4-O-MeGlcA:Xyl
9:100
101-122
Spruce
Arabinoglucuronoxylan Ara: 4-O-MeGlcA:Xyl
6:13:100
107-145
Galactoglucomannan
Gal:Glu:Man
16:24:100
118-132
Pine
Arabinoglucuronoxylan Ara: 4-O-MeGlcA:Xyl
10:16:100
107-145
Galactoglucomannan
Gal:Glu:Man
9:22:100
118-132
Larch
Arabinoglucuronoxylan Ara: 4-O-MeGlcA:Xyl
10:12:100
107-145
Galactoglucomannan
Gal:Glu:Man
8:26:100
118-132
Wheat
Arabinoglucuronoxylan Ara: 4-O-MeGlcA:Xyl
6:22:100
107-132
straw
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2.2.3 Lignin
Lignin is an amorphous, cross-linked, and three-dimensional phenolic polymer. Three
types of phenylpropanoid units are generally considered as major precursors for
biosynthesis of lignin: coniferyl, sinapyl, and p-coumaryl alcohol (Figure 2.3), which
give rise to guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H) units respectively in its
structure [40]. Generally, lignin in softwoods is mainly composed of guaiacyl units with
small amounts of p-hydroxyphenyl units existed, while lignin in hardwoods primarily
consists of both guaiacyl and syringyl units including a minor amount of phydroxyphenyl units. Lignin in grasses typically contains all the three types of
monolignol units, with peripheral groups (i.e., hydroxycinnamic acids) incorporating into
its core structure [40]. Table 2.6 summarizes the typical G/S/H lignin ratio from several
common biofuel crops. Lignin is biosynthesized from the three monolignols, and the
polymerization process is initiated by the oxidation of the monolignol phenolic hydroxyl
groups. The oxidation has been shown to be catalyzed via an enzymatic route [27,41],
and it is believed that both peroxidases and laccases are involved in lignin synthesis,
where laccase is primarily responsible for the initial polymerization of monolignols to
oligolignols, while peroxidases catalyze the reactions of oligolignols leading to the
extended lignin macropolymer [41]. The enzymatic dehydrogenation is initiated by an
electron transfer that yields reactive monolignol species with free radicals (Figure 2.4). A
monolignol with a free radical can then couple with another monolignol with a free
radical to generate a dilignol. Subsequent nucleophilic attack by water, alcohols, or
phenolic hydroxyl groups on the benzyl carbon of the quinone methide intermediate will
restore the aromaticity of the benzene ring [41]. The generated dilignols will then
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undergo further polymerization to form aryl ether bonds (β-O-4) being the most common
and important interunit linkage. Other common interunit linkages include resinol (β-β),
phenylcoumaran (β-5), biphenyl (5-5), and 1,2-diaryl propane (β-1) (Figure 2.5). An
example of a radical coupling is shown in Figure 2.6 [41]. Typical proportions of lignin
interunit linkages in softwood and hardwood are summarized in Table 2.7.

Figure 2.3 Typical phenylpropanoid precursors employed in the biosynthesis of lignin in
plant biomass [9]

Figure 2.4 Resonance stabilized phenoxy radical during lignin biosynthesis
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Table 2.6 The G/S/H lignin ratio from several common biofuel crops
G lignin (%)
S lignin (%)
H lignin (%)
Switchgrass
51
41
8
Poplar
29
61
10 (as phydroxybenzoate)
Miscanthus
52
44
4
Corn stover
51
3.6
46
Wheat straw
49
46
5
Rice straw
45
40
15
Sugarcane bagasse
30
37
33

Figure 2.5 Some common interunit linkages found in lignin [47]
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Reference
42
43,44
45
46
47
47
48

Figure 2.6 Formation of β-O-4 interlinkage via radical coupling
Table 2.7 Proportions of different types of lignin linkages in softwood and hardwood
[49]
Percentage of total linkage
Linkage type
Spruce lignin (%)
Eucalyptus lignin (%)
β-O-4
45
61
α-O-4
16
N.D.
β-β
2
3
β-5
9
3
5-5
24-27
3
β-1
1
3
4-O-5
N.D.
9
Dibenzodioxocin
7
N.D.

Lignin is relatively hydrophobic and covalently linked to hemicelluloses to create crosslinks. These cross-links are also called lignin-carbohydrate complexes (LCCs), which are
believed to include phenyl glycoside bonds, esters, and benzyl ethers (Figure 2.4) [50].
LCCs can be isolated as water-soluble entities and divided into three classes based on
molecular weight. Lignin carbohydrate bonds are presumed to exist in higher molecular
weight lignin fractions which are water insoluble. In softwood LCCs, carbohydrate
portions are mainly composed of galactomannan, arabino-4-O-methylglucuronoxylan,
and arabinogalactan, which are linked to lignin at benzyl positions [51,52]. On the other
hand, hardwood and grass LCCs are exclusively composed of 4-O-methylglucuronoxylan
and arabino-4-O-methylglucuronoxylan, respectively [53].
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The biosynthesis pathway for the ether and ester linkages of lignin-carbohydrate covalent
bonds has been proposed to involve a nucleophilic addition of the hemicelluloses to the
quinone methide intermediate formed from the dehydrogenative polymerization of
coniferyl alcohol (Figure 2.7) [54]. According to the quantum mechanics calculation, the
coupling between phenoxy radicals and β-radicals is the most favored, and thus the β-O-4
linkage is the most abundant in lignin structure. The quinone methide-like structure
which is the intermediate of the β-O-4 linkage formation reaction contains an
electrophilic α-position and it can be attacked by water, alcohol, or carboxyl groups,
resulting in the formation of benzyl alcohols, benzyl ethers, and benzyl esters. On the
other hand, the biosynthesis of glycosidic and acetal LCCs is not fully discovered yet.

Figure 2.7 Lignin-carbohydrate complexes linkages

2.3 Lignocellulosic Recalcitrance and Pretreatment Technologies
2.3.1 Lignocellulosic Recalcitrance

15

To date, it is generally accepted that the plant cell wall microstructure is a lignin and
polysaccharides matrix in which these biopolymers are intimately associated with each
other [9,55]. In addition, plant cell walls generally are composed of three layers of
anatomical regions including the middle lamella, the primary wall, and the secondary
wall as shown in Figure 2.8. The structural complexity of plant cell walls causes plant
biomass to be resistant to enzymatic and microbial deconstruction, which is defined as
lignocellulosic recalcitrance [1]. Several factors are believed to contribute to this
recalcitrance, which include the structure and content of lignin, acetylated
hemicelluloses, LCCs, cellulose crystallinity and DP, pore size/volume, and specific
surface area of cellulose [7].

Figure 2.8 Electron microscope and schematic diagram of wood cell wall structure [56]
Lignin is considered the most recalcitrant component of the major plant cell wall
biopolymers, and it acts as a physical barrier to prevent enzyme access to the
carbohydrate fraction of lignocellulosics. Although the detailed mechanism that explains
the protective effect of lignin against enzymatic hydrolysis is still unclear, the crosslinkages between lignin and carbohydrate, the structure and distribution of lignin in
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lignocellulosics are believed to be significant [57]. In addition, during enzymatic
hydrolysis, enzymes tend to irreversibly bind to lignin through hydrophobic interactions
that cause a loss in their activities [58]. Such nonproductive binding of enzymes to lignin
has been suggested to be responsible for the requirement of high enzyme loadings
[59,60,61,62].
Hemicelluloses sheath cellulose microfibrils and the acetyl groups of hemicelluloses are
believed to sterically hinder enzyme attack [7]. Unbranched hemicelluloses (xyloglucan,
homoxylan, and mannan) form hydrogen bonds with the surface of cellulose fibrils,
whereas hemicelluloses and the side chains of branched hemicelluloses (uronic acid and
arabinose) may be covalently bonded to lignin to create enzyme-impenetrable LCCs [63].
LCCs are thought to be the major impediments to enzyme access to cellulose [63].
Therefore, hydrolysis of hemicellulose and cleavage of LCCs can also open the plant cell
wall structure. Sierra et al. [7] suggested that moderate hemicellulose removal (>50 %) is
required to significantly increase the enzymatic digestibility of cellulose [64].
Furthermore, removal of hemicelluloses increases the mean pore size and the specific
surface area of cellulose [65] that are influential structural features related to
noncomplexed cellulase adsorption on the cellulose surface and subsequent enzymatic
deconstruction [62] since cellulases must bind to the surface of cellulose before
hydrolysis can take place. One of the impacts of pretreatment is to enlarge pore sizes to
create more surface area and enhance cellulase penetration into biomass. Meng et al. [66]
utilized a modified Simons’ stain method along with several NMR techniques to measure
the cellulose accessibility/porosity of several poplar samples after DAP and steam
explosion. They revealed that pretreated poplar has larger pore size distributions and
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specific surface area when compared to an untreated sample. The Simons’ stain method
showed that DAP is more effective than steam explosion in terms of the specific surface
area increase, and that DAP increases specific surface area as a function of pretreatment
severity. On the other hand, NMR relaxometry and diffusometry indicated that pore
expansion for DAP pretreatment occurs primarily in first 10 min of pretreatment, but
steam explosion is more effective at pore expansion for the cell wall water pools detected
by changes in relaxation times [66]. Zeng and coworkers [67] demonstrated that an
increased surface area results in more exposed cellulose, thereby increasing the initial
enzymatic hydrolysis rate of cellulose.
The effect of cellulose crystallinity on the overall cellulose-to-glucose conversion has
been an issue for extensive studies. The degree of cellulose crystallinity is expressed in
terms of the crystallinity index (CrI) according to the data from X-ray diffraction (XRD)
technique, and is defined as follows:



CrI  100  I 002  I amorphous/ I 002





I002 is the intensity for the crystalline portion of cellulose at about 2θ = 22.5°



Iamorphous is the minimum intensity corresponding to the amorphous portion at
about 2θ = 18°

In addition to the XRD peak height method that has been used in about 70 to 85 % of the
studies [68], the CrI can also be determined from the areas of the crystalline and
amorphous C4 signals using the following formula, based on solid-state NMR analysis
(Figure 2.9) [69]:





CrI  100  A8692 ppm / A7986 ppm  A8692 ppm 
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A86-92 ppm is the area of the crystalline C4 signal



A79-86 ppm is the area of the amorphous C4 signal

Figure 2.9 Spectral fitting for the C4 region of the CP/MAS 13C NMR spectrum of
cellulose [70]
Furthermore, it has been shown that different measurement techniques give different CrI
values, but the order of crystallinity is relatively consistent within each measurement
technique [68]. Zhang and Lynd [71], Sannigrahi et al. [72], Zhu et al. [73], Yoshida
[74], Mittal et al. [75], and Ioelovich and Morag [76] have suggested that the degree or
rate of enzymatic hydrolysis of cellulose declines with increasing cellulose crystallinity
(Table 2.8). Pu et al. [77] observed that Cellulose Iα, para-crystalline, and non-crystalline
regions of cellulose are more susceptible to enzymatic hydrolysis than cellulose Iβ during
the initial phase, thereby leading to an increase in cellulose crystallinity during the initial
phase of hydrolysis.
On the other hand, Puri [78], Grethlein [79], and Thompson et al. [80] did not observe
this strong correlation between cellulose crystallinity and hydrolysis rate/degree. During
enzymatic hydrolysis of organosolv pretreated switchgrass, Cateto et al. [81] showed that
cellulose crystallinity remained approximately constant, and this was explained by the
“peeling-off” type mechanism - the effect of the synergistic action of cellulases on the
removal of the outer layers of the cellulose crystallite in order to gain access to the inner
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layers. It has been reported that the initial enzymatic hydrolysis rate of different cellulose
allomorphs decreases in the following order: amorphous>IIII>II>I, which has been
attributed to the enhanced specific surface areas compared to cellulose I [82]. The slower
hydrolysis rate of native crystalline cellulose (cellulose I) is attributed to the presence of
strong interchain hydrogen bonding between adjacent chains in a cellulose sheet and
weaker hydrophobic interactions between cellulose sheets, resulting in the stability of
crystalline cellulose nanofibers that strongly resist chemically or biologically catalyzed
degradation [83,84]. In addition, Weimer et al. [82] stated that the increased enzymatic
hydrolysis rate of cellulose IIII was due to its lower crystallinity, lower packing density,
and higher distances between hydrophobic surfaces compared to cellulose I.
Hall et al. [85] demonstrated that the initial enzymatic hydrolysis rate of cellulose
decreases linearly as crystallinity increases. Additionally, differences in the adsorption
properties of cellulases on crystalline and amorphous cellulose are also believed to be
related to the reactivity difference between crystalline and amorphous cellulose [86,87].
Hall et al. [85] have observed that the amount of adsorbed enzymes appeared to decrease
linearly with crystallinity only at CrI above 45 %, whereas a constant amount of adsorbed
enzymes leading to higher hydrolysis rate was observed at lower degrees of crystallinity
(i.e., CrI < 45 % ). They inferred that the adsorbed enzymes on the cellulose with low
degrees of crystallinity are more active at the same overall concentration, which is owing
to a more open cellulose structure that hinders enzymes from residing on neighboring
chains from hindering one another [88]. Exo-cellulases may also locate a chain end faster
with an open structure so that hydrolysis may occur quicker. However, the hydrolysis rate
is limited to the high degrees of crystallinity because the internal surface of highly
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crystalline cellulose is poorly accessible to enzymes, leading to low enzyme adsorption.
Based on the conflicting results from the literature, further studies are needed to
determine whether cellulose crystallinity provides a clear indication of enzymatic
digestibility of cellulose.
Table 2.8 Cellulose conversion yield versus crystallinity for different substrates
Sample
Crystallinity
Extent of
Enzymes loadings
Reference
index (%)
enzymatic
hydrolysis (%)
*Ground high 60.2
3.5 in 1 h
30 FPU/g for cellulase
73
lignin poplar
from Spezyme CP
Ground high
25.9
25.0 in 1 h
10 FPU/g for cellulase
73
lignin poplar
from Spezyme CP
Ground high
16.4
29.8 in 1 h
10 FPU/g for cellulase
73
lignin poplar
from Spezyme CP
Ground high
8.2
31.9 in 1 h
10 FPU/g for cellulase
73
lignin poplar
from Spezyme CP
Ground low
66.1
14.8 in 1 h
10 FPU/g for cellulase
73
lignin poplar
from Spezyme CP
Ground low
32.0
42.1 in 1 h
10 FPU/g for cellulase
73
lignin poplar
from Spezyme CP
Ground low
17.5
53.3 in 1 h
10 FPU/g for cellulase
73
lignin poplar
from Spezyme CP
Untreated
54.2
12.0 in 72 h
328 U/g for cellulase from 74
Miscanthus
Celluclast 1.5 L and 268
U/g for β-glucosidase
from Novozyme 188
Untreated
41.9
16.2 in 72 h
328 U/g for cellulase from 74
Miscanthus
Celluclast 1.5 L and 268
U/g for β-glucosidase
from Novozyme 188
Untreated
24.8
27.9 in 72 h
328 U/g for cellulase from 74
Miscanthus
Celluclast 1.5 L and 268
U/g for β-glucosidase
from Novozyme 188
Ground
55.9
65.8 in 72 h
328 U/g for cellulase from 74
delignified
Celluclast 1.5 L and 268
Miscanthus
U/g for β-glucosidase
from Novozyme 188
Ground
53.0
79.8 in 72 h
328 U/g for cellulase from 74
delignified
Celluclast 1.5 L and 268
Miscanthus
U/g for β-glucosidase
from Novozyme 188
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Table 2.8 continued
Ground
45.7
delignified
Miscanthus

82.3 in 72 h

328 U/g for cellulase from 74
Celluclast 1.5 L and 268
U/g for β-glucosidase
from Novozyme 188

*Note: hybrid poplar was ground to 0.4 mm.
The DP of cellulose has also been postulated to play a role in its susceptibility to
enzymatic deconstruction of cellulose. During enzymatic hydrolysis, endo-cellulases are
involved in cleaving internal β (1→4) linkages of cellulose chains, decreasing the DP of
cellulose and exposing reactive ends that can be attacked by exocellulases [55, 56]. Exocellulases are known to have a marked preference for substrates with lower DP [71], thus
it is expected that reduction in the DP of cellulose would produce more chain ends with
higher enzyme accessibility to cellulose. Furthermore, it has been shown that cellulose
with shorter chains is more amenable to enzymatic deconstruction due to the absence of
strong hydrogen bonding [89,90,91]. One of the earliest studies focusing on the effect of
the DP of cellulose on enzymatic saccharification (Table 2.9) [78] suggested that the DP
of cellulose may play an important role in the enzymatic degradation of cellulose,
especially in the initial rate of hydrolysis. However, Sinistyn and co-workers [92] showed
that reduction in the DP of cotton linters while keeping the crystallinity index constant
had negligible impact on the enzymatic hydrolysis rate. Zhang and Lynd [93] observed
that a decrease in cellulose DP was less effective in accelerating enzymatic hydrolysis
than an increase in the accessibility of β-glycosidic bonds. Such results suggest that the
understanding of the impact of cellulose chain length on enzymatic hydrolysis is still
developing.
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Table 2.9 DP versus extent of enzymatic hydrolysis for different substrates [78]
Substrate
Treatment
DP
Extent of enzymatic
hydrolysis (%)
Bagasse
Untreated
925
28
CO2 explosion, 5 min at 200 °C and 3.45 572
78
MPa
Alkali explosion, 5 min at 200 °C and
550
85
3.45 MPa with 8% NaOH
Wheat
Untreated
1045
29
straw
CO2 explosion, 5 min at 200 °C and 3.45 698
81
MPa
Alkali explosion, 5 min at 200 °C and
662
85
3.45 MPa with 6% NaOH
E. regnans Untreated
1510
9
Ozone treatment, 15% ozone charge and 1065
86
50% solids in water
P. radiata
Untreated
3063
3
Ozone treatment, 15% ozone charge and 2900
87
50% solids in water
Cotton
Untreated
3170
38
linters
Ball-milling for 15 min
2214
57

2.3.2 Pretreatment Technologies
The pretreatment of lignocellulosic biomass is probably the most critical step as it has a
huge impact on all the rest steps in the process of cellulosic ethanol production [94]. A
large number of pretreatment approaches have been investigated on a wide variety of
feedstock types, which can typically be divided into physical, chemical and biological
methods [64]. Physical pretreatment such as ball-milling can enlarge the surface area of
biomass thereby increasing the enzyme absorption or further pretreatment accessibility,
but the performance is economically poor. Biological pretreatment has been considered
as an environmentally friendly approach because it has low chemical and energy
requirement to enhance cellulose enzymatic digestibility. It uses microorganisms such as
fungi to selectively degrade lignin and hemicellulose but very little of cellulose [95]. It
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seems to be conceptually ideal pretreatment method, but the controllable, cost effective,
and rapid system has not been discovered to date [96]. As a result, chemical pretreatment
is currently the most promising and widely applied method, which utilizes chemical
treatment to alter the physicochemical structural and compositional properties of
lignocellulosic biomass, making cellulose more accessible to enzymes during hydrolysis
step [64,97]. Among various chemical pretreatments, dilute acid pretreatment,
hydrothermal pretreatment, and ammonia fiber explosion pretreatment are the major
techniques being developed [5]. This section will review these leading chemical
pretreatment technologies following the acid-neutral-alkaline order.
2.3.2.1 Dilute Acid Pretreatment
Dilute acid pretreatment can significantly reduce lignocellulosic recalcitrance and it has
been successfully applied to a wide range of feedstocks, including softwoods, hardwoods,
herbaceous crops, and agricultural residues [98,99,100,101,102]. It is usually performed
over a temperature range of 120 to 210 °C, with acid concentration typically less than 4
wt%, and residence time from a few seconds to an hour in different types of reactors such
as batch [103], plug flow [104], percolation [105], countercurrent [106], and shrinkingbed reactors [106,107,108]. Although a variety of acids such as hydrochloric acid, nitric
acid, phosphoric acid and peracetic acid have been employed, sulfuric acid has been most
widely used since it is inexpensive and effective [109]. Table 2.10 summarizes DAP
results for different substrates.
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Table 2.10 Summary of DAP conditions for different substrates
Substrate
Pretreatment
CS Cellulose
Enzymes loadings
conditions
conversion
yield (%)
Corn stover
121 °C, 2.0% 2.01 75.6 in 72 h 40 FPU/g for
H2SO4, 120
cellulase from
min
Celluclast 1.5 L, and
8 CBU/g for βglucosidase from
Novozym 188
121 °C, 2.0% 1.28 56.0 in 72 h 40 FPU/g for
H3PO4, 120
cellulase from
min
Celluclast 1.5 L, and
8 CBU/g for βglucosidase from
Novozym 188
Cotton stalk 121 °C, 2.0% 1.71 23.9 in 72 h 40 FPU/g for
H2SO4, 60
cellulase from
min
Celluclast 1.5 L, and
70 CBU/g for βglucosidase from
Novozym 188
Aspen
175 °C, 0.25% 2.10 42.3 in 72 h 60 FPU/g for
H2SO4, 30
cellulase from
min
Spezyme CP and 120
CBU/g for βglucosidase from
Novozyme 188
170 °C, 1.10% 2.60 88.0 in 72 h 7.5 FPU/g for
H2SO4, 30
cellulase from
min
Celluclast 1.5 L and
11.25 CBU/g for βglucosidase from
Novozyme 188
Switchgrass 140 °C, 1.0% 1.79 75.0 in 72 h 15 FPU/g for
H2SO4, 40
cellulase from
min
Spezyme CP and 30
CBU/g for βglucosidase from
Novozyme 188
Sweet
180 °C, 1.0% 2.67 53.9 in 60 h 20 FPU/g for
sorghum
H2SO4, 20
cellulase
bagasse
min
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Reference

98

98

25

99

100

101

102

The combined severity (CS) factor is used for an easy comparison of pretreatment
conditions and for facilitation of process control, which relates the experimental effects
of temperature, residence time and acid concentration [110].





CS  logt exp T  Tref / 14.7  pH



t is the pretreatment time (min)



T is the pretreatment temperature (°C)



Tref is 100 °C.

A primary effect of DAP is to hydrolyze hemicelluloses and to disrupt the lignin structure
so that the treated biomass has increased enzyme access to cellulose fraction.
Hemicellulose, mainly xylan, is hydrolyzed to fermentable sugars during DAP, as
glucomannan is relatively stable in acid [65]. In general, less xylan remains in the
pretreated solid residues at higher severity pretreatment conditions
[111,112,113,114,115,116,117] as shown in Figure 2.10. At lower CS, most of the
released xylan is accumulated in the liquors in the form of xylose, whereas, at higher CS,
the released xylan in the liquors is partially converted to furfural [112,113]. Kabel et al.
[113] demonstrated that the amount of furfural and the xylan loss increased as both CS
increased and the percentage of residual xylan decreased.
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Figure 2.10 Residual xylan content versus pretreatment severity for different feedstocks
[5]
During DAP, the hydrolyzed acetyl groups become an in-situ source of acetic acids that
further catalyzes xylan depolymerization, whereas another fraction of the acetyl esters
remains covalently linked to the xylan backbone and are released from the residue
together with the xylan as esterified xylo-oligosaccharides [113]. This latter fraction is
believed to be stronger inhibitor to cellulases than pure xylo-oligosaccharide owing, in
part, to the steric hindrances of the acetyl groups. Furthermore, it has been hypothesized
that xylan is dissolved in the reaction media first as high Mw (DP > 25) material followed
by cleavage of more and more bonds between xylose residues upon higher severity
pretreatment conditions [112]. This hypothesis was confirmed by Kabel et al. [113].
Their work showed that the more severe the pretreatment the more low Mw (DP < 9)
xylans and the less high Mw xylans were detected in the liquor. Additionally, the
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proportions of medium Mw (DP 9-25) xylans first increased slightly upon a medium
severity (CS -0.4 to 1.2), but then decreased rapidly at higher severity in favor of low Mw
xylans formation.
The majority of the hemicelluloses (xylose, mannose, arabinose and galactose) from
substrate including hardwood (such as poplar), agricultural residue (such as corn stover)
and grass (such as switchgrass) are removed during DAP. The hydrolyzation of cellulose
and subsequent solubilization of glucose would take place if the pretreatment conditions
are too severe [114,115,116,118,119,120,121]. Foston and Ragauskas [118] stated that
the degradation of cellulose is an acid catalyzed and thermally accelerated chain scission
mechanism. The reaction takes place within the fibril structure from within either a
crystalline or amorphous region of cellulose. This process consists of two major stages;
an initial rapid hydrolysis of the more solvent accessible amorphous region, and a latter
much slower hydrolytic attack of the crystalline portion [122,123].
In general, the crystallinity of cellulose increases throughout the process of DAP as
shown in Table 2.11. Foston and Ragauskas [118] have observed that para-crystalline
content of cellulose from poplar and switchgrass appears to increase with pretreatment
temperature based on solid-state 13C CP/MAS NMR studies. They suggested that the
majority of the increase in crystallinity and para-crystalline percentage is primarily due to
localized hydrolyzation and removal of cellulose in the amorphous regions. The more
solvent accessible amorphous regions are more prone to degradation during pretreatment
at higher temperature because cellulose hydrolysis is thermally accelerated.
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Table 2.11 Crystallinity index (CrI) before and after DAP for different substrate
Substrate
Pretreatment
CrI (%) before
CrI (%) after
Reference
conditions
pretreatment
pretreatment
Corn stover
160 °C, 0.5%
50.3
52.5
119
H2SO4, 20 min
Poplar
160 °C, 1.0%
49.9
70.5
118
H2SO4, 5 min
190 °C, 2.0%
49.9
50.6
119
H2SO4, 70 s
Sugarcane
80 °C, 50%
42.6
63.0
124
bagasse
peracetic acid, 2 h
Loblolly pine 180 °C, 0.5%
62.5
69.9
11
H2SO4, 10 min

In addition, the relative proportion of both the crystalline and para-crystalline forms can
also be affected by ultrastructural transformation mechanisms and/or hydrolyzation at
crystalline surfaces. For example, it has been observed that the relative intensity of the
cellulose Iα form decreases while the relative intensity for the other crystalline
allomorphs increases with residence time for both poplar and switchgrass during DAP
[118]. This data suggests the cellulose Iα form is susceptible to either selective
degradation by acidic hydrolyzation and/or transformation to other crystal allomorphs
during pretreatment. In fact, conditions in DAP could promote cellulose annealing
[11,125,126] of cellulose Iα into cellulose Iβ crystal. This transformation is attributed to
the metastable properties of the triclinic one-chain crystal structure of cellulose Iα
[123,127]. It has been suggested that during DAP cellulose Iα is primarily converted to
pare-crystalline cellulose, followed by conversion to cellulose Iβ while simultaneously a
small fraction of para-crystalline cellulose slowly transforms into crystalline cellulose
[118].
Interestingly, Sannigrahi et al. [11] observed a large increase in the relative proportion of
cellulose Iβ accompanied by a decrease in the relative proportions of both cellulose Iα and
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para-crystalline region from dilute acid pretreated pine. This suggests that the types of
lignocellulosic materials and exact pretreatment conditions influence cellulose crystalline
allomorphs and para-crystalline contents during DAP.
DAP leads to the reduction in the DP of cellulose especially at high severity pretreatment
conditions, which increases enzymatic digestibility of cellulose. The DP of cellulose from
different substrates decreases gradually until reaching a nominal value namely the
leveling-off degree of polymerization (LODP) throughout the course of DAP [111,128].
The initial faster DP reduction phase is believed to represent the hydrolysis of the
reactive amorphous region of cellulose; whereas the slower plateau rate phase
corresponds to the hydrolysis of the slowly reacting crystalline fraction of cellulose
[128].
In summary, DAP is one of the most important chemical pretreatment technologies
because of its high hemicellulose solubilization and recovery, and high yields in
subsequent enzymatic deconstruction of cellulose. However, DAP is still among the most
expensive steps in biomass conversion to fuels [129], primarily owing to the additional
costs for acid, special reactor material and acid-neutralization step.
2.3.2.2 Hydrothermal Pretreatment
Hydrothermal pretreatment refers to the use of water in the liquid or vapor phase to
pretreat lignocellulosic materials under high pressure. Pressure is utilized to maintain
water in the liquid state at elevated temperatures of 160-240 °C [130]. Table 2.12
summarizes pretreatment results for different substrates. Hydrothermal pretreatment can
be performed in co-current, countercurrent or flow-through reactors. In the co-current
process, the water-lignocellulosics slurry is heated to pretreatment conditions and held for
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the required residence time. In the countercurrent process, the water and lignocellulosics
flow in the opposite directions. In the flow-through process, hot water flows through a
stationary bed of lignocellulosics [7]. This pretreatment technology is particularly
promising because of several potential advantages including no requirement for catalysts,
or special reactor materials or preliminary feedstock size reduction [131].
Table 2.12 Hydrothermal pretreatment results for different substrates
Substrate
Pretreatment
Cellulose
Enzymes loadings
conditions
conversion
yield (%)
Wheat
200 °C, 40
95.8 in 72 h
15 FPU/g for cellulase from
straw
min
Celluclast 1.5 L, and 15
IU/g for β-glucosidase from
Novozyme 188
195 °C, 20
87.5 in 72 h
15 FPU/g for cellulase from
min
Celluclast 1.5 L, and 15
IU/g for β-glucosidase from
Novozyme 188
195 °C, 40
81.2 in 72 h
15 FPU/g for cellulase from
min
Celluclast 1.5 L, and 15
IU/g for β-glucosidase from
Novozyme 188
Corn stover 190 °C, 15
69.6 in 168 h
15 FPU/g for cellulase from
min
Spezyme CP, and 65 IU/g
for β-glucosidase from
Novozyme 188
Switchgrass 200 °C, 10
77.4 in 48 h
49 FPU/g for cellulase from
min
Celluclast 1.5 L, and 40
IU/g for β-glucosidase from
Novozyme 188

Reference

132

133

133

67

134

The goal of hydrothermal pretreatment is to solubilize hemicelluloses and to increase
cellulose digestibility. During pretreatment, water acts as a weak acid and releases the
hydronium ion, which causes depolymerization of hemicellulose by selective hydrolysis
of glycosidic linkages, liberating O-acetyl group and other acid moieties from
hemicellulose to form acetic and uronic acids. The release of these acids has been

31

postulated to catalyze hydrolysis of hemicelluloses and oligosaccharides from
hemicelluloses [135,136,137,138]. However, this postulate was challenged since it cannot
explain the large difference in the performance of flow through reactor that removes
much more hemicellulose especially at high flow rate (Figure 2.11). This is because the
large amount of water used in a flow through reactor quickly dilutes and removes organic
acids, which lowers the organic acids concentrations and minimizes the time for them to
act on the solid hemicellulose.

Figure 2.11 Flow rate versus xylan removal for hydrothermal pretreatment of corn stover
Liu and Wyman [139] postulated that the long-chain hemicellulose oligomers and
unreacted hemicellulose could form hydrogen bonds with water molecules to form an
“ice-like” layer that slows the access of water to hemicellulose during hydrothermal
pretreatment. Additionally, it was hypothesized that the flow of liquid would enhance
removal of less-soluble oligomers and disturb the “ice-like” layer, leading to reduce the
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thickness of the stagnant fluid layer surrounding the solid particles and to lower the
resistance to penetration of water into the solids for hydrolysis and diffusion of oligomers
into solution [139]. Therefore, hemicellulose hydrolysis is controlled by both chemical
reaction (i.e. temperature and acid concentration) and mass transfer effect [139]. At
relatively high acid concentration condition, mass transfer is insignificant since the
hydronium ions would rapidly hydrolyze long-chain oligomers to more rapidly dissolving
short-chain species and then to monomers. This is why hemicellulose solubilization is
mainly controlled by temperature and acid concentration in DAP, while mass transfer is
believed to play a more important role in hydrothermal pretreatment [139], where most of
hemicellulose sugars are released as oligomers [112,139,140,141,142]. However, the
detailed mechanism accounting for the enhanced hemicellulose removal with flow rate is
still not fully understood [143]. Furthermore, it was found that lignin-hemicelluloseoligomers and their solubility might significantly affect the rates and yields of
hemicellulose solubilization [143].
It has been observed that hemicellulose is easily dissolved in water together with a
considerable part of lignin at approximately 180 ºC [139,144,145,146], and solubilization
of hemicellulose increases significantly with pretreatment severity (i.e. temperature and
time). Garrote et al. [137] and Vegas et al. [138] showed that the medium molecular
weight (DP 9-25) xylo-oligosaccharides were predominant in hydrothermal pretreatment,
and their proportions decreased slightly with severity due to the increased decomposition.
The amount of low molecular weight (DP < 9) fraction increased with severity while the
proportion of high molecular weight (DP > 25) fraction declined with severity. These
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authors concluded that the majority of xylan-derived products in hydrothermal
pretreatment corresponded to xylo-oligosaccharides with DP less than 25 [137,138].
Hydrothermal pretreatment results in preserving most of the cellulose in the solid form,
and the amount of glucan retained is greater than in DAP [132]. Yu and Wu [147]
investigated the hydrolysis behavior of amorphous and crystalline cellulose in
hydrothermal pretreatment. The minimal temperature required to rupture the glycosidic
bonds in the chain segments within the amorphous portion of cellulose appears to be
approximately 150 ºC whereas for crystalline portion of cellulose it is 180 ºC.
Furthermore, low-DP glucose oligomers are produced at 180 °C, whereas large-DP
glucose oligomers are released at temperatures above 200 ºC. Clearly, this difference in
the hydrolysis behavior between amorphous and crystalline cellulose is due to the
significant ultrastructural differences in the amorphous and crystalline portions of
cellulose. Therefore, amorphous cellulose is more reactive than crystalline cellulose and
several researchers have reported that the crystallinity index of cellulose increased after
hydrothermal pretreatment [119,148], although no significant change in cellulose
crystallinity has also been observed when the pretreatment severity is low [149]. The DP
of cellulose decreases progressively until reaching LODP during hydrothermal
pretreatment [111,128], which is similar to those reviewed for DAP.
To summarize, hydrothermal pretreatment without adding any catalyst is attractive due to
much lower cellulose degradation and significant reduction in the chemical and materials
of construction costs compared to DAP, but it also produces large amounts of
hemicellulose oligosaccharides that must be further hydrolyzed to fermentable

34

monosaccharides. Furthermore, higher water input in hydrothermal pretreatment demands
more energetic requirements, which is not favorable for developing at commercial scale.
2.3.2.3 Ammonia Fiber Explosion Pretreatment
Ammonia, a non-corrosive chemical, is a desirable pretreatment reagent because it can
effectively swell lignocellulosic material; has high reaction selectivity with lignin over
carbohydrates, and is easy to recover and recycle due to its high volatility [150]. During
ammonia fiber explosion (AFEX) pretreatment, the lignocellulosic material is treated
with liquid ammonia at temperatures between 60 and 100 °C and high pressure for a
variable period of time (such as 30 min), and then the pressure is released. Due to the
design of commercial-scale AFEX process requires adequate ammonia contacts with
moist biomass followed by removing adequate ammonia with minimal costs, the
conventional approach to perform AFEX is to treat moist biomass (0.1-2 g H2O/g dry
biomass) with liquid ammonia (0.3-2 g NH3/g dry biomass) while heating (40-180 ºC) the
biomass-water-ammonia mixture for a period of time (5-60 min) before rapidly releasing
the pressure. This swift pressure release leads to a rapid expansion of the ammonia gas
that causes swelling and physical disruption of biomass fibers. In addition, about 95% of
the ammonia can be recovered in the gas phase and recycled, with a small amount of
ammonia that remains in the lignocellulosics might serve as a nitrogen source for the
microbes in the fermentation process [151]. AFEX has been applied to various
lignocellulosic materials including rice straw, corn stover and switchgrass. However, it is
not effective on lignocellulosics with high lignin content such as softwood [19,152].
Table 2.13 summaries AFEX pretreatment results for various substrates.
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Table 2.13 AFEX pretreatment results for different substrates
Substrate
Pretreatment
Cellulose
Enzymes loadings
conditions
conversion
yield (%)
Switchgrass 100 °C, 1:1
93 in 168 h
15 FPU/g for cellulase
ammonia to
from Spezyme CP, and
biomass loading,
40 IU/g for β80% moisture
glucosidase from
content, 5 min
Novozyme 188
Coastal
90 °C, 1:1
87.1 in 48 h 30 FPU/g for cellulase
Bermuda
ammonia to
from Trichoderma
grass
biomass loading,
reesei
60% moisture
content, 5 min
100 °C, 1:1
89.0 in 48 h 30 FPU/g for cellulase
ammonia to
from Trichoderma
biomass loading,
reesei
60% moisture
content, 5 min
80 °C, 1:1
97.3 in 48 h 30 FPU/g for cellulase
ammonia to
from Trichoderma
biomass loading,
reesei
60% moisture
content, 30 min
Corn stover
90 °C, 1:1
93 in 168 h
60 FPU/g for cellulase
ammonia to
from Spezyme CP
biomass loading,
60% moisture
content, 5 min
90 °C, 1:1
93 in 168 h
31 mg/g for cellulase
ammonia to
protein from Spezyme
biomass loading,
CP, and 33 mg/g for β60% moisture
glucosidase protein
content, 5 min
from Novozyme 188
Poplar
180 °C, 2:1
93 in 168 h
125 mg/g for cellulase
ammonia to
protein from Spezyme
biomass loading,
CP, and 33 mg/g for β233% moisture
glucosidase protein
content, 30 min
from Novozyme 188

Reference

153

154

154

154

155

156

156

In AFEX, the combination of chemical and physical effects leads to partially
solubilization of hemicelluloses and the disruption of the cell wall complex structure
thereby increasing the accessibility of cellulose and hemicellulose to enzymes [151,155].
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Removal of acetyl groups from hemicellulose results in the formation of acetamide and
acetic acid, but it is reported that AFEX removes the least amount of acetyl groups from
lignocellulosic material compared to other leading pretreatment technologies [119].
AFEX can be considered as a ‘dry to dry’ process since dry mass recovery following
AFEX treatment is almost 100% [155]. Although results from the literature have
suggested that the physical removal of hemicellulose and lignin from plant cell walls into
separate liquid phases is necessary to enhance enzymatic digestibility of cellulose, AFEX
can still achieve more than 90% conversion of cellulose and hemicellulose to fermentable
sugars at optimal conditions (Table 7). Furthermore, enzymatic digestibility of AFEXtreated material at low enzyme loadings is very high comparing to other pretreatment
technologies [157]. These all suggest that ammonia may affect hemicellulose differently
from other chemicals.
Several researchers reported subtle changes in the inner cell wall localization of the lignin
and hemicelluloses during AFEX pretreatment account for the increase in cellulose
accessibility [158,159,160]. During AFEX pretreatment, ammonia causes a series of
ammonolysis (amide formation) and hydrolysis reactions (acid formation) in the presence
of water, which cleave LCC ester linkages such as diferulates cross-linking arabinose
side-chains of xylan [159]. Cleavage of these lignin-hemicellulose ester linkages
facilitates the solubilization and removal of lignin and hemicellulose oligomers thereby
exposing the embedded cellulose microfibrils [159]. Furthermore, the rapid pressure
release leading to the expansive decompression of ammonia at the end of pretreatment
would form large pores at the middle lamella. Chundawat et al. [159] stressed that these
large pores would greatly facilitate the accessibility of cellulases because the radius of
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gyration of exo-cellulase Cel7A from Trichoderma reesei is smaller than the pore size. In
addition, increasing the cell wall porosity without extensively extracting of lignin and
hemicellulose could prevent collapse and aggregation of cellulose microfibrils, thereby
preserving pretreatment effectiveness [158,161]. The mechanism discussed above
partially explains how AFEX pretreatment reduces lignocellulosic recalcitrance.
AFEX pretreatment has a much lower impact on the DP of cellulose than other leading
pretreatment technologies such as DAP [119]. Another major chemical effect of AFEX is
cellulose decrystallization [119,162,163] that allows cellulose to be more easily degraded
in the enzymatic hydrolysis process. In general, lower moisture content in AFEX
pretreatment tends to produce less crystalline samples [162]. This is probably owing to
the high moisture in the biomass promotes the formation of ammonia hydroxide [153]
that hydrolyzes more hemicellulose and lignin, thereby increasing the relative
crystallinity of cellulose. The reduction in cellulose crystallinity after AFEX pretreatment
may be attributed to the generation of more amorphous cellulose [119].

2.4 Lignin Globules and Pseudo-lignin Formation during Dilute Acid Pretreatment
It has been observed that lignin is translocated and redistributed during DAP, leading to
the formation of lignin droplets of various morphologies [158,164,165,166,167,168,169].
Pingali et al. [14] proposed that lignin aggregates are present within the bulk pretreated
material prior to the formation of larger lignin droplets resulting from lignin
redistribution at a later stage. Furthermore, high temperature exceeding the lignin phase
transition temperature (ranging from 120 ºC to 200 ºC) is required for such aggregates to
form. Further studies revealed that once the lignin phase transition temperature is
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reached, lignin becomes fluid and then coalesce to form droplets within the cell wall
matrix. The hydrostatic pressures within the cell wall layers force a fraction of this lignin
to the outer face, which in turn contacts with the pretreatment bulk and deposits back
onto the plant cell wall surface during DAP [165,167,168]. By using confocal and
fluorescence lifetime imaging microscopy, Coletta et al. [170] observed DAP results in a
disorder in the arrangement of lignin and its accumulation in the external border of the
cell wall. This relocation and redistribution of lignin is more pronounced with higher acid
concentration and/or temperature, which overlays the cell wall surfaces and potentially
blocks enzymes further access to cell wall components [171].
Similar to the re-deposit lignin droplets, Sannigrahi et al. reported that pseudo-lignin
which is formed during DAP has spherical structures and deposits on the cell-wall
surface of dilute acid-treated biomass (Figure 2.12) [109,172]. The formation of pseudolignin also accounts for the relatively comparable or even higher lignin content observed
in the dilute acid-treated biomass. It is well-known that DAP alone is not efficient for
lignin removal [11,42,173]. For instance, a study by Cao et al. [174] reported lignin
contents (~ 24.4-25.9%) in the pretreated poplar similar to the untreated control (24.6%)
after DAP at 170 °C over the range of 0.3-26.8 min. An increase in lignin content by ~ 26% was observed in poplar after treating with dilute acid at 140 –180°C [13]. Similarly,
Samuel et al. [42] documented a 10% increase in lignin content in switchgrass after DAP
at 190°C with the residence time of 1 min. These results can be mostly attributed to the
concomitant loss of polysaccharides. Under DAP conditions, undesired by-products such
as furfural and 5-hydroxylmethyl furfural (HMF) are formed from xylose and glucose,
respectively via acid-catalyzed dehydration reactions (Figure 2.13) [5]. Further
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rearrangements of furfural and/or HMF can produce aromatic compounds, which undergo
further polymerization and/or polycondensation reactions to form pseudo-lignin.
Therefore, the formation of pseudo-lignin during pretreatment is unfavorable due to it
comes from carbohydrate degradation and more importantly, it may be detrimental to
enzymatic hydrolysis of cellulose just like native lignin.

Figure 2.12 SEM image of pseudo-lignin deposition on surface of poplar holocellulose
after dilute acid pretreatment [9]
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Figure 2.13 Reaction pathways of undesired by-products generated from carbohydrates
under DAP conditions

41

CHAPTER 3
Experimental Materials and Procedures

3.1 Materials
3.1.1 Chemicals and Materials
All chemicals were purchases either from Sigma-Aldrich (St. Louis, MO) or VWR (West
Chester, PA), and used as received except for p-dioxane, which was distilled over sodium
borohydride prior to use. All gases were purchased from Airgas (Radnor Township, PA).
Pure cellulose (Avicel1 PH 101; Lot No.1316179) was purchased from FMC Biopolymer
(Philadelphia, PA). Beechwood xylan (Catalog No. X-4252; Batch No. 017K0688) and
xylose (99% purity; Batch No. 069K0115) were from Sigma-Aldrich (St. Louis, MO.
Accellerase 1500 cellulase (Batch No.1681198062) and Multifect xylanase (Lot No.30104021-015) were provided by Genencor, a division of Danisco A/S (now DuPontTM
Genencor1 Science, Palo Alto, CA). Protein contents of cellulase and xylanase, as
determined by the standard BCA method [175], were 82 and 42 mg/mL, respectively.
The specific activity of Accellearse 1500, as reported elsewhere [176], was about 0.5
FPU/mg protein, consistent with values typically noted for commercial cellulase
preparations. CBHI purified to homogeneity (single band on SDS gel, 18.5 mg/mL as
determined by BCA method) from Genencor Spezyme1 CP (lot 301-04075-034; 59±5
FPU/mL, 123±10 mg protein/mL) cellulase was prepared by Protein Labs (San Diego,
CA) by following standard protocols [177].
3.1.2 Biomass Substrate
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Hybrid poplar (Populus trichocarpa x deltoides) was obtained from Oakridge National
Laboratory, TN and Wiley milled to pass a 2-mm screen. The sample was air-dried and
stored at -20 ºC.

3.2 Experimental Procedures
3.2.1 Soxhlet Extraction
Extractive-free poplar was prepared with sequential 24 h Soxhlet extractions according to
TAPPI method T 204 cm-07 [172]. Extractives were removed by placing the samples into
an extraction thimble in a Soxhlet apparatus. The extraction flask was filled with
ethanol/toluene (1/2, v/v) and then refluxed with boiling rate of 24 solvent cycles per h.
The extractive-free solids were air-dried overnight.
3.2.2 Holocellulose Pulping
Poplar holocellulose was isolated from the extractive-free poplar by removing lignin
following literature procedures [178]. Extractive-free sample was subjected to an
oxidative treatment with NaClO2 (1.30 g/g dry weight sample) and acetic acid in a sealed
plastic pouch (Kapak Corporation). The pouch was then placed in a reciprocating water
bath at 70 °C for 1 h. The oxidative treatment was repeated three more times to produce
holocellulose. The holocellulose was recovered by filtration and washed thoroughly with
deionized (DI) water, and air-dried overnight.
3.2.3 α-Cellulose Isolation
α-Cellulose was isolated from poplar holocellulose following Tappi method T-203 cm-09
with a slight modification [172]. Holocellulose was suspended in 17.5 wt% NaOH
solution at room temperature (RT) for 1 h. DI water was then added to the slurry to dilute
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NaOH solution to 8.75 wt%. The slurry was allowed to stir for another 30 min, and then
filtered through a filter funnel. The solids were washed with excess DI water until the pH
of the filtrate was close to 7, and air-dried overnight.
3.2.4 Dilute Acid Pretreatment
Two-step dilute acid pretreatments were applied to both poplar holocellulose and αcellulose. The samples were soaked in 0.10 M sulfuric acid (5% solids) while stirring at
RT for 4 h. The presoaked slurry was filtered through a filter funnel and the solids were
washed with excess DI water, added to 0.10 or 0.20 M sulfuric acid (5% solids) and
transferred to a Parr 4560 mini pressure reactor (600 mL) for the second pretreatment
step under various conditions. The reactor was heated to the desired temperature from RT
with constant stirring at a heating rate of ~6 ºC/min. After pretreatment, the reactor was
cooled to RT in an ice-water bath. The slurry was filtered through a filter funnel and the
pretreated solids were washed with excess DI water.
3.2.5 Pseudo-lignin Preparation
Poplar holocellulose or α-cellulose samples recovered from various DAP conditions were
refluxed with p-dioxane–water (9:1, v/v), under nitrogen following a literature method
[179]. The samples were filtered and washed with p-dioxane, and the combined filtrates
were concentrated under vacuum and then dissolved in DI water to precipitate pseudolignin. Finally, the precipitated pseudo-lignin was freeze-dried and vacuum dried at 40
ºC.
3.2.6 Enzymatic Mild Acidolysis Lignin (EMAL) Preparation
Dilute acid-treated poplar (pretreatment conditions: 170 °C, 0.5% H2SO4, 8 min;
combined severity factor (CSF): 1.97) was ball-milled for one week in a porcelain jar
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using ceramic balls under nitrogen. Ball-milled dilute acid-treated poplar powder (dry
weight: 21.42 g;) was subjected to enzymatic hydrolysis by Cellulysin cellulase at an
enzyme loading of 40 mg/g of biomass. The enzymatic hydrolysis was carried out at 35
°C over a period of 48 h at pH 5.0 (20 mM acetate buffer solution) and a consistency of
3%. After enzymatic hydrolysis, the impure enzymatic hydrolysis lignin was centrifuged
and washed twice with acidic deionized water at pH 2.0 (0.01 M HCl) and freeze-dried.
Impure enzymatic hydrolysis lignin (dry weight: 16.26 g) was suspended in 326.00 mL pdioxane/acidified deionized water solution 85:15 v/v, containing 0.01 M HCl and stirred
at 87 °C under N2 for 2 h. The obtained solution was filtered, and the lignin solution was
collected. The solid residue was sequentially washed with fresh p-dioxane/deionized
water solution (85:15 v/v) 2-3 times. The total filtrates solution was neutralized with
sodium bicarbonate and stirred for 3 h. The neutralized solution was then rotaryevaporated until a thick solution was obtained. This thick solution was carefully dropped
into a large quantity of acidified deionized water (0.01 M HCl), and the precipitated
lignin was isolated by centrifugation, washed, and freeze-dried.
3.2.7 Lignocellulosic Samples Preparation
Pseudo-lignin or dilute acid-treated lignin was added to poplar holocellulose to produce
various lignocellulosic samples. In brief, various amounts of pseudo-lignin or dilute acidtreated lignin was dissolved in p-dioxane/water (10/1, v/v). A sample of poplar
holocellulose (dry weight: 0.50 g) was added to the solution, and the mixture was stirred
in dark at RT for 2 h under N2 protection. The slurry was then transferred to an aluminum
weigh dish and allowed to air-dry in fumehood.
3.2.8 Enzymatic Hydrolysis
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Cellulase from Trichoderma reesei ATCC 26921 and Novozyme 188 (β-glucosidase)
from Aspergillus niger were purchased from Aldrich−Sigma and used as received. The
activities of cellulase and β-glucosidase were determined to be 91.03 FPU/ml and 387.70
CBU/ml, respectively, according to the literature methods [180]. Enzymatic hydrolysis of
different samples was performed at a consistency of 1% (w/v) in 50 mM citrate buffer
(pH 4.8) with cellulase and β-glucosidase loadings of 20 FPU/g and 40 CBU/g,
respectively. The mixture was incubated at 50 °C under continuous agitation at 150 rpm.
A sample of the hydrolysis liquid (1.00 mL) at various time intervals was withdrawn, and
the hydrolysis was quenched by submersion for 10 min in a vigorously boiling water
bath. The liquid samples were then immediately frozen at -20 °C until analysis on an
Agilent 1200 series high-performance liquid chromatography (HPLC) system (Agilent
Technologies) equipped with an autosampler and an Aminex HPX-87H column and
precolumn (Bio-Rad Laboratories). The analysis was carried out at 65 °C using 10 mM
nitric acid solution as eluent at a flow rate of 0.6 mL min-1 and with refractive index
detection. The calibration of the system was performed with glucose standards.

3.3 Analytical Procedures
3.3.1 Carbohydrate and Acid-insoluble (Klason) Lignin Analysis
Samples for carbohydrate constituents and acid-insoluble lignin analysis were prepared
using a two-stage acid hydrolysis protocol based on Tappi method T-222 om-88 [172]
with a slight modification. The first stage utilized a severe pH and a low reaction
temperature (72% H2SO4 at 30 ºC for 1 h). The second stage was performed at lower acid
concentration and higher temperature (3% H2SO4 at 121 ºC for 1 h) in a MED12
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autoclave. The resulting solution was cooled to RT and filtered through a G8 glass fiber
filter (Fisher Scientific, USA). The remaining residue, considered as acid-insoluble
lignin, was oven-dried and weighed to obtain the acid-insoluble lignin content. The
filtered solution was analyzed for carbohydrate constituents by high-performance anionexchange chromatography with pulsed amperometric detection (HPAEC-PAD) using
Dionex ICS-3000 (Dionex Corp., USA) equipped with an IonPac AG15 AS15 5-µm
column using 200 mM NaOH solution at a flow rate of 0.3 mL min-1.
3.3.2 Molecular Weight Analysis
Dry pseudo-lignin (20 mg) was acetylated by stirring with 1:1 (v/v) acetic
anhydride/pyridine mixture (2.00 ml) at RT for 72 h. The reaction was quenched by
anhydrous methanol (1.00 ml) and the solvent mixture was removed under reduced
pressure at 50 ºC. The acetylated lignin was dissolved in chloroform (50 ml) and washed
with water (20 ml). The chloroform phase was dried over anhydrous MgSO4 and then
concentrated under reduced pressure. Prior to gel permeation chromatography (GPC)
analysis, the dried acetylated pseudo-lignin samples were dissolved in tetrahydrofuran
(1.00 mg/ml), filtered through a 0.45 µm filter and placed in a 2 ml auto-sampler vial.
The molecular weight distributions of the acetylated pseudo-lignin samples were
analyzed by Agilent GPC SECurity 1200 system equipped with four Waters Styragel
columns (HR0.5, HR2, HR4, HR6), Agilent refractive index (RI) detector and Agilent
UV detector (270 nm). Tetrahydrofuran was used as the mobile phase (1.0 ml/min) and
the injection volume was 30.0 µl. A calibration curve was constructed based on 10
narrow polystyrene standards ranging in molecular weight from 1.2 x 103 to 5.5 x 104
g/mol. Data collection and processing were performed by Polymer Standards Service
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WinGPC Unity software (Build 6807). The number-average and weight-average
molecular weights (Mn and Mw) were calculated by the software relative to the universal
polystyrene calibration curve.
3.3.3 Fourier Transform Infrared (FT-IR) Spectroscopy
Spectrum One FT-IR system (Perkin Elmer, Wellesley, MA) with a universal attenuated
total reflection (ATR) accessory was used to characterize the isolated pseudo-lignin
samples. Each sample was pressed uniformly and tightly against the diamond surface
using a spring-loaded anvil. FT-IR spectra were obtained by averaging 64 scans from
4,000 to 650 cm-1 at 4 cm-1 resolution. Baseline and ATR corrections for penetration
depth and frequency variations were carried out using the Spectrum One software
supplied with the equipment.
3.3.4 Nuclear Magnetic Resonance (NMR) Spectroscopy
3.3.4.1 Quantitative 13C NMR Characterization
NMR experiments were performed using a Bruker AMX-400 spectrometer operating at a
frequency of 100.61 MHz for 13C NMR analysis. Quantitative 13C NMR spectrum was
acquired using dimethylsulfoxide (DMSO)-d6 (450 µL) as the solvent for the samples
(120 mg) at 298 K with an inverse-gated decoupling sequence, 90° pulse angle, 12-s
pulse delay, 8000 scans, 10.0 Hz line broadening, and no zero filling.
3.3.4.2 13C-1H 2D Heteronuclear Single Quantum Coherence (HSQC) NMR
Characterization
2D heteronuclear single quantum coherence (HSQC) correlation NMR analysis was
performed using a Bruker AMX-400 spectrometer. 2D HSQC spectrum was acquired
using dimethylsulfoxide (DMSO)-d6 (450 µL) as the solvent for the samples (120 mg) at
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298 K. The conditions were 13-ppm spectra width in F2 (1H) dimension with 1024 data
points (95.9-ms acquisition time), 210-ppm spectra width in F1 (13C) dimension with 256
data points (6.1-ms acquisition time); a 3-s pulse delay; a 1JC-H of 145 Hz; and 32 scans.
The central DMSO-d6 solvent peak (δC 39.5 ppm; δH 2.5 ppm) was used for chemical
shifts calibration [181]. Spectra processing used a typical squared sine apodization in F2
and F1. NMR data were processed using the TopSpin 2.1 software (Bruker BioSpin).
3.3.4.3 Distortionless Enhancement by Polarization Transfer (DEPT-135) 13C NMR
Characterization
Distortionless enhancement by polarization transfer (DEPT) NMR spectra were recorded
by a Bruker AMX-400 spectrometer using dimethylsulfoxide (DMSO)-d6 (450 µL) as the
solvent for the samples (120 mg) at 298 K with a 135º pulse angle, 3-s pulse delay, 12000
scans, 10.0 Hz line broadening, and no zero filling.
3.3.4.4 Solid-state 13C CP/MAS NMR Characterization
The ground samples (~ 30% moisture) were packed in 4mm zirconia rotors fitted with
kel-F caps and measured at 10 KHz spinning speed. The NMR experiments were
performed with a Bruker Advance-400 spectrometer operating at a 13C frequency of
100.6 MHz. CP/MAS experiments utilized a 5 µs (90º) proton pulse, 1.5 ms contact
pulse, 4 s recycle delay with 8000 scans, 15.0 Hz line broadening, and zero filling of
2048. The line-fitting analysis was done using NUTS NMR Data Processing software
(Acorn NMR, Inc.).
3.3.5 Scanning Electron Microscopy (SEM)
All cross-sectioned samples were mounted onto a stage and then coated with gold for 2
min by EM350 sputter. Images were acquired via a JEOL-1530 Thermally-Assisted Field
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Emission (TFE) Scanning Electron Microscope (SEM) (JEOL, Peabody, MA) at various
resolving powers under 5 kV.

3.4 Error Analysis
The experiments of the carbohydrate and acid-insoluble lignin analysis were performed
in triplet, and the results represented the mean values of three independent experiments.
The standard deviation associated with the carbohydrate and acid-insoluble lignin
measurements were ± 0.2-2.8%, and ± 0.1-0.7%, respectively. All enzymatic hydrolysis
experiments were performed in duplicate, and the results represented the mean values of
two independent experiments. The standard deviation associated with the glucose yield at
each time interval was in the range of ± 0-10%. For solid-state NMR analysis, error
analysis was conducted by three individual line-fit data processing analyses.

50

Chapter 4
PSEUDO-LIGNIN FORMATION AND ITS IMPACT ON
ENZYMATIC HYDROLYSIS1

4.1 Introduction
Increasing global energy demand, unstable and expensive petroleum resources and
concern over global climate changes have led to the development of renewable energy
sources such as cellulosic ethanol that can supplement fossil fuels [1,2]; however, the
yield of ethanol production from native lignocellulosic materials is relatively low due to
the natural resistance of plant cell walls to decomposition from microbes and enzymes
[1]. Dilute acid pretreatment has been proven to successfully hydrolyze hemicelluloses
and disrupt the lignocellulosic structure thereby reducing its recalcitrance for a wide
range of feedstocks including softwoods, hardwoods, herbaceous crops, agricultural
residues, wastepaper and municipal solid waste. Dilute acid pretreatment does not lead to
significant delignification. Instead, several studies have found that the acid-insoluble
(Klason) lignin content of dilute acid pretreated material is often higher than that of the
starting material [11,12,13,14]. This phenomenon has been hypothesized to be due to
repolymerization of polysaccharides degradation products (such as furfural) and/or
polymerization with lignin to form a lignin-like material termed pseudo-lignin [15,16].
Sannigrahi et al. [109] demonstrated that pseudo-lignin can be generated from
carbohydrates without significant contribution from lignin during dilute acid
1

This manuscript was accepted for publication in Bioresource Technology, 2012. It is entitled as – Pseudolignin Formation and Its Impact on Enzymatic Hydrolysis. The other authors are Seokwon Jung and Art
Ragauskas from School of Chemistry and Biochemistry at Georgia Institute of Technology.
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pretreatment, especially under high severity pretreatment conditions. Scanning electron
microscopy (SEM) studies on dilute acid pretreated holocellulose revealed the presence
of spherical droplets on the surface of pretreated holocellulose, which were attributed to
pseudo-lignin. 13C CP/MAS NMR analysis of pretreated holocellulose indicated
significant peaks originating from carbonyl, aromatic, methoxy and aliphatic structures
and attributed to the structure of pseudo-lignin. Furthermore, the intensities of these
peaks increased as pretreatment severity increased, suggesting an acid-catalyzed
disproportionation mechanism accompanying pseudo-lignin formation.
Although the generation of pseudo-lignin has been proposed by many researchers
[16,182,183,184,185], there has been a lack of understanding of the fundamental
chemistry surrounding pseudo-lignin. The objective of this study is to characterize
pseudo-lignin isolated from dilute acid pretreated hybrid poplar holocellulose and αcellulose, in order to give an insight into the chemical structure and formation mechanism
of pseudo-lignin. More importantly, the interaction between pseudo-lignin spheres and
cellulases was investigated in order to determine whether the presence of pseudo-lignin
may be detrimental to enzymatic hydrolysis of cellulose.

4.2 Experimental Section
4.2.1 Materials
Samples were prepared as described in Chapter 3 (3.1.2 Biomass Substrate). Hybrid
poplar (Populus trichocarpa x deltoides) was obtained from Oakridge National
Laboratory, TN and Wiley milled to pass a 2-mm screen. The sample was air-dried and
stored at -20 ºC.
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4.2.2 Extractive-free poplar, poplar holocellulose and cellulose preparation
Samples were prepared as described in Chapter 3 (3.2.1-3.2.3). All the results from the
analyses were calculated based on the oven dry weight of biomass that was determined
by measuring the moisture content using a moisture analyzer.
4.2.3 Dilute acid pretreatment
Two-step dilute acid pretreatments with two different conditions for the second step were
applied to both poplar holocellulose and α-cellulose (Table 4.1). The samples were
soaked in 0.10 M sulfuric acid (5% solids) while stirring at RT for 4 h. The presoaked
slurry was filtered through a filter funnel and the solids were washed with excess DI
water, added to 0.10 or 0.20 M sulfuric acid (5% solids) and transferred to a Parr 4560
mini pressure reactor (600 mL) for the second pretreatment step. The reactor was heated
to the desired temperature with constant stirring at a heating rate of ~6 ºC/min. After
pretreatment, the slurry was filtered through a filter funnel and the pretreated solids were
washed with excess DI water.
Table 4.1 Conditions for treatment (2nd step) of poplar holocellulose and a-cellulose
following initial 1st step treatment of soaking (5% solids) while stirring in 0.10 M H2SO4
at RT for 4 h
Sample
2nd step condition
Holocellulose (0.1M)
180 °C, 0.1 M H2SO4, 40 min
Holocellulose (0.2M)
180 °C, 0.2 M H2SO4, 60 min
α-cellulose (170C)
170 °C, 0.1 M H2SO4, 20 min
α-cellulose (180C)
180 °C, 0.1 M H2SO4, 40 min

4.2.4 Pseudo-lignin Preparation
Pseudo-lignin samples isolated from dilute acid-treated poplar holocelulose and cellulose
were prepared as described in Chapter 3 (3.2.5 Pseudo-lignin Preparation).
4.2.5 Lignocellulosic Samples Preparation
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Hybrid poplar was subjected to a two-step dilute acid pretreatment with the same
protocol as applied to holocellulose A. Pretreated poplar holocellulose was isolated from
dilute acid pretreated poplar using the same method as described in Chapter 3 (3.2.2
Holocellulose Pulping). Pseudo-lignin extracted from pretreated holocellulose was added
to pretreated poplar holocellulose to produce pseudo-lignin on holocellulose samples. In
brief, the appropriate amount of pseudo-lignin (10%, 20% and 40% of acid-insoluble
lignin value of pretreated poplar, Table 4.2) was dissolved in p-dioxane/water (10/1, v/v).
A sample of pretreated poplar holocellulose (0.50 g dry weight) was added to pseudolignin solution, and the mixture was allowed to stir in dark at RT under N2 protection for
2 h. The slurry was transferred to an aluminum weigh dish and allowed to air-dry in a
fumehood.
Table 4.2 The quantities of pseudo-lignin (based on acid-insoluble lignin value of
pretreated poplar) and holocellulose addition for the pseudo-lignin on holocellulose
preparation
Sample
Pseudo-lignin
PseudoPseudoHolocellulose
Total
extracted from
lignin
lignin
addition (g)
mass
holocellulose
addition
addition
(g)
pretreated at
level (%)
(g)
a
180 °C, 0.1 M
10
0.07
0.50
0.57
H2SO4, 40 min
b
180 °C, 0.2 M
10
0.07
0.50
0.57
H2SO4, 60 min
c
180 °C, 0.1 M
20
0.14
0.50
0.64
H2SO4, 40 min
d
180 °C, 0.2 M
20
0.14
0.50
0.64
H2SO4, 60 min
e
180 °C, 0.1 M
40
0.28
0.50
0.78
H2SO4, 40 min
f
180 °C, 0.2 M
40
0.28
0.50
0.78
H2SO4, 60 min
Pretreated
NA
NA
NA
0.50
0.50
holocellulose
Pretreated
NA
NA
NA
NA
1.26
poplar
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4.2.6 Carbohydrate and Acid-insoluble Lignin Analysis
Carbohydrate profiles and acid-insoluble lignin content in various samples were
determined as described in Chapter 3 (Chapter 3.3.1 Carbohydrate and Acid-insoluble
Lignin Analysis).
4.2.7 Molecular Weight Measurement of Pseudo-lignin
The molecular weights of pseudo-lignin samples were determined as described in
Chapter 3 (Chapter 3.3.2 Molecular Weight Analysis).
4.2.8 FTIR Spectroscopic Analysis
Samples were characterized by FT-IR according to the procedures described in Chapter 3
(Chapter 3.3.3 Fourier Transform Infrared (FT-IR) Spectroscopy).
4.2.9 13C NMR Spectroscopic Analysis
Quantitative 13C NMR and DEPT-135 NMR experiments were performed according to
the procedures described in Chapter 3 (3.3.4.1 and 3.3.4.3).
4.2.10 Scanning Electron Microscopy
SEM characterization was performed according to the procedures described in Chapter 3
(3.3.5 Scanning Electron Microscopy (SEM)).
4.2.11 Enzymatic Hydrolysis
Enzymatic hydrolysis experiments were performed as described in Chapter 3 (3.2.8
Enzymatic Hydrolysis). A sample of hydrolysis liquid (1.00 mL) at time intervals of 0.5,
1, 1.5, 2, 2.5, 3, 4, 6, 7, 24 and 48 h was withdrawn and the hydrolysis was quenched by
submersion for 10 min in a vigorously boiling water bath. The liquid samples were then
stored and analyzed as described in Chapter 3 (3.2.8 Enzymatic Hydrolysis).
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4.3 Results and Discussion
4.3.1 Pseudo-lignin Extraction Yields
The lignin and carbohydrate contents of untreated and pretreated α-cellulose and
holocellulose are summarized in Table 4.3. In general, the acid-insoluble lignin content
of pretreated samples is higher than that of the starting material, indicating the formation
of pseudo-lignin during pretreatment. The proportion of acid-insoluble lignin or pseudolignin in the pretreated solids increased as the pretreatment severity increased, while the
proportion of carbohydrates retained in the solids showed the inverse trend. Compared to
untreated α-cellulose, the increase in acid-insoluble lignin content of α-cellulose
pretreated at the least severe conditions (170 ºC, 0.1 M H2SO4, 20 min) was not
significant, leading to no significant amount of isolated pseudo-lignin. Whereas the acidinsoluble lignin content of α-cellulose B increased by more than seven times, and its
glucan value declined by 19% compared to untreated α-cellulose. At the most severe
conditions (180 ºC, 0.2 M H2SO4, 60 min), holocellulose B has the highest proportion of
pseudo-lignin and the least amount of glucan retained compared to untreated
holocellulose. Furthermore, pretreated holocellulose generated higher proportion of
pseudo-lignin than pretreated α-cellulose, even under the same pretreatment conditions.
Additionally, no significant amount of xylan was retained for all samples after
pretreatment. These results suggest that pseudo-lignin can be produced from both acid
pretreated cellulose and hemicellulose, and its proportion increases as the pretreatment
severity increases.
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Table 4.3 Lignin and carbohydrate contents of holocellulose and α-cellulose (based on
oven-dried samples)
Sample
AcidXylan
Glucan
Recovery
Pseudo-lignin extraction
insoluble
(%)
(%)
from
yield (isolated pseudolignin (%)
pretreatment lignin/total acid-insoluble
(%)
lignin x 100%)
α-cellulose
2.3
1.0
99.4
NA
NA
α-cellulose
6.6
0
94.0
62.7
0
(170C)
α-cellulose
20.0
0
80.4
31.7
44.6
(180C)
Holocellulose
4.7
22.0
68.1
NA
NA
Holocellulose
37.5
0
65.3
28.8
51.3
(0.1M)
Holocellulose
86.9
0
7.0
19.2
33.7
(0.2M)

4.3.2 Molecular Weight Analysis of Isolated Pseudo-lignin
The molecular weights of isolated pseudo-lignin are shown in Table 4.4. In general, the
molecular weights of isolated pseudo-lignin were much lower than those of milled wood
lignin (Mn ~4060 g/mol; Mw ~10002 g/mol) from poplar [186]. Furthermore, pseudolignin extracted from holocellulose pretreated at different conditions had similar
molecular weights, which were larger than those of pseudo-lignin extracted from
pretreated α-cellulose.
4.3.3 Structural Characterization of Isolated Pseudo-lignin
The FT-IR spectra of a-cellulose, holocellulose, pseudo-lignin extracted from pretreated
a-cellulose, holocellulose A and holocellulose B are presented in Figure 4.1. The FT-IR
spectra of all isolated pseudo-lignin samples show similar profiles but different intensities
of the absorption bands, which are significantly distinct from those of the starting
materials (α-cellulose and holocellulose). Based on FT-IR characterization, pseudo-lignin
consists of hydroxyl, carbonyl and aromatic structures. The hydroxyl stretching peaks at
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~3238 cm-1 are strong and broad, indicating the presence of hydrogen-bonding in isolated
pseudo-lignin. The strong bands at ~1697 cm-1 and ~1611 cm-1, together with the band at
~1512 cm-1 can be attributed to C=O (carbonyl or carboxylic) conjugated with aromatic
ring, whereas the bands in the 1320-1000 cm-1 region correspond to C-O stretching (in
alcohols, ethers or carboxylic acids). These observations indicate dehydration and
aromatization reactions of carbohydrates take place during the formation of pseudolignin. In addition, the peak at ~867 cm-1 arising from C-H out-of-plane bending
suggests the benzene rings of pseudo-lignin are 1,3,5-trisubstituted. The above peak
assignments are summarized in Table 4.4.

Figure 4.1 FT-IR spectra of cellulose, holocellulose, pseudo-lignin extracted from
pretreated α-cellulose, holocellulose (0.1M) and holocellulose (0.2M)
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Table 4.4 Peak assignments for FT-IR spectra of pseudo-lignin [187]
Wavenumber (cm-1)
Assignment
3238

O-H stretching in alcohols, phenols or carboxylic acids

2923

Aliphatic C-H stretching

1697

C=O stretching in carboxylic acids, conjugated aldehydes or
ketones

1611, 1512

Aromatic C=C stretching (in ring)

1360

Aliphatic C-H rocking

1299, 1203, 1020

C-O stretching in alcohols, ethers, or carboxylic acids

867, 800

Aromatic C-H out-of-plane bending

To further characterize the functional groups in pseudo-lignin, 13C NMR spectra of
isolated pseudo-lignin were obtained and this data is summarized in Figure 4.2. A
primary qualitative assignment based on literature is proposed in Table 4.5. The 13C
NMR spectra are predominantly comprised of signals from carbonyl, carboxylic,
aromatic and aliphatic structures, which do not contain significant signals from cellulose
or xylan. The peaks centered at 208-205 ppm and 203-185 ppm can be attributed to C=O
in ketones and C=O in aldehydes, respectively. Whereas the peaks centered at 178-172
ppm correspond to C=O in carboxylic acids. This is consistent with FT-IR
characterization, indicating the presence of carbonyl and carboxylic groups in pseudolignin. In addition, the intensities of carbonyl and carboxylic peaks are stronger for
pseudo-lignin extracted from pretreated holocellulose B compared to other samples,
which implies more degradation reactions of carbohydrates occur at the more severe
conditions. The 13C NMR spectra of isolated pseudo-lignin also present common peaks in
the aromatic region (δ 155-96 ppm). The peaks in the 155-142 ppm region are
characteristic of aromatic C-O bonds. Whereas the peaks in the 142-125 ppm and 125-96
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ppm regions represent aromatic C-C bonds and aromatic C-H bonds, respectively.
Among the aromatic signals, aromatic C-O bonds are the most predominant, and the
signal at ~66 ppm was due to p-dioxane which could not be fully removed after extended
time in a vacuum oven. To obtain further precise knowledge of the carbon signals in the
96-0 ppm region, the isolated pseudo-lignin samples were investigated by DEPT (θ = 135
C°) edited 13C NMR spectroscopy, and Figure 4.3 represents the DEPT-135 NMR
spectrum of pseudo-lignin extracted from pretreated holocellulose B. According to DEPT
NMR analysis, the two peaks centered at ~72 ppm and ~63 ppm can be attributed to
hydroxylated methylene groups. Signals at 61-59 ppm and ~56 ppm correspond to the
methoxy groups connected to aromatic rings. Furthermore, their intensities are stronger
for pseudo-lignin extracted from pretreated holocellulose than those from pretreated αcellulose, which may be due to the presence of 4-O-methyl-D-glucuronic acid in the
hemicellulose of poplar [188]. Pseudo-lignin also possesses aliphatic structures, as can be
deduced from the signals in the 50-20 ppm region, where the peaks centered at ~30 ppm
and ~26 ppm correspond to CH groups while the signals at ~29 ppm represent CH2
groups according to the DEPT-135 NMR spectra. In addition, there are two CH2 groups
centered at ~38 ppm and ~28 ppm for pseudo-lignin extracted from holocellulose B.
Furthermore, the 13C NMR spectra of pseudo-lignin extracted from pretreated
holocellulose are similar, in addition to the similar FT-IR spectra and molecular weights,
suggesting they have similar structural features. This is probably due to pseudo-lignin
was formed from the same substrate and/or the difference in these two pretreatment
severities was not distinct enough to significantly change the pseudo-lignin structure.
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Figure 4.2 Liquid 13C NMR spectra of pseudo-lignin extracted from pretreated αcellulose (top), holocellulose (0.1M) (middle) and holocellulose (0.2M) (bottom)
Table 4.5 Peak assignments for 13C NMR spectra of pseudo-lignin [187]
Chemical shift (ppm)
Assignment
208-205

C=O in ketones

203-185

C=O in aldehydes

178-172

C=O in carboxylic acids

155-142

Aromatic C-O

142-125

Aromatic C-C

125-96

Aromatic C-H

72, 63

Hydroxylated methylene

61-59, 56

Methoxy groups connected to aromatic rings

50-20

Aliphatic carbons
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Figure 4.3 DEPT-135 NMR spectrum of pseudo-lignin extracted from pretreated
holocellulose (0.2M)

4.3.4 Mechanistic Consideration
Although the concept of pseudo-lignin has been applied for several decades, there has
been a lack of detailed mechanistic studies of pseudo-lignin formation during
pretreatment, probably owing to the complexity of pseudo-lignin structure and the
heterogeneity of reaction media. The data from lignin and carbohydrate analysis indicates
the proportion of pseudo-lignin increases as the amount of carbohydrates retained
decreases. The previous study [109] showed that a large fraction of the carbohydrates was
detected in the form of furans after dilute acid pretreatment. In addition to the presence of
high proportions of unsaturated carbons in the pseudo-lignin structure, it can conclude
that the hydrolysis of polysaccharides to the corresponding monosaccharides, and the
subsequent dehydration and fragmentation of sugars take place during dilute acid
pretreatment. It is generally accepted that 5-hydromethylfurfural (HMF) and furfural are
the first and main dehydration products of hexoses and pentoses respectively [15].
Further rearrangements of HMF and/or furfural to yield other aromatic compounds have
been suggested in the literature. For instance, 1,2,4-benzenetriol (BTO) was reported to
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be generated from the hydrolytic ring-opening reaction of HMF in yields of up to 46% at
50% HMF conversion [189]. Additionally, 3,8-dihydroxy-2-methylchromone (DMC) was
found to be the major aromatic component in the slightly acidic degradation of D-xylose
[190]. These results suggest BTO and DMC are the key intermediates for peudo-lignin
formation during dilute acid pretreatment. The subsequent reaction stages involve
polycondensation and/or polymerization reactions. BTO can rapidly react with HMF
and/or furfural via aromatic electronphilic substitution and polycondensation reaction to
produce a three-dimensional polymer under acid catalysis. In the presence of oxygen,
oxidative polymerization of BTO to form a poly(phenylene)-like structure is also possible
[191]. The above reaction pathways are summarized in Figure 4.4, which suggest high
temperature and the presence of acid and oxygen are the crucial conditions for pseudolignin formation during dilute acid pretreatment. This indicates lower temperature, lower
acid concentration and/or anaerobic condition may suppress pseudo-lignin generation
during pretreatment.
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Figure 4.4 Hypothesized reaction pathways for pseudo-lignin formation
4.3.5 Pseudo-lignin/Enzyme Interaction
Donohoe et al. [158] observed that lignin droplets appear on the cell wall of biomass after
dilute acid pretreatment, which act as a physical barrier to prevent enzyme access to the
carbohydrate fraction of biomass during enzymatic hydrolysis. The previous study
revealed the presence of pseudo-lignin droplets on the surface of pretreated holocellulose
[109]. To investigate if there are interactions between pseudo-lignin droplets and
enzymes, several pseudo-lignin on holocellulose lignocellulosic samples were prepared,
and the glucose yields of enzymatic hydrolysis of these samples were compared with
dilute acid pretreated poplar and holocellulose. The physical structure of the pseudolignin on holocellulose sample and pretreated holocellulose was studied by SEM
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imaging. Compared to the surface of pretreated holocellulose (Figure 4.5 top), discrete
spherical droplets representing pseudo-lignin balls were presented on the surface of
pretreated holocellulose of the pseudo-lignin on holocellulose sample (Figure 4.5
bottom). These pseudo-lignin droplets hypothesized could be detrimental to enzymatic
hydrolysis of pretreated biomass. Indeed, the enzymatic hydrolysis results (Figure 4.6)
clearly indicate the presence of pseudo-lignin/enzymes interaction, since the glucose
yield declines as the lignin and/or pseudo-lignin content increases. Pseudo-lignin on
holocellulose samples at 10% addition level have the highest glucose yields (~74% after
48 h) among all pseudo-lignin on holocellulose samples, whereas samples at 40%
addition level have the lowest (~46% after 48 h). In general, pseudo-lignin on
holocellulose samples with the same pseudo-lignin content have the similar glucose yield,
which is probably caused by the similar structure of pseudo-lignin extracted from
pretreated holocellulose. Pretreated holocellulose has the highest glucose yield (~ 80%
after 48 hr) among all samples while pretreated poplar gave the lowest (~40% after 48 h),
which may be due to the lignin content of pretreated poplar under the conditions studied.
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Figure 4.5 SEM images of pretreated holocellulose (top) and the pseudo-lignin on
holocelluose lignocellulosic sample (bottom). All scale bars are equivalent to 1 µm

Figure 4.6 Time course of glucose yield of various samples after 48 h of enzymatic
hydrolysis
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4.4 Conclusion
Results from chemical and spectroscopic analysis indicated that during dilute acid
pretreatment, cellulose and hemicellulose in hybrid poplar biomass underwent acidcatalyzed dehydration, fragmentation, rearrangement and polycondensation and/or
polymerization reactions to produce an acid-insoluble material termed pseudo-lignin,
which consists of carbonyl, carboxylic, aromatic and aliphatic structures. Pseudo-lignin
not only yields a positive Klason lignin value, but also significantly inhibits enzymatic
hydrolysis of cellulose. This suggests that dilute acid pretreatment should be performed at
lower severity and/or anaerobic conditions in order to avoid the formation of pseudolignin.
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CHAPTER 5
CARBOHYDRATE DERIVED-PSEUDO-LIGNIN CAN RETARD
CELLULOSE BIOLOGICAL CONVERSION2

5.1 Introduction
Abundant and renewable lignocellulosic biomass containing large amounts of structural
polymeric sugars, can play a significant role in the development of energy independent
and secure societies provided that this resource can be tapped efficiently and
economically [192]. To derive fuels and chemicals from cellulosic biomass, a number of
process steps must be applied, with pretreatment being essential to overcome the natural
resistance of most lignocellulosics to sugar release [64]. Unfortunately, pretreatment is
also one of the most expensive steps in the overall process. Pretreatment enhances
cellulase accessibility to cellulose, and its efficacy is associated with altering the biomass
structure through lignin/hemicellulose and other components dislocation/physical
removal [63,64]. Several leading thermochemical pretreatment technologies employing
acids, bases, or just water have been reported to enhance cellulosic biomass digestibility
significantly [10]. Dilute acid and water-only (hydrothermal) pretreatments are often
employed to enhance biomass digestibility, and steam explosion (catalyzed or
uncatalyzed), liquid hot water, and flowthrough approaches have been most commonly
used to pretreat biomass [62,129]. However, although both hydrothermal and dilute acid

2

This manuscript was accepted for publication in Biotechnology & Bioengineering, 2012. It is entitled as –
Carbohydrate Derived-Pseudo-Lignin Can Retard Cellulose Biological Conversion. The other authors are
Rajeev Kumar and Charles Wyman from Department of Chemical and Environmental Engineering at
Bourns College of Engineering; Poulomi Sannigrahi, Seokwon Jung and Art Ragauskas from School of
Chemistry and Biochemistry at Georgia Institute of Technology
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pretreatments achieve physical removal/dislocation of hemicellulose and lignin and
enhance cellulose accessibility several fold, recoveries of sugars from hemicellulose and
cellulose in most cases are less than 80% and 95%, respectively [183]. Monomeric forms
of carbohydrates released into the aqueous phase during pretreatment can degrade into
soluble compounds, for example, furans (furfural (FF) and hydroxymethyl furfural (5HMF)) and acids (levulinic acid (LA) and formic acid (FA)). These can further degrade
to form insoluble carbon enriched compounds often termed as chars and/or pseudo-lignin
[11,193,194,195]. It has been postulated [16,184] and confirmed [109] that carbohydrates
released during thermochemical pretreatments degrade to lignin-like (pseudo-lignin)
compounds. However, it has never been determined whether these carbohydrate
degradation products adversely affect cellulose digestion. In addition, it has been
hypothesized and recently confirmed that lignin melts at temperatures above its glass
transition temperature, which varies with solvent type and other conditions [196,197],
moves to outer cell walls, and redeposits back on the cellulose surface, where it greatly
hampers cellulose digestibility by blocking cellulase access to the substrate and/or
unproductively binding cellulase [62,158]. Selig et al. [198] indicated that during dilute
acid pretreatment, lignin derived from corn stem rind, added exogenously with filter
paper, deposited on the cellulose surface in the form of globules that hampered hydrolysis
rates and yields. However, it was not possible to distinguish whether these globules were
from lignin or pseudo-lignin resulting from degradation of carbohydrates fraction of
biomass or some combination of both.
In this study the effects of carbohydrate-derived pseudo-lignin on cellulose
saccharification were investigated, and mechanisms were hypothesized to explain the
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results. Due to the complex structure of cellulosic biomass, the wet chemistry method for
compositional analysis defined by National Renewable Energy Laboratory (NREL,
Golden, CO) does not distinguish between acid-insoluble lignin naturally found in plants
and pseudo-lignin resulting from sugars degradation during pretreatment. Therefore, to
avoid the complexity often encountered with interpretation of results for real biomass,
pure Avicel cellulose alone and mixed with pure xylan or monomeric xylose sugar was
pretreated with dilute sulfuric acid over the range of pretreatment severities often found
to give best conversion results3. Following pretreatment, the solids were subjected to
enzymatic hydrolysis and physical and chemical characterizations to elucidate the effects
of xylan degradation products on enzymatic hydrolysis and support identification of
possible mechanisms to explain the results.

5.2 Experimental Section
5.2.1 Materials
Materials, reagents and enzymes were prepared as described in Chapter 3 (Chapter 3.1.1
Chemicals and Materials).
5.2.2 Pretreatment
Dilute acid pretreatment of Avicel PH 101 cellulose alone and mixed with xylan or with
xylose was performed in a 1 L (working volume 800 mL) Hastelloy C Parr reactor (Parr
Instruments, Moline, IL). The Avicel cellulose loading was 5 wt% (40 g dry basis), and
xylan or xylose was added to cellulose at a 0.5:1 weight ratio, representative of the
typical ratio for natural lignocellulosic biomass. Pure xylose mixed with Avicel cellulose
3

The cellulose and xylan described in this chapter are from Avicel cellulose and beechwood xylan,
respectively, which means they are from difference source as compared to other chapters in this thesis
study. The cellulose and xylan described in other chapters are exclusively from hybrid poplar.
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was also pretreated as a control to evaluate any effects on cellulose reactivity that might
be due to factors other than pseudo-lignin. The reactor cover was equipped with a K-type
thermocouple (Model KQSS-316G-18; Omega Engineering Inc., Stamford, CT)
positioned at the center of the reactor to monitor inside temperature, and a 3.5 in diameter
helical shaped impeller on a two-piece shaft driven by a variable speed DC motor
assembly provided mixing and heat transfer (A1750HC, Parr Instruments). A temperature
controlled 4 kW fluidized sand bath was used to more rapidly heat the reactor (model
SBL-2D, Techne Inc., Burlington, NJ), and the heating time to reach the desired reaction
temperature of between 4 and 5 min was not included in the stated reaction time.
The DAP conditions were as reported in the literature for variety of biomass types
(Wyman et al., 2009, 2011) and are summarized along with the corresponding combined
severity factors (CSF) in Table 5.1. Following pretreatment, the reactor was cooled to
below 508C in a RT water bath, and then the slurry was immediately transferred to
500mL centrifuge bottles (Catalog No.14-375-359, Fisher Scientific) that were
centrifuged for 10 min at 10,000 rpm to separate solids from the liquid in a Beckman
centrifuge (Model No. J2-21, Beckman Coulter, Inc., Brea, CA). After the first
centrifugation, liquid samples were collected from the supernatant for further analysis,
with the rest of the supernatant discarded. Some of the unwashed solids were collected
for imaging and hydrolysis experiments, and the rest was washed at least five to seven
times with RT deionized (DI) water until the supernatant pH was close to neutral. Then,
the solids were scraped off from the centrifuge bottles and stored in Ziplock1 bags at 4 ºC
for further experiments. Solids were analyzed for moisture content and composition
according to NREL standard laboratory analytical procedures.
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Table 5.1 Pretreatment conditions, resulting solids composition, and xylan/xylose
recovery for dilute acid pretreatment of Avicel alone and mixed with xylan or xylose
Solids composition (%; dry mass
basis)
Pretreatment
Xylan/xylose
CSFa Substrate
Lignin
Conditions
accounted forc (%)
C
Xyn
Acid
K/
soluble Pseudob
Cellulose 98.5 0.0
0.25
0.0
Xyn
2.2d 69.6
1.38
1.08
NA
PseudoNA
0.0
0.46
97.9
lignine
0.0
Cellulose 99.0
0.27
0.0
140-1wt%- 30
C+ Xyn
99.5 < 2
0.28
0.0
98
1.94
f
min
102.
C+ Xys
0.29
0.0
99
6
100.
Cellulose
0.28
0.40
5
160-0.5wt%- 40
2.38
100.
ND
min
C+ Xyn
0.29
0.53
3
C+ Xys
99.2
0.30
1.50
101.
Cellulose
0.31
0.51
NA
160-1wt%- 40
2
0.0
2.66
min
C+ Xyn
95.6
0.41
3.45
93
C+ Xys
97.8
0.45
3.16
85
Cellulose 93.2
0.46
3.07
NA
170-1wt%- 40
2.95
C+ Xyn
89.8
0.51
8.1
79
min
C+ Xys
89.1
0.55
10.6
64
Cellulose 11.5
0.93
85.7
NA
180-2wt%- 40
3.56
C+ Xyn
9.25
0.80
88.2
17
min
C+ Xys
5.06
0.82
94.4
12
C, cellulose; Xyn, xylan; Xys, xylose; NA, not applicable; ND, not determined.
a
CSF, combined severity factor that includes pretreatment time, temperature, and pH; pH values used for
CSF calculations were based on H+ concentration in the solution.
b
Carbohydrate derived pseudo-lignin.
c
Recovery of xylose/xylan = 100*( A-B)/A, where A is the initial amount of xylose/xylan (g) and B is the
amount of xylose/xylan + xylose/xylan equivalent of furfural in the pretreatment solution (g).
d
Glucan, collectively referred to anhydrous glucose regardless of source.
e
Xylose derived pseudo-lignin.
f
Pretreatment conditions represent: reaction temperature in oC-wt% acid solution and reaction time.

5.2.3 Pseudo-lignin from Pure Xylose
Pseudo-lignin solids were formed from pure xylose in the 1 L Parr reactor with a xylose
loading of 15wt% (120 g) in a 5 wt% dilute sulfuric acid solution at 180 ºC for 150 min.
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In order to maximize the yield of pseudo-lignin, the reaction conditions were deliberately
chosen to be harsher than those typically applied in dilute acid pretreatments of biomass.
After 150 min of reaction at 180 ºC, the reactor was cooled to RT in a water bath. The
pseudo-lignin formed in the reactor mostly settled in a cake to the bottom but also formed
a sticky layer on the impeller and thermocouple probe. Pseudo-lignin samples were
scraped off and washed repeatedly by vacuum filtration until the filtrate pH was neutral.
The washed pseudo-lignin solids were homogenized in a coffee grinder (Model No. BCG
1000B1; KitchenAid Appliances), and analyzed for moisture content with a halogen
moisture analyzer (HB43-S; Mettler Toledo, Columbus, OH).
5.2.4 Enzymatic Hydrolysis
Enzymatic hydrolysis of untreated Avicel cellulose and washed dilute acid pretreated
(DAPt) solids were performed at 50oC and 150 rpm in Multitron shakers (Model AJ125;
Infors-HT, Laurel, MD, USA) following a modified NREL standard protocol [198]. In
this case, 50 ml was used as the total reaction volume instead of the 10 ml volume
specified in the NREL protocol. A solids concentration corresponding to a cellulose
content of 1% (w/v) was added to 125 ml Erlenmeyer glass flasks (Catalog No. 10-04120, Fisher Scientific, Pittsburg, PA, USA) that contained 50 mM sodium citrate buffer
mixed with Accellerase®1500 cellulase at protein loadings of 5 and 15 mg /g cellulose
(equivalent to app. 2.5 and 7.5 FPU/g cellulose) and 0.1% sodium azide to prevent
microbial growth. The mixture was hydrolyzed in duplicates for up to 120 hours, with
substrate blanks without enzymes and enzyme blanks without substrate also run in
parallel.
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To determine the effect of pure xylose derived pseudo-lignin on Avicel cellulose
conversion, enzymatic hydrolysis was conducted at solids loadings equal to 1% (w/v)
cellulose, with pseudo-lignin added to cellulose at pseudo-lignin-to-cellulose mass ratios
of 0.0, 0.05, 0.15, 0.45, and 0.65. Hydrolysis was conducted for up to 120 hours at 50oC
with Accellerase®1500 cellulase at protein loadings of either 5 or 15 mg/g cellulose.
Other conditions were the same as above.
To follow sugar release during enzymatic hydrolysis, about 1 ml of a thoroughly mixed
sample was withdrawn periodically into a 2 ml microcentrifuge tube (Eppendorf PCR
clean microcentrifuge tubes, Catalog No. 05-402-95, Fisher Scientific, Pittsburgh, PA)
using an Eppendorf pipette and mixed with about 15µl of 10wt% sulfuric acid to bring
the samples pH to 1-3, Aminex HPX-87H column operating pH range. Adding acid to the
samples, the sulfuric acid negative peak on the HPLC chromatogram is avoided allowing
smoother integration. To remove solids from the liquid, samples were centrifuged using
Eppendorf microcentrifuge (Model No. 5424, Fisher Scientific, Pittsburgh, PA) at 14600
rpm for 5 minutes. Then about 450 µl of clarified supernatant was transferred into a 500
µl polypropylene snap ring vial (Vendor No. 98842; Grace Davision, Deerfield, IL) and
run in an HPLC along with sugars standards. Cellulose conversion for enzymatic
reactions was calculated as:
Cellulose conversion (%) = 100*[0.90*(Glucose (g) +1.053*Cellobiose (g))]/ Initial
cellulose (g)
For pretreated solids, cellulose loading was based on the amount of cellulose in pretreated
solids. The change (or drop) in cellulose conversion was calculated as:
% Change in conversion = 100*(X-Y)/X
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where X is the cellulose conversion for the untreated or pretreated control and Y is the
cellulose conversion for untreated or pretreated cellulose mixed with xylan or xylose.
5.2.5 Cellulose Solubilization and Xylan/Xylose Recovery Calculations for
Pretreatment
The amount of cellulose solubilized during pretreatment was calculated based on the
amounts of cellobiose, glucose, hydroxymethyl furfural (HMF), and levulinic acid (LA)
identified in the pretreatment liquid:
Cellulose solubilized during pretreatment (%) = 100* [0.9*(Cellobiose (g)
*1.053+Glucose (g)) + (HMF (g)/0.7784) + (LA (g)/0.716)]/ Initial amount of cellulose
(g)
where, 0.9477,1.11, 0.9, 0.7784, and 0.716 are the mass conversion factors based on the
stoichiometry for conversion of cellobiose to cellulose, cellulose to glucose, glucose to
cellulose, cellulose to HMF, and cellulose to LA, respectively.
The amount of xylan/xylose recovered after pretreatment was calculated based on the
amounts of xylose and furfural (FF) identified in the pretreatment liquid as follows:
Xylan recovery (%) = 100* [0.88*Xylose (g) + (FF (g)/0.727)]/ Initial amount of
xylan (g)
Xylose recovery (%) = 100*[Xylose (g) + (FF (g)/0.640)]/ Initial amount of xylose
(g)
The amount of xylan/xylose lost to pseudo-lignin can be calculated as:
Xylan/ xylose lost to pseudo-lignin = 100 – Xylan/ xylose recovery (%)
where, 1.136, 0.727, 0.640, and 0.88 are the mass conversion factors based on the
stoichiometry for conversion of xylan to xylose, xylan to furfural, xylose to furfural, and
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xylose to xylan, respectively. Formic acid was not included due to the low concentration
detected in the liquid for pretreatment of Avicel alone and for pretreatment of Avicel
mixed with xylan or xylose.
5.2.6 Samples Analysis
Liquid samples collected from supernatants after pretreatments and periodically collected
over the course of enzymatic hydrolysis were analyzed on a Waters Alliance HPLC
(Model 2695; Waters Co., Milford, MA) equipped with an auto sampler (Waters 2695)
and a 2414 refractive index (RI) detector. To separate sugars and their degradation
compounds (for pretreatment liquor) via HPLC, a Bio-Rad Aminex® HPX-87H
(Polystyrene-divinylbenzene sulfonic acid resin packing; 300 x 7.8 mm; Catalog No.1250140) column along with a micro-guard cation cartridge (Catalog No.125-0129; 30 x 4.6
mm; Bio-Rad Laboratories, Hercules, CA) were used. The column was heated to 65oC,
with 5mM sulfuric acid at a flow rate of 0.6 ml/ min as the carrier solvent. The
chromatograms were integrated, and data was imported to Microsoft Excel files using
Empower® 2 software (Waters Co., Milford, MA).
5.2.7 BSA/Purified CBHI Protein Adsorption on Pseudo-lignin
Albumin from bovine serum (BSA, 98% purity, Batch No. 078K0730, Sigma-Aldrich, St.
Louis, MO) and purified CBHI (Cel7A) adsorption was performed at RT in a 50 mM
sodium citrate buffer (pH~ 5.0). A 10 mg/ml BSA protein stock was prepared in 50 mM
citrate buffer for adsorption experiments. Pure xylose derived pseudo-lignin solids with
BSA protein or CBHI were incubated overnight in 2 ml microcentrifuge vials on an endover-end rugged rotator (Glass-Col, LLC, Terre Haute, IN) equipped with a variable
speed DC motor turning at about 20 rpm. Following overnight incubation, the tubes were
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centrifuged in a bench top Eppendorf microcentrifuge (Model No.5424, Fisher Scientific,
Pittsburgh, PA) at 14,600 rpm for 5 minutes, and the amount of free protein in the
supernatant was determined by the standard BCA method [199]. A fixed loading of 10
g/L pseudo-lignin was used for adsorption kinetics, with BSA/ CBHI protein added at 0-2
mg/ml (0-200 mg protein/g solids). To determine the effect of pseudo-lignin loadings on
the relative free protein in solution, a fixed 2 mg/ml BSA protein concentration was used,
while the pseudo-lignin solids loading was varied from 0 to 100 g/L. Substrate blanks
without protein and protein blanks without solids were run for both sets of experiments.
5.2.8 Solid-State 13C CP/MAS NMR and FT-IR
The solid-state 13C CP/MAS NMR and FT-IR experiments were performed according to
the procedure described in Chapter 3 (Chapter 3.3.4.4 and Chapter 3.3.3).
5.2.9 Scanning Electron Microscopy
SEM characterization was performed according to the procedures described in Chapter 3
(3.3.5 Scanning Electron Microscopy (SEM)).

5.3 Results and Discussion
5.3.1 Solids Composition, Pseudo-lignin Formation, and Recovery of the
Components
Dilute sulfuric acid pretreatment was performed on Avicel cellulose alone and mixed
with beechwood xylan or xylose over a range of severities corresponding to CSF 1.94
(140oC- 1wt% acid solution- 30 min) to 3.56 (180oC- 2wt% acid solution- 40 min).
Figure 5.1 shows the physical images of untreated Avicel cellulose, xylose derived
pseudo-lignin, and washed pretreated solids of Avicel cellulose alone and mixed with
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xylan or xylose. Avicel cellulose solids turned from white for untreated to brownish and
then dark black as pretreatment severity was increased. The change in color from white to
brownish was observed at lower severities for pretreated solids of Avicel cellulose mixed
with xylan or xylose than for cellulose alone, with the sample that had been mixed with
xylose being darker. However, at the most severe pretreatment conditions (CSF~ 3.56),
pretreated solids for all three were dark black, resembling xylose derived pseudo-lignin.
The starting substrates (Avicel cellulose, beechwod xylan, and xylose) had almost no Klignin. Beechwood xylan contained about 70% xylan, 2.2% glucan, 6.0% ash, <1%
arabinan on a dry wt. basis, with the rest being uronic acids and protein, as shown
elsewhere [200,201]. Solids from pretreatment of Avicel mixed with xylan or with xylose
had higher amounts of pseudo-lignin than Avicel alone at all conditions (Figure 5.2a).
Consistent with findings by Sannigrahi et al. [109], the amount of ash free acid-insoluble
lignin in the pretreated solids increased with pretreatment severity, with a negligible
amount at CSF 1.94 and the highest amount at CSF 3.56 (95wt%) for cellulose mixed
with xylose, as shown in Figure 5.2a and Table 5.1. This increase in K-lignin content
resulted from carbohydrate degradation to lignin-like compounds called pseudo-lignin
[109,202]. At similar conditions, however, working with delignified poplar (holocellulose
with 67.2% glucan and 21.8% xylan), Sannigrahi et al. [109] observed a somewhat
different trend in pseudo-lignin formation. For example, in our study at CSF 2.95, the
amount of pseudo-lignin was about 8% (dry weight basis) for pretreatment of Avicel
mixed with xylan, while Sannigrahi et al. [109] reported about 30wt% pseudo-lignin at
CSF 2.97 for poplar holocellulose. The differences could be attributed to the substrates
used and their initial compositions. For instance, the substrates for this study contained a
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small amount of acid-soluble and acid-insoluble lignin, whereas their study employed
poplar holocellulose with about 6.6% acid soluble lignin. In addition, cellulose in Avicel
PH101 is more crystalline than in poplar and other biomass feedstocks [75,119], with the
result that it is less prone to breakdown during dilute acid pretreatment than amorphous
cellulose [203]. Therefore, it is anticipated that biomass that is less crystalline or with
more free sugars, starch, pectin, more acid labile hemicelluloses, or acid soluble lignin is
more likely to form higher amounts of pseudo-lignin when pretreated at high severities
[185,204]. Acid-soluble lignin and its degradation products released during dilute acid
pretreatment may also interact with sugar degradation products to increase pseudo-lignin
formation [205].
As shown in Table 5.1, solids resulting from pretreatment of cellulose mixed with xylan
contained almost no residual xylan except at the least severe conditions of 140oC in 1wt%
acid for 30 min (CSF 1.94, xylan content <2wt%). The xylan/xylose accounted for shown
in Table 5.1 includes xylose left in the solids plus xylose monomers, xylose oligomers,
and xylose equivalents of furfural in solution decreased drastically with pretreatment
severity (from ~98% at CSF 1.94 to < 15% at CSF 3.56), consistent with the well-known
fragility of xylan/xylose compared to cellulose [206].
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Pretreatment
conditions

Avicel
cellulose

Avicel cellulose
mixed with xylan

Avicel cellulose
mixed with
xylose

None

140oC-1wt%
acid- 30 min
(CSF~1.94)
160oC -0.5wt%
acid - 40 min
(CSF~2.38)
160oC -1wt%
acid - 40 min
(CSF~2.66)
170oC -1wt%
acid- 40 min
(CSF~2.95)
180oC -2wt%
acid - 40 min
(CSF~3.56)
Xylose derived
pseudo-lignin
(180-5wt%-150
min)
Figure 5.1 Pictures of untreated Avicel cellulose, xylose derived-pseudo-lignin, and
dilute acid pretreated Avicel cellulose alone and mixed with xylan or xylose at the
pretreatment conditions applied. CSF-combined severity factor
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Figure 5.2 a: Pseudo-lignin (% K-lignin, dry wt. basis) in pretreated solids versus
combined severity factor (CSF) for dilute acid pretreatment of Avicel cellulose alone and
mixed with xylan (Xyn) or xylose (Xys). b: The amount of cellulose solubilized during
pretreatment and cellulose digested by Accellearse11500 cellulase at loadings of 5 and 15
mg protein/g cellulose in the residual solids resulting from dilute acid pretreatment of
Avicel cellulose versus combined severity factor

5.3.2 Effect of Dilute Sulfuric Acid Pretreatment on Avicel Cellulose Digestibility
The amount of cellulose solubilized during pretreatment increased with pretreatment
severity and was about 60% at the most severe conditions used here (CSF~3.56). Because
cellulose solubilization was defined to only account for the amounts of cellobiose,
glucose, HMF, and LA in the pretreatment liquid, the actual loss of cellulose must be
higher than shown in Figure 5.2b due to degradation of these compounds into pseudolignin and other unidentified compounds [193,203]. It is often speculated that the
amorphous portion of cellulose is preferably solubilized by chemical and biological
catalysts compared to the crystalline part, with the result that cellulose becomes more
recalcitrant with prolonged pretreatment time or enzymatic hydrolysis [118]. However,
Figure 5.2b shows that the enzymatic digestion of dilute acid pretreated Avicel cellulose
compared to its digestibility without pretreatment followed a different trend with
increasing severities at the two cellulase protein loadings of 5 and 15 mg/g cellulose in
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the pretreated solids tested. In particular, except for the result for CSF 3.56, the 4 hours
initial rate and 72 hours cellulose conversion either increased by ~13-20% (depending on
cellulase loading) or were unchanged over the range of pretreatment severities covered,
as shown in Figure 2b and Table 5.2. Although pretreating Avicel at CSF 2.95 generated
about 3wt% pseudo-lignin, they did not appear to have a negative impact on the final
cellulose conversion compared to results for untreated cellulose. However, digestion of
cellulose with a 5 mg cellulase loading was lower than for Avicel pretreated at lower
severity conditions that produced less pseudo-lignin. At 3.56 CSF, cellulose conversion
with a 15 mg protein/ g cellulose cellulase loading dropped to 66% from ~95% for
untreated Avicel cellulose, a decrease of about 30%. This drop could be attributed to
reduced cellulose accessibility as a result of increased crystallinity, pseudo-lignin
deposition (95% by weight) on cellulose, and/or reduced cellulase effectiveness due to
non-specific binding of cellulase to pseudo-lignin.
Table 5.2 Effect of dilute acid pretreatment on cellulose digestibility for cellulase
loadings of 5 and 15 mg protein/g cellulose in pretreated solids for Avicel alone and
mixed with birchwood xylan or pure xylose

Pretreatment
conditions

Substrate

Untreated

C

None

C+Xyn
C

140-1wt%- 30
mind

C+ Xyn
C+ Xys

160-0.5wt%- 40
min

C
C+ Xyn

5 mg/g cellulose

15 mg/g cellulose

4h

120h

4h

120h

% Conv. ±
SD
(% changeb)

% Conv. ±
SD
(% change)

% Conv. ±
SD
(% change)

% Conv.±
SD
(% change)

15.2 ± 0.28

58.9 ± 0.83

26.3 ± 0.28

94.5 ± 3.1

56.5 ± 1.5
41 ± 1.0
(27.4)
49.2 ± 0.3
(12.9 )
65.2 ± 1.5
54.2 ± 1.4

11.0 ± 0.28
(55) c
29.7± 0.1
25.7 ± 0.2
(13.4 )
28 ± 0.2
(5.7 )
32.8 ± 0.5
29.1 ± 1.2

75 ± 2.2
(22)
94.3± 0.4
65.1 ± 0.7
(30.9)
88 ± 0.6
(7.0 )
98.0 ± 1.5
83.0 ± 1.3

a

ND
14.5 ± 0.2
13.1 ± 0.8
(9.6 )
14.1 ± 0.7
(2.7 )
17.8 ± 0.1
17.0 ± 1.1
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C+ Xys

(4.4 )
17.0 ± 0.7
(4.4 )

(16.8 )
47.6 ± 0.8
(27.0 )

(11.5 )
33.3 ± 0.4
(NS)

(15.3 )
81.1 ± 0.6
(17.2 )

18.2 ± 0.1
12.4 ± 0.3
(31.8 )
16.6 ± 0.4
(8.8 )
12.3 ± 1.0
12.2 ± 0.8
(NS)
13.2 ± 0.1
(NS)

61.9 ± 2.3
48.6 ± 0.6
(21.5 )
52.6 ± 0.6
(15.0 )
60.5 ± 4.1
53.5 ± 0.5
(11.5 )
64.8 ± 0.8
(NS)

32.3 ± 0.6
29.0 ± 0.9
(10.2 )
29.8 ± 0.3
(7.7 )
32.0 ± 0.3
27.8 ± 0.7
(13.1 )
30.1 ± 0.5
(6.0 )

100.4 ± 0.4
85.6 ± 1.7
(14.7 )
87.2 ± 0.1
(13.1 )
100.5 ± 0.8
94.0 ± 0.8
(6.5 )
92.0 ± 1.1
(8.5 )
66.0 ± 7.5
NA
36.9 ± 7.1
(44)

Table 5.2 continued
C
160-1wt%- 40
min

C+ Xyn
C+ Xys
C

170-1wt%- 40
min

C+ Xyn
C+ Xys

180-2wt%- 40
min

C
C+ Xyn

ND

C+ Xys

NA

C, Avicel cellulose; Xyn, xylan; Xys, xylose; NA, not available; NS, not significant; ND, not determined.
a
Cellulose conversion = 100 × (glucose [g] + 1.053 × cellobiose [g])/(1.11_initial cellulose [g]).
b
% change in conversion over control = 100 × (% conv. for control - % conv. for solids)/% conv. for
control.
c
For this set of experiments, xylan and Avicel cellulose were physically mixed together at a ratio of 0.5, and
enzymatic hydrolysis was performed.
d
Pretreatment conditions represent: reaction temperature in ºC—wt% acid solution and reaction time.

5.3.3 Enzymatic Hydrolysis of Pretreated Solids
Pretreated solids were extensively washed to remove soluble compounds inhibitory to
cellulase such as xylose, xylooligomers, glucose, and furfural [195,207,208]. Washed
solids from dilute acid pretreatment of Avicel cellulose alone and mixed with xylan or
xylose were subjected to enzymatic hydrolysis at cellulase protein loadings of 5 and 15
mg protein/g cellulose in the pretreated solids. For comparison, untreated Avicel
cellulose physically mixed with beechwood xylan (cellulose to xylan weight ratio 2:1)
was also enzymatically hydrolyzed at a cellulase loading of 15 mg/g cellulose at similar
conditions (50 mM citrate buffer, pH 5.0, 50 ºC, and 150 rpm). The cellulose conversions
and their standard deviations following 4 and 120 hours of enzymatic hydrolysis are
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summarized in Table 5.2 for application of both cellulase loadings to solids prepared over
a range of pretreatment severities. Also summarized in parenthesis in the Table 5.2 are
the percent changes in cellulose digestion of solids resulting from pretreatment of Avicel
cellulose mixed with xylan or xylose compared to results for digestion of Avicel cellulose
that had been pretreated by itself at the same severity.
Digestibility of Solids Prepared At Low Severity (Negligible Pseudo-lignin)
The liquid fraction from pretreatment at CSF 1.94 contained very small amounts of
carbohydrate degradation products (LA, HMF, FA, and FF), and greater than 98% of the
original xylan/xylose could be accounted for, as shown in Table 5.1. The resulting
washed solids had a small amount of xylan (<2%) and little pseudo-lignin. However,
surprisingly, the 4 and 120 hour enzymatic digestibilities of solids resulting from
pretreatment of cellulose mixed with xylan or xylose were still considerably lower than
digestion of cellulose that was pretreated alone at the same severities (Table 5.2). In
particular, cellulose conversion after 120 hours of hydrolysis of solids prepared by
pretreatment of cellulose mixed with xylan dropped to 41% from 56.5% for hydrolysis of
cellulose alone (27.4% drop) at a cellulase protein loading of 5 mg/g cellulose and to
65% from 94.3% (31% drop) at a loading of 15 mg/g cellulose. These results were quite
unexpected. Although the 6-7wt% ash content makes it a significant constituent in
commercial beechwood xylan, little was left after pretreatment so that it would be highly
unlikely to impact hydrolysis. However, it can be hypothesized that possible cellulose
acetylation due to the presence of acetyl groups and methylation from 4-D-methyl
glucuronic acid on the xylan backbone during pretreatment and/or residual xylan (
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<2wt%) could result in less reactive cellulose, as it is well known that cellulose
methylation and acetylation retards cellulase activity [209].
Causes for cellulose reduced digestibility at low severity: cellulose acetylation. To
evaluate further whether acetylation was the cause for reduced cellulose conversion for
solids prepared at CSF 1.94 that had negligible pseudo-lignin, Avicel cellulose at 5wt%
solids loading together with different acetic acid concentrations (acetic acid to Avicel
weight ratios of 0.10, 0.25, 0.50, or 1.0) was pretreated at 140 ºC in 1wt% dilute sulfuric
acid for 30 min (CSF~1.94). The resulting solids along with control were enzymatically
hydrolyzed at cellulase protein loading of 15 mg/g glucan. The digestibility data showed
that there was no remarkable reduction in cellulose reactivity, and, thus, acetylation can
be ruled out to be the cause for drop in cellulose conversion.
Causes for cellulose reduced digestibility at low severity: cellulose methylation. To
obtain the representative (methyl) glucuronic acid-free xylan used in this study, the same
batch of xylan at 10 wt% solid loading was acid-hydrolyzed at similar conditions used for
pretreatment, i.e., in 1wt% dilute sulfuric acid at 140 ºC for 30 minutes. The remaining
unhydrolyzed xylan solids were separated from the liquid by vacuum filtration. The
xylose solution obtained from xylan acid hydrolysis that presumably contained free
(methyl) glucuronic acids was used as a (methyl) glucuronic acid source, and Avicel at
5wt% solid loading was pretreated with this xylose solution (Avicel to xylose weight
ratio ~ 2) at similar pretreatment conditions that were used for pretreatment of Avicel
mixed with untreated xylan. The resulting solids were enzymatically hydrolyzed at
cellulase protein loading of 15 mg/ g glucan in pretreated solids with other conditions
being similar as described in the experimental section. The enzymatic digestion showed
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that methyl glucuronic acids released from the xylan backbone in pretreatment had no
apparent impact on Avicel cellulose reactivity.
Causes for cellulose reduced digestibility at low severity: residual xylan. The washed
solids resulting from pretreatment of Avicel mixed with xylan at CSF 1.94 had about
2wt% unhydrolyzed residual xylan. Thus, to identify whether small amounts of residual
xylan had a role in cellulose reduced conversion, pretreated solids for Avicel control and
Avicel mixed with xylan were hydrolyzed with cellulase (15 mg protein/g glucan) alone,
and cellulase supplemented with Multifect® xylanase at protein loading of 7.5 mg/g
glucan (total protein loading- 22.5 mg/g glucan in pretreated solids). As shown in Figure
5.3, adding xylanase increased the reactivity of cellulose from dilute acid pretreated
Avicel mixed with xylan. It was quite surprising that such a small amount of residual,
non-structural xylan had such a significant impact on cellulose digestibility, and the drop
in final conversion was greater than could be accounted for by cellulase inhibition
(~22%) by xylooligomers when xylan was physically mixed with Avicel (xylan to Avicel
wt. ratio of 0.5, corresponding to 33% xylan) before enzymatic hydrolysis (Table 5.2).
Although still unclear, this significant finding led us hypothesize that hemicelluloses
solubilize during low severity dilute acid and hydrothermal pretreatments, but may
precipitate onto the cellulose surface upon cooling by forming strong bonds. Although
evidence supports such precipitations and bond formation in pulping [210,211], it has
never been reported for pretreatment, and the impacts of such precipitations on cellulose
enzymatic hydrolysis are not reported. This hypothesis needs further research and is
beyond the scope of this study.
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Figure 5.3 Effect of Multifect xylanase (MXy) supplementation (7.5 mg protein/g glucan)
to Accellearse 1500 (Acc1500) cellulase (15 mg protein/g glucan) on cellulose
conversion for washed solids from dilute acid pretreatment (140oC in 1wt% sulfuric acid
for 30 minutes) of Avicel by itself and mixed with xylan. DAPt- Avi – dilute acid
pretreated Avicel cellulose; DAPt- Avi + Xyn- dilute acid pretreated Avicel mixed with
xylan

Digestibility of Solids Prepared At Other Severities
Although increasing pretreatment severity from 1.94 to 2.38 increased the amount of
pseudo-lignin (wt% dry basis) from 0% to 0.53% for pretreatment of cellulose mixed
with xylan, the conversion loss shown in Table 5.2 for CSF OF 2.38 was less than for
CSF 1.94: 16.8% vs. 27% and 15.3% vs. 31% at cellulase loading of 5 and 15 mg
protein/g cellulose, respectively. However, conversion of cellulose in solids resulting
from pretreatment of cellulose mixed with xylose that had more pseudo-lignin (1.5wt %)
dropped more for a CSF of 2.38 than for a CSF of 1.94 (from 65.2% to 47.6% and from
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98% to 81.1% for cellulase loadings of 5 and 15 mg protein/g cellulose, respectively).
For cellulose mixed with xylan, the drop in conversion for CSF 2.38 (160 ºC-0.5wt%, 40
min) could be due to both pseudo-lignin and the negligible amount of residual xylan, if
any, as shown earlier. However, for cellulose mixed with xylose, it appeared that the drop
in conversion was exclusively due to pseudo-lignin that comprised about 1.5wt% of
solids by dry weight. For a CSF of 2.66 (160 ºC-1.0wt%, 40 min), solids from
pretreatment of Avicel cellulose mixed with xylan or with xylose had similar amounts of
pseudo-lignin by dry weight (~ 3.5%). Furthermore, as shown in Table 5.2, cellulose in
both solids showed almost the same loss in conversion compared to the cellulose control
prepared at the same severity (from 100% to 85.6% for cellulose plus xylan and 87.2%
for cellulose and xylose at 15 mg protein/g cellulose cellulase mg/g cellulose).
Although solids from pretreatment of cellulose mixed with xylan or xylose at a CSF of
2.95 (170 ºC-1.0wt%, 40 min) increased the amount of carbohydrate derived-pseudolignin (8-10% by dry wt.) from that at lower severities, cellulose digestibility dropped
less than it did at lower severity conditions that produced less pseudo-lignin from xylose
or xylan, as shown in Table 5.2. The cause for this observation is not entirely clear but
could be physiological/ structural changes in pseudo-lignin formation at or beyond
certain conditions/concentrations that affect cellulose hydrolysis. However, more work is
needed to validate a mechanism. As shown earlier in Figure 5.2b, digestion of Avicel
cellulose in solids pretreated at the most severe conditions of CSF 3.56 dropped from
94.5% for untreated material to 66%, a 30% loss. Despite the fact that solids from
pretreatment of Avicel cellulose mixed with xylan or xylose had similar amounts of
pseudo-lignin as for Avicel cellulose alone, Table 5.2 shows that cellulose conversion for
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the former was only about 50% of the latter at a 15 mg/g cellulose cellulase loading.
Thus, it appears that xylose derived pseudo-lignin and their deposition on and/or coexistence with cellulose are more inhibitory to cellulase action than pseudo-lignin derived
from six carbon sugars and/or their dehydration products (HMF and levulinic acid).
5.3.4 Pretreated Solids Characterizations
To determine changes in solids characteristics, pretreated solids prepared at various
severities for Avicel cellulose alone and mixed with xylan or xylose were characterized
by solid-state 13C CP/MAS NMR, FT-IR, and SEM imaging. For comparison, untreated
Avicel cellulose alone and physically mixed with xylan, xylose, and xylose-derived
pseudo-lignin were also imaged.
Solid-state 13C CP/MAS NMR
The 13C NMR spectra for xylose derived pseudo-lignin and untreated and pretreated
solids prepared at various severities are shown in Figure 5.4, with Table 5.3 showing the
peak assignments for these spectra. The NMR spectra for untreated Avicel alone, Avicel
mixed with xylan or xylose, and pretreated solids at most conditions were predominantly
comprised of signals from the six carbons in cellulose. The NMR spectrum from xylose
derived pseudo-lignin showed broad peaks (due to spectral overlap) corresponding to
aliphatic C, unsaturated C, and carbonyl (C=O) functionalities. These signals were also
observed in dilute acid pretreated poplar holocellulose after pretreatment at CSF > 3.27
[109]. Figure 5.4a shows the spectra for untreated Avicel cellulose and cellulose
pretreated at various severities, and the spectra for dilute acid pretreated Avicel cellulose
alone and mixed with xylan or xylose prepared at CSF 2.38, CSF 2.95, and CSF 3.56 are
shown in Figure 5.4b, c, and d, respectively. Figure 5.4a also shows the cellulose
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crystallinity determined from NMR data for untreated and pretreated solids for Avicel
cellulose. For pretreated solids prepared at CSF 3.56, the % crystallinity (%CrI) could not
be determined due to weak signals for cellulose carbons. Figure 5.4a shows that there was
no apparent change in the cellulose structure, except at that the most severe condition
(CSF 3.56) showed strong carbonyl, aromatic, and aliphatic signals. Cellulose
crystallinity increased with pretreatment severity by few points (from 71.9% for untreated
to about 75.8% for Avicel pretreated at CSF 2.95) and did not seem to have a negative
impact on cellulose digestibility, as shown earlier in Figure 5.2b. Although wet chemistry
compositional analysis (Table 5.1) revealed that all pretreated solids prepared at CSF ≥
2.38 had noticeable amounts of pseudo-lignin, NMR spectra only had strong signals
attributed to pseudo-lignin for solids prepared at CSF 3.56 that had more than 80 wt%
pseudo-lignin. The spectra of samples prepared at CSF 3.56 were significantly different
from those from other samples, with strong signals from carbonyl, aromatic, and aliphatic
structures (Figure 5.4d and Table 5.3). In addition, these spectra were different from each
other, probably due to differences in substrates. For instance, the methoxy signals (56
ppm) were stronger for pretreated solids of cellulose mixed with xylan or xylose than for
the sample cellulose alone, possibly due to large proportions of 4-O-methyl glucuronic
acid in xylan.
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Figure 5.4 Solid-state 13C CP/MAS NMR spectra of (a) untreated and dilute acid
pretreated Avicel cellulose PH 101, along with crystallinity index (CrI) values calculated
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from NMR data, prepared at various severities, and comparison with xylose derivedpseudo-lignin; (b) dilute acid pretreated Avicel cellulose alone and mixed with xylan or
xylose prepared at CSF 2.38; (c) untreated Avicel cellulose alone and physically mixed
with xylan or xylose and pretreated solids prepared for these at CSF 2.95; and (d) dilute
acid pretreated (CSF 3.56) Avicel cellulose alone and mixed with xylan or xylose. NA,
not available
Table 5.3 Peak assignments in the NMR spectra [187]
Chemical shift (ppm)
220-196
178-168
155-142
142-125
125-102
109-100
92-86
86-79
79-68
68-58
60-55
50-10

Assignment
C=O in aldehydes or ketones
C=O in carboxylic acids or esters
Aromatic C-O
Aromatic C-C
Aromatic C-H
C1 of cellulose and/or C1 of xylan/xylose
The crystalline C4 of cellulose
The amorphous C4 of cellulose and/or C4 of xylan/xylose
C2, C3 and C5 of cellulose and/or C2, C3 of xylan/xylose
C6 of cellulose and/or C5 of xylan/xylose
Methoxy related to aromatic rings
Aliphatic carbons

FT-IR Analysis of Solids Recovered from Pretreatment
FT-IR spectra of various solids used in this study are shown in Figure 5.5, with peak
assignments presented in Table 5.4. Figure 5.5a shows FT-IR spectra for untreated Avicel
cellulose alone and pretreated at various severities, and Figures 5.5b-d present FT-IR
spectra from pretreated solids prepared at various severities for cellulose mixed with
xylan/xylose and their comparison with untreated cellulose and xylose derived pseudolignin. Consistent with the NMR data, the Avicel cellulose structure remained intact at
all conditions until a CSF of 3.56 and showed signals from cellulose. Pseudo-lignin
sample showed a peak at 1594.7 cm-1 due to aromatic ring stretching that correlates to
the unsaturated C signal seen in the NMR spectra and a peak at 1695.6 cm-1 arising from
C=O stretching in ketones. However, these peaks were non-existent for pretreated
samples prepared at severities below CSF 3.56. The strong peaks from cellulose and
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xylan, and the weak peaks from the carbonyl and aromatic stretching regions in the
spectra of these samples suggest that the carbohydrates in these samples remained almost
intact during pretreatment. However, compositional data suggested otherwise, as
pretreated solids for cellulose mixed with xylan or xylose prepared at CSF 2.95 contained
more than 8wt% pseudo-lignin. Therefore, it can be hypothesized that insoluble
compounds other than those listed/identified here contribute to the positive K-lignin
values in Table 5.1. The FT-IR spectra from solids prepared at CSF 3.56 had strong peaks
associated with the carbonyl and aromatic stretching regions. These FT-IR and 13C
CP/MAS NMR analyses of pseudo-lignin in samples for CSF 3.56 are consistent with
literature results [109].
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Figure 5.5 FT-IR spectra of untreated and dilute acid pretreated Avicel PH 101 cellulose
prepared at various severities, and comparison with spectra for xylose derived-pseudolignin and dilute acid pretreated Avicel cellulose alone and when mixed with xylan or
xylose: (a) untreated, (b) CSF 2.38, (c) CSF 2.95, and (d) CSF 3.56

Table 5.4 Peak assignments for the FT-IR spectra of recovered solids [187]
Wavenumber (cm-1)
Assignment
890.2
β-glycosidic linkages between sugar units
1054.5
C-O stretching at cellulose C-3, C-6 and C-C stretching
Asymmetric bridge stretching of C-O-C in cellulose and
1162.1
hemicellulose
1314.3
-CH2 wagging vibrations in cellulose and hemicellulose
1431.0
Symmetric –CH2 bending in cellulose and hemicellulose
1594.7
Aromatic ring stretching (lignin)
1696.0
C=O stretching in unconjugated ketones
3342.91
O-H stretching in alcohols or phenols
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SEM Characterization of Solids Recovered from Pretreatment
The untreated Avicel cellulose, xylose derived pseudo-lignin, and pretreated solids were
characterized using SEM. Several images were taken for each sample, with a few
representative examples shown in Figure 5.6. Spherical droplets, which have been
previously reported to be formed during pseudo-lignin formation [109] were seen in some
of the samples. While the NMR and FT-IR data did not show evidence of the formation
of lignin-like materials for solids prepared at CSF less than 3.56, a few spherical droplets
can be seen in the SEM images for solids pretreated even at CSF 2.66 (Figure 5.6b) and
even more for solids from pretreatment at CSF 2.95. More of these droplets were evident
on the surface of the pretreated solids of cellulose mixed with xylan or xylose compared
to cellulose pretreated alone at the same severities. However, unlike solids pretreated at
high severities, where droplets seemed plentiful, as noted by arrows in Figures 5.6c and d
(CSF 2.95 and 3.56, respectively), the occurrence of such drops were not widespread for
severities less than 2.95, suggesting that these conditions were not severe enough to form
significant amounts of solid degradation products, in agreement with the compositional
data in Table 5.1. The xylose-derived pseudo-lignin sample shown in Figures 5.6e and
e’was entirely made up of pseudo-lignin spheres as were the solids prepared at higher
severity shown in Figure 6c and 6d. These results add evidence that pseudo-lignin is
formed from acid catalyzed degradation of carbohydrates that deposit on the surface and
may cause the observed drop in cellulose conversion.
Pseudo-lignin- 0.0%
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Pseudo-lignin- 0.5%

Pseudo-lignin- 3.5%

Pseudo-lignin- 3.1%

Pseudo-lignin- 8.1%

Pseudo-lignin- 3.2%

Pseudo-lignin- 10.6%

Pseudo-lignin- 94.4%

Pseudo-lignin- 88.2%

Pseudo-lignin- 85.7%

Pseudo-lignin- 98%

Pseudo-lignin- 98%
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Figure 5.6 SEM images of (a) untreated Avicel cellulose (magnification 20k×) and of
pretreated solids at (b) CSF 2.66 (magnification 20k×), (c) 2.95 (magnification 20k×),
and (d) 3.56 (magnification 20k×). (e) and (e’) xylose derived-pseudo-lignin at 5k× and
20k× magnifications. Marker (i) designates solids from pretreatment of Avicel cellulose
alone, (ii) from pretreatment of cellulose mixed with xylan, and (iii) cellulose mixed with
xylose. For example, figure notation c-iii is for pretreated solids prepared at CSF 2.95 of
cellulose mixed with xylose. Scale bar length = 2 mm, unless otherwise noted

5.3.5 Plausible Mechanisms of Hydrolysis Retardation by Pseudo-lignin
Reduced Cellulase Effectiveness through Inhibition/Unproductive Binding
Lignin is known to unproductively bind cellulase and inhibit cellulase action [62].
Similar to lignin, pseudo-lignin derived from carbohydrates may also inhibit and/or bind
cellulase unproductively and limit enzyme effectiveness. To evaluate whether pseudolignin affects cellulase effectiveness and binds cellulase unproductively, Avicel cellulose
was hydrolyzed in the presence of pseudo-lignin. The 120 hour digestibility data in
Figures 5.7a and b for cellulase loadings of 5 and 15 mg protein/g cellulose, respectively,
show that the presence of xylose derived pseudo-lignin did not have a major impact on
the initial cellulose conversion. However, the effect became more pronounced as
hydrolysis time was extended, with the extent depending on cellulase and pseudo-lignin
loadings and the final cellulose digestibility, as indicated by the 120 h yields reported in
Table 5.5. It is interesting to note that even a small amount of pseudo-lignin (5wt% of
cellulose) had a noticeable negative impact on cellulose conversion at both cellulase
loadings (21% and 9% reductions in 120 hours conversion at 5 and 15 mg/g cellulose
enzyme loadings, respectively). Furthermore, Table 5.5 shows that conversion seemed to
decrease with pseudo-lignin loading but reached an asymptote. The cause for such
behavior is not clear at this point. Another interesting point was that at the highest
pseudo-lignin loading (pseudo-lignin to cellulose ratio of 0.65) and for cellulase loading
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of 15 mg/g glucan; the decrease in cellulose conversion was almost comparable to
decrease for cellulose conversion with xylan (~22%, Table 5.5). For the latter, however,
the decrease in initial rate was much higher than for pseudo-lignin (55% vs. 5%), and was
due to strong cellulase inhibition by xylooligomers [208]. Adsorption of BSA and
purified CBHI on pseudo-lignin in Figure 5.8a revealed that pseudo-lignin binds protein
unproductively, while Figure 5.8b shows the relative amount of free protein in solution
decreased as the pseudo-lignin loading was increased. Thus, it can be concluded that
pseudo-lignin bind protein unproductively and can make less cellulase available for
action on cellulose.

Figure 5.7 Effects of various levels of exogenously added pseudo-lignin on cellulose
conversion at cellulase protein loadings of (a) 5 mg/g cellulose and (b) 15 mg/g cellulose
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Table 5.5 Percentage decreasea in cellulose conversion, over Avicel cellulose control,
with hydrolysis time for various loadings of pseudo-lignin, and a loading of xylan for 5
and 15 mg cellulase/ g cellulose loadings
5 mg cellulase/g cellulose

Substrate
C+
Pseudolignin-1
C+
Pseudolignin-2
C+
Pseudolignin-3
C+
Pseudolignin-4
C + Xylanb

15 mg cellulase/g cellulose

4h

24 h

72 h

120 h

4h

24 h

72 h

120 h

-4.4

6.8

19.6

21.4

3.2

6.6

10.0

9.6

0.1

17.1

31.2

33.2

7.6

11.5

17.3

17.9

-1.8

16.7

29.4

30.6

7.2

10.6

17.7

17.6

0.1

16.7

28.7

35.1

7.5

10.9

20.4

20.1

55.0

33.4

24.0

22.0

Not determined

C, Avicel cellulose; Pseudo-lignin-1, pseudo-lignin to cellulose weight ratio = 0.05; Pseudo-lignin 2,
pseudo-lignin to cellulose weight ratio = 0.15; Pseudo-lignin-3, pseudo-lignin to cellulose weight ratio =
0.45; Pseudo-lignin-4, pseudo-lignin to cellulose weight ratio = 0.65.
a
% decrease = 100 × [1 - (Reference sample yield (%)/Control yield (%))].
b
Xylan to cellulose weight ratio was 0.5.

Figure 5.8 a: BSA and purified CBHI protein adsorption on xylose derived pseudo-lignin
(mg/g solids) at a pseudo-lignin solids loading of 10 g/L. b: Effect of pseudo-lignin
loading on relative amount of free BSA protein in solution for a BSA loading of 2 mg/mL

Reduced Cellulose Accessibility
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Chemical and physical characterizations and enzymatic hydrolysis data showed that
xylan degrades into insoluble compound which can significantly impede cellulose
digestibility. Although NMR and FT-IR characterizations did not show strong evidences
of pseudo-lignin formation at low severities, SEM imaging and compositional analysis
revealed that pseudo-lignin formed even at low severities and deposited on the surface in
spheres and/or co-existed with cellulose. Deposition of pseudo-lignin on the cellulose
surface would directly affect its accessibility by blocking surface binding sites, and may
be another possible cause for decrease in cellulose digestion.

5.4 Conclusion
Avicel cellulose alone and mixed with xylan or xylose was pretreated in dilute sulfuric
acid over a range of conditions typically applied to cellulosic biomass to understand what
effects xylan derived pseudo-lignin might have on cellulose digestibility. For Avicel
cellulose alone, dilute acid pretreatment solubilized a significant amount of cellulose and
increased crystallinity by few points ( from 70.1% to 75.9%) but did not affect cellulose
digestibility negatively until the combined severity factor CSF was increased to 3.56, at
which point a large fraction of pseudo-lignin appeared to be formed from cellulose and
xylan/xylose degradation. However, pseudo-lignin was formed from xylan/xylose
degradation even at severities lower than often applied in dilute acid pretreatment and
affected cellulose hydrolysis through reduced cellulase effectiveness and/or cellulose
accessibility. The impact of pseudo-lignin was magnified at lower enzyme loadings that
would be commercially appropriate. Therefore, pretreatment effectiveness would be
improved by avoiding sugar degradation that can lead to pseudo-lignin formation,
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particularly for subsequent application of lower enzyme loadings. Furthermore, it was
noted that even a small amount of residual (non-structural) xylan, possibly precipitated
on cellulose surface, significantly retard cellulose digestibility. However, this finding
needs further research to understand hemicellulose (xylan) precipitation, its mechanisms,
and its effects on cellulose conversion.
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CHAPTER 6
IMPACT OF PSEUDO-LIGNIN VERSUS DILUTE ACID-TREATED
LIGNIN ON ENZYMATIC HYDROLYSIS OF CELLULOSE4

6.1 Introduction
Increasing global energy demand, unstable and expensive petroleum resources, and
concern over global climate changes lead to the development of biofuels from
lignocellulosics, which are relatively inexpensive, abundant, and based on sustainable
feedstocks [1,2]. To convert lignocellulosics to ethanol, plant polysaccharides need to be
deconstructed into their corresponding monosaccharides, which subsequently are
biologically fermented to ethanol. Utilization of enzymes to produce fermentable sugars
is regarded as the most viable strategy, because enzymatic hydrolysis of lignocellulosics
offers several advantages including higher yield, lower byproduct formation and energy
requirement, mild operation conditions, and environmentally benign processing
compared to conventional chemical hydrolysis [62]. However, native lignocellulosics are
recalcitrant to decomposition from enzymes because of their physical features and
chemical compositions/structures [1]. Furthermore, lignin has been viewed as one of the
major factors contributing to this recalcitrance. During enzymatic hydrolysis, lignin acts
as a physical barrier to prevent enzyme access to the carbohydrate fraction of biomass
and tends to irreversibly bind to enzymes through hydrophobic interactions that cause a
loss in their activities [58,62].
4
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Pretreatment of lignocellulosic biomass is thus an essential step to overcome
recalcitrance and increase overall fermentable sugar yield. Dilute acid pretreatment has
been proven to successfully hydrolyze hemicelluloses and disrupt the lignocellulosic
structure for a wide range of feedstocks. Generally, DAP leads to an insignificant
delignification, thus the lignin content in the pretreated biomass can be comparable to or
even higher than that in the starting material [11,42,173]. This phenomenon has been
hypothesized to be due, in part, to the formation of a lignin-like material termed pseudolignin [15,16].
The formation of pseudo-lignin was only confirmed by Sannigrahi et al [109]. Their work
demonstrated that pseudo-lignin can be generated from carbohydrates without significant
contribution from lignin during DAP, particularly under high-severity pretreatment
conditions. Additionally, Hu et al. [172] isolated and characterized pseudolignin
produced from dilute acid-pretreated poplar holocellulose and α-cellulose. They showed
that pseudolignin was polymeric with a Mw ≈ 5000 g/mol and contained carbonyl,
carboxylic, aromatic, and aliphatic structures, which were produced from both dilute
acid-pretreated cellulose and hemicellulose. Equally important, these studies indicated
that the presence of pseudo-lignin on the surface of pretreated biomass can significantly
inhibit enzymatic hydrolysis of cellulose. In the present study, pseudo-lignin and dilute
acid-pretreated lignin were isolated, and their inhibition properties on enzymatic
deconstruction of poplar holocellulose were evaluated and compared.

6.2 Experimental Section
6.2.1 Materials
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Samples were prepared as described in Chapter 3 (3.1.2 Biomass Substrate). Hybrid
poplar (Populus trichocarpa x deltoides) was obtained from Oakridge National
Laboratory, TN and Wiley milled to pass a 2-mm screen. The sample was air-dried and
stored at -20 ºC.
6.2.2 Pseudo-lignin Preparation
Extractives from hybrid poplar were removed by Soxhlet extraction with ethanol/toluene
(1/2, v/v) for 24 h as described in Chapter 3 (3.2.1 Soxhlet Extraction). Holocellulose was
isolated from the extractive-free poplar by sodium chlorite bleaching as described in
Chapter 3 (3.2.2 Holocellulose Pulping). A two-step dilute acid pretreatment with the
first step soaking in 1.0 wt% sulfuric acid (5% solids) while stirring at RT for 4 h was
performed on poplar holocellulose. The presoaked slurry was filtered and the solids were
washed with excess DI water. The solids were then added to 1.0 wt% sulfuric acid (5%
solids) and transferred to a Parr 4560 mini pressure reactor (600 mL) for the second step
of the pretreatment (180 °C, 40 min). The reactor was heated to the desired temperature
with constant stirring at a heating rate of ~6 °C/min. After pretreatment, the slurry was
filtered and the pretreated solids were washed with excess DI water.
Pseudo-lignin was extracted from dilute acid pretreated poplar holocellulose according to
the procedures described in Chapter 3 (3.2.5 Pseudo-lignin Preparation).
6.2.3 EMAL Preparation
EMAL was prepared as described in Chapter 3 (3.2.6 Enzymatic Mild Acidolysis Lignin
(EMAL) Preparation).
6.2.4 Lignocellulosic Samples Preparation
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Pseudo-lignin (Pseudo-L) or dilute acid pretreated lignin (EMAL DAP) was added to
poplar holocellulose to produce various lignocellulosic samples. In brief, 12%, 22% and
36% of Pseudo-L or EMAL DAP (Table 6.1) was dissolved in p-dioxane/water (10/1,
v/v). A sample of poplar holocellulose (dry weight: 0.50 g) was added to the solution, and
the mixture was allowed to stir in dark at RT under N2 protection for 2 h. The slurry was
then transferred to an aluminum weigh dish and allowed to air-dry in a fumehood.
Table 6.1 The amount of pseudo-lignin and dilute acid pretreated lignin addition
Sample Lignin from
Lignin
Holocellulose Lignin content (lignin
addition (g)
addition (g)
addition/total mass ×
100%)
g
Pseudo-lignin
0.07
0.50
12.28
h
Pseudo-lignin
0.14
0.50
21.88
i
Pseudo-lignin
0.28
0.50
35.90
j
EMAL DAP lignin
0.07
0.50
12.28
k
EMAL DAP lignin
0.14
0.50
21.88
l
EMAL DAP lignin
0.28
0.50
35.90
m
Pseudo-L/EMAL DAP
0.07
0.50
12.28
(50:50,w/w)
n
Pseudo-L/EMAL DAP
0.14
0.50
21.88
(50:50,w/w)
o
Pseudo-L/EMAL DAP
0.28
0.50
35.90
(50:50,w/w)
p
NA
NA
0.50
NA

6.2.5 FT-IR Spectroscopic Analysis
Samples were characterized by FT-IR according to the procedures described in Chapter 3
(Chapter 3.3.3 Fourier Transform Infrared (FT-IR) Spectroscopy).
6.2.6 NMR Spectroscopic Analysis
Samples were characterized by 13C NMR and 13C-1H 2D HSQC NMR according to the
procedures described in Chapter 3.3.4.1 and 3.3.4.2, respectively.
6.2.7 Scanning Electron Microscopy
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Samples were characterized by SEM according to the procedures described in Chapter 3
(Chapter 3.3.5 Scanning Electron Microscopy (SEM)).
6.2.8 Enzymatic Hydrolysis
Enzymatic hydrolysis experiments were performed as described in Chapter 3 (3.2.8
Enzymatic Hydrolysis). A sample of hydrolysis liquid (1.00 mL) at time intervals of 1, 2,
4, 7, 10, 24, 48, and 72 h was withdrawn and the hydrolysis was quenched by submersion
for 10 min in a vigorously boiling water bath. The liquid samples were then stored and
analyzed as described in Chapter 3 (3.2.8 Enzymatic Hydrolysis). All experiments were
performed in duplicate and the results represented the mean values of two independent
experiments. The standard deviation associated with the glucose yield at each time
interval was in the range of ± 0~10%.

6.3 Results and Discussion
6.3.1 Structural Comparison
The FT-IR spectra of pseudo-lignin and dilute acid pretreated lignin are presented in
Figure 6.1. Both samples had a hydroxyl stretching peak centered at ~3300 cm-1 but the
hydroxyl stretching peak of pseudo-lignin is broader than that of dilute acid pretreated
lignin. Furthermore, pseudo-lignin and dilute acid pretreated lignin exhibited aromatic
absorptions. Different intensities of the absorption bands at ~1600 cm-1 and 1500 cm-1
suggest different aromatic structures and differing aromatic substitution patterns between
pseudo-lignin and dilute acid pretreated lignin. Pseudo-lignin also possesses carbonyl and
carboxylic groups, which can be observed from the strong band at ~1697 cm-1 in its FTIR spectrum.
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To further compare the structures of pseudo-lignin and dilute acid pretreated lignin, 13C
NMR spectra of these two samples were obtained and this data is summarized in Figure
6.2. A primary qualitative assignment based on literature is proposed in Table 6.2. The
peaks centered at 208-205 ppm, 203-185 ppm, and 178-172 ppm from pseudo-lignin can
be attributed to C=O in ketones, aldehydes and carboxylic acids, respectively [172].
Whereas the small peak centered at ~166 ppm corresponding to conjugated carboxylic
ester group is shown in the 13C NMR spectrum of dilute acid pretreated lignin [212]. This
indicates pseudo-lignin contains more carbonyl and carboxylic acid groups than dilute
acid pretreated lignin, consistent with the FT-IR characterization. Both the pseudo-lignin
and dilute acid pretreated lignin possess aromatic structures. The peaks in the 162-142
ppm region are characteristic of aromatic C-O bonds. Whereas the peaks in the 142-125
ppm and 125-102 ppm regions represent aromatic C-C bonds and aromatic C-H bonds,
respectively [212]. Additionally, the characterization of guaiacyl (G) and syringyl (S)
units in dilute acid pretreated poplar lignin was identified by the peaks in the regions 125110 ppm and 109-103 ppm, respectively [42]. Among the aromatic signals, aromatic C-O
bonds are the most predominant, and the signal at ~66 ppm which was due to p-dioxane
which could not be fully removed after extended time in a vacuum oven. With respect to
aliphatic structures, pseudo-lignin consists of more oxygenated aliphatic structures that
can be observed by the additional peaks at ~72 ppm, ~63 ppm and aliphatics in the region
50-20 ppm. The 13C NMR spectra of these two samples also present common peaks at
~60 ppm and ~56 ppm.
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Figure 6.1 FT-IR spectra of pseudo-lignin and dilute acid pretreated lignin

Figure 6.2 13C NMR spectra of pseudo-lignin (top) and dilute acid pretreated lignin
(bottom)
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Table 6.2 Peak assignments for 13C NMR spectra of pseudo-lignin and dilute acid
pretreated lignin [187]
Chemical shift (ppm)
Assignment
208-205

C=O in ketones

203-185

C=O in aldehydes

178-172

C=O in carboxylic acids

166

Conjugated carboxylic ester group

162-142

Aromatic C-O

142-125

Aromatic C-C

125-102

Aromatic C-H

72, 63

Hydroxylated methylene

60

Methoxy groups connected to aromatic rings for
pseudo-lignin; Cγ in β-O-4 substructure for dilute
acid pretreated lignin

56
50-20

Methoxy group connected to aromatic ring
Aliphatic carbons

To obtain further knowledge of pseudo-lignin and dilute acid pretreated lignin structures,
their HSQC spectra are presented in Figure 6.3. The S units in dilute acid pretreated
lignin show a major cross peak for the C2,6/H2,6 correlation at δC/δH 103.5/6.7 ppm, and
the G units show correlations at δC/δH 110.6/7.0 ppm and 115.1/6.8 ppm [213]. A
considerable amount of p-hydroxybenzoate can be observed from C2,6/H2,6 correlation at
δC/δH 131.3/7.7 ppm [214]. Compared to dilute acid pretreated lignin, pseudo-lignin
shows much weaker C/H correlation signals at different chemical shifts in the aromatic
region. The common peak at ~56 ppm can be attributed to the methoxy groups according
to the C/H correlation signals at δC/δH 56.0/3.8 ppm [213]. The C/H correlation in β-O-4
substructure of dilute acid pretreated lignin was observed for γ-C position at δC/δH
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60.0/3.7 ppm [213], whereas this signal from pseudo-lignin was assigned to methoxy
group according to the DEPT NMR analysis [172]. The HSQC NMR assignment was
summarized in Table 6.3 [213]. The structural characterization shows that the poplar
lignin was partially degraded during DAP at 170 °C, 0.5% H2SO4, 8 min (CSF: 1.97),
and it did not contain a significant proportion of pseudo-lignin after the pretreatment.
This is consistent with literature indicating insignificant pseudo-lignin formation during
DAP at combined severity lower than 1.77 [109]. On the other hand, pseudo-lignin is a
lignin-like aromatic material but is not derived from native lignin which appears to be
generated at higher acidic severity conditions. During DAP, the hydrolysis of
polysaccharides which leads to some release of monosaccharides, and their subsequent
dehydration reactions to form furfural and 5-hydromethylfurfural (HMF) takes place.
Further rearrangements of furfural and/or HMF may produce aromatic compounds, which
undergo further polymerization and/or polycondensation reactions to form pseudo-lignin
[172].
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Figure 6.3 2D HSQC NMR spectra of pseudo-lignin (left) and dilute acid pretreated
lignin (right).
Table 6.3 Peak assignments for 2D HSQC NMR spectra of pseudo-lignin and dilute acid
pretreated lignin [213]
C/H correlation
Assignment
(δC/δH; ppm)
56.0/3.8
Methoxy group connected to aromatic ring
60.0/3.7
Methoxy group connected to aromatic ring for pseudo-lignin; γ-C
position in β-O-4 substructure of dilute acid pretreated lignin
103.5/6.7
C2,6/H2,6 correlation in S lignin units
110.6/7.0
C2/H2 correlation in G lignin units
115.1/6.8
C5/H5 correlation in G lignin units
131.3/7.7
C2,6/H2,6 correlation in p-hydroxybenzoate

6.3.2 Enzymatic Hydrolysis Results
When preparing the lignocellulosic samples, pseudo-lignin or dilute acid pretreated lignin
was solubilized in p-dioxane before the holocellulose sample was added to form a slurry.
The purpose of this effort is to incorporate pseudo-lignin or dilute acid pretreated lignin
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into the cellulose and hemicellulose structures, rather than creating a dry physical
mixture. Compared to the poplar holocellulose, it was visually evident that pseudo-lignin
or dilute acid pretreated lignin had coated the cellulose fibers, as the resulting samples
became darker with increasing amounts of pseudo-lignin or EMAL. Upon examination of
the lignocellulosic samples by SEM (Figure 6.4), pseudo-lignin or dilute acid pretreated
lignin droplets were successfully deposited on the holocellulose surface. These droplets
have different diameters and were postulated to inhibit enzymatic hydrolysis of cellulose.
The enzymatic conversion yields of cellulose for various lignocellulosic samples are
summarized in Figure 6.5. The data in Table 6.4 indicated that both pseudo-lignin and
dilute acid pretreated lignin inhibited enzymatic hydrolysis of holocellulose in the initial
stage (before 24 h of hydrolysis), and hydrolysis inhibition generally increased with
pseudo-lignin or dilute acid pretreated lignin content. However, the inhibition effect of
dilute acid pretreated lignin was much less significant than pseudo-lignin. In addition,
dilute acid pretreated lignin alone had a negligible inhibition after 48 h of hydrolysis,
which is consistent with literature reports of a limited effect of dilute acid pretreated
lignin on enzymatic hydrolysis of cellulose. In contrast, pseudo-lignin alone had a strong
inhibition of 9.5 to 25.1% on the overall enzymatic conversion yield of cellulose, whereas
this inhibition was modest (1.9 to 6.7%) for the samples with a 50/50 mixture of pseudolignin and dilute acid pretreated lignin. It is well known that lignin has non-productive
association with cellulases due to its hydrophobic structural features including hydrogenbonding, methoxy groups and polyaromatic structures. The structural functionality of
methoxy and polyaromaticity of pseudo-lignin revealed by the FT-IR and 13C NMR
analysis suggests its hydrophobicity. Indeed, pseudo-lignin is insoluble in water. We
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speculate that the hydrophobic structural functionality of pseudo-lignin accounts for its
non-productive association with cellulases, resulting in the inhibition effects to enzymatic
hydrolysis of cellulose. These results suggest that although pseudo-lignin that is not
derived from native lignin is even more detrimental to enzymatic hydrolysis of cellulose
than dilute acid pretreated lignin, thus its formation should be avoided.

Figure 6.4 SEM images of (I) holocellulose, (II) the lignocellulosic sample with pseudolignin, and (III) the lignocellulosic sample with dilute acid pretreated lignin
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Figure 6.5 Time course of glucose yield of various samples after 72 h of enzymatic
hydrolysis
Table 6.4 Average percentage inhibition of enzymatic hydrolysis of holocellulose by
pseudo-lignin and dilute acid pretreated lignin
Enzymatic hydrolysis time (h)
Samples
1
2
4
7
10
24
48
72
g: 12% pseudo-lignin
0
14.5 26.0 27.9 27.7 26.9 14.7 9.5
h: 22% pseudo-lignin
0
17.2 27.1 28.8 31.1 30.3 18.0 14.2
i: 36% pseudo-lignin
11.2 23.5 34.5 39.4 41.2 42.2 27.6 25.1
j: 12% EMAL DAP
0
1.9
6.4
0
7.6
7.6
0
0
k: 22% EMAL DAP
3.6
10.4 14.3 10.9 11.1 10.5 1.3
0
l: 36% EMAL DAP
2.8
4.2
6.3
6.9
7.0
7.1
0
0
m: 12% Pseudo-L/EMAL DAP* 1.3
1.3
10.1 10.7 11.2 9.0
0.9
1.9
*
n: 22% Pseudo-L/EMAL DAP
16.9 14.1 10.0 20.1 19.1 18.6 6.0
4.1
o: 36% Pseudo-L/EMAL DAP* 22.2 20.3 23.9 26.2 26.7 19.4 10.9 6.7
p: holocellulose (control)
0
0
0
0
0
0
0
0
*
Pseudo-lignin and dilute acid pretreated lignin were mixed 50/50 by weight.

6.4 Conclusion
Results from the spectroscopic analysis indicated that although pseudo-lignin and dilute
acid pretreated lignin have some common structural features, the poplar lignin pretreated
at 170 °C, 0.5% H2SO4, 8 min did not contain detectable amounts pseudo-lignin; on the
other hand, pseudo-lignin is not derived from native lignin but is a lignin-like aromatic
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material. The enzymatic hydrolysis studies revealed that the impact of pseudo-lignin on
enzymatic deconstruction of cellulose was much more detrimental than that of dilute acid
pretreated lignin. This study suggests that dilute acid pretreatment should be performed at
lower severe conditions thereby avoiding the formation of pseudo-lignin.
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CHAPTER 7
SUPPRESSION OF PSEUDO-LIGNIN FORMATION UNDER
DILUTE ACID PRETREATMENT CONDITIONS5

7.1 Introduction
As global energy consumption is continuing to rise, the world is pursuing the
development of renewable energy sources such as lignocellulosic ethanol to address vital
strategic, economic and environmental issues with the depleting fossil fuels [1,2].
Lignocellulosic biomass such as wood, grass, and agricultural and forest residues are an
inexpensive and abundant feedstock for sustainable production of fuels and chemicals
[2]. To convert biomass to ethanol, plant polysaccharides must be deconstructed into their
corresponding monosaccharides, which subsequently are biologically fermented to
ethanol. Utilization of enzymes to produce fermentable sugars is viewed as the most
viable strategy, because enzymatic hydrolysis of biomass offers several advantages such
as higher yield, lower byproduct formation and energy requirement, mild operation
conditions, and environmentally benign processing compared to conventional acid
hydrolysis [62]. Unfortunately, the yield of ethanol production from native
lignocellulosic biomass is relatively low due to the natural resistance of plant cell walls to
decomposition from microbes and enzymes [1].
Pretreatment of lignocellulosic biomass is an essential step to overcome recalcitrance and
increase overall fermentable sugar yield. It utilizes various technologies such as chemical
5

This manuscript was accepted for publication in RSC Advances, 2014. It is entitled as – Suppression of
pseudo-lignin formation under dilute acid pretreatment conditions. The other author is Art Ragauskas from
School of Chemistry and Biochemistry at Georgia Institute of Technology.
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treatment to alter plant cell wall structural features so that the polysaccharide fractions
become more accessible and amenable to enzymatic hydrolysis. Dilute acid pretreatment
(DAP) has been considered to be among the leading and most promising pretreatment
technologies that can enhance fermentable sugar release performance [5,9]. DAP
involves the treatment of biomass with a combination of an acidic solution, heat and
pressure with residence times ranging from less than a minute to 1 h, which is generally
carried out using 0.4 – 2.0 wt% H2SO4 at a temperature of 140 – 200 °C [12]. Generally,
DAP does not lead to significant delignification. This phenomenon has been
hypothesized to be due, in part, to the formation of a lignin-like material termed pseudolignin [15,16], and its formation was confirmed by Sannigrahi et al [109]. Their work
demonstrated that pseudo-lignin can be generated from carbohydrates without significant
contribution from lignin during DAP, particularly at high-severity pretreatment
conditions. In addition, Hu et al. [172] isolated and characterized pseudo-lignin produced
from dilute acid-treated poplar holocellulose and α-cellulose. They showed that pseudolignin was polymeric and contained carbonyl, carboxylic, aromatic, and aliphatic
structures, which were produced from both dilute acid-treated cellulose and
hemicellulose. In a continued study, Hu et al. [215] reported that pseudo-lignin is not
derived from native lignin but is a lignin-like aromatic material, which is even more
detrimental to enzymatic deconstruction of cellulose when compared to dilute acidtreated lignin. This latter study clearly indicated that the formation of pseudo-lignin
during DAP should be avoided. During DAP, the hydrolysis of polysaccharides leads to
the release of some monosaccharides, and subsequent dehydration reactions lead to the
formation of furfural and 5-hydromethylfurfural (HMF). Further rearrangements of
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furfural and/or HMF may produce aromatic compounds, which undergo further oxidative
polymerization and/or polycondensation reactions to form pseudo-lignin [215]. Oxygen
thus may play a role in pseudo-lignin formation. In addition, using a surfactant such as
Tween-80 during DAP has been shown to significantly increase lignin removal [216] and
thus could potentially assist in the solubilization of pseudo-lignin. It has also been
reported that addition of dimethyl sulfoxide (DMSO) to the reaction medium containing
dilute HCl solution can suppress undesired HMF side reactions during the process of
HMF production [217]. With these issues in mind, we modified the DAP process with
different methods including performing DAP under O2 or N2; adding surfactant (Tween80) to the reaction mixture; and using water/DMSO mixture as reaction medium, with the
intention of exploring new methods of suppressing pseudo-lignin formation. These
studies demonstrated that using a water/DMSO mixture in the DAP process can
significantly reduce pseudo-lignin formation at high-severity pretreatment conditions. To
the best of our knowledge, this is the first report demonstrating that the amount of
pseudo-lignin generated during DAP can be reduced, and this study contributes to further
understanding of fundamental principles behind DAP technology, in order to develop a
more effective, economic and environmentally benign DAP technology.

7.2 Experimental Section
7.2.1 Materials
Samples were prepared as described in Chapter 3 (3.1.2 Biomass Substrate). Hybrid
poplar (Populus trichocarpa x deltoides) was obtained from Oakridge National
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Laboratory, TN and Wiley milled to pass a 2-mm screen. The sample was air-dried and
stored at -20 ºC.
7.2.2 Dilute Acid Pretreatment
Extractives from hybrid poplar were removed by Soxhlet extraction with ethanol/toluene
(1/2, v/v) for 24 h as described in Chapter 3 (3.2.1 Soxhlet Extraction). Holocellulose was
isolated from the extractive-free poplar by sodium chlorite bleaching as described in
Chapter 3 (3.2.2 Holocellulose Pulping). A two-step dilute acid pretreatment with the
first step soaking in 1.0 wt% sulfuric acid (5% solids) while stirring at RT for 4 h was
performed on poplar holocellulose. The presoaked slurry was filtered and the solids were
washed with excess DI water. The solids were then added to 1.0 wt% sulfuric acid (5%
solids) and transferred to a Parr 4560 mini pressure reactor (600 mL) for the second step
of the pretreatment (Table 7.1). Experiments conducted with O2 or N2 were 1) 4 min gas
bubbling through the reactor (inlet tube releases gas at the very bottom of the reactor, and
mixing distributes gas for better saturation); 2) 5 min gas bubbling; and 3) 10 min gas
bubbling plus 100 psi gas pressure over atmospheric pressure. The other parameters were
the same as in control DAP. In the DAP study with surfactant, 5% (w/w) of Tween-80
was added based on dry biomass weight. The reactor was heated to the desired
temperature from RT with constant stirring at a heating rate of ~6 °C/min. After
pretreatment, the reactor was cooled to RT in an ice-water bath. The slurry was filtered
and the pretreated solids were washed with excess DI water.
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Table 7.1 The conditions for the second step in two-step DAP of poplar holocellulose
Sample
Second step pretreatment conditions
Control DAP
180 ºC, 1.0 wt% H2SO4, 40 min
R (O2)
180 ºC, 1.0 wt% H2SO4 at 100 psi O2, 40 min
S (N2)
180 ºC, 1.0 wt% H2SO4 at 100 psi N2, 40 min
T (DMSO)
180 ºC, 1.0 wt% H2SO4 (H2O/DMSO : 4/1; v/v), 40 min
U (Tween)
180 ºC, 1.0 wt% H2SO4 with 5% (w/w) Tween-80, 40 min

7.2.3 Pseudo-lignin Preparation
Pseudo-lignin was extracted from holocellulose samples recovered from various DAP
conditions according to the procedures described in Chapter 3 (3.2.5 Pseudo-lignin
Preparation).
7.2.4 Lignocellulosic Samples Preparation
Pseudo-lignin generated from DAP in water/DMSO mixture (Pseudo-lignin (DMSO)) or
produced from control DAP conditions (Pseudo-lignin (Control)) was added to poplar
holocellulose to produce various lignocellulosic samples. In brief, a sample of pseudolignin (dry weight: 0.10 g) was dissolved in p-dioxane/water (10/1, v/v). A sample of
poplar holocellulose (dry weight: 0.50 g) was added to the solution, and the mixture was
stirred in dark at RT under N2 protection for 2 h. The slurry was then transferred to an
aluminum weigh dish and allowed to air-dry in a fumehood.
7.2.5 Acid-Insoluble Lignin (K-Lignin) and Carbohydrate Analysis
Carbohydrate profiles and acid-insoluble lignin content in various samples were
determined as described in Chapter 3 (Chapter 3.3.1 Carbohydrate and Acid-insoluble
Lignin Analysis).
7.2.6 Molecular Weight Analysis of Isolated Pseudo-lignin
The molecular weights of pseudo-lignin samples were determined as described in
Chapter 3 (Chapter 3.3.2 Molecular Weight Analysis).

121

7.2.7 FT-IR Spectroscopic Analysis
Samples were characterized by FT-IR according to the procedures described in Chapter 3
(Chapter 3.3.3 Fourier Transform Infrared (FT-IR) Spectroscopy).
7.2.8 NMR Spectroscopic Analysis
Samples were characterized by 13C NMR, 13C-1H 2D HSQC NMR and DEPT-135 13C
NMR according to the procedures described in Chapter 3.3.4.1, 3.3.4.2 and 3.3.4.3,
respectively.
7.2.9 Enzymatic Hydrolysis
Enzymatic hydrolysis experiments were performed as described in Chapter 3 (3.2.8
Enzymatic Hydrolysis). A sample of hydrolysis liquid (1.00 mL) at time intervals of 1, 2,
4, 10, 24, and 48 h was withdrawn and the hydrolysis was quenched by submersion for
10 min in a vigorously boiling water bath. The liquid samples were then stored and
analyzed as described in Chapter 3 (3.2.8 Enzymatic Hydrolysis). All experiments were
performed in duplicate and the results represented the mean values of two independent
experiments. The standard deviation associated with the glucose yield at each time
interval was in the range of ± 0~4%.

7.3 Results and Discussion
7.3.1 Screen of Modified Dilute Acid Pretreatment Conditions
The detailed mechanism of how pseudo-lignin is formed during DAP is still unclear.
Previous studies strongly suggested that during DAP, the hydrolysis of polysaccharides
(e.g. xylan and cellulose) leads to some release of monosaccharides (e.g. xylose and
glucose), which are then converted to furfural and HMF. Further rearrangements of
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furfural and/or HMF are responsible for the formation of pseudo-lignin [172,215]. One
can thus conclude that furfural and especially HMF are the key intermediates for pseudolignin formation, and their stabilization from further reactions may effectively suppress
pseudo-lignin formation. DMSO has recently been shown to prevent undesired side
reactions of HMF in HMF production [217], which is due to the preferential arrangement
of DMSO in the vicinity of the C1 carbon of HMF molecules. This strongly indicates that
DMSO protects the C1 carbon of the HMF molecule from further reactions, thus we
hypothesized that DMSO could suppress pseudo-lignin formation during DAP.
Furthermore, the fragmentation and rearrangement reactions of HMF at severe DAP
conditions can produce phenolic compounds such as 1,2,4-benzenetriol [172]. In the
presence of oxidants such as oxygen, oxidative polymerization of phenolic compounds is
one of the potential reactions to form pseudo-lignin [172], thus DAP performed under O2
or N2 may facilitate or curb pseudo-lignin formation. In addition, surfactants are wellknown pretreatment additives, and Qing et al. [216] reported that dilute acid pretreating
corn stover with Tween-80 could remove more lignin from the solids, probably by
forming emulsions that reduce lignin redeposition back on the biomass surface through
interaction of Tween-80 with hydrophobic lignin during pretreatment. Pseudo-lignin is
also hydrophobic [215], and thus it is possible to reduce pseudo-lignin deposition by
pretreating with surfactant.
To test our hypotheses, a series of DAP conditions using O2/N2; Tween-80 or DMSO
were conducted, and pseudo-lignin and carbohydrate analysis of solids recovered from
various DAP conditions was performed. This data was summarized in Table 7.2. The
starting material (i.e. untreated poplar holocellulose) had very low acid-insoluble lignin
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content, thus the dramatic increase in acid-insoluble lignin content of pretreated samples
strongly suggests the generation of pseudo-lignin during DAP. As expected, solids
recovered from DAP performed under O2 consisted mainly of pseudo-lignin (~89%).
However, DAP conducted under N2 did not diminish pseudo-lignin formation, in
contrast, it resulted in moderately higher (~6%) pseudo-lignin content when compared to
the control DAP. These results suggest that oxidative reaction is one but not the only one
reaction that leads to produce pseudo-lignin during DAP. As a result, DAP with O2 could
facilitate pseudo-lignin formation very likely through promoting oxidative reactions,
while N2 could suppress oxidative reactions but cannot curb other reactions to produce
pseudo-lignin from furfural and/or HMF, or prevent carbohydrates from forming furfural
and HMF. In the DAP study with Tween-80, this resulted in the lowest solids recovery
yield (~13%), and (~10%) higher pseudo-lignin content than the control DAP. This
indicates that pseudo-lignin is hydrophobic just like lignin, but its formation cannot be
curbed by dilute acid pretreating with surfactants. In contrast to N2 and Tween-80,
addition of DMSO to DAP reaction medium effectively reduced pseudo-lignin content by
approximately 30% and increased solids recovery yield by around 20%. The
effectiveness of DMSO was further supported by the FT-IR analysis of recovered solids
(Figure 7.1). For instance, the FT-IR spectrum of sample T (DMSO) resembles that of
holocellulose, implying a minor proportion of pseudo-lignin in recovered solids. On the
other hand, all the remaining spectra of control DAP, sample R (O2), S (N2) and U
(Tween) showed C=O stretching and aromatic C=C stretching peaks at ~1705 cm-1 and
~1615 cm-1, respectively, which are the characteristic structural features of pseudo-lignin
[172,215].
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In the presence of DMSO, it has been suggested that the coordination of HMF with water
can be reduced due to the competition between water oxygen and DMSO oxygen to be in
the first solvation shell of HMF, with DMSO having a stronger interaction [218,219].
According to the molecular dynamics simulation of HMF in DMSO/H2O mixture (Figure
7.2 a), the angular distribution of water molecules around carbonyl oxygen atom do not
compete for the same space with the DMSO molecule interacting with the C1 carbon
atom, showing that the water molecules hydrogen-bonded to the C1 carbonyl oxygen
would not hamper the coordination of DMSO around the C1 carbon. High patches of
DMSO can be seen near the hydrogen atom of the HMF hydroxyl group due to stronger
hydrogen bond than water molecules (Figure 7.2 b). Furthermore, the highest density
region of DMSO around HMF is around the C1 atom and for water molecules, it is
around the only hydroxyl group of HMF (Figure 7.2 c) [218]. As the cleavage of C1 atom
of HMF eventually leads to form pseudo-lignin, the reduction of HMF-water
coordination and the preferential solvation of the C1 carbon by DMSO can protect the
HMF molecule from further reactions to form pseudo-lignin in the aqueous medium.
Table 7.2 Acid-insoluble lignin (K-lignin) and carbohydrate contents of various samples
(based on dried samples)
Sample
Solids recovery % K-lignin % Xylan % Glucan % Total %
Holocellulose NA
4.3
2.9
93.4
100.6
Control DAP 18.9
42.0
0
54.4
96.4
R (O2)
18.1
89.2
0
4.3
93.5
S (N2)
19.1
48.7
0
47.1
95.8
T (DMSO)
37.8
14.7
0
86.2
100.9
U (Tween)
13.3
52.1
0
45.0
97.1
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Figure 7.1 FT-IR spectra of solids recovered from various DAP conditions

Figure 7.2 Volumetric map of the time averaged distribution of oxygen atoms in water
and DMSO around an HMF molecule in the simulation. Red colored surfaces indicate
water oxygen atoms and blue colored surfaces indicate DMSO oxygen atoms. The maps
are depicted in order of increasing isovalue

7.3.2 Further Optimization of the Amount of DMSO in Dilute Acid Pretreatment
The pseudo-lignin content of solids recovered from DAP in water/DMSO mixture (4/1;
v/v) was the lowest among all DAP examined conditions. However, it is difficult to
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extract any pseudo-lignin from pretreated solids at such low proportion, and the volume
of DMSO used was relatively high. Therefore, in order to isolate sufficient pseudo-lignin
for structural characterization, the amount of DMSO used in DAP was further optimized
with the intention of lowering DMSO volume while still maintaining moderate pseudolignin content. We screened water/DMSO volume ratio ranging from 4 to 1 to 20 to 1,
while maintaining all other experimental parameters (i.e. 180 ºC, 1.0 wt% H2SO4 and 40
min), and analyzed pseudo-lignin contents of recovered solids. These results were
summarized in Table 7.3. In general, increasing the volume ratio of DMSO led to a
reduction in pseudo-lignin proportion and an increase in solids recovery yield. At
water/DMSO: 20/1 ratio, both the pseudo-lignin content and the solids recovery yield
were comparable to the control DAP, suggesting the amount of DMSO was too low to
suppress pseudo-lignin formation. At low DMSO concentration condition, the solvent
coordination around HMF is dominated by the interaction between the oxygen atoms of
water and the carbon atoms of HMF. In addition, water can form hydrogen bonds with
the oxygen atom attached to C1 atom of HMF [219]. The acidic aqueous condition thus
leads to further rearrangements of HMF and/or furfural to yield other aromatic
compounds which in turn can be converted to pseudo-lignin. Reducing the DMSO ratio
from water/DMSO: 12/1 to 15/1 resulted in only a slightly increase in pseudo-lignin
content and even higher solids recovery yield. As a result, water/DMSO: 15/1 ratio was
chosen as the pretreatment condition to isolate pseudo-lignin and investigate if DMSO
could change any structural features of pseudo-lignin.
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Table 7.3 Acid-insoluble lignin (K-lignin) and carbohydrate contents of solids recovered
from DAP in water/DMSO mixture (based on dried samples)
Sample
Solids recovery %
K-lignin %
Glucan % Total %
Control DAP (no DMSO) 18.9
42.0
54.4
96.4
H2O/DMSO (4/1; v/v)
37.8
14.7
86.2
100.9
H2O/DMSO (10/1; v/v)
24.2
34.8
62.0
96.8
H2O/DMSO (12/1; v/v)
24.6
30.6
65.1
95.7
H2O/DMSO (15/1; v/v)
27.2
31.2
66.7
97.9
H2O/DMSO (20/1; v/v)
19.1
37.4
59.1
96.5

7.3.3 Structural Characterization of Isolated Pseudo-lignin
Pseudo-lignin samples generated from DAP in water/DMSO (15/1; v/v) mixture (Pseudolignin (DMSO)) and from control DAP conditions (Pseudo-lignin (Control)) were
isolated following a literature protocol [172]. Their FT-IR spectra were presented in
Figure 7.3. The spectra suggest that pseudo-lignin produced from the two conditions had
similar functionalities, particularly in the case of hydroxyl, aliphatic C-H, C=O (carbonyl
and/or carboxylic) and aromatic functional groups. The hydroxyl stretching peaks at
~3333 cm-1 are strong and broad, indicating the presence of hydrogen-bonding in pseudolignin samples. The strong bands at ~1705 cm-1 conjugated with ~1615 and ~1516 cm-1
can be attributed to C=O conjugated with aromatic ring. Perhaps the biggest difference
between these two samples was the presence of strong stretching peak at ~1665 cm-1
corresponding to α, β-unsaturated aldehyde or ketone in pseudo-lignin (DMSO) sample,
whereas this peak was absent in pseudo-lignin (control) sample. These observations
indicate dehydration and aromatization reactions of carbohydrates took place during the
formation of pseudo-lignin.
To further characterize and compare the functional groups in isolated pseudo-lignin
samples, their 13C NMR spectra were obtained and the spectra were presented in Figure
7.4. The 13C NMR spectra are predominantly comprised of signals from carbonyl,
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carboxylic, aromatic and aliphatic structures. The peaks in the 153-142 ppm region are
characteristic of aromatic C-O bonds, whereas the peaks in the 142-102 ppm regions
represent aromatic C-C bonds and aromatic C-H bonds. The signal at δ 66 ppm was due
to p-dioxane which could not be fully removed after extended time in a vacuum oven. To
obtain better knowledge of NMR signals besides aromatic carbons, distortionless
enhancement by polarization transfer-135 (DEPT-135) NMR spectra of pseudo-lignin
samples were obtained (Figure 7.5). DEPT-135 is a useful tool to determine the presence
of primary, secondary and tertiary carbon atoms, which gives positive CH and CH3
signals while negative CH2 signals. According to the DEPT-135 NMR analysis, the CH
peaks centered at ~177 pm correspond to conjugated aldehyde groups, which is further
confirmed by the C/H correlation at δC/δH 177.2/9.6 ppm (Figure 7.6), while the signal at
~162 ppm is attributed to the tertiary carbon belonging to the carboxylic group of
formate, which is confirmed by the C/H correlation at δC/δH 161.7/8.2 ppm (Figure 7.7).
Furthermore, the DEPT NMR analysis revealed that the peaks in the 133-102 ppm region
are characteristic of aromatic C-H bonds, thus aromatic C-C bonds belong to the 142-133
ppm region. In the case of aliphatic structures, most secondary carbon atoms are located
in the 72-62 ppm region, suggesting these CH2 groups belong to ethers, alcohols or
carboxylic esters. In addition, the methoxy groups of pseudo-lignin are identified by the
peaks centered at ~60 ppm and ~56 ppm, which are also observed by the C/H correlations
at δC/δH 60.2/3.8 ppm and δC/δH 56.0/3.8 ppm, respectively (Figure 7.5). The origin of the
methoxy group of pseudo-lignin was postulated to come from 4-O-methyl-D-glucuronic
acid in the poplar hemicellulose [172], and the low intensity of the methoxy peak could
support this postulate because of the low xylan content in untreated poplar holocellulose.
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The NMR characterization of pseudo-lignin samples is consistent with the FT-IR
analysis, showing pseudo-lignin samples produced from the two conditions had similar
structural features. This suggests that although DMSO can suppress the pseudo-lignin
formation, it does not involve a change in the mechanism of pseudo-lignin formation
during the course of DAP.

Figure 7.3 FT-IR spectra of pseudo-lignin (DMSO) and pseudo-lignin (control)
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Figure 7.4 13C NMR spectra of pseudo-lignin (DMSO) and pseudo-lignin (control)

Figure 7.5 DEPT-135 NMR spectra of pseudo-lignin (DMSO) and pseudo-lignin
(control)
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Figure 7.6 2D HSQC NMR spectra of pseudo-lignin (DMSO) and pseudo-lignin
(control)

7.3.4 Molecular Weight Analysis of Isolated Pseudo-lignin
The molecular weights of pseudo-lignin (DMSO) and pseudo-lignin (control) were
represented in Table 7.4. In general, the molecular weights of isolated pseudo-lignin
samples were much lower than those of milled wood lignin (Mn ~4060 g/mol; Mw
~10002 g/mol) from poplar. Furthermore, pseudo-lignin samples produced from two
conditions had similar molecular weights, which is very likely attributed to their similar
structural features. In addition, polydispersity (PDI) values greater than 1 indicate that
pseudo-lignin is not homogeneous.
Table 7.4 Molecular weights of isolated pseudo-lignin samples
Sample
Mn (g/mol)
Mw (g/mol)
3
Pseudo-lignin (DMSO)
1.78 × 10
3.36 × 103
Pseudo-lignin (Control)
1.84 × 103
3.74 × 103
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PDI (Mw/Mn)
1.89
2.03

7.3.5 Enzymatic Hydrolysis Results
When preparing the lignocellulosic samples, pseudo-lignin was incorporated into the
cellulose and hemicellulose structures by dissolution and evaporation rather than
physically mixing with holocellulose. This protocol has been frequently used in literature,
leading to a successful deposition of pseudo-lignin droplets on the holocellulose surface
[172,215]. These pseudo-lignin droplets have been shown to inhibit enzymatic hydrolysis
of cellulose, probably by blocking cellulases surface binding sites; and through nonproductive association with cellulases due to the hydrophobicity of pseudo-lignin
[215,220]. The inhibition property of pseudo-lignin generated from aqueous DMSO DAP
on enzymatic deconstruction of poplar holocellulose was evaluated and compared with
that of pseudo-lignin acquired from routine DAP. The enzymatic conversion yields of
cellulose for various lignocellulosic samples were represented in Figure 7.6. The data
indicates that neither the presence of pseudo-lignin (DMSO) nor pseudo-lignin (control)
had a major impact on the initial cellulose conversion (before 4 h of enzymatic
hydrolysis). However, the inhibition effect became more pronounced as the hydrolysis
time was extended, which reached the maximum reduction in glucose yield around 20%
at 24 h and 48 h of hydrolysis time for pseudo-lignin (DMSO) and pseudo-lignin
(control), respectively. Furthermore, the results suggest that these two pseudo-lignin
samples had similar inhibition effects, which is very likely due to their similar molecular
weights and structural features. The inhibition effects of pseudo-lignin to enzymatic
hydrolysis of cellulose is enhanced as its content increases [172,215,220], thus although
DMSO did not reduce the inhibition effects of pseudo-lignin, it can significantly suppress
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pseudo-lignin formation during DAP, which in turn can increase the enzymatic
digestibility of cellulose after the pretreatment.

Figure 7.7 Time course of glucose yield of various samples after 48 h of enzymatic
hydrolysis

7.4 Conclusion
In summary, we have demonstrated that addition of DMSO to DAP reaction medium can
effectively suppress pseudo-lignin formation, even at high-severity pretreatment
conditions. Although DMSO has exceptional pseudo-lignin suppression property, it did
not change pseudo-lignin molecular weight or any of its structural features significantly.
In addition, although DMSO cannot reduce the inhibition effect of pseudo-lignin to
enzymatic deconstruction of cellulose, its pseudo-lignin suppression effect can in turn
increase the enzymatic digestibility of cellulose after DAP. This study showed that the
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amount of pseudo-lignin formed during DAP is controllable, which is a good contribution
to development of a more economic and effective DAP technology.
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CHAPTER 8
OVERALL CONCLUSIONS

The increasing concerns on reducing dependency on fossil fuels, decreasing greenhouse
gas emissions and improving energy security drive to the utilization of renewable and
sustainable resources to produce transportation fuels, chemicals and materials. Biofuels
derived from non-food based lignocellulosic biomass have taken a leading position as a
viable option to supplement depleting fossil fuels. The production of cellulosic ethanol
through biological route has garnered extensive interest over the past decade, however, it
still faces the major challenges such as the high cost of pretreatment and the low
efficiency of enzymatic hydrolysis of plant cell wall polysaccharides to sugars. Further
improvement of the cellulosic ethanol production process is thus contingent on deeper
understanding of pretreatment chemistry, as well as improved understanding of the
inhibitors to enzymatic deconstruction of biomass. In this thesis, various analytical tools
were used to study the chemistry of pseudo-lignin generated during dilute acid
pretreatment, and its inhibition to enzymatic hydrolysis of cellulose was identified and
investigated. Furthermore, this thesis provides a potential solution to optimize dilute acid
pretreatment to reduce pseudo-lignin formation and enhance overall sugar recovery,
which is a good contribution to the biorefining industry.
The primary goal of this thesis was to study the chemistry of pseudo-lignin, which often
causes an increase in acid-insoluble lignin content during dilute acid pretreatment of
biomass. The first study (Chapter 4) started with the idea of characterizing pseudo-lignin
extracted from poplar holocellulose and α-cellulose after dilute acid pretreatment. The
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poplar holocellulose and α-cellulose contained insignificant amount (less than 5%) of
acid-insoluble lignin, but this content increased dramatically after pretreatment,
indicating the formation of pseudo-lignin. In addition, pseudo-lignin is polymeric with
molecular weight (Mw ≈ 5000 g/mol) much less than that of poplar milled wood lignin
(Mw ≈10002 g/mol), which can be produced from both dilute acid pretreated cellulose
and hemicellulose, and its proportion increases as the pretreatment severity increases. FTIR and NMR characterization revealed that pseudo-lignin is comprised of carbonyl,
carboxylic, aromatic, methoxy and aliphatic structural features, suggesting that hydrolysis
of biomass polysaccharides to the corresponding sugar monomers, and the subsequent
dehydration and fragmentation of sugars as well as rearrangement and polycondensation
and/or polymerization reactions lead to the formation of pseudo-lignin during DAP.
Furthermore, discrete spherical pseudo-lignin droplets were deposit on the surface of
biomass after DAP, and the results from enzymatic hydrolysis study strongly indicated
that pseudo-lignin interacts with cellulases to significantly reduce cellulose enzymatic
digestibility.
Dilute acid as well as hydrothermal pretreatments often lead to a significant
hemicellulose loss to soluble furans and insoluble degradation products, collectively
termed as pseudo-lignin. The second study (Chapter 5) was conducted in order to
understand the factors contributing to sugar yields reduction from pretreated biomass and
understand the possible influence of carbohydrate derived pseudo-lignin on cellulose
conversion at the moderate to low enzyme loadings necessary for economic bioethanol
production. Avicel cellulose and beechwood xylan/xylose were used instead of real
biomass with the purpose of avoiding the complexity encountered with interpretation of
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results for real biomass. Dilute acid pretreatment of Avicel cellulose alone and mixed
with beechwood xylan or xylose was performed at various severities. Consistent with the
previous study, the amount of pseudo-lignin in the pretreated solids increased with
pretreatment severity, with a negligible amount at CSF 1.94 and the highest amount at
CSF 3.56 (95 wt%) for cellulose mixed with xylose. However, there was more pseudolignin formed in the pretreated poplar holocellulose compared to that in Avicel cellulose
mixed with xylan at similar severity. This difference could be attributed to poplar
holocellulose that is less crystalline and with more acid labile hemicellulose or acidsoluble lignin is more likely to produce higher proportions of pseudo-lignin when
pretreated at high severities. FT-IR and solid-state 13C CP/MAS NMR analysis of
pretreated solids showed that there was no apparent change in cellulose structure at all
conditions except at the most severe condition (CSF of 3.56), which showed strong
carbonyl, aromatic, and aliphatic signals. Although the NMR and FT-IR data did not
show the evidence of pseudo-lignin formation for solids prepared at CSF less than 3.56,
pseudo-lignin droplets were observed in the SEM images for these solid samples. More
of these droplets were evident on the surface of the pretreated solids of cellulose mixed
with xylan or xylose compared to cellulose pretreated alone at the same severities.
Enzymatic hydrolysis study revealed that the presence of carbohydrate derived pseudolignin did not have a major impact on the initial cellulose conversion, but the effect
became more pronounced as hydrolysis time was extended. More importantly, even a
small amount of pseudo-lignin (5 wt% of cellulose) had a noticeable negative impact on
cellulose-to-glucose conversion. This reduction in cellulose conversion was due to
unproductive binding between pseudo-lignin and cellulase protein, which was supported
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by the relative amount of free protein in solution decreased as the pseudo-lignin loading
increased. In addition, deposition of pseudo-lignin on the cellulose surface can directly
affect its accessibility by blocking surface binding sites, and may be another possible
reason to reduce cellulose enzymatic digestibility.
Since there are strong evidences supporting that pseudo-lignin is detrimental to
enzymatic deconstruction of cellulose, it is essential and important to compare its
inhibition effects with native lignin after DAP. In Chapter 6, EMAL was isolated from
poplar after an 8 min pretreatment at 170 °C using 0.5 wt% H2SO4. FT-IR and 13C NMR
characterization revealed that the poplar lignin was partially degraded during the
pretreatment and did not contain detectable amounts of pseudo-lignin. Holocellulose was
treated with varying amounts of pseudo-lignin and/or EMAL dissolved in p-dioxane and
then dried. The treated and control holocellulose was then treated to a standard cellulase
treatment, and the results from enzymatic hydrolysis of these samples showed that the
dilute acid-pretreated lignin inhibited hydrolysis in the initial stage but had a negligible
impact on the overall cellulose-to-glucose conversion yield. In contrast, pseudo-lignin
significantly reduced the overall enzymatic conversion yield of cellulose to glucose. This
study suggests that pseudo-lignin formation needs to be avoided because it is more
detrimental to enzymatic hydrolysis of cellulose than dilute acid-pretreated lignin.
In the last chapter (Chapter 7) of this thesis, DAP was modified by performing it under
O2 or N2; adding surfactant (Tween-80) to the reaction mixture; or using a waterdimethyl sulfoxide (DMSO) mixture as reaction medium, in order to reduce pseudolignin formation. Pseudo-lignin analysis showed that only the addition of DMSO to DAP
reaction medium can effectively suppress pseudo-lignin formation. This was attributed to
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DMSO preferentially solvating and stabilizing 5-hydroxymethyl furfural which is the key
intermediate to form pseudo-lignin, thereby reducing the overall yield of pseudo-lignin.
Furthermore, the addition of DMSO was shown not to reduce pseudo-lignin molecular
weight or change any of its structural features significantly. Therefore, pseudo-lignin
generated from aqueous DMSO DAP had similar inhibition properties as compared to
that acquired from routine DAP at equal mass dosages. This study is the first
demonstration that the amount of pseudo-lignin formed during DAP can be reduced,
which contributes to further optimization of DAP technology.
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CHAPTER 9
RECOMMENDATIONS FOR FUTURE WORK

The studies in this thesis have provided a firm step forward into a comprehensive
understanding of pseudo-lignin chemistry during DAP. It is well known that
thermochemical pretreatment enhances biomass digestibility by partial removal or
redistribution of lignin, but this strategy results in sugar degradation and loss at high
severities. This research further emphasized that the sugar degradation and loss is
undesirable due to it can form pseudo-lignin that significantly reduces enzymatic
conversion efficiency. Nevertheless, the mechanistic study of pseudo-lignin discovered
that the addition of DMSO during DAP effectively increased solid recovery yield and
reduced pseudo-lignin formation, which offers a valuable solution to the challenge that
how to effectively reduce lignocellulosic recalcitrance at high severities while
maintaining the integrity of fermentable sugars. In order to gain an even deeper insight
into pseudo-lignin chemistry, several projects might be conducted which are listed as
follows:


To further support the hypothesized reaction pathways leading to carbohydratederived pseudo-lignin formation, glucose, xylose, 5-hydroxymethylfurfural
(HMF) and furfural will be subjected to pretreatments at 180 °C using 1.0 wt%
H2SO4 at various durations (e.g. 5, 10, 20, 30 and 40 min), respectively. After
cooling to RT, the solution mixtures will be centrifuged and dried under vacuum
overnight to isolate the solids. FT-IR and 13C NMR analysis will be performed on
these solids to obtain time-wise structural characterization information. By
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comparing these characterization data (glucose vs. HMF and xylose vs. furfural),
we can obtain valuable information with respect to pseudo-lignin formation
reaction pathways. In addition, the liquid products will be identified by liquid
chromatography/mass spectroscopy (LC/MS) and high-performance liquid
chromatography (HPLC).


The pseudo-lignin in this thesis study exclusively refers to carbohydrate-derived
pseudo-lignin. However, lignin is also one of the major components in biomass,
and it may react with carbohydrate degradation products via polycondensation
reactions to contribute to the yield of pseudo-lignin. Indeed, the results from
Chapter 5 suggest that biomass with more lignin is more likely to produce higher
amounts of pseudo-lignin at severe pretreatment conditions. Therefore, it is
important to characterize the molecular weight and chemical structure of pseudolignin extracted from the mixture of poplar holocellulose and milled wood lignin
at different weight ratios after DAP, and compare the results with carbohydratederived pseudo-lignin, in order to evaluate the role of lignin in pseudo-lignin
formation. In addition, it is also necessary to evaluate the inhibition effects of this
pseudo-lignin to enzymatic hydrolysis of cellulose in comparison to carbohydratederived lignin.



Although the addition of DMSO to DAP reaction medium can effectively reduce
pseudo-lignin formation, it is difficult to recover DMSO from aqueous medium
due to its high boiling point and the miscibility in a wide range of organic
solvents as well as water. As a result, future DAP optimization method will rely
on the development of a heterogeneous catalyst or surfactant that can coordinate
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and protect furfural and HMF during DAP, so that the equilibrium of pseudolignin formation would shift toward the carbohydrates. This process can not only
reduce pseudo-lignin formation but can also be economical due to the catalyst or
surfactant can be recovered and recycled.


SEM characterization of pseudo-lignin-on-holocellulose samples can examine the
successful deposition of pseudo-lignin droplets on the surface of holocellulose. To
further ensure the holocellulose surface is covered by the pseudo-lignin droplets
in the enzymatic hydrolysis reaction medium, a modified Simons’ stain method
will be used to measure the cellulose accessibility at various time intervals during
enzymatic hydrolysis. Enzymatic hydrolysis experiments will be conducted in 1
wt% pseudo-lignin-on-holocellulose sample suspension in 50 mM citrate buffer
(pH 4.8) with cellulase and β-glucosidase loadings of 20 FPU/g and 40 CBU/g,
respectively. The mixture will be incubated at 50 °C under continuous agitation at
140 rpm. A sample of 1 mL will be taken after 2, 8, 24, 48 and 72 h, boiled for 10
min (to denature the enzymes) then frozen. At the same time periods larger
volume samples will be also taken and not boiled but thoroughly washed then
heat treated in boiling water for 10 min. This way the cellulose mixture will be
washed off to avoid sticking. Sugar release will be analyzed by a Dionex HPLC
equipped with pulsed amperometric detection. To measure the amount of
adsorbed dye on the holocellulose, a sample of 30 mg of pseudo-lignin-onholocellulose will be weighed into three 15 mL Corning polypropylene centrifuge
tubes. To each tube 0.3 mL of PBS (phosphate buffered saline solution) (pH 6,
0.3M PO4, 1.4 M NaCl) will be added. The DO solution (10 mg/mL) will be

143

added in a series of increasing volumes (0.167, 0.333, 0.667 mL) to a series of six
tubes, each containing a lignocellulosic sample and PBS. The DB solution (10
mg/mL) will be also added to each tube in a series of increasing volumes (0.167,
0.333, 0.667 mL), thus creating a set of tubes with a 1:1 mixture of DO and DB
dyes at increasing concentrations. This will be used to measure the dye adsorption
isotherm. Distilled water will be added to make up the final volume in the
centrifuge tubes to 3.0 mL. These tubes will be incubated for 48 h at 75 °C with
shaking at 200 rpm. After the incubation period, the tubes will be centrifuged at
10,000 rpm for 5 min and a sample of the supernatant will be placed in a cuvette
and the absorbance will be read on a Perkin Elmer Lambda-35 UV/Vis
spectrophotometer at 455 nm and 624 nm which represents the wavelength of
maximum absorbance for DO and DB, respectively. The amount of dye adsorbed
onto the holocellulose fiber will be determined using the difference in the
concentration of the initial added dye and the concentration of the dye in the
supernatant. The reduced cellulose accessibility of pseudo-lignin-on-holocellulose
sample compared to holocellulose will indicate the holocellulose surface is
covered by the pseudo-lignin droplets in the enzymatic hydrolysis reaction
medium.
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