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There is a vital need to reduce enzyme costs to facilitate production of cost-

competitive cellulosic ethanol and other products. End-product inhibition, declining 

substrate reactivity, enzyme denaturation, and non-productive binding of enzyme to 

lignin are among the factors that could account for the loss of enzyme effectiveness as 

enzymatic hydrolysis of lignocellulosic biomass proceeds. In addition, lignin and 

hemicelluloses, the other two most abundant components in lignocellulosic biomass 

besides cellulose, are believed to be responsible for high recalcitrance of lignocellulosic 

biomass to biological conversion. This study focused on investigating the effects of 

hemicelluloses on enzymatic hydrolysis and developing possible strategies to overcome 

their negative impacts. In the first part of the study, we identified that xylooligomers 
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released from biomass during pretreatment and enzymatic hydrolysis are stronger 

inhibitors than long known for glucose and cellobiose.  Furthermore, mixtures of 

xylooligomers of varying chain length were shown to dramatically decrease enzymatic 

conversion rates and yields of both pure cellulose and pretreated biomass. To clarify the 

relative importance of different xylooligomers, gel permeation chromatography (GPC) 

was applied to separate xylooligomers according to their chain length, and selected 

fractions were added to pure cellulose hydrolysis to determine their relative influence on 

rates and yields. The degree of inhibition was found to increase with xylooligomer degree 

of polymerization (DP), and cellulase exhibited a greater binding affinity for birchwood 

xylan than pure cellulose. All of these observations suggest that xylooligomers could 

competitively adsorb on cellulase, thereby reducing enzyme accessibility to cellulose and 

cellooligomers. Consequently, applying hemicellulase to hydrolyze xylooligomers to 

much less inhibitory xylose prior to adding cellulase reduced this undesirable binding and 

was more beneficial than adding hemicellulase and cellulase together.   
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1 Chapter 1. Introduction 

1.1. Overview 

Energy challenges and dependence on fossil fuel are global problems. Petroleum 

is the largest source of energy, supplying about 1/3 of the total world energy consumption. 

However, around 2/3 of the world petroleum reserves are in the Mideast, resulting in 

great challenges for those fast-developing countries. In addition, the use of fossil 

resources mostly as oil, natural gas, and coal contributes significantly to changes in the 

thermal equilibrium of the atmosphere. In 2008, total U.S. greenhouse gas emissions 

were 7,052.6 million metric tons carbon dioxide equivalent (MMTCO2e), and carbon 

dioxide emission accounts for 85% of the total. Energy-related activities are still the 

dominate source of greenhouse gas emissions in the United States. The emission from 

petroleum accounts for 41.9% of the total energy-related CO2 emissions whereas coal and 

natural gas contribute 36.5% and 21.4%, respectively. If the transportation end-use sector 

is counted, about 1925.3 MMTCO2 e or 33.1％ of the total were released in 2008 (Report 

#: DOE/EIA-0573, 2008). Consequently, there is an urgent need to seek alternatives to 

petroleum transportation fuels for environmental considerations, national energy security, 

and sustainable economic development (Goldemberg, 2007; Hill et al., 2006; Lynd et al., 

2008).  

Ethanol can be made renewably from cellulosic biomass as energy is generated 

from naturally replenished sunlight and can serve as a high quality transportation fuel. 

Large quantities of this fuel are now made from starch in the United States (about 10.6 
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billion gallons) and sugar in Brazil (about 6.57 billion gallons) as well as lesser amounts 

in other countries (2010 Ethanol Industry Outlook). All new cars on the road today in the 

United States can run on blends of up to 10% ethanol without engine modifications, and 

ethanol blends with gasoline are mandated in some States and cities in U.S. (Scott, 2009). 

However, there are still lots of detractors of ethanol industry who argue that fuel ethanol 

drives up the price of food and animal feed. On top of that, the increasing demand for 

fuels makes this problem even greater. Cellulosic ethanol made from abundant cellulosic 

biomass, therefore, becomes a promising candidate for sustainable substitution for 

petroleum based fuels. A key is that cellulosic feedstocks are abundant and inexpensive 

with prominent examples including agricultural and forestry residues, industrial or 

municipal solid wastes, and herbaceous and woody plants (Scott and Wyman, 2004). The 

US Department of Agriculture (USDA) and Department of Energy estimated that over 

1.3 billion dry ton of biomass could be available annually for production of ethanol and 

other products in the United States. Based on the estimation of 100 gallons of ethanol per 

dry ton for mature technology, over 130 billion gallons of ethanol could be made from 

this amount of biomass nationwide, equivalent to about 2/3 or more of entire U.S. 

gasoline consumption (Somerville, 2006).  

In addition, moving from dependence on petroleum to renewable cellulosic 

ethanol is widely accepted as an effective way to reduce atmosphere GHG concentrations. 

Biomass provides a potentially carbon neutral source of energy because CO2 released 

when ethanol or other byproducts are consumed is recaptured for growth of new crops to 

replace those harvested for energy production. Although concerns still remain about 
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fossil energy to grow and harvest the feedstocks, as well as the energy consumed to 

produce biofuels, the actual level of GHG emission associated with the whole life cycle 

depends on the type of energy used in processing (Farrell et al., 2006; Wang et al., 2008). 

Considered on a full life-cycle basis of corn ethanol, GHG emission could be reduced by 

52% over petroleum based gasoline if the energy provided by biomass itself was used for 

processing. Cellulosic ethanol made from a variety of cellulosic materials possesses the 

potential to further reduce GHG emissions by 86%, compared to gasoline (DOE: 

Environmental Benefits of Biofuels). On top of that, cellulosic ethanol production and 

cultivation of cellulosic feedstocks is still undergoing major technological developments, 

suggesting potential for reductions in life cycle CO2 emissions. 
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Figure 1.1 Comparison of GHG emissions of different fuels (modified from DOE: 

Environmental Benefits of Biofuels). Data sources: Wang et al., Environ. Research 

Letters, 2007; Wang et al., Life-cycle Energy Use and GHG Implications of Brazilian 

Sugarcane Ethanol Simulated with GREET Model, Dec. 2007. 

  

1.2. Biological Conversion of Cellulosic Materials 

Making ethanol from cellulosic materials is more challenging than from starch or 

sugar due to the complex structure of cellulosic biomass. The three main components of 

cellulosic biomass are cellulose which is a highly crystalline structure composed by β-1,4 

linked D-glucose units, hemicellulose which often contains mostly pentose sugars and 

has a random, amorphous structure with little strength, and lignin which is a cross-linked 
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racemic macromolecule composed of phenolic groups and relatively hydrophobic and 

aromatic in nature (Darvill et al., 1980; Nishiyama et al., 2002; Puls, 1997; Salmen and 

Olsson, 1998). Production of sugars from cellulosic materials could be via either 

chemical or biological routes, and these sugars could be fermented into ethanol or 

converted to other commodity chemicals. Biological conversion of cellulosic biomass can 

be accomplished by enzymatically hydrolyzing cellulose and/or hemicellulose to 

monomer sugars that could be subsequently fermented into ethanol and other products. 

Compared to thermochemical processing, this approach has the potential to offer high 

selectivity that is vital to economic success. But unfortunately, because lignocellulose 

serves as a structural material in plants, the its inherent recalcitrance hinders biological 

conversion, and it must first be pretreated to expose cellulose to enzymes (Wyman, 2008). 

Over the years, a few pretreatment technologies have been identified as effective in 

disrupting the biomass structure for this purpose, although the choice still depends on the 

nature of biomass, enzymes, and microorganisms used, and processing details (Wyman et 

al., 2005). After the biomass structure has been opened up, cellulase produced by fungus 

or other organisms can be added to the pretreated biomass solids to hydrolyze cellulose to 

glucose. In addition, accessory hemicellulase enzymes may also be added to achieve a 

higher overall sugar yields by converting hemicellulose in the solid residues to monomers 

and reducing their negative impacts (Gupta et al., 2008; Selig et al., 2008; Wyman et al., 

2003). Thereafter, microorganisms, yeast, bacteria, or fungi can be added to ferment 

monomeric sugars to ethanol and carbon dioxide. Many microorganisms can easily 

ferment hexoses, however, only until the last few decades could five carbon sugars be 
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fermented through application of genetically modified yeast and bacteria (Asghari et al., 

1996; Ingram and Doran, 1995; Mcmillan, 1994). The ethanol containing broth generated 

by fermentation is then passed through distillation for recovery of concentrated ethanol. 

The solid part, mainly lignin residues, along with other wastes can be burned to generate 

heat and electricity needed to power this whole process with excess electricity exported 

to the grid (Aden et al., 2002. In addition to ethanol, the sugars produced could be 

biologically or chemically converted into other valuable products and chemicals by 

biological, chemical, or solid catalyzed reactions or combinations of these.  

 

1.3. Directions and Opportunities for Ethanol Production 

The call by President Barack Obama for expansion of renewable energy to protect 

the nation from the serious economic and strategic risks associated with reliance on 

foreign oil and the destabilizing effects of a changing climate creates a great opportunity 

for producing ethanol fuel. The new energy policy by the U.S. government and the global 

appeal for less carbon dioxide emissions generated great excitement among ethanol 

supporters. The Energy Policy Act of 2005 mandates production of 7.5 billion gallons of 

ethanol per year by 2012, and the Energy Independence Act of 2007 aims for production 

of 36 billions of renewable fuels, including 17 billion gallons from corn ethanol by 2022. 

To achieve these goals, over 90% of current corn production would be converted into fuel 

ethanol (Daschle, 2007), and this raises the debate of food versus fuel. Therefore, 
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producing fuel ethanol from cellulosic materials becomes more important to fulfilling the 

goal of develop renewable, clean energy sources.  

However, the price for cellulosic ethanol must be competitive with gasoline and 

other liquid fuels to make commercialization of cellulosic ethanol a reality. Although 

cellulosic materials are abundant and much lower in price based on the same energy 

content than crude oil (Luchansky and Monks, 2009; Lynd et al., 2006), the cost for 

processing this heterogeneous and recalcitrance material is still high. The pretreatment 

step is still the most expensive single operation followed by cellulase production, 

cellulose hydrolysis, and sugar fermentation (Aden et al., 2002). To overcome the 

recalcitrance of lignocellulosic biomass, high doses of very expensive enzymes are 

required to achieve satisfactory cellulose conversion. Thus, enzyme costs must either be 

reduced below about $1/lb protein or strategies developed to substantially reduce 

loadings (Himmel et al., 1999; Himmel et al., 1999; Wingren et al., 2005; Wingren et al., 

2005; Wyman, 2007).  

Opportunities for low cost commercialization of cellulosic ethanol lie in the 

improvement of pretreatment technologies, advances in high efficiency enzymes, 

development of better fermentation processes, and employment of technologies from 

other disciplines such as genetic modification of recalcitrant cellulosic biomass. In 

addition, a better understanding of the importance of pretreatment, the relationship 

between pretreatment and subsequent enzymatic hydrolysis, and the relationship between 

feedstock recalcitrance and pretreatment or enzymatic hydrolysis will become very 
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important. Success in all of these areas would facilitate commercialization and 

widespread use of cellulosic ethanol.  

 

1.4. Thesis Objectives 

A few pretreatment technologies have been shown to produce highly digestible 

cellulose solids with or without changes in biomass composition (Elander et al., 2009; 

Wyman et al., 2005). However, a considerable amount of enzyme is still needed to 

achieve relatively high cellulose conversion. Several reasons are considered to be 

responsible for high enzyme use, including the negative influence of lignin, changes in 

substrate reactivity over time, end product or substrate inhibition, and enzyme 

deactivation (Converse et al., 1988; Howell, 1978; Kaya et al., 1999; Khan et al., 1985; 

Liao et al., 2005; Pan, 2008; Selig et al., 2007; Yang and Wyman, 2006; Yoshida et al., 

2008; Zhao et al., 2004). This thesis seeks to better understand the impact of two other 

important components of lignocellulosic biomass, hemicellulose and lignin, on enzymatic 

hydrolysis of cellulose and to propose approaches to reduce loadings of costly cellulase 

enzymes. Based on traditional dilute acid pretreatment, a novel pretreatment method, 

surfactant pretreatment, was developed for the first time to study the effects of lignin 

removal and surface modification during pretreatment on following enzymatic hydrolysis 

step. Several different pretreatment conditions and severities were tested to identify 

optimal pretreatment parameters and corn stover characteristics before and after 

surfactant pretreatment were determined by measuring changes in protein adsorption, 

surface hydrophobicity, crystallinity index, and total lignin removal. Then we sought to 
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study the impact of hemicelluloses and their sugars and oligomers on enzymatic 

hydrolysis. Besides the most commonly discussed factors, different DP xylooligomers 

were identified as strong inhibitors of enzymatic hydrolysis of cellulose in pretreated 

biomass. Even with a small amount of xylooligomers, strong inhibition effects were 

observed in terms of dramatically lowered initial hydrolysis rates and final cellulose to 

glucose conversions. Based on this observation, the comparative importance of individual 

DP xylooligomers and different DP range xylooligomers were determined by comparing 

their relative inhibition strength on cellulose hydrolysis. Due to the lack of commercially 

available purified xylooligomer sugars with DP higher than 5, a Gel Permeation 

Chromatography (GPC) system was set up to separate individual DP xylooligomers from 

water-only pretreated birchwood xylan hydrolyzate.  To support this development, an 

improved xylooligomer quantification method was developed based on the HPAEC-PAD 

technique to ensure more accurate measurement of individual DP xylooligomer 

concentrations in solution, which is vital to a better understanding of biomass 

deconstruction pathways and biomass structure. To reduce the negative impacts of xylan 

and its oligomers, the capacity of different commercial enzyme preparations was 

evaluated, and enzyme use strategies were proposed.  

The specified objectives for this thesis could be summarized as: 

1.  Evaluate a novel pretreatment method to increase lignin removal during 

pretreatment and enhance total sugar recovery from the whole process.  

2.  Study the effect of lignin content and lignin modification on enzymatic hydrolysis 

of pretreated biomass. 
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3.  Understand inhibition of cellulase by xylan and its derivatives for enzymatic 

hydrolysis of pure cellulose and cellulose in pretreated biomass. 

4.  Evaluate different enzyme preparations for degrading soluble xylooligomers in the 

hydrolysis broth and propose solutions to reduce their inhibition of enzymes. 

5.  Develop a GPC system to separate high purity xylooligomer fractions according to 

their chain length and improve a HPAEC-PAD system to ensure more 

accurate quantification of xylooligomers. 

 

1.5. Thesis Organization 

To support the outline above, Chapter 2 presents a literature review to summarize 

key features of lignocellulosic biomass, current leading pretreatment technologies, and 

their importance to subsequent enzymatic hydrolysis. This chapter also introduces some 

of the widely studied features of pretreated biomass that are believed to impact enzymatic 

digestibility including the role of lignin and hemicelluloses, cellulose crystallinity index, 

enzyme accessibility, and interactions between enzyme components and hydrolysis 

substrates. The negative effects of lignin on enzymatic hydrolysis and a novel surfactant 

pretreatment method to overcome non-productive binding of enzymes on lignin are 

covered in Chapter 3. Chapter 4 shows that xylose, xylan, and its derivatives are strong 

inhibitors of cellulase enzymes but not β-glucosidase. Through tracking the change in 

xylooligomer profiles during enzymatic hydrolysis, a competitive inhibition model is 

proposed to explain xylooligomer inhibition. In this vein, Chapter 5 demonstrates the 

effects of different enzyme preparations on breaking down different DP xylooligomers 
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and proposes possible solutions to overcome xylooligomer inhibition. Chapter 6 further 

discusses the influence of xylooligomers on the hydrolysis of biomass substrates by 

comparing performance for samples containing relatively high and low amounts of xylan 

made by two leading pretreatment methods. In addition, by comparing enzyme 

adsorption on different substrates, xylan and xylooligomers are shown to negatively bind 

with cellulases, thus dramatically decreasing their efficacy. A GPC system based on size 

exclusion principles to separate individual DP xylooligomers from xylan hydrolyzate is 

presented in Chapter 7 along with an improved quantification method to obtain better 

measurements of oligomers in solution. Based on the GPC system developed in Chapter 7. 

Chapter 8 presents a collaborative study with two colleagues to address carbon dioxide 

emission concerns with cellulosic ethanol and compare its CO2 emissions to those from 

gasoline produced from traditional feedstocks or oil sands.  Finally, Chapter 9 

summarizes key conclusions reached through this work and proposes research needed to 

address open issues brought out by this study. 
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2 Chapter 2 Literature Review 

2.1. Abstract 

High processing costs are still a dominate obstacle to commercialization of 

cellulosic ethanol. Therefore, breakthrough technologies are needed to overcome the 

natural resistance of cellulosic biomass to achieve high cellulose and hemicelluloses 

conversions with lower enzyme loadings than now employed. Thermochemical 

pretreatments are currently a prerequisite to remove hemicelluloses and lignin from 

physically blocking cellulose and enabling access of enzymes to the crystalline cellulose 

surface. Several features of pretreated biomass have been postulated to be important to 

enzymatic cellulose conversion, such as crystallinity index, degree of polymerization, 

accessibility of enzymes and influence of hemicelluloses or lignin.  However, the 

relationship between different pretreatment techniques and the performance of enzymes 

in hydrolysis is still unclear. In this review, the role lignin and hemicellulose play in 

cellulose hydrolysis will be outlined based on available literature information to gain a 

deeper understanding of biomass recalcitrance and the heterogeneous enzyme-substrate 

reaction system, and provide a framework for our research.  

 

2.2.Introduction   

 Cellulosic materials that could be biologically converted to ethanol or other 

value-added chemicals are abundant in nature. However, great challenges remain in how 

to cost-effectively achieve high conversions of both cellulose and hemicelluloses, which 
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are very important to overall process economics (Wyman, 2003), and high enzyme costs 

are still a dominant concern that prevents commercialization of cellulosic ethanol 

(Himmel et al., 1999; Yang and Wyman, 2007). Despite intensive research to increase 

enzyme efficacy, a typical enzymatic hydrolysis process still requires a relatively high 

amount of enzymes and 5 to 7 days of reaction time to achieve satisfactory conversion.  

Furthermore, hydrolysis rates drop dramatically following a fast start up period, resulting 

in lower overall sugar yields and longer reaction times (Ramos et al., 1993; Yang et al., 

2006), and researchers have postulated substrate related features and enzyme related 

features to be responsible, as summarized in Table 2.1 (Converse et al., 1988; Eriksson et 

al., 2002; Holtzapple et al., 1990; Kumar and Wyman, 2009; Mansfield et al., 1999; 

Scheiding et al., 1984; Sheehan and Himmel, 1999; Sun and Cheng, 2002; Tanaka et al., 

1988; Zhang et al., 2006; Zhang and Lynd, 2004). While the nature of the biomass 

substrate is a key element in the former, the pretreatment methods applied will change the 

physical and chemical characteristics of the pretreated substrates. In addition, 

pretreatment technologies also impact interaction of pretreated substrates with various 

enzyme components. Consequently, understanding the impacts of pretreatment on 

biomass structure changes and how these features affect subsequent enzymatic hydrolysis 

is pivotal to improve overall process efficacy. 
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Table 2.1 Factors responsible for the efficiency of enzymatic hydrolysis of lignocellulosic 

biomass (Mansfield et al., 1999; Zhang and Lynd, 2004) 

Substrate Related Factors Enzyme Related Factors 

Accessibility by enzymes Enzyme processibility 

Cellulose characteristics (Crl, DP, etc) Heterogeneous reaction 

Derived insoluble matter (lignin, xylan, etc) End-product inhibition (glucose, cellobiose) 

Derived soluble matter (oligomers, lignin etc) Thermal inactivation 

Substrates particle size  Non-productive binding 

 Synergism 

 Enzyme compatibility 

 

2.3.Physical Structure of Biomass 

Plant cell walls are complex structures composed mostly of cellulose (35-50%), 

hemicellulose (20-35%), and lignin (5-30%) (Lynd et al., 2002; Mansfield et al., 1999), 

which form a network of cross-linked three dimensional polysaccharides. Cellulose is a 

long chain made of about more than 200 glucose molecules attached end-to-end by β-(1, 

4) linkages and forms intra-molecular hydrogen bonds between adjacent chains and itself 

(Gardner and Blackwel.J, 1974; Nishiyama et al., 2003; Qian et al., 2005). When a 

cellulose chain forms hydrogen bonds with several other cellulose chains the result is 

microfibrils (Brett, 2000) that are the most important construction component of plant 

cell walls that impart strength. However, these microfibrils are not uniform in that in 

some regions, they are highly crystalline, while in others they are amorphous (Newman 

and Davidson, 2004). As discussed in many studies, amorphous regions are usually more 

easily hydrolyzed than are the highly crystalline portions, leading to modeling cellulose 
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structure as containing crystalline and amorphous fractions (Fan et al., 1980; Fan et al., 

1981; Lee et al., 1983; Lynd et al., 2002). 

Hemicellulose is often dominated by short chains of hetero-1, 4-β-D-xylan with 

degrees of polymerization (Keller et al.) from 70 to 200 in an amorphous, highly 

branched structure (Poutanen et al., 1986). Two common types are xyloglucans and 

glucuronarabinoxylans, and other less common types include glucomannans, 

galactomannans, and galactoglucomannans (Darvill et al., 1980). Unlike cellulose, this 

group does not aggregate to form microfibrils, which makes them more vulnerable to 

thermochemical pretreatment. However, hemicelluloses will bind with cellulose and 

pectins to form a cross-linked fibrils network (Puls, 1997). 

Lignin is a cross-linked racemic macromolecule with relatively high molecular 

masses in excess of 10,000 u (1u=1.660538782×10
-24

 gram/particle) (Abreu et al., 1999). 

Lignin is composed of three different monolignol monomers incorporated into lignin as 

phenylpropanoids with increasing methoxylation: p-hydroxyphenyl (H), guaiacyl (G), 

and syringal (S), respectively (Boerjan et al., 2003). Lignin gives mechanical strength to 

the cell wall by covalently linking with hemicelluloses and filling the space among 

cellulose, hemicelluloses and pectin. In addition, because lignin is not digestible by 

animal enzymes, it provides natural protection to plant cell walls, but these same 

distinctive characteristics of lignin make it the most challenging to biologically 

deconstruct.  

 

http://en.wikipedia.org/wiki/Racemic
http://en.wikipedia.org/wiki/Macromolecule
http://en.wikipedia.org/wiki/Molecular_mass
http://en.wikipedia.org/wiki/Molecular_mass
http://en.wikipedia.org/wiki/Atomic_mass_unit
http://en.wikipedia.org/wiki/Monolignol
http://en.wikipedia.org/wiki/Monomers
http://en.wikipedia.org/wiki/Covalent
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2.4. The Impacts of Pretreatment  

Biomass abundance and the potential to reduce greenhouse gases emissions make 

cellulosic ethanol much more advantageous than first generation corn ethanol (Farrell et 

al., 2006). However, biological processing lignocellulosic biomass is much more difficult 

than corn or sugarcane ethanol. The four primary operations needed for biological 

conversion of cellulosic biomass to ethanol are pretreatment, enzymatic hydrolysis, sugar 

fermentation and ethanol recovery. Among these, pretreatment is projected to be the 

single most expensive, accounting for about 18% of the total projected cost (Wooley et 

al., 1999). Not only that, but pretreatment has a pervasive impact on virtually all other 

operations in the overall biological process (Yang and Wyman, 2008) and is recognized 

as a prerequisite for high sugar recovery and sequential ethanol yield (Eggeman and 

Elander, 2005; Wyman et al., 2005). Pretreatment must disrupt the natural recalcitrance 

of the carbohydrate-lignin shield to allow access of enzymes to crystalline cellulose (Hsu 

et al., 1978; Mcmillan, 1994; Mosier et al., 2005; vanWyk, 1997; Wyman et al., 2009; 

Yang and Wyman, 2008). As a result, much higher total glucose and xylose yields are 

possible with pretreated biomass compared with raw biomass (Elander et al., 2009; 

Wyman et al., 2005; Wyman et al., 2009). 

Over the years, many pretreatment technologies have been researched, and some 

of them are considered as promising for large-scale production of cellulosic ethanol: 

dilute acid, ammonia fiber expansion (AFEX), steam explosion, ammonia recycle 

percolation (ARP), lime, soaking in aqueous ammonia (SAA), and hot water controlled 

pH.  Despite differences in pH, temperature, pretreatment time, chemicals applied, and 
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reactor configurations, all of these pretreatments can generate similar highly digestible 

solids with comparable total sugar yields when applied to corn stover, (Abben et al., 2009; 

Elander et al., 2009; Mosier et al., 2005; Wyman et al., 2005; Wyman et al., 2005).  As a 

result, biomass pretreated by different technologies has distinctive features, as indicated 

in Table 2.2. The high pH pretreatments of ARP and lime pretreatment usually remove 

more lignin than hemicellulose, but pretreatment at low or near neutral pH by dilute acid 

and controlled pH technologies hydrolyzes most of the hemicelluloses into monomers or 

oligomers, with little change in the lignin content (Mosier et al., 2005). Such differences 

raise questions as to why biomass with such differences in features has comparable sugar 

yields and what are the governing features that affect pretreated biomass digestibility?  

The key is to identify which are the preferable attributes and which are not so that we can 

chart a course for developing advanced pretreatments. 
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Table 2.2 Effect of various pretreatment methods on the chemical composition and 

chemical/physical structure of lignocellulosic biomass (Mosier et al., 2005) 

Pretreatment  Increase 

Accessible 

Area  

Decrystallize 

Cellulose  

Remove 

Hemicellulose  

Remove 

Lignin  

Alter Lignin 

Structure  

AFEX  
     

Dilute Acid  
 

 
 

 
 

Lime  
 

ND 
   

Liquid Hot 

Water  
 

ND 
 

 
 

SAA  
     

Steam 

explosion  
 

 
 

 
 

 

 Major effect 

 Minor effect 

 ND= Not Determined 

 

2.5. The Impacts of Lignin and Hemicelluloses 

As indicated above, the complex structure of lignocellulosic biomass requires 

removal or deconstruction of two main protective components, lignin and hemicellulose, 

to generate highly digestible cellulose (Chernoglazov et al., 1988; Converse and Optekar, 

1993).  Over the past decades, research has been focused on understanding the nature of 

lignin and hemicellulose in plant cell walls and developing effective pretreatments to 

remove or modify them (Kong et al., 1992; Montane et al., 1998; Schwald et al., 1988; 

Shevchenko et al., 1999). In this section, the influences of lignin and hemicellulose as 
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well as their degradation products on enzymatic hydrolysis are reviewed, and some 

possible methods to reduce their negative impacts are discussed. 

 

2.5.1.Lignin 

Among the features of pretreated lignocellulosic biomass, the distribution of 

soluble and insoluble lignin definitely plays an important role in its enzymatic hydrolysis, 

especially for pretreated softwoods which are found to be more resistant to lignin 

removal and enzymatic hydrolysis than hardwoods or annual plants (Fu and Lucia, 2003; 

Palonen et al., 2004; Pan et al., 2005). Instinctively, the presence of both lignin 

compounds is believed to depress enzyme efficacy by steric hinderance to enzymes 

(Converse et al., 1990; Mooney et al., 1999; Ramos et al., 1992), and glucan to glucose 

conversion was found to benefit from lignin removal prior to enzymatic hydrolysis 

(Ohgren et al., 2007; Yang and Wyman, 2004).  As indicated in Figure 2.1,  by flow-

through pretreatment of corn stover at different temperatures, glucan to glucose 

conversion increased nearly linearly with lignin removal.  However, lignin removal could 

be important in more ways than just through removal of barriers to enzymes. Several 

studies have shown that the porosity of both kraft and sulfite pulps was increased by 

lignin removal, and the increase in median pore width corresponded to the removed 

lignin molecule weight (Mooney et al., 1998; Stone and Scallan, 1965; Stone and Scallan, 

1967; Tarkow and Feist, 1969).  The increased pore size was also found to promote 

substrate susceptibility to hydrolysis (Grethlein, 1985; Ishizawa et al., 2007; Wong et al., 

1988).  
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Figure 2.1 The relationship between lignin removal and glucan to glucose conversion for 

flowthrough pretreatments in which both lignin and hemicellulose were removed from 

the biomass by passing water through the solids. Pretreatment condition: corn stover was 

pretreated at 180 and 200℃ with just water by flow through pretreatment (flow rate =20 

mL/min) for 0-30 minutes.  

 

Lignin was also found to reduce enzyme efficiency by irreversibly binding to 

cellulase enzymes, while the extent of binding mostly depended on the nature of the 

lignin itself (Chernoglazov et al., 1988; Converse et al., 1990; Mooney et al., 1999; 

Ooshima et al., 1990; Ramos et al., 1992; Sutcliffe and Saddler, 1988). Berlin’s research 

also pointed out that in addition to seven different cellulase preparations, two xylanase 
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preparations and β-glucosidase preparation were strongly inhibited by two types of 

purified lignin preparations (Berlin et al., 2006). Lignin and its derivatives were also 

reported to precipitate back on the cellulose surface and bond with protein during 

hydrolysis (Yang and Wyman, 2006). In addition, the condensed lignin after pretreatment 

was found to adsorb protein from aqueous solutions (Kawamoto et al., 1992). In line with 

these thoughts, many other studies support the idea that the presence of lignin compounds 

reduces enzymatic hydrolysis rates and the removal or modification of lignin is vital to 

achieve higher cellulose conversions as a result of higher substrate availability(Yang and 

Wyman, 2004).  

Genetic modification of lignin is frequently proposed to improve enzymatic 

hydrolysis (Hisano et al., 2009; Ragauskas et al., 2006). Lignin content could be reduced 

by repressing a single lignin biosynthesic gene 4-CL, and this effect could be amplified 

by cotransformation of multiple genes (Hu et al., 1998; Li et al., 2003). Transgenic aspen 

trees with lignin-specific 4-CL gene, Pt4CL1,exhibited up to a 45% reduction in lignin 

content without alteration of  lignin structure with respect to the S/G ratio  (Hu et al., 

1998; Li et al., 2003). Conversely, manipulation of lignin biosythesis gene expression 

could modify the lignin structure without changing the lignin content (Barriere et al., 

2003).  

Although such genetic modification tools to can promote cellulose conversion by 

reducing the negative impacts of lignin, the negative consequences can include reduction 

in protection to plants and reduced biomass production. For example,  modification of 

some lignin downregulated alfalfa genes resulted in lower biomass productivities (Boudet 
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et al., 2003).  Although increasing glucose and xylose sugars could compensate for this, 

high biofuels crop productivity is vital to a cost effective industry.  

While genetic engineering of lignin biosythesis genes is promising for reducing 

the negative influences of lignin, most of the leading pretreatment options can remove or 

modify lignin to various extents, as shown in Table 2.2. As stated above, high 

temperature acidic and near neutral pH pretreatments remove most of the hemicellulose 

but only a limited amount of lignin (Himmel et al., 2007; Liu et al., 2009; Mosier et al., 

2005; Mosier et al., 2005). Yet, such pretreatments have a significant impact on the 

structure and distribution of lignin in biomass (Donohoe et al., 2008; Selig et al., 2007). 

For example, it has been hypothesized that during high temperature pretreatment, 

biomass lignin becomes fluid and has the potenital to move throughout the cell wall 

matrix to the bulk liquid phase and redeposit as spherical droplets on the solid pretreated 

biomass surface (Donohoe et al., 2008). Although the biomass structure was opened up 

by such high temperature pretreatments, these lignin balls could still negatively affect 

enzymatic hydrolysis by nonspecific binding of enzymes (Selig et al., 2007). Furthermore, 

Selig’s reseach also suggests that deposited lignin droplets may interact with surrounding 

water to form a boundary layer impeding access by cellulase (Selig et al., 2007). 

On the other hand, high pH pretreatments, such as with alkaline or lime, are 

capable of removing a large portion of lignin while most of the hemicellulose remains in 

the solid residues (Wyman et al., 2005). Although lignin removal shows a relationship to 

increased cellulose conversion by commercial enzyme preparations, it does not 

necessarily increase cellulose conversion if purified enzyme compounds are used (Selig 
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et al., 2009). Selig et al., found that the lignin removal did not directly expose the bulk of 

the cellulose to enzymes but instead, made hemicellulose more susceptible to enzymes, 

whose removal exposed the cellulose surface. This finding is consistent with the natural 

structure of the plant cell wall and elucidates that although lignin is an obstacle to 

enzymatic hydrolysis, it is not the only one.  

 

2.5.2. Hemicellulose and its oligomers  

Hemicellulose, the second most abundant polysaccharide in nature, has been 

identified as another important barrier to enzymatic hydrolysis (Boussaid et al., 2000; 

Fernandez-Bolanos et al., 2001; Mussatto et al., 2008; Ohgren et al., 2007; Yoshida et al., 

2008), and hemicellulose removal has been shown to give higher cellulose to glucose 

conversions (Figure 2.2) (Grethlein, 1985; Grethlein and Converse, 1985; Yang and 

Wyman, 2004). As stated above, low and near neutral pH pretreatments such as dilute 

acid, liquid hot water, and SO2 usually remove high percentages of hemicellulose but 

little lignin. This part of hemicellulose will be mainly hydrolyzed to oligosaccharides and 

monomers as well as small amounts of degradation products if a moderate pretreatment 

severity was applied. Usually, with increase in pretreatment severity
1
, cellulose will 

become much easier to hydrolyze by enzymes but at the expense of lower xylose 

                                                           
 

1 *Severity factor, defined as log (Ro), where
75.14

100

0





T

etR , includes only time and temperature parameters; 

however, different pretreatments, except controlled pH pretreatment, utilize different chemicals at various 

concentrations. 
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recovery. As a result, more monomeric pentose sugar will be lost to degradation products, 

substantially lowering total sugar yields.  However, some studies do not agree with the 

role of hemicellulose removal in promoting cellulose digestibility (Dale et al., 1999; 

Yang and Wyman, 2004). The alteration of hemicelluloses may also disrupt other 

components and the overall biomass structure, making the role of hemicelluloses even 

more difficult to discern (Chum et al., 1988). Thus, although a number of studies reported 

positive impacts of hemicellulose removal on cellulose digestion, it is still debatable 

whether reduction of non-productive binding or breakdown of the polysaccharide 

network is responsible for the enhancement. 
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Figure 2.2 The relationship between xylan removal and glucan to glucose conversion. 

Pretreatment condition: corn stover was pretreated at 190℃ with just water for 8-20 

minutes in a tube reactor at 5% (w/v) solid loading. Miscanthus was pretreated at 180℃ 

with just water for 10-40 minutes (data from Taiying Zhang) in a tube reactor. 

 

Liginocellulosic hydrolyzate usually contains both hexose and pentose sugars, and 

the liquid from pretreatment usually has a higher amounts of pentose sugars due to the 

relative vulnerable structure of hemicelluloses. Traditional fermentative microorganisms, 

such as Saccharomyces cerevisiae and Zymomonas mobilis, can only metabolize hexose 

but not pentose sugars to ethanol (Dien et al., 1998), and only in the last few decades 

could researchers utilize xylose fermenting yeast or recombinant microorganisms to 

ferment five carbon sugars to ethanol (Asghari et al., 1996; Ingram and Doran, 1995; 

Mcmillan, 1994). Although their role in improving cellulose digestibility is still 

somewhat ambiguous, higher xylan removal during pretreatment can still be desirable to 

achieve high total sugar recovery, reduce accessory enzyme usage, minimize inhibitory 

degradation products, and promote overall ethanol production economics (Hespell et al., 

1997; Knauf and Moniruzzaman, 2004; Wyman, 2003). Consequently, the study of the 

degradation kinetics of hemicelluloses, formation of sugars and oligomers, and pathways 

for conversion of its sugars to unwanted products is very important. In addition, a recent 

study showed that xylooligomers released during pretreatment strongly inhibited 

cellulase activities (Kumar and Wyman, 2009). Kim et al., also reported that the 

hydrolyzate from Ammonia Recycled Percolation (ARP) pretreatment of corn stover that 

contains xylooligomers, soluble lignin, monomer sugars, and lignin degradation products 
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dramatically inhibited cellulase and microbial activity (Kim et al., 2005; Kim et al., 2006). 

But unfortunately, identification and quantification of xylooligomers is very challenging 

due to the lack of protocols and appropriate calibration standards. In addition, although 

the impact of hemicellulose removal has been widely studied, the possible influences of 

xylooligomers were usually neglected or underestimated.  

 

2.6. Interaction between Substrates and Enzymes   

As stated above, enzymatic hydrolysis of lignocellulosic materials could be 

controlled by a combination of substrate related features and enzyme related features that 

directly or indirectly affect interaction of enzymes and substrates. The inherent 

recalcitrance of cellulose to depolymerization requires synergic reactions of at least three 

classes of fungal cellulase components (Himmel et al., 1999): endoglucanases (EG), 

cellobiohydrolases (CBH) and β-glucosidase. Cellobiohydrolases hydrolyze the cellulose 

chain from the ends, releasing mostly cellobiose, whereas endoglucanases significantly 

reduce the degree of polymerization of the substrate by randomly attacking the interior of 

cellulose chains. Finally, β-glucosidase splits the disaccharide cellobiose into two units of 

glucose (Figure 2.3). Cellulase can be produced by several types of microorganisms 

including aerobic filamentous fungi, aerobic actinomycetes, anaerobic hyperthermophilic 

bacteria, and anaerobic fungi (Lynd et al., 2002). The traditional cellulase-producing 

aerobic filamentous fungi Trichoderma reesei (T. reesei), which was discovered during 

World War II, produces two types of cellobiohydrolases and at least five endo-glucanases. 

These cellobiohydrolases and endo-glucanases hydrolyze cellulose cooperatively through 
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two steps: binding to the cellulose surface and hydrolyzing cellulose into smaller 

segments. As a result, from a kinetics viewpoint, the reaction rates and yields of cellulose 

enzymatic hydrolysis are mainly dependant on substrate accessibility, enzyme availability 

and successful interaction of the two to form the enzyme-substrate complex. Therefore, 

any factors that affect the accessibility of enzymes to substrates or the interaction 

between substrates and enzymes will influence enzyme efficacy and cellulose conversion.  

 

Figure 2.3 Synergic actions of three classes of enzymes to hydrolyze cellulose to glucose 

(Tian et al., 2009).  

 

Cellulose crystallinity is widely considered to impact the accessibility and activity 

of enzymes. As summarized in Table 2.3, several studies showed that cellulose 

crystallinity index has a direct impact on the specific activities of different enzyme 

components, and a dramatic drop in specific activities was observed for substrates with 

increased crystallinities for purified exo- and endo- type activities. In line with this, 
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hydrolysis rates were found to drop for higher cellulose crystallinity index (Crl) (Ai-

Zuhair, 2008; Koullas et al., 1990; Sasaki et al., 1979; Yoshida et al., 2008), supporting 

the hypothesis that a layer of cellulose must be removed before the enzymes can reach 

the layer underneath (Fan and Lee, 1983). In addition, completely amorphous cellulose 

was hydrolyzed much faster than partially crystalline cellulose (Fan et al., 1980; Fan et 

al., 1981; Lee et al., 1983; Zhang and Lynd, 2004). This observation led to the hypothesis 

that the amorphous portion of partially crystalline cellulose would be hydrolyzed first, 

leaving the more difficult to hydrolyze crystalline cellulose, resulting in higher 

crystallinity index
2
 as the reaction proceeded and a dramatically lower hydrolysis rate 

(Ooshima et al., 1983). Although many studies have developed evidence to support this 

concept (Cao and Tan, 2005; Sinitsyn et al., 1991; Wang et al., 2006), the crystallinity 

index does not change enough to have a major impact.  In addition, crystallinity index has 

also been reported to drop with cellulose conversion (Lenz et al., 1990; Puls and Wood, 

1991; Schurz et al., 1985; Sinitsyn et al., 1989) leaving the role of crystallinity still open 

to debate.  

 

 

 

 

                                                           
 

2
The crystallinity index is calculated using the formula:   based on 

the ratio of the height of crystalline cellulose in the 002 reflection at 2θ = 22.5
o
 (hcr) to the height 

of amorphous cellulose (ham), and htot = hcr + ham. 
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Table 2.3 Specific activities* of purified exo- and endo-type cellulases against cellulose with 

different crystallinities (Hoshino et al., 1997; Lynd et al., 2002; Zhang and Lynd, 2004) 

 Substrate H3PO4 treated 

cotton linter 

H3PO4 treated 

cotton 

Filter 

paper 

Conton 

linter 

Cotton 

Cellulase Crl 0 0.140 0.450 0.910 1 

SSA (m
2
/g) 240 200 N/A N/A N/A 

Exo-type 

(Unit/mol 

enzyme) 

Ex-1 5.26 1.56 0.38 0.16 0.11 

CBHI 2.38 0.72 0.8 0.19 0.15 

CBH II 3.29 1.05 0.79 0.10 0.09 

Exo-A 3.12 0.96 0.38 0.21 0.20 

Endo-type 

(Unit/mol 

enzyme) 

En-1 115 42.7 0.17 0.06 0.04 

Endo-2 78.9 48.2 0.47 0.12 0.15 

EG-1 69.0 32.4 0.16 0.06 0.04 

*One unit of activity of the cellulase was defined as the amount of enzyme that catalyzed 

the liberation of reducing sugar equivalent to 1.0 mol of n-glucose per min from a 2.0% 

(w/v) solution of each cellulose at 30°C and optimum pH. 

 

Another important criterion related to enzymatic hydrolysis rates involves 

effective binding of cellulase components to cellulose surface. The adsorption capacity of 

protein to substrates has been estimated by the Langmuir equation (Lynd et al., 2002): 

                        free

free

bound
Ekd

E
E







                                                                                                  

in which, Ebound and Efree represent the amount of enzyme adsorbed on the solids 

(mg/g substrate) and the amount remaining in solution (mg/mL), σ is the maximum 

adsorption capacity in mg/g substrate, and Kd (L/g) is an equilibrium constant. 

Furthermore, the hydrolysis rate was shown to be proportional to the amount of enzyme 
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adsorbed on cellulose (Lee and Fan, 1982; Ryu and Lee, 1986; Sattler et al., 1989). In 

addition, Klyosov et al., showed that differences in reactivity of crystalline and 

amorphous cellulose could be related to the adsorption capacity of endoglucanases on 

these substrates (Klyosov et al., 1986). In this vein, Lee and co-workers concluded that 

effective binding was the limiting parameter with respect of the hydrolysis rate of 

cellulose with low degree of crystallinity, despite its high adsorption (Lee et al., 1982).  

However, all of these studies were based on use of relatively simple pure cellulose 

substrates that may not be necessarily representative of materials that contain lignin and 

hemicellulose in addition to cellulose. Studying the importance of effective binding to 

cellulose is more difficult due to impacts of other components in lignocellulosic materials 

on hydrolysis, as stated above.  

 

2.7. Closing Thoughts 

Although cellulase properties have a significant impact on how effectively a 

lignocellulosic material will be hydrolyzed, this review suggests that intrinsic structural 

and compositional features of the substrates (or pretreated substrates) must first be 

amenable to subsequent hydrolysis by enzymes. Over the years, some substrate properties, 

such as crystallinity index, degree of polymerization, and specific surface area, were 

widely considered as possible governing factors of enzymatic hydrolysis of cellulose. 

However, discrepancies are evident in the change in these features with hydrolysis due to 

the variations in substrates being studied and the techniques used to measure substrate 

properties (Gardner et al., 1999; Mansfield et al., 1997; Meunier-Goddik et al., 1999). 
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Furthermore, the impact of lignin and hemicelluloses during enzymatic hydrolysis should 

not be neglected. Although most of the studies support the disruption in physical barriers 

as the major reason for removing lignin and hemicelluloses, interactions between enzyme 

components and lignin or hemicellulose (Berlin et al., 2006; Garcia-Aparicio et al., 2007; 

Kumar and Wyman, 2009; Ximenes et al., 2010) appear to be also a key aspect in 

elucidating enzymatic hydrolysis. 

It is particularly interesting to note that the role of xylan degradation products, 

xylooligomers, was seldom considered in previous research. Although some recent 

studies proposed their inhibitor effects on enzymatic hydrolysis of pretreated biomass 

(Kumar and Wyman, 2009b; Ximenes et al., 2010), no systematical study has support this 

hypothesis or elucidated their inhibition mechanisms. However, a better understanding of 

impacts by xylooligomers on cellulase action could be pivotal to understanding why 

hydrolysis rates slow down with loss of enzyme efficacy. Besides this, the important role 

of lignin and its degradation compounds reported in this review indicates altering the 

surface properties of lignin could be an effective strategy to achieving higher enzyme 

efficacy and reducing the dosages of enzyme needed. Studying the role of these key 

components on enzymatic hydrolysis would provide a valuable piece to better understand 

the interaction between substrates and enzymes and give guidance to develop advanced 

strategies to overcome such negative impacts and improve enzyme effectiveness. To 

facilitate this approach, improved analytic methods must be developed to reliably 

measure key substrate characteristics and monitor interactions between substrate and 

enzymes for feedback to developing advanced systems. 
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3 Chapter 3. Impact of Surfactants on Pretreatment of Corn Stover
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3.1. Abstract 

Lignin in pretreated cellulosic biomass can non-productively adsorb cellulase, 

resulting in loss of a significant portion of this expensive protein.  In addition, lignin 

interferes with the path for cellulase action, slowing down hydrolysis.  Thus, the 

effectiveness of enzymatic hydrolysis of pretreated lignocellulosic biomass can be 

significantly enhanced if lignin is removed or effectively modified before adding 

enzymes.  In this study, the enzymatic digestibilities of solids resulting from using the 

surfactants Tween-80, dodecylbenzene sulfonic acid, and polyethylene glycol 4000 

during water-only or dilute acid pretreatment of corn stover at 140 to 220℃ were 

evaluated.  All of these surfactants increased lignin removal during pretreatment and 

reduced non-productive binding of enzymes on the biomass surface, but Tween-80 

increased enzymatic hydrolysis yields and enhanced total sugar recovery more than the 

other two.  Surfactant pretreatment was found to improve lignin solubility, which could 

improve cellulose digestibility by reducing unproductive binding to enzyme, and also 

appeared to enhance performance by modifying the biomass surface. 

 

3.2.Introduction 

Ethanol produced from lignocellulosic biomass has great potential to address vital 

energy security, trade deficit, environmental, and economic issues that are becoming 

more urgent in light of declining petroleum reserves and increasing international demand 

for transportation fuels. However, no commercial facilities are yet in operation, and 
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technical advances can help compensate for risk of first applications by reducing costs 

and improving profitability (Wyman, 2007; Yang and Wyman, 2008).  A dominant 

concern is the high price of enzymes and the costly pretreatments needed to achieve high 

sugar yields for enzymatic hydrolysis essential to economic success.  For example, 

typical cellulase loadings of about 15 FPU/g cellulose used to achieve high yields of 

sugars from pretreated biomass could be translated into about 30 g of enzyme per liter of 

ethanol made, an extremely high and expensive dose. Thus, enzyme costs must either be 

reduced below about $2/kg protein or strategies developed to substantially reduce 

loadings (Himmel et al., 1999; Wingren et al., 2005; Wyman, 2007). One promising 

approach has been the addition of surfactants, especially non-ionic surfactants, after 

biomass pretreatment to improve enzymatic hydrolysis or reduce the amount of enzyme 

needed to achieve a given conversion (Castanon and Wilke, 1981; Eriksson et al., 2002; 

Kaar and Holtzapple, 1998). It was reported that applying two classes of nonionic 

surfactants, NP and Tween, after ammonia-hydrogen peroxide pretreatment prior to 

enzymatic hydrolysis increased performance with decreased enzyme loadings (Kim and 

Chun, 2004). Kim et al. concluded that NP 20 was 10-20% more effective than Tween 20 

and 80 when applied to recycled newspaper at 40
o
C with a stirring speed of 400 rpm for 1 

hour before enzymatic hydrolysis (Kim et al., 2007).  

Several explanations have been offered to explain how surfactants enhance 

enzymatic digestion: 1) surfactants alter the substrate structure and make it more 

accessible to enzymes (Helle et al., 1993; Kaar and Holtzapple, 1998); 2) surfactants 

stabilize enzymes and prevent their denaturation during hydrolysis (Kaar and Holtzapple, 
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1998; Kim et al., 1982); 3) surfactants increase positive interactions between substrates 

and enzymes (Eriksson et al., 2002; Kaar and Holtzapple, 1998; Malmsten and 

VanAlstine, 1996), and 4) surfactants reduce nonproductive adsorption of enzymes 

(Eriksson et al., 2002). However, a mechanism that can consistently explain how 

surfactants improve enzymatic hydrolysis has yet to be developed.   

Lignin is widely recognized to be an obstacle to efficient enzymatic hydrolysis.  

First, it unproductively adsorbs a large fraction of the cellulase, making it unavailable for 

enzymatic hydrolysis of cellulose (Lu et al., 2002).  On top of that, lignin impedes 

enzyme access to cellulose and hemicellulose, resulting in extended reaction times to 

achieve high conversions (Lu et al., 2002; Sutcliffe and Saddler, 1986; Yang and Wyman 

Charles, 2006).  Thus, it would be beneficial to remove or modify lignin in a way that 

reduces its negative influence on enzymatic hydrolysis. However, pretreatment 

technologies that are effective for removing lignin, such as organic solvent methods, tend 

to be too expensive for making ethanol from cellulosic biomass competitively.  Evidence 

with flowthrough systems strongly suggested that lignin was released into solution during 

pretreatment with acid or just water/steam and then reacted to form compounds with 

limited solubility that precipitated back on the surface (Liu and Wyman, 2003; Yang and 

Wyman, 2004).  This cyclical pattern was projected to disrupt lignin enough to improve 

enzymatic hydrolysis, but the lignin deposits still interfered with enzyme action and non-

productively adsorbed enzyme (Donohoe et al., 2008). Therefore, an approach that can 

possibly reduce lignin condensation onto pretreated solids would benefit the subsequent 

enzymatic hydrolysis in terms of achieving higher yields with lower enzyme loading. 
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On this basis, we hypothesized that pretreating biomass with surfactants could 

capture some of the lignin released into the liquid phase by forming emulsions, thereby 

reducing the amount redeposited on biomass.  However, only one study showed that 

3.33% wt of the nonionic surfactant Tween 20 during pretreatment at 170-190ºC 

enhanced enzymatic hydrolysis of bagasse and decreased the amount of lignin remaining 

in the treated material by 22-27% compared to those just treated with water (Kurakake et 

al., 1994).  Therefore, in this study, the effectiveness of surfactants as additives for 

biomass pretreatment with dilute acid or just water was evaluated.   In addition, the effect 

of surfactant pretreatment on enzyme adsorption, lignin content, and hydrophobicity of 

the resulting solids was studied to gain new insights into mechanisms that could influence 

performance.      

 

3.3. Materials and Methods 

3.3.1. Materials 

Corn stover was provided by the National Renewable Energy Laboratory (NREL, 

Golden, Colorado) from a lot they obtained from nearby Kramer farm (Wray, CO).   The 

composition determined by NREL LAP procedures 001, 002, and 003 was about 37.7% 

glucan, 18.8% xylan, and 17.6% lignin, plus other sugars and ash.  Avicel PH-101 

cellulose was purchased from Sigma (St. Louis, MO, cellulose content > 97%, Lot & 

filling code: 1300045 32806P01).  Genencor International (2600 Kennedy Drive, Beloit, 

WI, 53511) kindly supplied Spezyme CP cellulase (301-05330-205, 59±5 FPU/mL, 
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123±10 mg protein/mL), while Novozyme 188 (066K0676, 665 CBU/mL, 140 ±5 mg 

protein/mL) was purchased from Sigma (St. Louis, MO) for β-glucosidase 

supplementation. 

Three types of surfactants previously identified to be beneficial for treatment after 

conventional pretreatments but prior to adding enzymes were used in this research: 

Tween-80 (Polyoxyethylene Sorbitan Mono-Oleate, purity>80%, Fisher Scientific, Lot 

No. 043457), dodecylbenzene sulfonic acid (DDBSA, purity >85%, Acros Organics, 

New Jersey, USA, Lot # A0131295001), and polyethylene glycol 4000 (PEG, Hampton 

Research, 34 Jounery, Aliso Viejo, CA 92656-3317, USA, Lot# 260540). Unless 

otherwise stated, 3% (w/w) of one of these surfactants was added based on dry biomass 

weight for each pretreatment, with the result that about 0.015g of surfactant was added to 

0.5 g (dry) of biomass in a reaction tube. 

 

3.3.2. Pretreatment  

Batch reactors were constructed of 0.5” OD×0.035” wall thickness× 6” long 

Hastelloy C-276 tubing (Maine Valve and Fitting Co., Bangor, ME).  A sand bath (Model 

SBL-2D, Techne Co., Princeton, NJ) was used to heat up the reactors to the target 

reaction temperatures of 140 to 190℃. A solid concentration of 5% was employed in all 

pretreatments, and the following pretreatment conditions were applied : 140℃ with 1% 

sulfuric acid for 40 minutes, 160℃ with 0.5% sulfuric acid  for 16, 18, 20, 22, 24 minutes, 

and 190℃ water-only for 10, 12, 14, 16, 18 minutes.  For surfactant pretreatments, 3% 
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(w/w) Tween-80 or other surfactants were added prior to pretreatment based on dry 

biomass weight. Control samples were prepared in parallel at the same solid loadings but 

without addition of surfactants. All samples were soaked in the reaction tubes overnight 

to assure sufficient penetration of liquid into the corn stover solids.  

 

3.3.3. Sugar analysis 

Liquid samples were filtered through 0.2 μm nylon filter vials (Alltech Associates 

Inc., Deerfield, IL), pipetted into 500 µl polyethylene HPLC vials (Alltech Associates 

Inc., Deerfield, IL), and kept refrigerated at 4℃ until analyzed. Liquid samples together 

with calibration sugar standards were run on a Waters Alliance HPLC system (Model 

2695, Waters Corporation, Milford, MA) employing an Aminex HPX-87P column (Bio-

Rad Laboratories, Hercules, CA) and a refractive index detector (Waters 2414). 

Concentrations of monomeric glucose and xylose were calculated based on calibration 

sugar standards.  

 

3.3.4.  Enzymatic hydrolysis 

Enzymatic hydrolysis of washed pretreated solids was performed according to 

NREL Laboratory Analytical Procedure LAP 009 at a solids loading of 2% (w/v) in 125 

mL Erlenmeyer flasks to which was added 0.05M acetate buffer (pH = 4.8).  To prevent 

possible microorganism contamination, 400µg of 10mg/mL tetracycline antibiotic in 70% 

ethanol and 300µg of 10mg/mL cyclohexamide in DI water were added to the hydrolysis 
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broth before adding enzymes.  The flasks were placed in a thermostated water bath 

shaker at 48±3℃ at a rotating speed of 200 rpm (NREL, 1996).  The enzyme loadings 

were 10 and 60 FPU/g glucan in the pretreated solids (corresponding to about 21.5 and 

129 mg protein/ g glucan) supplemented with β-glucosidase at a loading of 20 and 120 

CBU/g glucan (CBU to FPU activity ratio of 2:1).  Substrate blanks without enzyme and 

enzyme blanks without substrate were tested in parallel with other samples. Samples 

taken after 4, 24, 48, 72, and 96 hours of hydrolysis were analyzed with an HPLC to 

follow the reaction course and determine final yields. 

 

3.3.5.  Determination of protein adsorption 

Adsorption experiments were carried out at 4℃ to prevent hydrolysis of substrate 

using a concentration of 1% solid substrate in a total volume of 1.1mL hydrolysis broth 

contained in 1.5mL Eppendorf® Lobind microcentrifuge tubes (protein loss<3%).  

Protein (cellulase and β-glucosidase) was added to bring the final protein concentration to 

about 100mg/g biomass.  Then, the samples were rotated slowly at 4℃ in a refrigerator 

for 4 hours followed by centrifuging (Eppendorf Centrifuge 5415D) at 4℃ at a maximum 

speed of 16.1rpm for a minimum of 10 minutes.  The resulting solid and liquid fractions 

were each weighed into a 2mL tin capsule and sealed, and the nitrogen content of these 

samples was determined by an Elemental Analyzer (FLASH 1112 CHNOS Analyzer, CE 

ELANTECH, Lakewood, NJ) using aspartic acid as a standard. Protein adsorption could 

then be determined based on a mass balance for nitrogen (Yang et al., 2006).  
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3.3.6.  Hydrophobicity test 

The hydrophobicity of each sample was determined using a VCA Optima Contact 

Angle and Surface Analysis system. Biomass samples were ground to smaller than 150uL 

particle size and pressed at a pressure of 4,000 psi to form small pellets.  The VCA 

Optima was used with a syringe size of 100uL. Each drop of water was set to 2uL using a 

medium drop speed and the hydrophobicity of each sample was characterized by degree 

of contact angle, with a larger contact angle meaning a greater hydrophobicity. Because 

of the heterogeneous nature of corn stover, all samples were prepared in triplicates, with 

averages and standard deviations calculated (Deng and Abazeri, 1998).  

 

3.3.7.  Determination of lignin content and lignin removal 

The total acid-insoluble lignin in the raw corn stover before pretreatment and the 

solids after pretreatment with or without addition of surfactants was determined by the 

Klason-lignin method according to NREL Laboratory Analytical Procedure #003 (NREL, 

1996).  Lignin removal was calculated as follows:  

Lignin removal (%) = (The amount of total lignin in raw biomass-The amount of 

total lignin in pretreated biomass/g) ／The total amount of lignin in raw biomass ×100% 
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3.4. Results 

3.4.1.  Lignin removal by surfactant pretreatment 

The effects of Tween-80, DDBSA, and PEG surfactants on lignin removal were 

evaluated for corn stover that was soaked in surfactant solution overnight prior to dilute 

acid (140℃, 1% sulfuric acid for 40 minutes) or water-only (220℃, 30 minutes) 

pretreatments. As shown in Figure 3.1, lignin removal was about 17.0% and 7.8% for 

dilute acid pretreatment and water-only pretreatment controls, respectively, without 

addition of surfactants.  By comparison, Tween-80 treatment increased lignin removal to 

25.6% and 16.7% for dilute acid and water-only pretreatments, respectively. DDBSA 

treatment increased these levels to 19.8% and 13.2%, respectively.  PEG showed less 

effect on lignin removal, resulting in equal or slightly greater lignin removal than that for 

the controls.  Thus, for both dilute acid and water-only pretreatment, addition of Tween-

80 gave the greatest lignin removal, enhancing it by 51.8% and 114% for dilute acid and 

water-only pretreatments, respectively.  
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Figure 3.1 Lignin removals from corn stover by different surfactants when used for 40 

minutes with 1% sulfuric acid at 140
o
C (left four bars) and with just water for 30 minutes 

at 220
o
C (right four bars). 

 

3.4.2.  Effects of surfactant pretreatment on enzymatic hydrolysis  

To compare the effects of surfactants on sugar release, enzymatic hydrolysis was 

performed at enzyme loadings ranging from 10 to 60 FPU/g glucan for solids that had 

been pretreated at 140
o
C with 1% sulfuric acid for 40 minutes with and without addition 

of surfactants. At a high enzyme loading of 60 FPU/g glucan supplemented with 120 

CBU/g glucan, addition of Tween-80, PEG, and DDBSA prior to pretreatment improved 
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glucan conversion to 90% -93% following 96 hr of enzymatic hydrolysis compared to 

83.1% for the control (Figure 3.2a).  Differences in sugar yields from enzymatic 

hydrolysis of solids prepared with different surfactants were more obvious at a lower 

enzyme loading of 10 FPU/g glucan supplemented with 20 CBU/g glucan, as shown in 

Figure 3.2b.  In this case, Tween-80 treatment enhanced glucan conversion to 88.1% at 

96 hrs compared to 78.2% for the control, while addition of PEG showed only a slightly 

higher cellulose conversion. DDBSA addition actually reduced glucan conversion 

compared to the control at lower enzyme loading of 10 FPU/g glucan supplemented with 

20 CBU/g glucan.  The enhancement in glucan hydrolysis at lower enzyme loadings for 

solids pretreated with Tween-80 indicated that surfactants could reduce enzyme use 

during hydrolysis, a possibly dramatic benefit in light of the high price of enzymes and 

comparatively low price of Tween-80 (Wingren et al., 2005; Wyman, 2007). Moreover, 

further optimization of Tween-80 pretreatment conditions may lower Tween-80 loadings 

to achieve similar benefits.  

 

 



 

56 
 

      

Figure 3.2a Glucan conversion at high enzyme loadings for solids produced by 

pretreatment of 5% wt corn stover concentrations with surfactants and 1% sulfuric acid at 

140
o
C for 40 minutes.  Enzymatic hydrolysis conditions: 50℃, pH=4.8, 2% solids 

loading for 96 hours total. Enzyme loading=60 FPU/g glucan and 120 CBU/g glucan. 
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Figure 3.2b Glucan conversion at lower enzyme loadings for solids produced by 

pretreatment of 5% wt corn stover concentrations with surfactants and 1% sulfuric acid at 

140
o
C for 40 minutes.  Enzymatic hydrolysis condition: 50℃, pH=4.8, 2% solids loading 

for 96 hours total. Enzyme loading=10 FPU/g glucan and 20 CBU/g glucan. 

 

3.4.3.  Effect of Tween-80 on sugar yields 

Based on the above results, Tween-80 was selected to further investigate the 

effect of surfactant pretreatment on glucose and xylose yields over the course of 

bioconversion.  Corn stover was impregnated with Tween-80 and then pretreated at a 

solids loading of 5% with 0.5% sulfuric acid at 160℃ or with just water at 190℃ over 

times ranging from 16 to 24 minutes and 10 to 18 minutes, respectively, to span the time 
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where the highest total sugar yields were expected. Figure 3 summarizes glucose (Figure 

3.3a), xylose (Figure 3.3b), total sugar (Figure 3.3c) yields and lignin removal (Figure 

3.3d) for dilute acid pretreatment at 160℃ (stage 1) with and without Tween-80 addition 

followed by enzymatic hydrolysis (stage 2), at enzyme loadings of 10 FPU and 20 CBU/g 

glucan. Although Tween-80 did not significantly improve Stage 1 glucose yields when 

used with dilute acid or just water, Stage 2 glucose yields with Tween-80 pretreatment 

were higher than the control, especially within the time span of 20-22 minutes for 

pretreatment at 160℃ with 0.5% acid (Figure3.3a).  Furthermore, addition of Tween-80 

improved xylose yields in Stage 1 compared to the control, especially for pretreatment 

times greater than 20 minutes (Figure 3.3b).  For Stage 2, the control exhibited a 

decreasing trend in xylose recovery while addition of Tween-80 gave a maximum 

recovery at 18 minutes of pretreatment and greater yields than the maximum for the 

control between 18 and 24 minutes.  Overall glucose and xylose yields for pretreatment 

with Tween-80 for 20 minutes were 59.8% and 24.3% (based on total sugar), respectively, 

and there was a 10.2% improvement over yields for pretreatment with 0.5% acid at 

160 ℃ without Tween-80. Figure3.3c shows that the maximum total glucose plus xylose 

yields for Stages 1 and 2 combined was 85% at 20 minutes when Tween-80 was added 

but only 76% without adding Tween-80 for pretreatment with 0.5% acid at 160℃.   

Furthermore, addition of Tween-80 resulted in higher total sugar yields from Stage 2 for 

dilute acid pretreatment but only slightly increased Stage 1 total sugar yields compared to 

the control.  Lignin removal was higher for Tween-80 pretreated samples than for the 

controls, with the maximum gain being for pretreatment for 22 minutes.  Moreover, 
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lignin removal by Tween-80 became greater as pretreatment was prolonged (Figure 3.3d).  

      

Figure 3.3a Comparison of glucose yields from dilute acid pretreatment (Stage 1) and 

enzymatic hydrolysis (Stage 2) with or without Tween-80 treatment.  Pretreatment 

conditions: 160℃ with 0.5% sulfuric acid for 16 to 24 minutes. Enzyme loading=10 

FPU/g glucan and 20 CBU/g glucan. Glucose yields were calculated based on potential 

glucose in raw corn stover (0.37g glucan/g of raw corn stover). 
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Figure 3.3b Comparison of xylose yields from dilute acid pretreatment (Stage1) and 

enzymatic hydrolysis (Stage2) with or without Tween-80 treatment.  Pretreatment 

conditions: 160℃ with 0.5% sulfuric acid for 16 to 24 minutes. Enzyme loading=10 

FPU/g glucan and 20 CBU/g glucan. Xylose yields were calculated based on potential 

xylose in raw corn stover (0.19g xylan/g of raw corn stover). 
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Figure 3.3c Comparison of total sugar (glucose plus xylose) yields from dilute acid 

pretreatment (Stage1) and enzymatic hydrolysis (Stage2) with or without Tween-80 

addition. Pretreatment conditions: 160℃ with 0.5% sulfuric acid for 16 to 24 minutes. 

Enzyme loading=10 FPU/g glucan and 20 CBU/g glucan. Total sugar yields were 

calculated based on potential glucose plus xylose in raw corn stover (0.56g total sugars/g 

of raw corn stover). 
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Figure 3.3d Lignin removal from corn stover with and without Tween-80 addition prior 

to pretreatment at 160℃ with 0.5% sulfuric acid for 16 to 24 minutes. 

 

For pretreatment with just water at 190℃, Tween-80 had little effect on Stage 1 

glucose yields but increased Stage 2 glucose yields significantly, as shown in Figure 3.4.  

Furthermore, the highest Stage 2 glucose yield with Tween-80 pretreatment was 90 % at 

16 min of pretreatment, a 10% improvement over yields of the control (Figure 3.4a).  

Figure 3.4b shows that Tween-80 pretreatment improved xylose yields in both Stage 1 

and 2 and resulted in an overall xylose yield of 73 %, 13% higher than that of control.  

The fact that Stage 1 xylose yields did not drop much until pretreatment times were more 
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than 12 min suggests that Tween-80 reduced xylose degradation during water-only 

pretreatment. Figure 3.4c shows that Tween-80 increased total sugar yields from Stage 2 

more than from Stage 1.  Overall, the maximum total sugar yield for Tween-80 

pretreatment with just water at 190°C was 86% at 16 minutes, 12% greater than for 

water-only pretreatment without Tween-80. Figure 3.4d shows that impregnation of corn 

stover with Tween-80 increased lignin removal for water-only pretreatment at190℃, but 

the difference between Tween-80 samples and control samples was not as distinct as that 

for pretreatment with 0.5% sulfuric acid at 160℃.  

    

Figure 3.4a Comparison of glucose yields for water-only pretreatment at 190℃ (Stage 1) 

and enzymatic hydrolysis (Stage 2) with and without use of Tween-80.  Enzyme 



 

64 
 

loading=10 FPU/g glucan and 20 CBU/g glucan. Glucose yields were calculated based on 

potential glucose in raw corn stover based on original glucan content (0.37g glucan/g of 

raw corn stover). 

 

 

Figure 3.4b Comparison of xylose yields for water-only pretreatment at 190℃ (Stage 1) 

and enzymatic hydrolysis (Stage 2) with and without use of Tween-80.  Enzyme 

loading=10 FPU/g glucan and 20 CBU/g glucan. Xylose yields were calculated based on 

potential xylose in raw corn stover based on original xylose content (0.19g xylan/g of raw 

corn stover). 
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Figure 3.4c Comparison of total sugar (glucose plus xylose) yields for water-only 

pretreatment at 190℃ (Stage 1) and enzymatic hydrolysis (Stage 2) with and without use 

of Tween-80.  Enzyme loading=10 FPU/g glucan and 20 CBU/g glucan. Total sugar 

yields were calculated based on potential glucose plus xylose in raw corn stover based on 

original glucan plus xylan content (0.56 g total sugar/g of raw corn stover). 
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Figure 3.4d Lignin removal from corn stover with or without Tween-80 addition for 

pretreatment at 190℃ with just water for 10 to 18 minutes. 

 

3.4.4.  Comparison of the effect of Tween-80 for dilute acid and water-only 

pretreatments 

Total sugar yields for dilute acid and water-only pretreatments at optimized 

conditions are summarized in Table3.1.  For both dilute acid and water-only pretreatment 

at all three tested temperatures, Tween-80 treatment improved total sugar yields in 

pretreatment only slightly but increased enzymatic hydrolysis yields much more. Overall, 
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results showed that Tween-80 could increase overall glucose and xylose yields from 

combined pretreatment and enzymatic hydrolysis by 9 to 12%.  Furthermore, the 

maximum glucose, xylose, and total sugar yields were comparable for both dilute acid 

and water-only pretreatment under different conditions when Tween-80 was used in 

pretreatment. These results suggest that adding surfactants to pretreatment could 

significantly reduce and possibly even eliminate acid use to achieve comparable sugar 

yields (Table 3.1). 

 

Table 3.1 Summary of glucose, xylose, and total glucose plus xylose yields for pretreatments at 

different conditions with and without addition of Tween-80. 

Temp. (℃) Pretreatment 

Time (min) 

Acid 

(%, 

w/w) 

Glucose 

yield, % 

Xylose yield, % Total sugar yield
b
, % 

Control T-80 Control T-80 Control T-80 

140 40 1.0 82 90 75 86 79 89 

160 20 0.5 80 89 65 73 76 85 

190 16 0 83 93 60 73 74 86 

 

a. Enzymatic hydrolysis conditions: 50 ℃ , pH=4.8, solid loading=2%, enzyme 

loading=10FPU/g glucan and 20CBU/g glucan. 

b. Total sugar yields were calculated based on potential glucose plus xylose in raw corn 

stover based on original glucan plus xylan content (0.56 g total sugar/g of raw corn 

stover).   
 

3.4.5.  Effect of Tween 80 on hydrophobicity and enzyme adsorption 

Cellulase protein adsorption was measured for samples pretreated with just water 

or dilute acid at 140, 160, and 190℃ with and without addition of Tween-80 to further 
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determine whether surfactant pretreatment made the substrate more accessible to 

enzymes. As shown in Figure 3.5, the amount of cellulase protein adsorbed on the solids 

decreased by 60%, 28%, and 35% when corn stover was pretreated with Tween-80 at 140, 

160, and 190
o
C, respectively. These results are also consistent with enzymatic hydrolysis 

results that showed solids pretreated at 140
o
C exhibited higher lignin removal and the 

best enzymatic hydrolysis performance. Hydrophobicity tests of 140
o
C pretreated 

samples indicated that the contact angle for samples pretreated without surfactants 

decreased by only 2.9% compared to raw corn stover while Tween 80 pretreatment 

reduced the contact angle by more than 13%, as shown in Figure 3.6 Thus, these results 

suggested that pretreatment with Tween 80 appeared to make the surface of the solids 

more hydrophilic.   
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Figure 3.5 Protein adsorption on biomass pretreated with and without Tween-80 at 

140℃ with 1% sulfuric acid for 40 minutes, 160℃ with 0.5% sulfuric acid for 20 

minutes, and 190℃ with just water for 16 minutes. 
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Figure 3.6 Hydrophobicity of raw corn stover, corn stover solids produced by 

pretreatment for 40 minutes with 1% sulfuric acid at 140
o
C, and corn stover solids 

produced by pretreatment for 40 minutes with 1% sulfuric acid plus 3% Tween-80 at 

140
o
C. 

 

3.5. Discussion 

3.5.1.  Effect of surfactants on lignin removal 

Lignin is a large, cross-linked, racemic macromolecule with molecular weights in 

excess of 10,000u (Boerjan et al., 2003) and is relatively hydrophobic and aromatic in 

nature (Freudenberg, 1968). With acid pretreatment at high temperature and pressure, 

http://en.wikipedia.org/wiki/Macromolecule
http://en.wikipedia.org/wiki/Molecular_mass
http://en.wikipedia.org/wiki/Atomic_mass_unit
http://en.wikipedia.org/wiki/Hydrophobic
http://en.wikipedia.org/wiki/Aromatic
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lignin has been shown to condense and form so-called “lignin balls” on the pretreated 

biomass surface when the temperature was dropped after pretreatment (Donohoe et al., 

2008; Shevchenko et al., 1999). These lignin balls were believed to adsorb enzymes 

during enzymatic hydrolysis and reduce enzyme mobility, thus reducing enzyme action 

(Berlin et al., 2006; Lu et al., 2002). Although relatively high cellulose conversion was 

achieved at high enzyme loadings with limited lignin removal by some thermo-chemical 

pretreatments, high yields could not be maintained at lower enzyme loadings without 

applying lignin-blocking techniques (Yang and Wyman Charles, 2006). Surfactants have 

both hydrophobic and hydrophilic properties that could decrease surface tension between 

two liquid phases and improve the removal of hydrophobic compounds (Escalante et al., 

2005), which makes surfactants good candidates as pretreatment additives. It was 

reported that surfactants successively extract hydrophobic degradation products from 

lignin and hemicellulose, thereby enhancing lignin removal during pretreatment 

(Kurakake et al., 1994). 

Our results showed that Tween-80, which has good surface activation properties, 

increased lignin removal by about 52% and 114% for batch dilute acid pretreatment 

(140°C, 1% H2SO4) and water-only pretreatment (220°C), respectively (Figure 3.1).  In 

addition to slightly increasing sugar yields in pretreatment, Tween-80 treatment improved 

both glucan and xylan yields of enzymatic hydrolysis after dilute acid or water-only 

pretreatment, particularly at a lower enzyme loading of 10 FPU/ g glucan. These results 

indicate that pretreating corn stover with surfactants could remove more lignin from the 

solids and enhance enzymatic hydrolysis of cellulose, perhaps by forming emulsions that 
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reduce lignin redeposition back on the biomass surface through interaction of surfactant 

with hydrophobic lignin during pretreatment, with the possible benefit that less lignin is 

left on the surface to nonproductively adsorb or block enzyme during enzymatic 

hydrolysis. 

 

3.5.2.  Modification of biomass surface by surfactants 

Because the performance of enzymatic hydrolysis of cellulose depends on 

physical and chemical characteristics of the substrate (Zhang and Lynd, 2004),  structural 

or surface modifications introduced by surfactants during pretreatment could cause 

changes in the sequential enzymatic hydrolysis. Hydrophocity tests suggested that Tween 

80 pretreatment made the biomass surface much more hydrophilic, thereby making it 

easier for enzymes dissolved in water to access the surface.  The higher lignin removal 

afforded by surfactants could contribute to such surface change. On the other hand, the 

special properties of surfactants also positively modified the solid surface resulting in 

improved enzymatic hydrolysis of pretreated biomass. Kim et al (1997) studied the effect 

of Tween 20 on adsorption and kinetics of endoglucanase I (Endo I) and exoglucanase II 

(Exo II) with microcrystalline cellulose and showed that the adsorption affinity of Exo II 

on cellulose was weakened while desorption of Exo II from insoluble substrate was 

enhanced by this nonionic surfactant. Via simulation with a kinetic model, the increase in 

hydrolytic performance of cellulose by Tween 20 was attributed to both activation of Exo 

II and partial defibrillation of cellulose (Kim et al., 1997). By measuring protein 

concentrations of native CBH1 and core CBH1 in the supernatant after mixing Tween 80 
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with ball milled cellulose (BMC), Tween 80 was found to decrease adsorption of both 

native CBH1 and core CBH1 onto BMC. SEM experiments revealed that Tween 80 

caused cellulose filter paper to swell and enhanced surface cracks and filaments caused 

by native CBH I but not by core CBH I (Kim et al., 2006).  It was also reported that 

ethylene oxide containing surfactants and polymers bonded with lignin by hydrophobic 

interactions and hydrogen bonding, reducing unproductive binding of enzyme (Borjesson 

et al., 2007). Thus, applying surfactants during pretreatment could modify the surface 

properties of the lignin remaining on the pretreated solids and improve cellulase 

effectiveness and accessibility to the surface.   

It was reported that lignin in pretreated lignocellulosic biomass was responsible 

for a large portion of protein adsorption during enzymatic hydrolysis and blocking such 

non-productive adsorption of cellulases on lignin could enhance cellulose conversion 

(Willies, 2006; Yang and Wyman Charles, 2006). The adsorption of purified tritium 

labeled cellulases from Trichoderma reesei, CBH I (Cel7A) and EG II (Cel5A) and their 

catalytic domains was tested for steam pretreated softwood (SPS) and lignin (Palonen et 

al., 2004).  Both CBH I and its catalytic domain exhibited a higher affinity for SPS than 

EG II or its catalytic domain, and significant amounts of CBH I and EG II also bound to 

isolated lignin. Surprisingly, the catalytic domain of EG II was able to absorb on alkaline 

isolated lignin with a high affinity, whereas the catalytic domain of CBH I did not adsorb 

on any of the lignin tested. These results indicated that the cellulose binding domain 

played a significant role in unspecific binding of cellulases to lignin (Palonen et al., 2004).  

Cellulose adsorption experiments strongly supported the notion that surfactants prevent 
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unproductive enzyme adsorption to the lignin surface (Kristensen et al., 2007).  Our 

results suggest that less protein was adsorbed by surfactant pretreated solids even though 

the surface was more hydrophilic while the glucan and xylan yield was improved by 

surfactant pretreatment especially at lower enzyme loading. This could result from less 

lignin being available to nonproductively bind with cellulase and/or modification of 

lignin made it less attractive to enzymes while the effective cellulases adsorption was 

increased leading to higher cellulose conversion and xylan yield during enzymatic 

hydrolysis.  

Especially at lower enzyme loading, when enzyme to substrate ratio was low, 

surfactant pretreatment seemed to be more important to reaching high sugar yields. X-ray 

photoelectron spectroscopy (XPS) of adsorption of bovine serum albumin and Celluclast, 

a commercial cellulase from Trichoderma reesei, on particulate and fibrous celluloses 

showed that Tween 80 reduced enzyme adsorption and improved reaction rates at low 

concentrations (Gama and Mota, 1997). Our results showed that reduced cellulase 

adsorption on pretreated lignocellulosic biomass with surfactant treatment had a positive 

effect on glucose and xylose yields during enzymatic hydrolysis.  

 

3.6. Conclusions 

Surfactant pretreatment shows potential as a novel pretreatment method that 

increases both glucose and xylose yields in pretreatment and subsequent enzymatic 

hydrolysis compared to pretreatment without their addition. Greater removal of lignin by 

many of the surfactants could result in less nonproductive binding of enzyme to lignin 
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and also reduce obstacles to cellulase action.  In addition, the greater hydrophobicity of 

the surface resulting from Tween-80 treatment, possibly due to greater lignin removal, 

should facilitate enzyme access to cellulose.  The observation that enzyme adsorption is 

reduced for pretreatment with surfactants appears to be inconsistent with greater 

hydrophobicity making surface more accessible to enzymes but could result from 

changes in and removal of lignin, reducing nonproductive binding of enzyme to lignin. 
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4.1. Abstract 

Typically, the enzymatic hydrolysis rate of lignocellulosic biomass is fast initially 

but then slows down more rapidly than can be explained by just consumption of substrate.  

Although several factors including enzyme inhibition, enzyme deactivation, a drop in 

substrate reactivity, or nonproductive binding of enzyme to lignin could be responsible 

for this loss of effectiveness, we recently reported evidence that xylose, xylan, and 

xylooligomers dramatically decrease conversion rates and yields, but clarification was 

still needed of the magnitude of their effect.  Therefore, in this study, xylan and various 

xylooligomers were added to Avicel hydrolysis at low enzyme loadings and found to 

have a greater effect than adding equal amounts of xylose derived from these materials or 

when added separately. Furthermore, xylooligomers were more inhibitory than xylan or 

xylose in terms of a decreased initial hydrolysis rate and a lower final glucose yield even 

for a low concentration of 1.67mg/mL.  At a higher concentration of 12.5mg/mL, 

xylooligomers lowered initial hydrolysis rates of Avicel by 82% and the final hydrolysis 

yield by 38%. Mixed DP xylooligomers showed strong inhibition on cellulase enzymes 

but not on β-glucosidase enzymes. By tracking the profile change of xylooligomers, a 

large portion of the xylooligomers was found to be hydrolyzed by Spezyme CP enzyme 

preparations, indicating competitive inhibition by mixed xylooligomers. A comparison 

among glucose sugars and xylose sugars also showed that xylooligomers were more 

powerful inhibitors than well-established glucose and cellobiose. 
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4.2. Introduction 

Cellulosic biomass is uniquely suited for sustainable production of liquid 

transportation fuels, and the power of modern biotechnology promises competitive 

advantages (Lynd et al., 2008). However, the cost of cellulase enzymes coupled with the 

large amounts required to realize commercially viable yields is by far the dominant 

economic barrier to large scale implementation.  A significant contributor to the high 

dose demands is that hydrolysis rates slow down as reaction proceeds much faster than 

can be explained by substrate consumption alone for a typical enzymatic hydrolysis 

(Ramos et al., 1993; Yang et al., 2006).  Many reasons have been offered for the loss in 

enzyme effectiveness with time and the consequent high doses required for good yields 

including end-product inhibition, enzyme deactivation with time and temperature, drop in 

substrate reactivity with conversion due to initial removal of more easily hydrolyzed 

material, and nonproductive binding of enzyme to lignin (Converse et al., 1988; Eriksson 

et al., 2002; Holtzapple et al., 1990; Scheiding et al., 1984). Although the exact cause is 

still uncertain and multiple factors are likely responsible, substrate and end-product 

inhibition are believed to be very important (Tengborg et al., 2001; Xiao et al., 2004), 

with glucose and cellobiose identified as the principle cellulase inhibitors that bind to 

cellulase active sites regardless of the inhibition pattern (Holtzapple et al., 1990). 

However, other hemicellulose sugars, such as mannose, xylose, and galactose, have been 

also shown to inhibit cellulase (Xiao et al., 2004), and liquid from Ammonia Recycled 

Percolation (ARP) pretreatment of corn stover that is rich in xylooligomers, soluble 

lignin, sugar and lignin degradation products, significantly inhibited cellulase and 
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microbial activities (Kim et al., 2006; Zhu et al., 2006).  

Enzymatic hydrolysis of cellulose is a multi-step heterogeneous reaction in which 

insoluble cellulose is initially broken down at the solid-liquid interface via the synergistic 

action of endo-glucanases (Xiao et al., 2004) (EC 3.2.1.4) and exo-

glucanases/cellobiohydrolases (CBH) (EC 3.2.1.91).  This initial reaction is accompanied 

by further liquid-phase hydrolysis of soluble intermediates, i.e., short 

celluloligosaccharides and cellobiose, that are catalytically cleaved to produce glucose by 

the action of β-glucosidase (BG) (EC 3.2.1.21) (Messner et al., 1991). Enzyme 

accessibility to cellulose is postulated to be impeded by lignin and hemicellulose coating 

cellulose and restricting access by enzymes.  In this vein, several studies have shown that 

removing a high percentage of hemicellulose can facilitate cellulose conversion by 

enzymatic hydrolysis (Allen et al., 2001; Grohmann et al., 1989; Ishizawa et al., 2007; 

Kabel et al., 2007; Palonen et al., 2004; Yang and Wyman, 2004; Zhu et al., 2004). 

Similarly, addition of purified endoxylanase and hemicellulolytic esterase activities 

enhanced cellulose conversion by cellobiohydrolase I (Cel7A), and a direct relationship 

was shown between xylan removal by enzymes and enhancement of cellulose hydrolysis 

(Selig et al., 2008).  Such studies attribute the benefits of hemicellulose removal to 

improving accessibility of cellulase enzymes to hydrolysis substrates, but additional 

impacts that hemicelluloses and their hydrolysis products could have on enzyme action 

have received little attention.   

A recent paper determined for the first time that xylobiose and higher 

xylooligomers inhibit enzymatic hydrolysis of pure glucan, pure xylan, and pretreated 
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corn stover, with xylose, xylobiose, and xylotriose having progressively greater impacts 

on hydrolysis rates (Kumar and Wyman, 2009). This interpretation was supported 

through showing that addition of xylanase and β-xylosidase improved enzymatic 

hydrolysis of xylan and pure cellulose. Addition of beta-xylosidase and xylanase also 

enhanced performance for enzymatic hydrolysis of solids resulting from sulfur dioxide 

pretreatment and particularly from ammonia fiber expansion (AFEX) pretreatment that 

leaves virtually all of the xylose in the pretreated solids.  These results strongly suggest 

that xylooligomers inhibit cellulase action and that both glucose and xylose release could 

be significantly enhanced by supplementation with β-xylosidase and xylanase (Kumar 

and Wyman, 2009). However, the benefits will likely vary with the amounts of xylose 

and other hemicellulose oligomers present in the liquid, and the choice of enzyme and 

enzyme loadings are also expected to vary with substrate composition.  

Although this limited evidence suggested that xylooligomers reduce enzyme 

activity and therefore effectiveness, the mechanism for inhibition of cellulase and other 

hydrolysis enzymes by xylooligomers was still uncertain, and more information was 

needed to clarify the degree to which sugars and oligomers released from hemicellulose 

affect enzymatic hydrolysis of cellulose.  Therefore, in this study, pure cellulose was 

hydrolyzed in the presence of xylose, xylan, and xylooligomers to determine the degree 

to which these compounds impact cellulose conversion. In addition, the influence of 

xylooligomer concentration on cellulose hydrolysis was measured, and the effects of 

these components on the action of cellulase and β-glucosidase determined. The results 

showed for the first time that xylooligomers can play a powerful role in slowing 
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enzymatic hydrolysis, thereby potentially explaining to some extent why hydrolysis rates 

slow with conversion and why removal of hemicellulose improves cellulose conversion 

yields. 

 

4.3. Materials and Methods 

4.3.1.  Materials 

Avicel PH-101 cellulose (cellulose content > 97%, Lot & filling code: 1300045 

32806P01) and xylose (xylose purity>99%, Lot & filling code: 1403673 33308088) were 

purchased from Sigma (St. Louis, MO). Birchwood xylan with a xylan content measured 

to be ~85% was also purchased from Sigma (Lot # is 038K0751).  A xylobiose standard 

of over 95% purity was obtained from Megazyme International Ireland Ltd. (Bray, Co. 

Wicklow, Ireland, Cat No. O-XBI).  Genencor International (2600 Kennedy Drive, Beloit, 

WI, 53511) kindly supplied Spezyme CP cellulase (Lot # 301-05330-205, 59±5 FPU/mL, 

123±10 mg protein/mL), while Novozyme 188 (Batch # 066K0676, 665 CBU/mL, 140 

±5 mg protein/mL) from Sigma was employed for β-glucosidase supplementation.  

 

4.3.2.  Sugar analysis 

Liquid samples were filtered through 0.2 μm nylon filter vials (Alltech Associates 

Inc., Deerfield, IL), pipetted into 500 µl polyethylene HPLC vials (Alltech Associates 

Inc., Deerfield, IL), and kept refrigerated at 4
o
C until analyzed. Liquid samples together 

with calibration sugar standards were run on a Waters Alliance HPLC system (Model 
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2695, Waters Corporation, Milford, MA) employing an Aminex HPX-87P column (Bio-

Rad Laboratories, Hercules, CA) and a refractive index detector (Waters 2414). 

Concentrations of monomeric glucose and xylose were calculated based on calibration 

sugar standards.  

 

4.3.3.  Enzymatic hydrolysis 

Enzymatic hydrolysis of pure cellulose was performed according to NREL 

Laboratory Analytical Procedure LAP 009 at 2% (w/v) solids loading in 25 mL 

Erlenmeyer flasks to which was added 0.05M citrate buffer (pH = 4.8).  To prevent 

possible microbial contamination, 100µg of 10mg/mL tetracycline antibiotic in 70% 

ethanol and 75µg of 10mg/mL cyclohexamide in DI water were added to the hydrolysis 

broth before adding enzymes.  The flasks were placed in a thermostated shaker at 48±3
o
C 

with a rotating speed of  ~150 rpm (NREL, 1996).  The enzyme loading was 5 FPU/g of 

glucan in Avicel solids (corresponding to about 10.75 mg protein/ g of glucan) 

supplemented with β-glucosidase at a loading of 10 CBU/g of glucan (CBU to FPU 

activity ratio of 2:1).  Substrate blanks without enzyme and enzyme blanks without 

substrate were tested in parallel with other samples. Samples taken after 1, 4, 24, 48, 72, 

and 96 hours of hydrolysis were analyzed with an HPLC to follow the reaction course 

and determine final yields. 
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4.3.4.  Identification of oligomer sugars on Dionex HPLC 

Liquid samples were filtered through 0.2 μm nylon filter vials (Alltech Associates 

Inc., Deerfield, IL) and diluted about 50 times to desired concentrations with HPLC grade 

water. Then samples were analyzed with a Dionex DX-600 Ion Chromatograph system to 

quantify xylooligomer chain lengths over a degree of polymerization (DP) range from 1-

30. The Dionex HPLC was equipped with an electrochemical detector, a CarboPac 

PA100 (4×250mm) anion exchange column, and guard cartridge (Dionex Corp., 

Sunnyvale, CA). The mobile phases were operated in gradient mode with 150 mM NaOH 

in 1M NaAc and 150 mM NaOH (Dionex application note 67).  Xylobiose (purity >95%, 

purchased from Megazyme Inc. Wicklow, Ireland) was used as a standard to calibrate 

and calculate the concentration of xylo-oligosaccharides (DP 2-30). Because the lack of 

xylooligomer standards with DP higher than 5, the concentration of each higher DP 

species was calculated by taking the ratio of each peak height to the peak height for 

xylobiose and multiplying this ratio by the measured concentration of the latter according 

to a procedure developed previously (Li et al., 2003; Yang and Wyman, 2008).  

 

4.3.5.  Determination of total oligomers 

To determine the total oligomers in solution, liquid samples were autoclaved in 

4% sulfuric acid for 1 hour at 121℃  to breakdown oligomers into monomeric sugars as 

described in NREL laboratory methods (NREL, 2004). Sugar recovery standards 

containing known sugar concentrations were also autoclaved in parallel to estimate post 
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hydrolysis losses. The monomers were then quantified using an Waters HPLC equipped 

with a refractive index (RI) detector and Biorad HPX-87P column (Bio-Rad Laboratories, 

Hercules, CA). From this procedure, the total oligomers were calculated as (Yang and 

Wyman, 2008): 

Total oligomers (g) =Total xylose (g) in the hydrolyzate corrected for degradation - 

Monomeric xylose (g) in the hydrolyzate before autoclaving                                            [1] 

 

4.3.6.  Procedure for production of xylooligomer mixtures 

Xylooligomer mixtures were produced by water-only hydrolysis of birchwood 

xylan at 200℃  for 15 minutes in a 1 L stainless steel batch reactor from Parr instruments 

(Moline, IL) with a solids loading of 5% (w/v). The reactor vessel was sealed and placed 

in a sand bath set at 320℃  for fast heat up, and transferred to a 200℃  sand bath to keep 

at the target temperature. After 15 minutes, the reactor was quenched quickly in ice water 

to room temperature (Yang and Wyman, 2004). The solution was cooled down to room 

temperature and centrifuged to separate the solid from the liquid hydrolyzate.  The 

Dionex HPLC was then applied to determine the xylooligomer distribution, as shown in 

Figure 4.1, and their concentration in the liquid portion.  The Waters HPLC was 

employed to determine the xylose and degradation product (mainly furfural) 

concentrations, following the procedures described above. Post hydrolysis was employed 

to quantify the total oligomer concentration in the liquid hydrolyzate.  The relative weight 

percentage of each fraction is shown in Table 4.1.  
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Table 4.1 Xylooligomer concentrations in xylan hydrolyzate 

as determined by a Dionex IC system equipped with a 

CarboPac PA100 column and by post-hydrolysis. 

Composition
a
 Weight

b
, % 

DP1  (xylose) 8.21 

DP2  (xylobiose) 6.91 

DP3  (xylotriose) 5.73 

DP4  (xylotetraose) 4.89 

DP5  (xylopentaose) 4.07 

DP6 3.81 

DP7 2.89 

DP8 2.54 

DP9 2.17 

DP10 1.82 

DP11-30 4.98 

High DP (31 and above) 44.9 

Degradation products 2.26 

Total 95.78 

 

a. Xylooligomers with DP 2 to 30 are quantified by Dionex IC equipped with a 

CarboPac PA100 column and higher DP xylooligomers are quantified by post-

hydrolysis. 

b. All xylooligomer weight percentages are based on equivalent xylose mass 
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Figure 4.1 Distribution of the degree of polymerization of soluble xylooligomers 

produced from xylan as determined by a Dionex IC system equipped with a CarboPac 

PA100 column. 
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4.3.7.  Production of xylose from birchwood xylan 

Birchwood xylan was first pretreated as described above, and the liquid 

hydrolysate was separated from the remaining solids by filtration. Then, 0.1 M citrate 

buffer was added to the xylooligomer rich solution to adjust the pH to 4.8 and make the 

final concentration 0.05M.  Multifect xylanase enzymes were added next at a high 

loading to ensure total conversion of xylooligomers to xylose. To prevent possible 

microbial contamination, 400µg of 10mg/mL tetracycline antibiotic in 70% ethanol and 

300µg of 10mg/mL cyclohexamide in DI water were added to the hydrolysis broth before 

adding enzymes. The flask was then placed in a thermostated shaker at 48±3
o
C with a 

rotating speed of  ~150 rpm (NREL, 1996).  After 72 hours of hydrolysis, hydrolysate 

samples were taken every 12 hours and tested on the Waters HPLC. Hydrolysis was 

stopped once most of the xylooligomers were converted to xylose. Comparing the effects 

of adding this solution to cellulose hydrolysis to that for addition of purchased pure 

xylose provided insight into whether other components released into the xylooligomer 

solution during its preparation were responsible for inhibiting cellulose hydrolysis.   

 

4.4. Results and discussion 

4.4.1.  Effects of xylan derivatives on enzymatic hydrolysis of pure cellulose 

Xylooligomers are important intermediates in hemicellulose hydrolysis, and we 

sought to better quantify how inhibitory they are to cellulose hydrolysis by enzymes.  

Because pure xylooligomers with DPs greater than 5 are not commercially available and 
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even those available are extremely expensive, a mixture of xylooligomers was produced 

by water-only hydrolysis of Birchwood xylan, with the distribution of different DP 

xylooligomers shown in Figure 4.1.  Then, xylan, xylose, and xylooligomers derived 

from xylan were added to pure cellulose hydrolysis on equivalent xylose mass basis 

adjusted for waters of hydrolysis in all cases.  Furthermore, to better understand their role 

in hydrolysis of real substrates, these compounds were added based on similar glucan to 

xylan ratios as in pretreated corn stover.  At one extreme, a ratio of 12:1 (Avicel: xylose 

compounds) was applied because this ratio is similar to the ratio of these compounds in 

solids produced by dilute acid pretreatment of corn stover.  At the other end of the 

spectrum of possibilities, a ratio of 8:5 was employed to simulate the glucan to xylan 

ratio for solids produced by ammonia fiber expansion (AFEX) pretreatment as well as 

that in raw biomass without pretreatment as the two are virtually the same (Elander et al., 

2009; Wyman et al., 2005; Wyman et al., 2009). 

First, we set out to determine how these compounds impact enzymatic hydrolysis 

of pure cellulose at low commercially relevant enzyme loadings of about 5 FPU/g glucan, 

and Figure 4.2 shows enzymatic hydrolysis of 2% Avicel with addition of 1.67mg/mL 

(based on a 12:1 Avicel: xylose compounds ratio) of xylose, xylooligomers, or xylan and 

a control sample for comparison. Thus, addition of even such low concentrations of 

xylose and xylan derivatives lowered enzymatic hydrolysis rates and yields substantially 

from those with pure cellulose even at the low solids loadings used.  As shown in Figure 

4.2, hydrolysis yields after 96 hours were 76% for addition of xylose, 71% for addition of 

xylan, and 68% for addition of mixed xylooligomers, about 5 to 13% lower than the yield 
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from the control. It was also noticed that xylose and xylan derivatives inhibited 

enzymatic hydrolysis of pure cellulose most strongly within the first 48 hours, at which 

point conversions dropped to just 44% and 47% for samples with addition of 

xylooligomer mixtures and xylan, respectively, while the control reached around 75% 

glucose conversion in that time.  However, at 96 hours, Figure 4.2 shows that the 

differences between the yields for addition of xylose compounds and those for the control 

sample became much smaller, possibly due to the depolymerization of the xylose 

polymers by cellulase and β-glucosidase.   
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Figure 4.2 Enzymatic hydrolysis of 2% Avicel alone (the control) and following initial 

addition of xylose, mixed xylooligomers, or xylan at a mass ratio of 12:1 corresponding 

to a concentration of 1.67mg/mL of monomeric xylose for an enzyme loading of 5 FPU/g 

glucan plus 10 CBU/g glucan.  

 

As shown in Figure 4.3, higher concentrations of xylose compounds had a much 

more obvious effect on final yields and initial hydrolysis rates.  For example, addition of 

xylose, xylan, and xylooligomers lowered the final hydrolysis yields by 20%, 29%, and 

38%, respectively, while the yield with the control was 81%.  Both Figure 4.2 and 4.3 

clearly show that addition of xylooligomer mixtures inhibited cellulose hydrolysis the 



 

92 
 

most followed by xylan and xylose.  Furthermore, inhibition by these compounds was 

much more obvious at higher concentrations than at lower concentrations.  In addition, 

although enzymatic hydrolysis of cellulose in the presence of xylan and xylooligomers 

had similar hydrolysis patterns, the final hydrolysis yields in the presence of 

xylooligomers were lower than with xylan.  Because soluble xylooligomers are released 

from xylan, these results suggested that xylooligomers over some range of DPs could 

have stronger inhibition effects on enzymes than others.  

            

Figure 4.3 Enzymatic hydrolysis of 2% Avicel alone (the control) and following initial 

addition of xylose, mixed xylooligomers, or xylan at a mass ratio of 8:5 corresponding to 

a concentration of 12.5 mg/mL of monomeric xylose for an enzyme loading of 5 FPU/g 

glucan plus 10 CBU/g glucan.  
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The effects of xylose and xylan derivatives on the initial hydrolysis rates of 

enzymatic hydrolysis were evaluated by comparing yields in the first hour of enzymatic 

hydrolysis of cellulose in the presence of different concentrations of these compounds.  

As indicated in Figure 4.4, addition of 1.67mg/mL xylose, xylan, or xylooligomers 

reduced initial hydrolysis rates by 9.7%, 34.5%, and 23.8%, respectively, compared to 

the control.  For comparison, a higher concentration (12.5mg/mL) of xylose, xylan and 

xylooligomers reduced initial rates of enzymatic hydrolysis by 37.8%, 53.2% and 81.9%, 

respectively.  Therefore, addition of these compounds dramatically reduced the initial 

rate of enzymatic hydrolysis, and similar to the results described above, xylooligomers 

had a greater effect on initial rates than xylan or xylose at similar concentrations.  In 

addition, higher concentrations of all these xylose compounds resulted in lower initial 

hydrolysis rates.  
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Figure 4.4 Initial 1 hour hydrolysis rate comparison of 2% Avicel alone (the control) and 

following initial addition of xylose, mixed xylooligomers, or xylan at a mass ratio of 12:1 

and 8:5 corresponding to a concentration of 1.67mg/mL and 12.5mg/mL of monomeric 

xylose for an enzyme loading of 5 FPU/g glucan plus 10 CBU/g glucan.  

 

4.4.2.  Effects of xylose, mixed xylooligomers, and xylan on β-glucosidase 

performance  

The effect of xylose and its oligomers on β-glucosidase activity was evaluated by 

comparing glucose yields from cellobiose hydrolysis with or without addition of 12.5 
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mg/mL of xylose, xylooligomers, or xylan at a β-glucosidase loading of 10 CBU/g of 

cellobiose.  As shown in Figure 4.5, no obvious differences were observed in glucose 

release among the control and samples with xylose or xylan derivatives although strong 

inhibitory effects on cellulases were observed with same concentration of these 

compounds. Thus, although xylose, xylooligomers, and xylan strongly inhibited cellulase 

enzymes, they had little if any effect on β-glucosidase, consistent with previous report on 

effects of xylose alone (Xiao et al. 2004). 

 

  

Figure 4.5 Enzymatic hydrolysis of 2% cellobiose alone (the control) and with addition 

of 12.5mg/mL xylan, mixed xylooligomers, or xylose at a beta-glucosidase loading of 10 

CBU/g cellobiose.  
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4.4.3.  Xylooligomer profiles during cellulose hydrolysis  

Measuring cellulase inhibition by xylooligomer mixtures is more complicated 

than that by xylose alone due to changes in the xylooligomer molecular weight 

distribution during enzymatic hydrolysis of cellulose. Therefore, changes in the degree of 

polymerization of xylooligomers were monitored during enzymatic hydrolysis of pure 

cellulose, to which 6.25mg/mL of the previously mentioned xylooligomer mixture of 8% 

xylose, 42% DP2-30 xylooligomers, and 45% high DP xylooligomers (total equivalent 

xylose percentage=95%) had been added initially.  Similar to results above, Figure 4.6 (A) 

points out that the glucose yield in the presence of xylooligomers was 12% lower than 

that of the control at 96 hours , while Figure 4.6 (B) shows that the concentration of high 

DP oligomers (DP>30) dropped rapidly to near the detectable limit within 24 hrs.  The 

yield of low DP oligomers (DP=2-30) increased rapidly over the first 3 hours due to 

breakdown of the high DP oligomers but then dropped rapidly in concentration to about 

20% within a day, with the composition shifting to  mostly xylobiose before decreasing 

further to about 8% at 96 hours.  As a result of the fast breakdown of xylooligomers, the 

xylose concentration increased rapidly in the first 24 hours and then slowed as it 

approached the maximum yield of 82% at 48 hours.  These results showed that a 

significant portion of the high DP xylooligomers first formed low DP oligomers that in 

turn broke down to xylobiose and xylose. In addition, xylobiose tended to be more 

difficult to break down by cellulases than higher DP oligomers, possibly due to low β-

xylosidase activity in commercial cellulases. For comparison, a mixed xylooligomers 

sample without enzyme addition was run in parallel. In this case, Figure 4.6 (C) reveals 
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that the concentrations of each xylose or xylooligomer group did not change much during 

the entire time period in the absence of cellulase and β-glucosidase while Figure 4.6 (B) 

shows that commercial cellulase enzymes could actually convert most of the 

xylooligomers into xylose during this same time span. Although hydrolysis rates did pick 

up once cellulase rapidly broke down virtually all of the soluble xylooligomers to xylose 

and some xylobiose, as shown in Figures 4.6 (A) and 4.6 (B), the final yields were still 

considerably lower than observed without addition of the mixed xylooligomers.  

Considering the comparative low xylanase and β-xylosidase enzyme activities in 

Spezyme CP cellulase enzymes (Berlin et al., 2006) and the efficient hydrolysis of most 

high and low DP xylooligomers during this 96 hours time span, the results suggest 

competitive inhibition of cellulase by xylooligomers.  
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Figure 4.6 Glucose yields and xylobiose concentrations for 96 hour enzymatic hydrolysis 

of 2% Avicel cellulose concentrations with and without addition of mixed xylooligomers 

at a concentration of 6.25mg/mL (A).  Enzymatic hydrolysis was performed at 50
o
C and 

pH=4.8 with an enzyme loading of 5FPU/g glucan plus 10CBU/g glucan. Xylose and 

xylooligomer profiles during enzymatic hydrolysis of cellulose with addition of mixed 

xylooligomers for the yield profiles of Figure 4.6A. The initial mixed xylooligomer 

concentration was 6.25 mg/mL, and its initial composition was 8% xylose, 42% DP2-30 

oligomers, and 45% higher DP oligomers (B).Xylose and xylooligomer profiles for 96 

hours hold time at the same conditions, xylose compound concentrations, and hold times 

as for Figures 4A and 4B but without added enzymes (C).  

 

C 
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4.4.4.  Comparison of inhibition by glucan and xylan derivatives 

Glucose, cellobiose and degradation products of cellulose hydrolysis have been 

shown to be inhibitors in many previous studies (Gusakov and Sinitsyn, 1992; Holtzapple 

et al., 1990; Xiao et al., 2004). Thus, inhibition by xylose derivatives was compared to 

that by glucan derivatives to understand the relative importance of xylose and 

xylooligomers in inhibiting cellulose hydrolysis. As a basis for comparison, 10mg/mL of 

glucose and the same concentration of cellobiose were added separately to a 2% cellulose 

concentration prior to enzymatic hydrolysis using the same low enzyme loading of 5 

FPU/g glucan of cellulase supplemented with 10 CBU/g glucan of beta-glucosidase as 

above.  Equal molar concentration of xylose, xylobiose and mixed xylooligomers were 

added based on the same equivalent xylose mass to compare their inhibition effects with 

glucan derivatives. As shown in Figure 4.7 (B), glucose and cellobiose decreased initial 

hydrolysis rates by 96 and 95% respectively, while xylose, xylobiose and xylooligomers 

lowered initial hydrolysis rates by 38, 39 and 79% respectively. However, although the 

well-established inhibitors glucose and cellobiose inhibited cellulose enzymatic 

hydrolysis much more strongly during the first hour than any of the xylan derivatives, 

mixed DP xylooligomers were far more inhibitory to cellulase than either glucose or 

cellobiose in the longer term. As indicated by Figure 4.7 (A), mixed DP xylooligomers 

exhibited the strongest inhibition of cellulose conversion after 8 hours of hydrolysis, 

dropping cellulose to glucose conversion by 52% compared to the control. Furthermore, 

inhibition by glucose and cellobiose gradually dropped after the first few hours, with the 

result that 96 hour yields were reduced by 15 and 13% for glucose and cellobiose sugars, 
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respectively. On the other hand, the mixed xylooligomer sugars dropped the 96 hour 

glucose yield by 32%.  Figure 5A shows that xylose and xylobiose had a much smaller 

effect on cellulase performance than the higher DP xylooligomers, glucose, or cellobiose, 

with 96 hour yields dropping by only 7 and 9%, respectively. These results illustrate that 

although mixed DP xylooligomers are not the strongest inhibitors initially, they were 

more powerful in the long term. Thus, more attention should be given to reducing 

xylooligomers inhibition to achieve a higher cellulose conversion with lower enzyme 

loadings.  

      

 

A 
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Figure 4.7 Enzymatic hydrolysis (A) and initial 1 hour hydrolysis rates comparison (B) 

of 2% Avicel alone (the control) and with addition of xylose, xylobiose, mixed 

xylooligomers, glucose, or cellobiose, all with an enzyme loading of 5 FPU/g glucan plus 

10 CBU/g glucan. Glucose and cellobiose concentrations were 10 mg/mL (0.0556 

mol/mL). Xylose, xylobiose, and mixed xylooligomers concentrations were based on 

equivalent monomeric xylose mass concentrations that were all equal to the molar 

concentration of glucose (8.33 mg/mL).  

 

4.4.5.  Comparison of pure xylose and xylose made from birchwood xylan 

Some glucan, lignin, and other unknown compounds are contained in birchwood 

xylan, and water only treatment of birchwood xylan to produce different DP 

xylooligomers introduces degradation products into the xylooligomer hydrolyzate. 

B B 
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Therefore, it is important to be sure that the inhibition observed with the mixed DP 

xylooligomer solution is really due to the xylooligomers and not any of these other 

compounds present in the hydrolyzates employed. To address this concern, a xylose 

solution derived by enzymatic hydrolysis of xylooligomers made from birchwood xylan 

was added to enzymatic hydrolysis of cellulose for comparison to cellulose hydrolysis in 

the presence of purchased pure xylose. In addition, mixed DP xylooligomers produced 

from xylan hydrolysis were added separately at an equivalent xylose concentration for 

comparison. As shown in Figure 4.8, xylose made from birchwood xylan had similar 

inhibition effects as pure xylose, and both inhibited cellulose conversion far less than the 

mixed DP xylooligomers. Thus, it is fair to conclude that the various chain length 

xylooligomers in solution and not degradation products and other background compounds 

were primarily responsible for the strong inhibition of cellulose hydrolysis by 

xylooligomers.  
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Figure 4.8 Enzymatic hydrolysis of 2% Avicel with addition of purchased xylose, 

monomeric xylose made from birchwood, and xylooligomers made by birchwood 

hydrolysis at an enzyme loading of 5 FPU/g glucan plus 10 CBU/g glucan. All xylose 

and xylooligomers were added based on equivalent xylose concentration of 5mg/mL 

prior to adding enzymes. 

 

The strong inhibition of cellulase by xylooligomers and xylooligomer hydrolysis 

by cellulase reported here suggests that hemicellulose removal from lignocellulosic 

materials prior to enzymatic hydrolysis may not only increase enzyme accessibility but 

also reduce cellulase inhibition by xylooligosaccharides released during enzymatic 

hydrolysis.  This possibility is consistent with reports that hemicellulose removal before 
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enzymatic hydrolysis was more beneficial to hydrolysis rates and yields than adding a 

higher dose of enzyme (Liao et al., 2005).  

This result also reinforces the importance of enhancing xylanase and β-xylosidase 

activities in the widely used cellulase and β-glucosidase enzyme combinations to totally 

hydrolyze xylooligomers into less inhibitory xylose, thereby reducing enzyme doses 

needed to achieve higher cellulose and hemicellulose conversions (Elander et al., 2009; 

Gupta et al., 2008; Kumar and Wyman, 2009).    

 

4.5. Conclusions 

In summary, our results indicated that xylose, xylooligomers, and xylan strongly 

inhibited cellulase.  In addition, inhibition increased with concentration of these 

compounds, and xylooligomers were more inhibitory to cellulase than either xylan or 

xylose for an equivalent amount of xylose at the concentrations studied.  Xylooligomers 

were also far more inhibitory to cellulase than equal molar amounts of glucose or 

cellobiose. However, additional research is needed to determine which xylooligomer 

chain lengths inhibit cellulose hydrolysis the most, how inhibition by these oligomers 

changes with enzyme loadings and substrate concentrations, and the mechanism of 

enzyme inhibition.  
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5 Chapter 5. Hydrolysis of Different Chain Length Xylooliogmers by 

Cellulase and Hemicellulase 
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5.1. Abstract 

Commercial cellulase complexes produced by cellulolytic fungi contain enzyme 

activities that are capable of hydrolyzing non-cellulosic polysaccharides in biomass, 

primarily hemicellulose and pectins, in addition to cellulose.  However, xylanase 

activities detected in most commercial enzyme preparations have been shown to be 

insufficient to completely hydrolyze xylan, resulting in high xylooligomer concentrations 

remaining in the hydrolysis broth.  Our recent research showed that these xylooligomers 

are stronger inhibitors of cellulase activity than others have previously established for 

glucose and cellobiose, making their removal of great importance.  In this study, a HPLC 

system that can measure xylooligomers with degrees of polymerization (DP) up to 30 

was applied to assess how Spezyme CP cellulase, Novozyme 188 β-glucosidase, 

Multifect xylanase, and non-commercial β-xylosidase enzymes hydrolyze different chain 

length xylooligomers derived from birchwood xylan.  Spezyme CP cellulase and 

Multifect xylanase partially hydrolyzed high DP xylooligomers to lower DP species and 

monomeric xylose, while β-xylosidase showed the strongest ability to degrade both high 

and low DP xylooligomers.  However, about 10 to 30% of the higher DP xylooligomers 

were difficult to be breakdown by cellulase or xylanase and about 5% of low DP 

xylooligomers (mainly xylobiose) proved resistant to hydrolysis by cellulase or β-

glucosidase, possibly due to low β-xylosidase activity in these enzymes and/or the 

precipitation of high DP xylooligomers. 
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5.2. Introduction 

Conversion of lignocellulosic materials into liquid fuels such as ethanol deserves 

more attention to meet a critical need for an environmental friendly and sustainable 

transportation fuels that can reduce our heavy dependence on vulnerable supplies of 

petroleum.  Most lignocellulosic materials including woods, grasses, and agricultural 

residues are primarily composed of cellulose, hemicelluloses and lignin, and high yields 

from both cellulose and hemicellulose are important to overall economics (Wyman, 

2003).  The cellulose fraction consists of β-1, 4 linked glucose units aligned in long 

crystalline chains that form fibers (Nishiyama et al., 2003; Wada et al., 2008).  The 

hemicellulose content is somewhat less than for cellulose in cellulosic biomass and is 

mainly made up of hetero-1, 4-β-D-xylan (Poutanen et al., 1986).  Unlike cellulose, 

hemicellulose, primarily xylan, is amorphous and highly branched and much easier to 

thermochemically depolymerize to monomeric sugars with high yields at the low pH of 

dilute acid pretreatments (Jacobsen and Wyman, 2000; Saha, 2003).   However, as the pH 

is raised toward neutral, such as in autohydrolysis or controlled pH pretreatments, a large 

portion of the sugars are released as oligomers with a wide range of chain lengths 

(Wyman et al., 2005).  Many have attributed hemicellulose removal to facilitate 

hydrolysis of the cellulose remaining in the solids from pretreatment by improving 

cellulase accessibility to cellulose (Allen et al., 2001; Grohmann et al., 1989; Ishizawa et 

al., 2007; Kabel et al., 2007; Palonen et al., 2004; Yang and Wyman, 2004; Zhu et al., 

2005).  However, higher pH pretreatments by ARP (Ammonia Recycle Percolation), lime, 

and AFEX (Ammonia Fiber Expansion) can also be highly effective even though most of 
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the hemicellulose is left in the pretreated solids (Kim and Holtzapple, 2005; Kim and Lee, 

2005; Teymouri et al., 2004).  The result is that the xylan content of pretreated solids can 

range from as low as 5% for dilute acid pretreatment to as high as 25% or more for 

AFEX pretreated biomass (Wyman et al., 2005).   

Because many common fermentative organisms cannot utilize oligomers, 

cellulose and hemicellulose must be broken down fully to monomers for fermentation to 

ethanol with high yields (Balat et al., 2008; Sarrouh et al., 2004).  A complex of secreted 

enzymes derived from filamentous fungi, particularly Trichoderma, is usually applied to 

hydrolyze lignocellulosic biomass to fermentable sugars (Berlin et al., 2007), and 

commercial enzyme preparations such as Spezyme CP that are widely used for enzymatic 

hydrolysis of cellulose contain high levels of endoglucanase and cellobiohydrolase 

activities.  However, supplementation with β-glucosidase is frequently needed to obtain 

high cellulose conversion (Berlin et al., 2007; Spindler et al., 1989; Sternberg et al., 

1977).  These enzyme preparations also contain lower amounts of such non-cellulolytic 

enzyme activities as hemicellulase and pectinase that help remove hemicellulose and 

pectin that are believed to physically block access of cellulase to cellulose (Jeoh et al., 

2007).   

The deficiency in xylanase activities in most commercial enzyme preparations 

(Berlin et al., 2007; Dien et al., 2008; Wood and Mccrae, 1986) can lead to the release of 

high concentrations of xylooligomers in the hydrolysis broth.  Recently, new evidence 

emerged that xylooligomers are powerful inhibitors of cellulase activity, suggesting that 

partial hydrolysis of xylan or insoluble xylooligomers left in pretreated biomass to 
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soluble oligomers could dramatically slow cellulose hydrolysis by enzymes particularly 

for the lower enzyme loadings critical to low costs. Although more severe pretreatment 

conditions could remove more xylan from biomass, this would result in greater 

degradation of sugars, resulting in lower yields and greater inhibition (Wyman et al., 

2005).  Therefore, it would be useful to formulate a cocktail of endoglucanases, 

cellobiohydrolases, β-glucosidases, xylanases, β-xylosidases, and other enzymes that can 

completely hydrolyze cellulose and hemicellulose to monomers and reduce inhibition of 

cellulase by xylooligomers.  

In this study, the effects of different enzyme preparations on degrading different 

chain length xylooligomers was evaluated to help us better understand the fate of these 

oligomers during enzymatic hydrolysis.  Commercial Spezyme CP cellulase, Novozyme 

188 β-glucosidase, Multifect xylanase, and β-xylosidase provided by Genencor, a 

Danisco Division (Beloit, WI) were applied to xylooligomers made from water-only 

hydrolysis of birchwood xylan.  Changes in the degree of polymerization (DP) of the 

xylooligomers were then followed using a new HPLC method we devised to follow 

concentrations of DPs up to 30.  In addition to providing insight into the effect enzymes 

could have in reducing inhibition by xylooligomers, investigation of the biological 

degradation of xylooligomers by different enzyme preparations could also provide useful 

insight to industrial xylooligomers production for applications in pharmaceutical, food, 

and other industries (Akpinar et al., 2009). 
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5.3. Materials and Methods 

5.3.1.  Materials 

Birchwood xylan with a xylan content measured at ~85% was purchased from 

Sigma (Lot # is 038K0751) and used in water only hydrolysis to generate xylooligomer 

rich solutions. Xylobiose and xylotriose standards of over 95% purity was purchased 

from Megazyme International Ireland, Ltd (Bray, Co. Wicklow, Ireland, Cat No. O-XBI, 

O-XTR) to calibrate xylooligomer concentrations in solution.  Genencor, a Danisco 

Division (2600 Kennedy Drive, Beloit, WI, 53511) kindly supplied Spezyme CP 

cellulase (Lot # 301-05330-205, 59±5 FPU/mL, 123±10 mg protein/mL), Multifect 

Xylanase (Lot 301-04021-015; 42±5 mg protein/mL), and β-xylosidase (Lot #: 

20050881-0882, 75±5 mg protein/mL) enzymes, while Novozyme 188 (066K0676, 665 

CBU/mL, 140 ±5 mg protein/mL ) purchased from Sigma was used for β-glucosidase 

supplementation.  In the non-commercial β-xylosidase preparation, β-xylosidase was the 

most predominant protein expressed in a Trichoderma strain in which the major cellulase 

genes were deleted, specifically CBH1, CBH2, EG1, and EG2.  The microbial source and 

enzyme activities for each enzyme preparation are indicated in Table 5.1.  
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a. Reference: (Berlin et al., 2006) 

b. Reference: (Dien et al., 2008) 

 

5.3.2.  Procedure for production of xylooligomer mixtures 

Xylooligomer rich solutions were produced by water-only hydrolysis of 

birchwood xylan at 200℃  for 15 minutes in a 1 L stainless steel batch reactor from Parr 

instruments (Moline, IL) with a solids loading of 10% (w/v). The reactor vessel was 

sealed and placed in a sand bath set at 320℃  for fast heat up and transferred to a 200℃  

sand bath to maintain a constant temperature. After 15 minutes, the reactor was quenched 

quickly in ice water to room temperature. The solution was poured out and centrifuged to 

separate the solid from the liquid hydrolyzate (Yang and Wyman, 2004).  The liquid was 

collected and stored at 50℃  for future use.  

Table 5.1 Microbial sources and key enzyme activities of enzyme preparations used in this 

study. 

Enzyme 

Preparation 

Spezyme CP Novozyme 188 Multifect Xylanase β-xylosidase 

Activities units/mL 

Microbial Source
a
 Trichoderma sp. Aspergillus sp. Trichoderma sp.  

Total Protein (mg 

protein/mL) 123±10 140±5 42±5 75±5 

Cellulase (FPU) 58.2 8.5 0.77  

β-Glucosidase
b
 128 665 35.9  

Xylanase (OSX)
b
 2622 123 25203  

β-Xylosidase
b
 7.3 16.6 22.6  
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5.3.3.  Sugar Analysis 

Liquid samples were filtered through 0.2 μm nylon filter vials (Alltech Associates 

Inc., Deerfield, IL).  Then, a 20 µl sample was diluted with about 50~100 times with 

HPLC grade water to concentrations desired for Dionex HPLC measurements.  The rest 

of the liquid was pipetted into 500 µl polyethylene HPLC vials (Alltech Associates Inc., 

Deerfield, IL) and kept refrigerated at 4
o
C until analyzed on the Waters HPLC to quantify 

monomeric xylose concentrations.   Liquid samples for measurements of the DP 

distribution on the Dionex HPLC were diluted immediately after collection and kept at 

room temperature to prevent precipitation of high DP xylooligomers.  Liquid samples 

together with sugar calibration standards were run on a Waters Alliance HPLC system 

(Model 2695, Waters Corporation, Milford, MA) employing an Aminex HPX-87P 

column (Bio-Rad Laboratories, Hercules, CA) and a refractive index detector (Waters 

2414).  Quantification of xylooligomer chain lengths over a degree of polymerization 

(DP) range from 1-30 was performed with a Dionex DX-600 Ion Chromatograph system  

equipped with an electrochemical detector, a CarboPac PA100 (4×250mm) anion 

exchange column, and guard cartridge (Dionex Corp., Sunnyvale, CA).  The mobile 

phases were operated in the gradient mode with 150 mM of NaOH in 1M of sodium 

acetate and 150 mM of NaOH.  Because the lack of xylooligomer standards with DP 

greater than 5, the concentration of each higher DP species from DP 4 to 30 was 

calculated by taking the ratio of their peak height to the peak height for xylobiose and 

multiplying this ratio by the measured concentration of the latter according to a procedure 

developed previously (Li et al., 2003; Yang and Wyman, 2008), with xylobiose and 
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xylotriose (purity >95%, purchased from Megazyme Inc. Wicklow, Ireland) used as 

calibration standards.  The ratio of the peak height of xylotriose to that of xylobiose was 

used to adjust for possible errors in this method.  Xylooligomers over the ranges from DP 

2 to 30 together are termed as Low DP xylooligomers in this paper. The concentrations of 

each DP group and xylose are showed in Table 5.2. 

 

Table 5.2 Distribution of xylooligomer DP and xylose 

concentrations resulting from water-only pretreatment of 

birchwood xylan. 

Group DP Concentration 

(mg/mL) 

Percentage 

(%) 

Monomer 1 0.597 2.53 

Low DP 

xylooligomers 

2 0.522 2.21 

3 0.359 1.52 

4 0.297 1.26 

5 0.245 1.04 

6 0.215 0.91 

7 0.163 0.69 

8 0.156 0.66 

9 0.106 0.45 

10 0.092 0.39 

11-30 0.301 1.27 

High DP 

xylooligomers 

30 and 

above 

20.55 87.1 

 Total 23.6 100 
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5.3.4.  Determination of total xylooligomers and high DP xylooligomers 

The amount of all xylooligomers in solution was determined by autoclaving liquid 

samples in 4% sulfuric acid for 1 hour at 121℃  to breakdown oligomers into monomeric 

sugars as described in NREL laboratory methods (Sluiter et al., 2008).  Sugar recovery 

standards containing known sugar concentrations were also autoclaved in parallel to 

estimate sugar losses during this post hydrolysis operation.  Monomers were then 

quantified using a Waters HPLC equipped with a refractive index (RI) detector and 

Biorad HPX-87P column ((Bio-Rad Laboratories, Hercules, CA).  Then the total mass of 

oligomers was calculated as (Yang and Wyman, 2008):  

Total oligomers (g) =Total xylose (g) in the hydrolysate corrected for degradation following 

post hydrolysis - Monomeric xylose (g) in the hydrolysate before autoclaving               [1] 

 

Xylooligomers with DP higher than 30 that remained in solution at room 

temperature are termed High DP Xylooligomers in this paper. The mass of high DP 

xylooligomers was calculated as:  

High DP Xylooligomers (g) =Total xylooligomers following post hydrolysis (g) - 

Monomeric xylose in hydrolyzate before post hydrolysis (g) – Sum of all low DP 

xylooligomers measured on the Dionex (g)                                                                     [2] 

 

5.3.5.  Enzymatic hydrolysis 

Enzymatic hydrolysis of xylooligomer rich solutions with different enzymes was 
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performed in 25 mL Erlenmeyer flasks to which was added 0.05M acetate buffer (pH = 

4.8) according to NREL Laboratory Analytical Procedure LAP 009 (NREL, 1996).  

Xylooligomers rich solutions were loaded at a concentration of 11.8mg of total 

equivalent xylose/mL of solution.  To prevent infection by microorganisms, 400µg of 

10mg/mL tetracycline antibiotic in 70% ethanol and 300µg of 10mg/mL cyclohexamide 

in DI water were added to the hydrolysis broth before adding enzymes.  Cellulase, β-

glucosidase, xylanase, and β-xylosidase enzymes were added separately at enzyme 

loadings of 5.37 or 10.75 mg protein/g equivalent xylose.  Flasks containing oligomers 

and enzymes were placed in a thermostated shaker at 48±3
o
C with a rotating speed of  

150 rpm (NREL, 1996), and samples were taken after 4, 24, 48, 72 hours of hydrolysis.  

Substrate blanks without enzyme and enzyme blanks without substrate were tested in 

parallel with other samples, and all samples were run in triplicate unless otherwise stated.  

Samples taken were analyzed with an HPLC to follow the reaction course and determine 

final yields. 

 

5.4. Results and Discussion 

As summarized in Table 5.1, the three commercial enzyme preparations used in 

this study all contain some xylanase and β -xylosidase activity.  Endo-1, 4- β-xylanase 

primarily randomly hydrolyzes xylan to xylooligomers, while β-xylosidase enzymes 

release monomeric xylose from the non-reducing ends of xylooligomers (Chen et al., 

1997).  The ability of these four enzymes in hydrolyzing xylooligomers to xylose not 

only depends on their endo-1, 4- β-xylanase and β-xylosidase activities but also on 
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synergistic action of these two enzymes with esterases to remove acetyl substituents from 

the β-1, 4-linked D xylose backbone of xylan (Coughlan and Hazlewood, 1993; Gubitz et 

al., 1998).  In this study, xylooligomers with a DP range from 2 to 30 were grouped 

together as low DP xylooligomers, and those with a DP range over 30 were termed as 

high DP xylooligomers.  The commercial enzyme preparations Spezyme CP, Novozyme 

188, and Multifect xylanase and the non-commercial enzyme β-xylosidase from 

Genencor, a Danisco Division were applied based on equal protein content per gram of 

equivalent xylose to test their effects in degrading different DP range xylooligomers.  

Enzyme loadings of 5.37 and 10.75 mg protein/g equivalent xylose were applied. 

 

5.4.1.  Spezyme CP cellulase 

Figure 5.1 shows the concentrations of different groups of xylooligomers over 

time for addition of10.73 mg of total Spezyme CP cellulase protein/g equivalent xylose 

and also for the enzyme blank control.  High DP xylooligomers were hydrolyzed rapidly 

in the first hour to lower DP xylooligomers and monomeric xylose, and then the 

hydrolysis rate gradually slowed down.  As a result, a large quantity of lower DP 

xylooligomers accumulated in hydrolysis broth in the first 24 hrs, with the highest 

concentration of 24% equivalent xylose detected in the first hour.  Thus, Spezyme CP 

cellulase enzymes have limited ability to hydrolyze lower DP xylooligomers.  As a result 

of hydrolysis of both higher and lower DP xylooligomers, the fraction present as total 

monomeric xylose was 68.1% after 72 hrs of hydrolysis, with about 62.3% of that total 

resulting from xylooligomer hydrolysis by Spezyme CP cellulase and the remaining 5.8% 
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present in the xylooligomer solution initially.  Although Spezyme CP hydrolyzed a high 

fraction of the oligomers to xylose, about 28% of the high DP xylooligomers proved 

more difficult to break down after 72 hrs of hydrolysis.  On the other hand, the shorter 

chain xylooligomers proved much more easily hydrolyzed by Spezyme CP cellulase 

enzyme preparation with just small amounts of xylobiose and xylotriose remaining after 

72 hrs, apparently as a result of the low β-xylosidase activities in this cellulase 

preparation. 

  

 

Figure 5.1 Xylose and xylooligomer DP group profiles over a 72 hour hydrolysis period 

for mixed DP xylooligomers with and without adding Spezyme CP cellulase at a loading 

of 10.73 mg protein/g equivalent xylose.  \ 
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5.4.2.  Novozyme 188 β-glucosidase 

As shown in Figure 5.2, Novozyme 188 β-glucosidase hydrolyzed higher DP 

xylooligomers much more slowly than Spezyme CP cellulase, with only 11% of the high 

DP xylooligomer hydrolyzed degraded into lower DP species in the first 24 hrs.  

Consequently, even though the β-xylosidase enzyme activity of Novozyme 188 is very 

low, no obvious accumulation of lower DP xylooligomers was found in the hydrolysis 

broth over the entire hydrolysis time.  Overall, about 32.1% of the high DP 

xylooligomers and 5.3 % of the lower DP xylooligomers (based on the equivalent amount 

mass of monomeric xylose) were hydrolyzed within 72 hrs, and more xylooligomers 

were hydrolyzed by commercial β-glucosidase enzymes than for the control enzyme 

blank.  
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Figure 5.2 Xylose and xylooligomer DP group profiles over a 72 hour hydrolysis period 

for mixed DP xylooligomers with and without adding Novozyme 188 β-glucosidase at a 

loading of 10.73 mg protein/g equivalent xylose. 

 

5.4.3.  Multifect xylanase 

Figure 5.3 shows that addition of Multifect xylanase results in similar 

xylooligomer profiles to those with Spezyme CP cellulase except that the hydrolysis rate 

is much greater due to the higher xylanase activities shown in Table 5.1.  A rapid drop in 

higher DP xylooligomers was observed in the first 24 hours, with about 64.2% (based on 

total equivalent xylose amount) of the high DP xylooligomers hydrolyzed into lower DP 

species or monomeric xylose during this time.  However, after that, the hydrolysis rate 
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dropped off sharply, with just 4% of the total oligomers degraded over the remaining 48 

hours.  The rapid hydrolysis of high DP xylooligomers in the first 24 hours not only led 

to a dramatic increase in the monomeric xylose concentration from 8% to 76% equivalent 

xylose mass but also resulted in the rapid accumulation of lower DP xylooligomers.  

Even after just one hour of hydrolysis, the amount of lower DP xylooligomers increased 

from 8% to 25% of the total xylose mass.  Similar to Spezyme CP, Multifect xylanase 

could not totally hydrolyze all xylooligomers into monomers even at a higher loading of 

10.75 g protein/g equivalent xylose loading, with about 17% of the high DP 

xylooligomers still in solution after 72 hrs of hydrolysis.  
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Figure 5.3 Xylose and xylooligomer DP group profiles over a 72 hour hydrolysis period 

for mixed DP xylooligomers with and without adding Multifect xylanase at a loading of 

10.73 mg protein/g equivalent xylose.   

 

5.4.4.  Genencor β-xylosidase 

Unlike the other three enzymes, the β-xylosidase used was a non-commercial 

enzyme that was kindly provided by Genencor, a Danisco Division. β-xylosidase 

dominates protein expression by a Trichoderma strain in which the major cellulase genes 

were deleted, specifically CBH1, CBH2, EG1 and EG2.  The data in Figure 5.4 clearly 

indicates that over 76% of the high DP xylooligomers could be converted into xylose in 
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the first 4 hours of hydrolysis, and there was no obvious accumulation of low DP 

xylooligomers over the reaction time.  Furthermore, in contrast with Spezyme CP and 

Multifect xylanase, this β-xylosidase preparation could totally hydrolyze most of the 

xylobiose or xylotriose into monomeric xylose in a short reaction time.  Also, although 

around 12% of the high DP xylooligomers still remained after 72 hours, this is still much 

less than the 30% and 17% remaining for Spezyme CP cellulase and Multifect xylanase, 

respectively.  Thus, β-xylosidase removes higher DP xylooligomers more quickly than 

the other enzymes.  

      

Figure 5.4 Xylose and xylooligomer DP group profiles over a 72 hour hydrolysis period 

for mixed DP xylooligomers with and without adding β-xylosidase at a loading of 10.73 

mg protein/g equivalent xylose.   
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5.4.5.  Xylobiose profile with different enzyme preparations 

To facilitate comparisons of the effect of the different enzymes on xylooligomers, 

the fraction of xylobiose during xylooligomer hydrolysis by the different enzyme 

preparations is plotted in Figure 5.5 over the 72 hrs time period.  Due to the 

comparatively low β-xylosidase actitvity in Spezyme CP and Multifect preparations and 

quick hydrolysis of higher DP ones into xylobiose, a large fraction of xylobiose 

accumulated during the first 24 hours when xylooligomers were hydrolyzed with these 

two enzymes, although xylobiose levels dropped more slowly with Spezyme CP than 

xylanase. However, as the decomposition rate of the of higher DP xylooligomers 

gradually dropped over time, the amount of xylobiose in the hydrolysis broth dropped, 

and the maximum fraction of xylobiose was 23.4 and 13.2% of the total equivalent xylose 

mass for Multifect xylanase and Spezyme CP cellulase , respectively.  Xylobiose 

concentrations were virtually constant at low levels for addition of β-glucosidase and the 

control, which might be due to slow depolymerization of higher DP oligomers to form 

xylobiose.  Most striking is that β-xylosidase hydrolyzed most of xylobiose into xylose 

immediately after formation, in contrast to limited hydrolysis by the control and 

Novozyme 188 β-glucosidase. 
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Figure 5.5 Xylobiose profiles over a 72 hour hydrolysis period for mixed DP 

xylooligomers with and without adding various enzymes at a loading of 10.73 mg 

protein/g equivalent xylose. 

 

5.4.6.  The effect of different enzymes on xylobiose and xylotriose 

As stated above, xylobiose was noticed to be an important fraction in lower DP 

xylooligomer groups that was relatively resistant to rapid hydrolysis by Spezyme CP 

cellulase and Multifect xylanase. Thus, the effect of these four different enzyme 

preparations on degrading xylobiose and xylotriose was studied, with the results 

summarized in Figure 5.6. Purified xylobiose and xylotriose were used as hydrolysis 
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substrates at a solids loading of 1% to which an enzyme loading of 5.37mg protein/g 

equivalent xylose was applied. For both xylobiose and xylotriose, monomer xylose was 

detected for all of the four enzymes in the first 24 hours of hydrolysis. However, β-

xylosidase hydrolyzed 71.0 and 70.2% of the xylobiose and xylotriose into monomers in 

the first 24 hrs, respectively.  β-glucosidase, on the other hand,  only hydrolyzed 19.1 and 

21.8% of xylobiose and xylotriose, respectively, in this time span. Although, Multifect 

xylanase and β- xylosidase showed comparable capacities in degrading xylobiose and 

xylotriose at longer times, β-xylosidase had a much greater hydrolysis rate than Multifect 

xylanase as indicated by the conversions measured after 4 and 24 hours. In addition, 

Figure 5.6 shows that Spezyme CP cellulase could hydrolyze more xylobiose and 

xylotriose in a shorter time than Novozyme 188 β-glucosidase, although its β-xylosidase 

activity is lower than for Novozyme 188. As expected, xylanase displayed a much greater 

ability to degrade xylobiose and xylotriose than cellulase. The accumulation of high 

amonts of xylobiose during hydrolysis of mixed DP xylooligomers was due to fast 

hydrolysis of high DP oligomers into lower DP fragments and xylobiose.  
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Figure 5.6 Xylose yields for enzymatic hydrolysis of xylobiose and xylotriose with 

different enzyme preparations at an enzyme loading of 5.37mg protein/g equivalent 

xylose.   

 

5.4.7.  The effect of enzyme loadings 

In addition to an enzyme loading of 10.75mg protein/g equivalent xylose, a lower 

loading at 5.37 mg protein/g equivalent xylose was applied to understand how enzyme 

loadings impact xylooligomer degradation for the four different preparations, as shown in 

Figure 5.7 for both loadings.  For Spezyme CP (Figure 5.7A), reducing the total protein 
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loading reduced the rate of conversion of high DP xylooligomers to lower DP species and 

xylose, but the profiles of low DP xylooligomers were similar for both loadings.  For β-

glucosidase enzymes (Figure 5.7B), lower enzyme loadings also resulted in a 

comparatively lower xylose yields and high DP xylooligomer conversion, but the benefits 

of increasing enzyme loading were more modest in that just 7% more xylooligomers 

were hydrolyzed.   Dropping the xylanase loading more strongly influenced hydrolysis 

during the first 24 hrs than later (Figure 5.7C), and more high DP xylooligomers were 

converted into lower DP species and then hydrolyzed to monomeric xylose for the higher 

total protein loading.  However, higher enzyme loadings did not reduce xylooligomer 

amounts at the end of 72 hrs (Figure 5.7C).  A possible explanation is precipitation of 

longer chain xylooligomers at the enzymatic hydrolysis temperature due to the drop in 

solubility of high DP xylooligomers with decreasing temperature (Gray et al., 2007). 

Finally, we can see that cutting β-xylosidase loadings in half had almost no effect on the 

xylobiose yields in Figure 5.7D, showing that this enzyme is very effective in rapidly 

hydrolyzing xylobiose. 
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Figure 5.7 Comparison of xylose and xylooligomer profiles during enzymatic hydrolysis 

of mixed DP xylooligomers for 72 hours with 5.37 and 10.73 mg protein/g of equivalent 

xylose. The four enzyme preparations used are Spezyme CP cellulase (A), Novozyme 

188 β-glucosidase (B), Multifect xylanase (C), and Genecor β-xylosidase (D). 

 

5.4.8.  Kinetic implications  

Enzymatic hydrolysis of xylan or xylooligomers is a heterogeneous reaction that 

benefits from synergistic action of different enzyme activities, and the presence of a wide 

range of chain length xylooligomers further complicates the kinetic view of the reactions.  

On top of that, inhibition of enzymes by the different DP xylooligomers and xylose must 

be factored into the analysis (Kumar and Wyman, 2008).  Moreover, even if enzymes are 

quite specific and the enzyme-substrate complex follows a “lock and key” mechanism, 

xylan or xylooligomers could bind with cellulase active sites with an even higher Km 

value than for cellulose (Kanda et al., 1976).  Our recent research suggests that mixed DP 

xylooligomers competitively inhibit cellulase and that inhibition by higher DP 

xylooligomers is particularly strong.  The result is that the capacity of different enzyme 

preparations to decompose different DP xylooligomers cannot be easily predicted by 

comparing xylanase or β-xylosidase activities alone. 

In the research reported in this paper, we sought to better understand the 

capability of different enzyme preparations to hydrolyze different chain length 

xylooligomers, and the results indicated that commonly used Spezyme CP cellulase and 

Novozyme 188 β-glucosidase both have some xylanase and β-xylosidase activity, 

consistent with other findings (Berlin et al., 2006; Berlin et al., 2007; Sorensen et al., 
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2007).  However, these two enzymes still left significant amounts of higher DP 

xylooligomers in the hydrolysis broth (Figure 5.1, 5.2).  Because our research has shown 

that higher DP xylooligomers are strong inhibitors of enzymatic hydrolysis and partially 

responsible for gradually slowing down hydrolysis rates, it is important to remove as 

much as possible of these xylooligomers to achieve higher cellulose conversion and 

enzyme efficiency during enzymatic hydrolysis. 

Supplementation with xylanase has been identified as desirable to enhance 

cellulase efficiency by increasing cellulase accessibility (Garcia-Aparicio et al., 2007; 

Gupta et al., 2008; Kumar and Wyman, 2009; Wyman et al., 2005; Wyman et al., 2009).  

Moreover, removal of xylooligomers from solution could not only help remove physical 

blocking but also hydrolyze xylooligomers that are highly inhibitory to cellulase.  

However, the results of this research indicate that even high loadings of Multifect 

xylanase did not totally hydrolyze long chain xylooligomers within 72 hours (Figure 5.3), 

and the comparatively smaller amount of xylooligomers left could still strongly inhibit 

cellulase action. On the other hand, the results reported here show that the same mass of 

β-xylosidase protein nearly eliminated all of the high DP and low DP xylooligomers 

(Figure 5.4).   

 

5.5. Conclusions 

The four enzyme preparations studied in this research all showed the ability to 

degrade different chain length xylooligomers.  However, a considerable amount of high 

DP xylooligomers could not be hydrolyzed by Spezyme CP cellulase and Novozyme 188 
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β-glucosidase combined.  To reduce inhibition by xylooligomers and achieve a high 

xylose monomer recovery, cellulase should be supplemented with xylanase and β-

xylosidase.  Further study is warranted to identify ratios of β-xylosidase to cellulase that 

maximize total sugar yields while reducing enzyme loadings and to establish the 

important of removing xylooligomers to enhancing cellulase effectiveness.   

 

5.6. Acknowledgements 

Most of this work was funded by Mascoma Corporation headquartered in 

Lebanon, NH, and we are grateful for their support and helpful discussions.  In addition, 

the UCR Bourns College of Engineering through the Center for Environmental Research 

and Technology (CE-CERT) and the Chemical and Environmental Engineering 

Department provided funding for research with β-xylosidase as well as vital equipment 

and facilities.  Genencor, a Danisco Division generously provided the Spezyme CP 

cellulase, Multifect xylanase, and β-xylosidase used in this research.  We appreciate Ford 

Motor Company sponsorship of the Chair in Environmental Engineering at the University 

of California, Riverside that enhances our research on cellulosic ethanol.  We also thank 

Dr. Rajeev Kumar for firstly pointed out the importance of xylooligomers that provides 

inspirations for this work. 

 



 

137 
 

5.7. References 

Akpinar, O., Erdogan, K., Bostanci, S., 2009. Enzymatic production of 

Xylooligosaccharide from selected agricultural wastes. Food and Bioproducts 

Processing, 87, 145-151. 

Allen, S.G., Schulman, D., Lichwa, J., Antal, M.J., Jennings, E., Elander, R., 2001. A 

comparison of aqueous and dilute-acid single-temperature pretreatment of yellow 

poplar sawdust. Industrial & Engineering Chemistry Research, 40, 2352-2361. 

Balat, M., Balat, H., Oz, C., 2008. Progress in bioethanol processing. Progress in Energy 

and Combustion Science, 34, 551-573. 

Berlin, A., Balakshin, M., Gilkes, N., Kadla, J., Maximenko, V., Kubo, S., Saddler, J., 

2006. Inhibition of cellulase, xylanase and beta-glucosidase activities by softwood 

lignin preparations. Journal of Biotechnology, 125, 198-209. 

Berlin, A., Gilkes, N., Kilburn, D., Maximenko, V., Bura, R., Markov, A., Skomarovsky, 

A., Gusakov, A., Sinitsyn, A., Okunev, O., Solovieva, I., Saddler, J.N., 2006. 

Evaluation of cellulase preparations for hydrolysis of hardwood substrates. 

Applied Biochemistry and Biotechnology, 130, 528-545. 

Berlin, A., Maximenko, V., Gilkes, N., Saddler, J., 2007. Optimization of enzyme 

complexes for lignocellulose hydrolysis. Biotechnology and Bioengineering, 97, 

287-296. 

Chen, C., Chen, J.L., Lin, T.Y., 1997. Purification and characterization of a xylanase 

from Trichoderma longibrachiatum for xylooligosaccharide production. Enzyme 

and Microbial Technology, 21, 91-96. 

Coughlan, M.P., Hazlewood, G.P., 1993. Beta-1,4-D-Xylan-Degrading Enzyme-Systems 

- Biochemistry, Molecular-Biology and Applications. Biotechnology and Applied 

Biochemistry, 17, 259-289. 

Dien, B.S., Ximenes, E.A., O'Bryan, P.J., Moniruzzaman, M., Li, X.L., Balan, V., Dale, 

B., Cotta, M.A., 2008. Enzyme characterization for hydrolysis of AFEX and 

liquid hot-water pretreated distillers' grains and their conversion to ethanol. 

Bioresource Technology, 99, 5216-5225. 

Garcia-Aparicio, M.P., Ballesteros, M., Manzanares, P., Ballesteros, I., Gonzalez, A., 

Negro, M.J., 2007. Xylanase contribution to the efficiency of cellulose enzymatic 

hydrolysis of barley straw. Applied Biochemistry and Biotechnology, 137, 353-

365. 

Gray, M.C., Converse, A.O., Wyman, C.E., 2007. Solubilities of oligomer mixtures 

produced by the hydrolysis of xylans and corn stover in water at 180 degrees C. 

Industrial & Engineering Chemistry Research, 46, 2383-2391. 

Grohmann, K., Mitchell, D.J., Himmel, M.E., Dale, B.E., Schroeder, H.A., 1989. The 

Role of Ester Groups in Resistance of Plant-Cell Wall Polysaccharides to 

Enzymatic-Hydrolysis. Applied Biochemistry and Biotechnology, 20-1, 45-61. 

Gubitz, G.M., Stebbing, D.W., Johansson, C.I., Saddler, J.N., 1998. Lignin-hemicellulose 

complexes restrict enzymatic solubilization of mannan and xylan from dissolving 

pulp. Applied Microbiology and Biotechnology, 50, 390-395. 



 

138 
 

Gupta, R., Kim, T.H., Lee, Y.Y., 2008. Substrate dependency and effect of xylanase 

supplementation on enzymatic hydrolysis of ammonia-treated biomass. Applied 

Biochemistry and Biotechnology, 148, 59-70. 

Ishizawa, C.I., Davis, M.F., Schell, D.F., Johnson, D.K., 2007. Porosity and its effect on 

the digestibility of dilute sulfuric acid pretreated corn stover. Journal of 

Agricultural and Food Chemistry, 55, 2575-2581. 

Jacobsen, S.E., Wyman, C.E., 2000. Cellulose and hemicellulose hydrolysis models for 

application to current and novel pretreatment processes. Applied Biochemistry and 

Biotechnology, 84-6, 81-96. 

Jeoh, T., Ishizawa, C.I., Davis, M.F., Himmel, M.E., Adney, W.S., Johnson, D.K., 2007. 

Cellulase digestibility of pretreated biomass is limited by cellulose accessibility. 

Biotechnology and Bioengineering, 98, 112-122. 

Kabel, M.A., Bos, G., Zeevalking, J., Voragen, A.G.J., Schols, H.A., 2007. Effect of 

pretreatment severity on xylan solubility and enzymatic breakdown of the 

remaining cellulose from wheat straw. Bioresource Technology, 98, 2034-2042. 

Kanda, T., Wakabayashi, K., Nisizawa, K., 1976. Xylanase Activity of an Endo-Cellulase 

of Carboxymethyl-Cellulase Type from Irpex-Lacteus (Polyporus-Tulipiferae). 

Journal of Biochemistry, 79, 989-995. 

Kim, S., Holtzapple, M.T., 2005. Lime pretreatment and enzymatic hydrolysis of corn 

stover. Bioresource Technology, 96, 1994-2006. 

Kim, T.H., Lee, Y.Y., 2005. Pretreatment and fractionation of corn stover by ammonia 

recycle percolation process. Bioresource Technology, 96, 2007-2013. 

Kumar, R., Wyman, C.E., 2009. Effects of Cellulase and Xylanase Enzymes on the 

Deconstruction of Solids from Pretreatment of Poplar by Leading Technologies. 

Biotechnology Progress, 25, 302-314. 

Nishiyama, Y., Sugiyama, J., Chanzy, H., Langan, P., 2003. Crystal structure and 

hydrogen bonding system in cellulose 1(alpha), from synchrotron X-ray and 

neutron fiber diffraction. Journal of the American Chemical Society, 125, 14300-

14306. 

NREL, 1996. Enzymatic Saccharification of Lignocellulosic Biomass. National 

Renewable Energy Laboratory, Golden, CO., LAP009. 

Palonen, H., Thomsen, A.B., Tenkanen, M., Schmidt, A.S., Viikari, U., 2004. Evaluation 

of wet oxidation pretreatment for enzymatic hydrolysis of softwood. Applied 

Biochemistry and Biotechnology, 117, 1-17. 

Poutanen, K., Puls, J., Linko, M., 1986. The Hydrolysis of Steamed Birchwood 

Hemicellulose by Enzymes Produced by Trichoderma-Reesei and Aspergillus-

Awamori. Applied Microbiology and Biotechnology, 23, 487-490. 

Saha, B.C., 2003. Hemicellulose bioconversion. Journal of Industrial Microbiology & 

Biotechnology, 30, 279-291. 

Sarrouh, B.F., Jover, J., Gonzalez, E., 2004. Progress in the production of bioethanol 

from lignocellulosic biomass. Ingenieria Quimica, 3-6. 

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., 2008. 

Determination of Sugars, Byproducts, and Degradation Products in Liquid 



 

139 
 

Fraction Process Samples, Laboratory Analytical Procedure (LAP), NREL/TP-

510-42623, January 2008. 

Sorensen, H.R., Pedersen, S., Jorgensen, C.T., Meyer, A.S., 2007. Enzymatic hydrolysis 

of wheat arabinoxylan by a recombinant "minimal" enzyme cocktail containing 

beta-xylosidase and novel endo-1,4-beta-xylanase and alpha-(L)-

arabinofuranosidase activities. Biotechnology Progress, 23, 100-107. 

Spindler, D.D., Wyman, C.E., Grohmann, K., Mohagheghi, A., 1989. Simultaneous 

Saccharification and Fermentation of Pretreated Wheat Straw to Ethanol with 

Selected Yeast Strains and Beta-Glucosidase Supplementation. Applied 

Biochemistry and Biotechnology, 20-1, 529-540. 

Sternberg, D., Vijayakumar, P., Reese, E.T., 1977. Beta-Glucosidase - Microbial-

Production and Effect on Enzymatic-Hydrolysis of Cellulose. Canadian Journal 

of Microbiology, 23, 139-147. 

Teymouri, F., Laureano-Perez, L., Alizadeh, H., Dale, B.E., 2004. Ammonia fiber 

explosion treatment of corn stover. Applied Biochemistry and Biotechnology, 113-

16, 951-963. 

Wada, M., Nishiyama, Y., Chanzy, H., Forsyth, T., Langan, P., 2008. The structure of 

celluloses. Powder Diffraction, 23, 92-95. 

Wood, T.M., Mccrae, S.I., 1986. The Effect of Acetyl Groups on the Hydrolysis of 

Ryegrass Cell-Walls by Xylanase and Cellulase from Trichoderma-Koningii. 

Phytochemistry, 25, 1053-1055. 

Wyman, C.E., 2003. Potential synergies and challenges in refining cellulosic biomass to 

fuels, chemicals, and power. Biotechnology Progress, 19, 254-262. 

Wyman, C.E., Dale, B.E., Elander, R.T., Holtzapple, M., Ladisch, M.R., Lee, Y.Y., 2005. 

Comparative sugar recovery data from laboratory scale application of leading 

pretreatment technologies to corn stover. Bioresource Technology, 96, 2026-2032. 

Wyman, C.E., Dale, B.E., Elander, R.T., Holtzapple, M., Ladisch, M.R., Lee, Y.Y., 

Mitchinson, C., Saddler, J.N., 2009. Comparative Sugar Recovery and 

Fermentation Data Following Pretreatment of Poplar Wood by Leading 

Technologies. Biotechnology Progress, 25, 333-339. 

Yang, B., Wyman, C.E., 2004. Effect of xylan and lignin removal by batch and 

flowthrough pretreatment on the enzymatic digestibility of corn stover cellulose. 

Biotechnology and Bioengineering, 86, 88-95. 

Zhu, Y.M., Lee, Y.Y., Elander, R.T., 2005. Optimization of dilute-acid pretreatment of 

corn stover using a high-solids percolation reactor. Applied Biochemistry and 

Biotechnology, 121, 1045-1054. 

 

 

 

 

 

 

 

 



 

140 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6 Chapter 6. An Improved Method for Characterizing Concentrations 

of 1, 4-β-Xylooligomer Fractions with Different Chain Lengths 

 

 

 

 

 

 

 

 

 

 

                                                           
 


 This whole Chapter has been submitted to Bioengineering and Biotechnology for publication. Coauthor 

for this paper: Hongjia Li 



 

141 
 

6.1. Abstract 

Detailed characterization of the oligomers released by pretreatment of 

lignocellulosic biomass is vital to understanding sugar removal mechanisms and 

pretreatment reaction kinetics, as well as to clarify plant cell wall carbohydrate structure.  

A chromatographic technique known as HPAEC-PAD (High Performance Anion 

Exchange Chromatography- Pulsed Amperometric Detection) has been applied to 

separate xylooligomers with degrees of polymerization (DP) up to 30.  However, due to 

the lack of quantification standards, low solubilities, and complex stereosturectures of 

higher DP oligomers, significant challenges remained in their accurate identification and 

quantification.  In this study, xylooligomer fractions produced by water-only pretreatment 

of birchwood xylan and separated by Gel Permeation Chromatography (GPC) were 

measured by the HPAEC-PAD technique with a Dionex IC system.  Then the 

concentrations of sugars in each fraction were determined by a Total Organic Carbon 

(TOC) analyzer and a scaled-down post hydrolysis method.  Response factors were 

determined for each DP fraction by taking the ratio of the PAD chromatography response 

to the actual quantified concentration by scaled-down post hydrolysis and used to more 

accurately quantify xylooligomers with DPs ranging from 2 to 14.  The result provides an 

approach that can provide new insight into the distribution of fractions released during 

biomass deconstruction. 
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6.2. Introduction 

Hemicellulose is the second most abundant polysaccharide in nature, but unlike 

cellulose, hemicellulose is highly branched and consists of shorter chain  branched 

polymers (Puls, 1997).  The deconstruction of the hemicellulose-lignin complex of 

lignocellulosic biomass is believed to be essential to achieving high cellulose digestibility, 

and hemicelluloses in most grasses, hardwoods, and agricultural residues are easily 

hydrolyzed with dilute acid or just water for cellulosic ethanol production (Allen et al., 

2001; Ohgren et al., 2007; Torget et al., 1990; Yang and Wyman, 2004). Depending on 

the pretreatment severity, hemicelluloses will be depolymerized to oligomeric and 

monomeric forms or even to degradation products (Kabel et al., 2007; Li et al., 2003), 

and understanding the hemicellulose decomposition mechanism is vital to controlling 

degradation losses and achieving high hemicellulose sugar recovery. However, the 

reaction of hemicellulose to soluble sugars is heterogeneous and involves the breaking 

apart of a complex insoluble solid to form numerous different chain length oligomers, 

monomers, and other compounds of varying solubility. Over the years, various studies 

have sought to clarify details about hemicelluloses hydrolysis kinetics and pathways 

(Lamptey et al., 1985; Lu and Mosier, 2008; Nguyen et al., 2000; Shatalov and Kholkin, 

1993; Wyman et al., 2003). Unfortunately, identification and quantification of important 

xylooligomer reaction intermediates has proven to be very challenging, and post-

hydrolysis remains the dominant method for quantifying total oligomers in liquid 

hydrolyzate samples in terms of total equivalent monomeric xylose (Sluiter et al., 2008). 
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However, this approach does not provide insight into the distribution of oligomer chain 

lengths.    

High performance anion exchange chromatography-pulsed amperometric 

detection (HPAEC-PAD) can be a valuable chromatographic technique for sensitive, 

selective, and reliable analysis of complex carbohydrates (Cataldi et al., 2000; Hanko and 

Rohrer, 2000; Wilson et al., 1995; Wright and Wallis, 1996), and it was recently applied 

to measure individual xylooligomers with degrees of polymerization (DP) up to 30. 

However, because oligomer standards were not commercially available, the oligomer 

fractions were quantified by comparison of the peak height to a xylobiose sugar standard 

based on prior experience with a Biorad 42A column on Waters HPLC (Li et al., 2003; 

Yang and Wyman, 2008).  

HPAEC-PAD separates sugars by taking advantage of their weakly acidic 

properties with detection by electrooxidation of –COH compounds (Johnson and 

Lacourse, 1990; LaCourse, 1997).  However, the analyte detected by the PAD detector 

must adsorb on the working gold electrode before the electro-catalytic oxidation reaction 

can occur. Unfortunately, the electrochemical behavior of carbohydrates can be easily 

affected by their molecular weight and structure (Cataldi et al., 2000; Paskach et al., 

1991), and these problems may impact the heterogeneous electro-catalytic oxidation and 

further impact the PAD response. On top of that, the complex stereo structure for the long 

chain oligomers makes detection accuracy unpredictable. Although pure sugar standards 

can be commercially available for many monomers and di- and trisaccharides to 

overcome this problem, no such standards can be found for most higher DP oligomers. 
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Thus, accurate characterization of the distribution of chain lengths in xylooligomers and 

other polysaccharides has not been possible. 

This study sought to calibrate the HPAEC-PAD technique to make it more precise 

in measuring longer chain oligomers and their chain length distribution. First, individual 

DP xylooligomers were separated from hydrolyzate of water-only pretreated birchwood 

xylan by a gel permeation chromatography (GPC) system based on size exclusion 

principles into relatively pure individual DP fractions. The chromatography responses of 

these fractions on an HPAEC-PAD system were then compared to sugar quantification by 

NPOC (non-purgeable organic carbon) as measured by a Total Organic Carbon Analyzer 

(TOC) and the traditional post-hydrolysis approach. Two series of response factors were 

established based on mass and molar concentrations for xylooligomer fractions from DP 

2 to DP 14 and then applied to quantify concentrations of higher DP xylooligomers.   The 

accuracies of the different oligomer quantification methods were then compared. Based 

on our results, we believe HPAEC-PAD characterization and quantification will provide 

a vehicle to better understand the release and fate of xylooligomers produced by 

lignocellulosic biomass pretreatment that can provide valuable new insight into the 

mechanism of sugar release and new opportunities to advance pretreatment and other 

biomass deconstruction technologies.   
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6.3. Materials and Methods 

6.3.1.  Materials 

Birchwood xylan (Lot # is 038K0751) with a xylan content measured by a two-

step acid hydrolysis method to be ~85% (Sluiter et al., 2008) and D-xylose (xylose 

purity > 99%, Batch # is 1403673) were purchased from Sigma-Aldrich (St. Louis, MO). 

Xylobiose, xylotriose, and xylotetraose standards (Cat No. O-XBI, O-XTR, O-XTE) of 

over 95% purity were purchased from Megazyme International Ireland, Ltd (Bray, Co. 

Wicklow, Ireland) to calibrate the concentrations of different DP xylooligomers by 

Dionex HPLC and as standard sugar solutions for evaluating the accuracy of the TOC 

and post-hydrolysis quantification results. 

 

6.3.2. Xylooligomers production 

Xylooligomer rich solutions were produced by water-only hydrolysis of 15% (w/v) 

birchwood xylan in water at 200℃  for 15 minutes in a 1 L stainless steel batch reactor 

from Parr Instruments (Moline, IL). This condition was the one previously found to 

maximize xylooligomer concentrations and minimize degradation product concentrations 

in batch tube reactors (6-in.-long cylindrical Hastelloy C276 steel tubes). The Parr reactor 

vessel was sealed and placed in a sand bath set at 320℃  for fast heat up, and transferred 

to a 200℃  sand bath once it reached the reaction temperature to hold it there. Fifteen 

minutes after reaching the target temperature, the reactor was quenched quickly in ice 

water to room temperature. Agitation at 200 rpm with a turbine impeller was provided for 
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both the reaction and cooling phases to distribute heat and prevent the solids from settling. 

Once the solution cooled to room temperature, it was poured out and centrifuged to 

separate the solid from the liquid hydrolyzate (Yang and Wyman, 2004). The liquid 

portion was collected and stored at 50℃  in an incubator shaker (Infors HT, Switzerland) 

to prevent precipitation of high DP xylooligomers prior to subsequent uses. To reduce 

degradation or precipitation of xylooligomers, this solution was usually generated on the 

day before its use.  

 

6.3.3.  Sugar analysis 

Xylan hydrolyzate and xylooligomers separated by the gel permeation 

chromatography system were analyzed with a Dionex DX-600 Ion Chromatograph 

system equipped with an electrochemical detector, a CarboPac PA100 (4×250mm) anion 

exchange column, and a guard cartridge (Dionex Corp., Sunnyvale, CA). The mobile 

phases were operated in the gradient mode with 150 mM NaOH in 1M NaAc and 150 

mM NaOH (Dionex Application Note 67). The distribution of different DP 

xylooligomers resulting from the preparation method described above is shown in Figure 

1 for this method of detection. Monomeric xylose was analyzed by a Waters Alliance 

HPLC system (Model 2695, Waters Corporation, Milford, MA) employing an Aminex 

HPX-87P column (Bio-Rad Laboratories, Hercules, CA) and a refractive index detector 

(Waters 2414). Monomeric xylose concentrations were calculated based on the 

calibration sugar standards per established methods (Sluiter et al., 2008) 
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6.3.4.  Xylooligomer separation by gel permeation chromatography   

A 2.5 cm diameter by 1 m long low pressure column filled with ultra fine Biogel 

P-4 size exclusion gel (purchased from Bio-Rad, Hercules, CA) was employed to 

fractionate the xylooligomers mixture into its individual components according to their 

degree of polymerization (DP). The Biogel P-4 packing was hydrated in deionized water 

overnight and then decanted to remove fine particles. This process was repeated three 

times and degassed for 5-10 minutes after each operation. The bottom piece of the 

column contained a plunger with a 7 cm O-ring and 10 μm nylon net, and the outlet was 

1.22 mm tubing attached to an M6 fitting and closed by an M6 plug. The glass column 

was sealed by applying pressure to the O-ring with the plugger, and then about 50 mL of 

degassed, deionized water was slowly poured along the wall inside the column glass until 

about 20% of the column was filled. The gel was then slowly poured into the column in 

the same way to minimize splashing and exposure to air. After a 5 cm high bed was 

formed at the bottom of the column, the column outlet was opened to allow water to flow 

out and the packing to settle prior to adding more packing. After the column was fully 

loaded with packing, the reservoir was removed and replaced with a 7 cm I.D. adjustable 

length flow adapter from Amersham Biotech. The adapter was connected to peristaltic 

pump from Fisher Scientific and deionized, degassed water was pumped into the column 

at a flow rate of 1.5-2 mL/min. A Fisher Scientific immersion circulator (Pittsburg, PA) 

was used to heat water and pump it through a 7 cm I.D. x 100 cm acrylic water jacket 

(Amersham Biotech, Piscataway, NJ). The temperature was ramped up from room 

temperature to 50°C at a rate of 5ºC / hour. After the mobile phase flow rate stabilized, 
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10 mL of the mixed DP xylooligomer solution was injected into the column to ensure the 

outlet fractions were collected in high enough concentrations to be measurable. The 

outflow from the column passed into a Waters Fraction Collector Ⅲ (serial # 

E01WFC097M) to automatically collect sample fractions in 5 minutes intervals. A sketch 

of the Gel Permeation Chromatography (GPC) system set up to isolate relatively pure 

individual DP xylooligomer fractions for identification of their degree of polymerization 

and separation purity on the Dionex IC system is shown in Figure 2. The separation 

purity was found to be related to the mobile phase flow rate, and the best separation 

performance was achieved at the flow rate applied of 1.6 mL/min. 

 

Figure 6.1 Diagram of the Gel Permeation Chromatography (GPC) used to separate 

xylooligomers resulting from xylan hydrolysis for this study. 
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6.3.5. Total organic carbon analysis 

The total non-purgeable organic carbon in each DP fraction was measured by a 

Total Carbon Analyzer (Shimadzu, Columbia, MD. TOC-ASI, serial No. H52104602965) 

with a glucose solution as the calibration standard. The organic carbon concentration in 

each sample was determined by three injections out of five to obtain a standard deviation 

within 1.5%.  The total volume of each injection was 50 µl with auto-dilution by the 

sample injector. The xylooligomer concentrations were calculated based on the following 

equation [1]:

 

n C) weight of (molecule.

eight of Xmolecule wntrationrbon conceOrganic ca
 oligomersion of DPConcentrat n

n





5010712

 

                                                                                                                                        [1]  

 

6.3.6.  Down-scale post-hydrolysis 

Samples of the relatively pure individual DP fractions from the GPC were post-

hydrolyzed to obtain solutions with only monomeric sugars and analyzed by HPLC for 

comparison to the HPAEC-PAD and TOC results.  Due to the small volumes of each 

fraction that could be collected, these measurements were conducted according to a 

down-scale method using a 96 well-plate format (Studer et al., 2010).  400 µl of liquid 

sample was pipetted into each vial and then supplemented with 14 µl of sulfuric acid to 

totally hydrolyze all sugar oligomers into monomers at reaction conditions consistent 

with the standard NREL LAP: 121°C in an autoclave for 60 minutes (Sluiter et al., 2008). 
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A series of sugar recovery standards of different concentrations were run in parallel to 

estimate sugar degradation during this post-hydrolysis, again as described in the NREL 

LAP.  In addition, the accuracy of this method was verified by comparisons to results 

from post hydrolysis of the volumes recommended by NREL at selected sugar 

concentrations.  A recent study in our group further supports the validity of the down 

scale quantification technique (DeMartini et al., unpublished data, 2010). 

 

6.3.7.  Response factor 

Response factors  for the PAD were defined based on the relationship: 

            n

n

C

H

H

C


1

1                                                                                            [2] 

in which C1 is the concentration of the xylose monomer standard, H1 is the 

corresponding xylose peak height from the HPAEC-PAD chromatograph, Cn is the 

concentration of the xylooligomer of DP n, and Hn is the peak height measured for that 

xylooligomer, and  is the response factor. If the sugar concentration is measured as 

molar concentration (mol/L), then the response factor is molar based, while measuring 

mass concentrations in g/L would result in a mass based response factor.  
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6.4. Results 

6.4.1.  Separation of individual DP xylooligomers by GPC 

After injection of xylan hydrolysate sample, the auto sample collector was set to 

time zero and collected liquid samples into sampling tubes at 5 minutes intervals. The 

first xyloligomer peak from the GPC was detected at 770 minutes and identified as 

corresponding to a DP of 14 based on the retention time for the Dionex chromatograph 

with mixed DP samples (Figure 6.2), and the concentrations of this and all subsequent 

fractions from the Biogel P-4 column are plotted versus their elution time from the 

column in Figure 3. Injection of 10mL of xylan hydrolyzate gave the best separation of 

xylooligomer fractions over a DP range from 14 to 1 during the period from 11 to 24 hrs, 

respectively, after sample injection. As shown in Figure 6.3, the concentrations of the 

high DP xylooligomers were much lower than for the low DP xylooligomers such as 

xylotriose or xylobiose. In addition, due to the high xylose concentration in the original 

hydrolyzate, xylose was relatively difficult to separate from xylobiose as indicated by the 

large overlap of these two peaks in Figure 6.3. The highest concentration and purity 

fractions of each DP were selected for all subsequent experiments. 
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Figure 6.2 The distribution of different DP of xylooligomers produced by water-only 

pretreatment of birchwood xylan detected by the Dionex IC system coupled with a 

CarboPac PA 100 column. 

 

            

Figure 6.3 Elution profile of xylooligomers of DP 2 to DP 14 released from the GPC 

column. The mobile phase flow rate was 1.6 mL/min, and the sample injection volume 

was 10 mL. 
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6.4.2.  Purity analysis of individual DP fractions 

The separation purity of each DP fraction was calculated based on Equation [3] to 

gauge the separation efficiency of the GPC system: 

%100
)/(      

)/(     
 

mlmgfractionintecarbohydrototalofionConcentrat

mlmgXOsDPdesiredofionConcentrat
PuritySeparation   [3] 

As shown in Figure 6.4, the calculated separation purity was above 95% for xylooligomer 

fractions from DP1 to 9, thus indicating comparably pure samples in this DP range. 

However, Figure 4 also shows lower purity for DP 9 through 13 fractions because these 

oligomers were difficult to isolate from oligomers with adjacent DPs, resulting in 88-90% 

separation purities for this DP range. Moreover, the separation purity for DP 14 was only 

83% because the ultra fine Biogel P4 used in the GPC column was designed to separate 

fractions with MW lower than 4000.  
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Figure 6.4 The relative purity of each DP fraction (DP1 to DP14) that was collected from 

the GPC system. 

 

6.4.3.  Comparison of oligomer quantification methods 

Xylooligomer concentrations were compared for measurements with a TOC 

analyzer, the scaled down post-hydrolysis method, and the Dionex IC HPAEC-PAD 

system. Xylose and xylooligomer standards from DP2 to DP4 with known concentrations 

were employed as calibration samples. As shown in Table 6.1, quantification based on 

total organic carbon analysis gave results closest to the known concentrations, while the 

average value of three parallel samples from the post hydrolysis method deviated by less 
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than 7.5% from the known values. However, when xylose was used as basis for 

estimating xylooligomer concentrations from measurements by the Dionex IC system, the 

DP 2 to 4 oligomers were underestimated by as much as 21-39% from the known values, 

as shown in Table 6.1.  Therefore, TOC measurements were considered to represent the 

actual carbon concentration for each DP fraction separated by the GPC system and the 

post-hydrolysis method was used to quantify equivalent xylose concentrations in each 

fraction.  

 

Table 6.1 Comparison of different sugar quantification approaches. 

DP 

Standard solution 

concentration 

(mg/mL) 

Post-Hydrolysis
a
 TOC

b
 

Dionex HPLC based on 

ratio to xylose 

mg/mL Error%
d
 mg/mL Error%

d
 mg/mL Error%

d
 

1 1.0003 1.0004 -0.011 1.0003 0.005 1.0003
c
 0 

2 1.1565 1.1542 0.199 1.1500 0.564 0.6951 -39.536 

3 0.6550 0.6357 2.952 0.6440 1.679 0.4959 -22.970 

4 0.7250 0.6720 7.305 0.7171 1.092 0.5659 -21.056 

 

a. 4 samples were run in parallel for each xylose monomer and oligomers test along 

with a series of sugar recovery standards (SRS) at comparable concentrations. The 

data shown here represent an average for the three after being adjusted by SRS.   

b. The concentration data shown here is an average number based on at least three 

injections in the TOC analyzer. 

c. The standard xylose concentration was used as the quantification reference point. 

d. The percentage of error was calculated based on the standard solution.  
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6.4.4.  Calculation of mass based response factors for xylooligomers 

Precise measurements of the DP concentrations and distributions of solubilized 

oligomers would be very valuable for understanding pretreatment or enzymatic 

hydrolysis of lignocellulosic biomass. However, as shown above, determination was not 

possible based on simple ratios of peak heights for unknown oligomers to those 

corresponding to concentrations of one or two known standards.  Thus, PAD response 

factors were calculated to convert peak heights to concentrations over the range of 

oligomer DPs based on the relatively accurate measurements with the TOC analyzer.  

Furthermore, use of both peak height and peak area were considered for DP 1 up to DP 

14, as shown in Figures 6.5A and 6.5B, respectively.  Overall, values based on peak area 

follow more predictable trends than those based on peak heights, as indicated by the 

coefficient of determination (R
2
). These two figures also show a decrease in the PAD 

response with increasing oligomer chain length.   
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A 

B 
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Figure 6.5 The area based (A) and height based (B) PAD response factor curves 

determined on Dionex IC system from DP 1 to DP 14 with concentration of 

xylooligomers expressed on a mass basis.  

 

To further evaluate the method, mass based response factors were quantitatively 

estimated for each DP fraction based on Equation 2.  Plotting these response factors 

against DP in Figure 6.6 showed that the detector response decreased dramatically from 

xylose (response factor was set as 1) through DP7. Therefore, estimation of DP2 to DP 7 

oligomer concentrations based on the xylose standard has a high risk of introducing large 

errors, consistent with previous findings (Jeffries et al., 1998). Interestingly, response 

factors for DP 8 to 14 were comparably close to each other, but it cannot be concluded 

that the PAD response would remain constant for xylooligomers with DP higher than 14 

due to the lack of oligomers with a DP greater than 14. 
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Figure 6.6 Mass based PAD response factors calculated for xylooligomers from DP 1 to 

DP 14. 

 

6.4.5.  Calculation of molar based response factors  

Response factors were also calculated based on the molarity of each DP fraction 

as shown in Figure 6.7 for comparison to the mass based values.  PAD response factors 

were greater for xylobiose to xylotetraose than for xylose on a molar basis, but all higher 

DPs had lower response factors than xylose. Moreover, the calculated molar response 

factors over the range of DP 8 to 14 fluctuated highly, with the result that the fitted curve 

exhibited a much lower coefficient of determination (R
2
). Although the absolute values 

for molar based response factors were higher than mass based ones, the fitted function 
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showed the latter was more closely related to oligomer DP in a more predictable way. 

Therefore, the mass based response factors were more readily employed to calculate 

xylooligomers concentrations in the DP range covered by this research. Although the 

fitted response function also provided a basis for estimating response factors for 

xylooligomers with DP greater than 14, oxidation at the gold electrode could be 

incomplete and vary with the samples used, with the result that no definitive response 

factors can be applied without real quantification based on proper standards (Jeffries et al., 

1998). 

 

Figure 6.7 Molar based PAD response factors calculated for xylooligomers from DP 1 to 

DP 14. 
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6.5. Discussion 

The HPAEC-PAD system provides a relatively easy method for fast detection of 

oligomers, and pulsed amperometric detection has proved capable of detecting 10-100 

pmol of reducing or non-reducing sugars in a mixture (Townsend et al., 1988). However, 

two major steps are needed for carbohydrates to produce current for detection by the gold 

electrode: adsorption of analyte and anotic electrochemical reaction. Although sensitive, 

determinations of oligomers by PAD have been shown to exhibit a lower response to 

some analytes with more complex structure (Welch et al., 1990). In addition, because of 

the lack of availability of satisfactory standards, current saccharide and oligomer 

quantification relied on the assumption that the detector response is not significantly 

affected by structural differences between available standards and the samples being 

analyzed.  However, the results of this study suggest that the response factors can vary 

considerably with DP, a factor that must be taken into account for good accuracy. 

Similarly, to provide accurate response factors for quantification, Jefferies et al. 

estimated actual response values for xylobiose, xylotriose, and xylopentaose purchased 

from Megazyme (Jeffries et al., 1998), and their results showed obvious under responses 

of these three sugars on PAD. Furthermore, due to the lack of higher DP xylooligomer 

standards, higher DP response factors were based on a linear function fitted to data from 

these three sugars. In line with this, the results reported here verified that the mass based 

PAD response factor for oligomers dropped considerably compared to those for 

monomers.  For example, the estimated mass based response factor for xylobiose was 

0.609, a 39.1% decrease in PAD response from that for xylose if the response factor for 
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xylose was set as 1. However, the response factors calculated for higher DP oligomers in 

our study did not follow a linear trend with chain length.  Instead, the PAD response 

factors dropped dramatically as the DP increased from 1 to 6 and then stayed relatively 

constant over a DP range from 7 to 14 with a detection response of just 2.1 to 8.1% of 

that for xylose. Furthermore, the PAD response was found to be more consistent when 

based on oligomer mass than when based on molarity.    

The methods described here provide the ability to separate individual DP 

xylooligomer fractions of relatively high purity and determine their response factors. The 

response factors and modeled response functions calculated in this study enabled the 

direct quantification of each DP fraction in a mixture based on the electrochemical 

response and provide a possible way to more accurately analyze oligomers in 

hydrolyzates from biomass pretreatment or enzymatic hydrolysis. However, due to the 

complexity of electrochemical reaction on the electrode, the higher DP oligomer response 

factors might be subject to unpredictable factors, and further research is still needed to 

obtain higher DP xylooligomer fractions that would support more accurate analysis.  
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7 Chapter 7. Supplementation with Xylanase and β-xylosidase to 

Reduce Xylooligomer and Xylan Inhibition of Enzymatic Hydrolysis 

of Cellulose and Pretreated Corn Stover  
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7.1. Abstract 

Hemicellulose is often credited with being an important physical barrier to 

enzymatic hydrolysis of cellulose by blocking enzyme access to the cellulose surface. In 

addition to that, our recent research suggested that hemicelluloses, particularly in the 

form of xylan and its oligomers, can more strongly inhibit cellulase activity than glucose 

and cellobiose. Removal of hemicelluloses or elimination of their negative impacts can, 

therefore, become especially pivotal to achieving higher cellulose conversion with lower 

enzyme doses. In this study, cellulase was supplemented with xylanase and β-xylosidase 

to boost conversion of both cellulose and hemicellulose in pretreated biomass through 

conversion of xylan and xylooligomers to less inhibitory xylose.  Although addition of 

xylanase and β-xylosidase did not necessarily enhance Avicel hydrolysis, glucan 

conversions increased by 27% and 8% for AFEX and dilute acid pretreated corn stover, 

respectively.  In addition, adding hemicellulase several hours prior to adding cellulase 

was more beneficial than later addition, possibly as a result of a higher adsorption affinity 

of cellulase and xylanase to xylan than glucan. This key finding elucidates a possible 

mechanism for cellulase inhibition by xylan and xylooligomers and advances the need to 

optimize the enzyme formulation for each pretreated substrate. More research is needed 

to identify advanced enzyme systems designed to hydrolyze different substrates with the 

maximum overall enzyme efficacy. 
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7.2. Introduction 

The abundance and diversity of feedstocks and the potential to prevent changes of 

the thermal equilibrium of the atmosphere mostly due to carbon dioxide makes 

conversion of cellulosic biomass to ethanol and other fuels more advantageous than fossil 

fuels or first generation corn ethanol (Farrell, 2006). However, the inherent recalcitrance 

of cellulosic materials requires more severe processing than corn or sugarcane. On top of 

that, even for biomass pretreated at optimal conditions by leading pretreatment 

technologies, very high enzyme doses are still required to achieve high yield conversion 

of polymeric cellulose and hemicellulose into sugar monomers that could be utilized by 

fermentative microorganisms (Wyman et al., 2005). Thus, the costs of enzymes and 

pretreatment are the major barriers to low costs by biological processing of cellulosic 

biomass and must be lowered substantially to make cellulosic ethanol cost competitive 

with fossil fuels or corn ethanol (Lynd et al., 2008). Advancing current pretreatment 

technologies to generate more digestible substrates and modifying hydrolytic enzyme 

cocktails to improve enzyme efficacy can benefit from more in-depth and comprehensive 

understanding of the interaction between pretreated biomass and enzymes and the 

synergism of different enzyme components in producing fermentable sugars.  

Enzymatic digestion of cellulosic materials involves synergic action of a group of 

different functional enzymes (Himmel et al., 1999).  In general, endo-glucanases (EC 

3.2.1.4) and exo-glucanases (cellobiohydrolases; CBHs) breakdown cellulose at the solid-

liquid interface, while accessory enzymes such as hemicellulases, acetyl xylan etsrase 

(AXE), α-L-arabinofuranosidase, feruloyl esterase, and p-coumaroyl esterase help cleave 
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physical shields that cover cellulose microfibrils (Selig et al., 2008; Xiao et al., 2004). 

Therefore, cellulase accessibility to the cellulose surface and their subsequent efficacy 

have been identified as important factors that dominate cellulose hydrolysis yield (Chen 

and Grethlein, 1988; Jeoh et al., 2007; Kumar and Wyman, 2009; Saddler et al., 1999). 

However, the heterogeneous nature of cellulosic materials makes enzyme access to the 

cellulose surface very difficult, and the presence of lignin and hemicelluloses in 

pretreated biomass have been postulated to be major obstacles to enzymatic digestion of 

cellulosic materials by physically blocking the access of cellulase and nonproductively 

binding with enzymes (Converse et al., 1988; Eriksson et al., 2002; Ghose and Bisaria, 

1979; Holtzapple et al., 1990; Scheiding et al., 1984).  Our recent research suggests that 

xylose and particularly soluble xylooligomers released from hemicelluloses during 

enzymatic hydrolysis could present an additional important barrier to enzyme action by 

competitively inhibiting cellulase activity (Qing et al., Submitted).  Furthermore, it is 

difficult to totally hydrolyze these xylooligomers and reduce their impact within a typical 

72 hours hydrolysis span with moderate doses of commonly used and commercially 

available enzymes such as Spezyme CP cellulase and Novozyme 188 β-glucosidase.  

Thus, approaches are needed to understand mechanisms of cellulase inhibition by solid 

xylan and soluble xylooligomers and reduce their negative impacts on cellulose 

hydrolysis. 

In this study, Multifect xylanase and/or β-xylosidase were added to cellulase to 

evaluate the synergism of hemicellulases and cellulases in hydrolyzing pure cellulose and 

the cellulose in pretreated biomass.   Ammonia Fiber Expansion (AFEX) pretreated corn 
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stover solids that retain almost all of the xylan as well as other hemicellulose, cellulose, 

and lignin fractions and dilute acid pretreated corn stover that has a relatively low amount 

of xylan left in the solid residue were used for comparison. Because enzymes must 

adsorb on the solid substrate surface before the hydrolyzing reaction occurs, adsorption 

of cellulase and hemicellulase on different substrates was measured to understand 

interactions among the different enzymes and the substrates. In addition, the effects of 

xylanase and β-xylosidase in reducing inhibition by xylooligomers were evaluated, and 

different cellulase and hemicellulase supplementation sequences were applied to test our 

hypothesis that hydrolyzing xylan and xylooligomer before adding cellulase could reduce 

loss of enzyme activity.  

 

7.3. Materials and Methods 

7.3.1.  Materials 

Microcrystalline cellulose (Avicel PH-101, cellulose content > 97%, Lot 

#1300045 32806P01) and birchwood xylan (Lot # 038K0751) with a xylan content 

measured at ~85% (sluiter et al., 2008) were purchased from Sigma-Aldrich (St. Louis, 

MO). Corn stover was provided by the National Renewable Energy Laboratory (NREL, 

Golden, Colorado) from a lot they obtained from nearby Kramer farm (Wray, CO). The 

AFEX pretreated corn stover (pretreatment condition is shown in Table 1) was 

generously provided by Michigan State University.    
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Spezyme® CP cellulase (Lot # 301-05330-205, activity 59±5 FPU/mL, protein 

content 123±10 mg protein/mL), Multifect® Xylanase (Lot # 301-04021-015; protein 

content 42±5 mg protein/mL), and β-xylosidase (Lot # 20050881-0882, protein content 

75±5 mg protein/mL) enzyme preparations were all kindly supplied by Genencor, a 

Danisco Division (Rochester, NY, USA), while Novozyme 188 (18066K0676, 665 

CBU/mL, protein content 140±5 mg protein/mL) purchased from Sigma-Aldrich was 

used for β-glucosidase supplementation.  

 

7.3.2.  Dilute acid pretreatment 

The dilute acid pretreated corn stover used in this study was pretreated at 140℃  

for 40 minutes with 1wt% sulfuric acid in a 1 L stainless steel batch reactor from Parr 

instruments (Moline, IL) with a solids loading of 5 wt%, these conditions being 

previously determined to maximize recovery of total glucose plus xylose (Lloyd and 

Wyman, 2005). The reactor vessel was sealed and placed in a sand bath (Model SBL-2D, 

Techne Co., Princeton, NJ) set at 320℃  for fast heat up, and transferred to a 140℃  sand 

bath to keep at the target temperature. A mechanical agitation of 200 rpm by a turbine 

impeller was applied during heat up, reaction, and cooling .After 40 minutes, the reactor 

was quenched quickly in ice water to room temperature, and after letting the solution to 

cool down to room temperature, solids were separated from liquid hydrolyzate and 

washed at least 3 times with 1L DI water to neutralize and remove possible degradation 

products.  
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7.3.3.  Xylooligomer production 

A xylooligomer rich solution was produced by water-only pretreatment of 

birchwood xylan (Lot # 038K0751, Sigma Chemicals) at 200
o
C for 15 minutes at a 10 

wt% solids loading in the same 1 L stainless steel Parr reactor and procedure described 

above. After separation of the liquid hydrolyzate from the solid residue, the liquid portion 

was collected for further use and stored at 50℃  in an incubation shaker (Infors HT, 

Switzerland) to prevent precipitation of high DP xylooligomers (Gray et al., 2007). To 

avoid possible degradation or precipitation of xylooligomers, this solution usually was 

generated the day before use. 

 

7.3.4.  Sugar quantification 

All monomeric sugars were quantified by a Waters Alliance HPLC system 

(Model 2695, Waters Corporation, Milford, MA) employing an Aminex HPX-87P 

column (Bio-Rad Laboratories, Hercules, CA) and a refractive index detector (Waters 

2414). Liquid samples were neutralized when appropriate and filtered through 0.2 μm 

nylon filter vials (Alltech Associates Inc., Deerfield, IL), pipetted into 500 µl 

polyethylene HPLC vials (Alltech Associates Inc., Deerfield, IL), and kept refrigerated at 

4
o
C until analyzed. A series of sugar standards with different concentrations were run 

together with the liquid samples and used as the calibration basis.  
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7.3.5.  Compositional analysis  

To determine the structural carbohydrates and lignin in raw and pretreated corn 

stover, all samples were dried to constant weight by placing in a convection oven (Series 

number: 0504-6593, Barnstead Lab-Line, Melrose Park, IL) at temperature lower than 

45 ℃ . These constituents were measured by using a two-step acid hydrolysis to 

fractionate the biomass into forms that are more easily quantified. The acid insoluble 

lignin including ash was quantified by gravimetric analysis. During acid hydrolysis the 

polymeric carbohydrates were hydrolyzed into monomers that are soluble in the 

hydrolysis liquid and could be measured by HPLC. A series of sugar recovery standards 

were run in parallel to correct for sugar degradation during this process (sluiter et al., 

2008). 

 

7.3.6.  Enzymatic hydrolysis 

All enzymatic hydrolysis experiments were performed according to NREL 

Laboratory Analytical Procedures at a 2% (w/v) solids loading with 0.05 M citrate buffer 

(pH 4.8) in a 50 °C thermostated shaker (Selig et al., 2008). To prevent possible 

microbial growth on the sugars generated, sodium azide was added before enzymes.  

Spezyme CP cellulase, Novozyme 188 β-glucosidase, Multifect xylanase, and a 

noncommercial β-xylosidase were added to the hydrolysis broth with different loadings 

and in different combinations. Hydrolysis samples taken after 4, 24, 48, and 72hours of 

hydrolysis were analyzed according to the sugar quantification method stated above to 
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follow the reaction course and determine final yields. Glucan-to-glucose and xylan-to-

xylose hydrolysis yields were calculated as defined in following Equations, respectively, 

in which the values of 1.111 and 1.136 account for the mass gain during hydrolysis of 

glucan to glucose and xylan to xylose:   

Gglucan to glucose hydrolysis yield (%)= 100
111.1


GP

GH
           

in which:  GH = mass of glucose released  in enzymatic hydrolyzate; 

                  GP = mass of glucan available in the pretreated sample. 

Xylan to xylose hydrolysis yield (%) = 100
136.1


XP

XH
              

in which:  XH = xylose released  in enzymatic hydrolyzate; 

                  XP = xylan available in pretreated sample. 

 

7.3.7.  Protein adsorption 

Protein adsorption experiments were carried out at 4℃ to prevent hydrolysis of 

the substrate at a concentration of 1% solids in a total volume of 1.1mL in 1.5 mL 

Eppendorf® Lobind  microcentrifuge tubes (protein loss <3%).  Cellulase, β-glucosidase, 

xylanase, and β-xylosidase were added separately to bring the final protein concentration 

to a range from 0 to 15 mg/mL.  Then, the samples were rotated slowly at 4℃ in a 

refrigerator for 4 hours to allow equilibration followed by centrifuging (Eppendorf 

Centrifuge 5415D) at 4℃ at a maximum speed of 16.1rpm for a minimum of 10 minutes.  
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The resulting solids were dried in a convection oven at 105ºC overnight. Following a 

protocol developed earlier, the protein adsorbed on solids was directly determined by 

measuring the samples’ nitrogen content by an Elemental Analyzer (FLASH 1112 

CHNOS Analyzer, CE ELANTECH, Lakewood, NJ). For nitrogen content analysis, the 

samples were weighed into a tin capsule ( ~ 6 mg) and sealed  and were run on the 

analyzer along with appropriate nitrogen standards such as  aspartic acid or BBOT 

(Kumar and Wyman, 2008). Protein adsorption could then be calculated based on a mass 

balance for nitrogen with a Nitrogen Factor (NF) of 8.40 for Spezyme CP cellulase, 8.28 

for Multifect xylanase, and 3.25 for Novozyme 188 β-xylosidase (Kumar and Wyman, 

2008). The NF for Genencor β-xylosidase was determined to be 7.85±0.3 in this study by 

using the same method described by Kumar and Wyman.  

The Langmuir isotherm equation (Lynd et al., 2002) was applied to describe 

adsorption by the following expression, with the parameters estimated by non-linear 

regression using polymath software: 

freed

free

bound
Ek

E
E







 

in which, Ebound and Efree represent the amount of enzyme adsorbed on the solids 

(mg/g substrate) and the enzyme remaining in the solution (mg/mL), respectively, σ is the 

maximum adsorption capacity in mg/g substrate, and Kd (L/g) is the equilibrium constant. 
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7.3.8.  Enzyme supplementation sequence 

To elucidate the importance of removing or totally hydrolyzing xylooligomers on 

cellulose hydrolysis, hemicellulases (xylanase and β-xylosidase) were added several 

hours before or after addition of cellulase. To eliminate the effects of lignin, Pure Avicel 

cellulose solids with mixed DP xylooligomers at a weight ratio of 8:5 (cellulose: 

equivalent amount of xylose in xylooligomers) were used as the hydrolysis substrates. 

One part of this mixture was incubated at 50℃ with just xylanase and β-xylosidase at a 

loading of 30 mg protein/g equivalent xylose (xylanase: β-xylosidase =1:1) for 2, 4, 24 

and 72 hours. After incubation, cellulase was added at a loading of 10.7 mg/ g glucan 

(about 5 FPU/g glucan) with β-glucosidase supplementation at a CBU: FPU ratio of 2:1.  

As a comparison, xylanase and β-xylosidase were also added to another portion of 

samples that were initially incubated with cellulase and β-glucosidase for 2, 4, or 24 

hours. Samples of cellulose and a mixture of cellulose and xylooligomers were run with 

just cellulase and β-glucosidase as controls. The time of the samples taken before 

cellulase addition was designated as 0 hour even if they were incubated with 

hemicellulase. 

 

7.4. Results and Discussion 

7.4.1.  Composition of solids from dilute acid and AFEX pretreatments  

The disruption of the lignin-hemicellulose matrix enhances the susceptibility of 

cellulosic biomass solids to attack by enzymes.  Low and neutral pH pretreatment 
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technologies such as dilute acid for the former and liquid hot water for the latter usually 

remove a large fraction of the hemicellulose from biomass but very little lignin. 

Furthermore, low pH pretreatments hydrolyze most of the hemicellulose to monomers, 

while pretreatments near neutral pH produce mostly oligosaccharides with some 

monomers. Depending upon the pretreatment severity, some degradation products are 

released for over this range of pH conditions.  On the other hand, applying a high pH 

pretreatment, such as lime, SAA (soaking in aqueous ammonia), or ARP (ammonia 

recycle percolation), leaves majority of the hemicellulose in the solids while releasing 

large amounts of lignin (Mosier et al., 2005; Wyman et al., 2005). An anomaly at high 

pH is that treating cellulosic biomass with anhydrous ammonia in the AFEX approach, 

performed at relatively mild temperatures (60–100 C) and high pressures (250–300 psi) 

for short times followed by rapid decompression, breaks up the recalcitrant barriers to 

increase the exposed surface area without much apparent change in the solids 

composition (Teymouri et al., 2004; Teymouri et al., 2005).  Therefore, solids from dilute 

acid and AFEX pretreatments were chosen to explore how xylan hydrolyzing enzymes 

could influence enzymatic hydrolysis of cellulose in the presence of the lowest to highest 

possible xylan contents while retaining most of the lignin from the original corn stover 

solids.    

The glucan and xylan contents in corn stover solids before pretreatment and after 

application of dilute acid and AFEX technologies are summarized in Table 7.1. As 

expected and shown in earlier studies, AFEX did not substantially change the 

carbohydrate or lignin contents, however, it still enables high enzymatic conversion 
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through combined chemical and physical effects of lignin relocation, cellulose 

decrystallization, and increased surface area (Mosier et al., 2005; Teymouri et al., 2005; 

Wyman et al., 2005). On the other hand, dilute acid pretreatment performed at 140 °C 

with 1% sulfuric acid for 40 minutes hydrolyzed a large portion of hemicelluloses into 

sugars in solution.  As measured in this study, the AFEX pretreated corn stover solids 

contained 39.6% glucan and 24.5% xylan, virtually the same as in the raw corn stover, 

while the solids from dilute acid pretreatment contained 57.6% glucan and only 5.7% 

xylan. The lignin contents for the unpretreated feedstock and AFEX pretreated solids 

were very similar while that in the dilute acid pretreated solids was slightly higher 

because removal of so much xylan overwhelmed the effect of the limited solubilization of 

lignin. 

 

7.4.2.  The effects of xylanase and β-xylosidase on enzymatic hydrolysis of cellulose 

and pretreated corn stover 

To overcome the negative impacts of residual hemicellulose on enzymatic 

Table 7.1 Compostion of corn stover and washed solids from its pretreatment by dilute acid 

and AFEX technologies. 

Substrates Pretreatment conditions Glucan (%) Xylan (%) Lignin (%) 

Untreated corn stover N/A 39.1±0.4 23.7±0.3 19.3±0.5 

Dilute Acid Pretreated 

140°C, 1% sulfuric 

acid, 40 mins 57.6±0.2 5.7±0.7 22.1±0.4 

AFEX Pretreated 

90°C , 220 psi, 1:1 NH3 

to Biomass, 5min 39.6±0.5 24.5±0.4 18.2±0.9 
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hydrolysis of pretreated biomass (Boussaid et al., 2000; Fernandez-Bolanos et al., 2001; 

Mussatto et al., 2008; Ohgren et al., 2007; Yoshida et al., 2008), some recent research 

added xylanase  to cellulase as an accessory activity to reduce the physical barrier of 

hemicelluloses (Selig et al., 2008). Their study also showed a strong linear relationship 

between release of xylobiose and cellobiose that reinforced their hypothesis that the 

polysaccharides network in the cell wall matrix was highly interconnected (Selig et al., 

2008).  The substantial inhibition of cellulase by xylooligomers revealed by our recent 

research emphasized the benefits of removing or hydrolyzing xylan and xylooligomers in 

enhancing cellulose digestibility and prompted addition of xylanase and β-xylosidase to 

cellulase to determine the synergic effects of these two classes of enzymes on 

hydrolyzing different substrates (Qing et al., Submitted).  

The effect of xylanase and β-xylosidase addition on hydrolysis of pure cellulose is 

shown in Figure 7.1. An enzyme loading of 16.1 mg protein (~7.5 FPU)/g glucan was 

applied for all cellulase additions, while β-glucosidase was supplemented at a ratio of 2:1 

(CBU: FPU).  The mass of xylanase protein added was equal to that for cellulase (16.1 

mg protein/g glucan), but twice as much β-xylosidase (32.2 mg protein/g glucan) was 

added as cellulase or xylanase to maximize removal of xylooligomers and especially low 

DP soluble xylooligomers from the hydrolysis broth. To our surprise, addition of extra 

xylanase or β-xylosidase reduced cellulose conversions even though small amounts of 

cellulase and β-glucosidase activities were detected in Multifect xylanase (Berlin et al., 

2007), as shown in Figure 7.1. Thus, adding 7.5 FPU plus 15 CBU per g glucan 

hydrolyzed 81% of the cellulose into monomeric glucose within 72 hrs. However, 
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addition of xylanase dropped the glucan to glucose yield by 7%, while addition of β-

xylosidase dropped the yield by 15%. As expected, due to low β-glucosidase activity in 

Spezyme CP, without adding β-glucosidase, the glucan to glucose conversion was only 

53%, and a large amount of cellobiose accumulated in the hydrolysis broth.  This 

negative synergy of these enzymes may be due to hemicellulases hindering cellulase and 

β-glucosidase or occupation of cellulose catalytic sites nonproductively (Ryu and Kim, 

1998).  

 

Figure 7.1 Enzymatic hydrolysis of 2% solid loading Avicel by different enzyme 

combinations. Spezyme CP cellulase loading was 16.1 mg protein/g glucan (~7.5 FPU) 

and a ratio of 2:1 (CBU: FPU) was used for β-glucosidase supplementation. Multifect 

xylanase was supplemented on an equal protein concentration basis as cellulase, and the 

β-xylosidase loading was 32.2 mg protein/g glucan.  
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 In sharp contrast to the behavior shown in Figure 7.1 with pure cellulose, adding 

xylanase or β-xylosidase improved both glucose and xylose yields for enzymatic 

hydrolysis of biomass pretreated by either dilute acid or AFEX (Figure 7.2 and 7.3). For 

the runs with dilute acid pretreated corn stover shown in figure 7.2A and 7.2B, addition 

of xylanase and β-xylosidase or just the latter enhanced glucose yields by 8% and xylose 

yields by 5% compared to hydrolysis with just cellulase and β-glucosidase. For AFEX 

pretreated corn stover with nearly complete retention of xylan in the solids, addition of 

either xylanase or β-xylosidase increased both glucose and xylose yields significantly, as 

shown in Figure 7.3A and 7.3B. In particular all four enzyme preparations resulted in the 

highest glucan to glucose conversions of 83%, 26 % greater than when just cellulase and 

β-glucosidase were applied, and xylan to xylose conversion was enhanced by 24% with 

xylanase and β-xylosidase (Figure 7.3B), as expected. It was interesting to note that 

supplementation of cellulase with β-xylosidase resulted in better glucose and xylose 

yields than adding β-glucosidase (Figure 7.3A, 7.3B).  Furthermore, xylanase and β-

xylosidase supplementation was more beneficial to the AFEX substrate that was richer in 

xylan, and the enhanced glucose and xylose yields suggest a relationship between xylan 

or xylooligomer removal (or hydrolysis) and glucan to glucose conversion. Together with 

the observations shown in Figure 7.1, these results elucidate that the extra xylanase and 

β-xylosidase protein significantly hydrolyzed inhibitory xylooligomers into xylose and 

hence results into higher cellulase efficacy but do not necessarily improve cellulose 

conversion to glucose. However, advanced enzyme formulations are needed to reduce the 
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negative impacts of xylooligomers and xylan while reducing the total protein mass 

needed to achieve a given yield.  

   

A 
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Figure 7.2 Enzymatic hydrolysis of 2wt% loading washed dilute acid pretreated corn 

stover solids with different enzyme combinations. Spezyme CP cellulase loading was 

16.1 mg protein/g glucan (~7.5 FPU) and a ratio of 2:1 (CBU: FPU) was used for β-

glucosidase supplementation. Multifect xylanase was added on an equal protein 

concentration basis as cellulase, and the β-xylosidase loading was 32.2 mg protein/g 

glucan to maximize conversion of dissolved xylooligomers to xylose.   

 

B 



 

184 
 

 

 



 

185 
 

Figure 7.3 Enzymatic hydrolysis of 2wt% loading of washed AFEX pretreated corn 

stover solids with different enzyme combinations. Spezyme CP cellulase loading was 

16.1 mg protein/g glucan (~7.5 FPU) and a ratio of 2:1 (CBU: FPU) was used for β-

glucosidase supplementation. Multifect xylanase was added on an equal protein 

concentration basis as cellulase, and the β-xylosidase loading was 32.2 mg protein/g 

glucan to maximize conversion of dissolved xylooligomers to xylose.   

 

7.4.3.  Protein adsorption on different substrates 

Cellulase and hemicellulase adsorption on Avicel, birchwood xylan, and solids 

from AFEX and dilute acid pretreatment of corn stover were measured to determine the 

interaction of different enzymes with these substrates. Figure 7.4 shows that the 

adsorption data followed the Langmuir relationship well over the range of protein 

loadings of 0-15 mg/mL applied, and the adsorption parameters of the enzymes on these 

substrates estimated by non-linear regression of adsorption data to the Langmuir equation 

are given in Table 7.2.  Spezyme CP cellulase had a higher protein adsorption capacity 

and affinity for birchwood xylan than for Avicel glucan, consistent with the finding by 

Kanda and coworkers that engo-glucanase binds to xylan more than to cellulose and has 

an even greater Michaelis constant (Km) for xylan than for cellulose (Kanda et al., 1976).  

This result could be due to the rigid crystalline structure of Avicel glucan limiting the 

surface available for enzyme adsorption compared to the looser amorphous structure of 

xylan.  However, this observation could also be explained by xylan or its derivatives 

competitively inhibiting cellulase. In addition, the higher xylan content of AFEX 

pretreated corn stover could result in stronger protein adsorptions than on dilute acid 
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pretreated corn stover due to relatively higher adsorption affinities of cellulase on xylan 

and lignin than cellulose. However, in one of our previous studies, it was found that 

AFEX lignin had lower affinity to xylanase than Dilute acid lignin, although Dilute acid 

corn stover used in that study was prepared at different conditions and using a different 

kind of reactor (Kumar and Wyman, 2009). On the other hand, Novozyme 188 β-

glucosidase had a much lower adsorption capacity and affinity for all of these substrates 

than cellulase. In fact, β-glucosidase adsorption parameters were higher for pretreated 

corn stover than for pure cellulose or xylan, likely due to its greater affinity for lignin 

shown in previous research (Kumar and Wyman, 2009; Yang and Wyman, 2006). 
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Figure 7.4 Protein adsorption profile of Spezyme CP cellulase (A), Novozyme 188 β-

glucosidase (B), Multifect xylanase (C), and Genencor β-xylosidase (D) on Avicel 

glucan, birchwood xylan, and AFEX and dilute acid pretreated corn stover over a protein 

loading range from 0 to 15 mg/mL.  

 

The two hemicellulase components had a much stronger adsorption preference for 

birchwood xylan than Avicel glucan. For Multifect xylanase on birchwood xylan, the 

adsorption capacity was 114.1 mg/g and the affinity was 2.7 L/g, compared to just 60.8 

mg/g adsorption capacity and 1.9 L/g adsorption affinity for Avicel cellulose. Similarly, 

β-xylosidase showed stronger binding to birchwood xylan than Avicel cellulose but had 

even higher adsorption parameters than xylanase. In addition, β-xylosidase adsorption 

was stronger on AFEX pretreated corn stover solids than on dilute acid pretreated corn 

stover solids, possibly as a result of the higher xylan content of the AFEX processed 

material. Overall, both hemicellulase activities displayed greater adsorption on higher 

xylan content substrates while higher glucan content did not necessarily result in stronger 

cellulase binding.  These observations suggest that cellulase competitively binds to xylan 

and thereby could provide a possible mechanism for xylan or xylooligomer inhibition 

(Kumar and Wyman, 2009; Qing et al., Submitted). However, the hypothesis of protein 

adsorption on soluble/ insoluble xylooligomers is still to be proved. 

 

 

 

 



 

190 
 

 

Table 7.2 Maximum protein adsorption capacity, affinity constants, and correlation 

coefficients of different enzymes with Avicel, birchwood xylan, and solids from AFEX and 

dilute acid pretreatment of corn stover. 

Enzyme Substrates Maximum cellulase 

adsorption capacity, σ 

( mg/g substrate ) 

Affinity 

constants, Kd 

(L/g) 

R
2
 

Spezyme CP 

Cellulase 

Avicel 82.4 1.5 0.98 

Birchwood xylan 99.7 2.5 0.97 

AFEX CS 102.7 2.7 0.94 

Dilute acid CS 92.7 2.8 0.98 

Novozyme 188 

β-glucosidase 

Avicel 52.8 1.3 0.87 

Birchwood xylan 46.3 1.1 0.82 

AFEX CS 78.7 1.8 0.91 

Dilute acid CS 73.6 1.7 0.95 

Multifect 

Xylanase 

Avicel 60.8 1.9 0.94 

Birchwood xylan 114.1 2.7 0.96 

AFEX CS 85.7 1.8 0.87 

Dilute acid CS 74.3 1.9 0.92 

Genencor β-

xylosidase 

Avicel 82.3 2.6 0.95 

Birchwood xylan 115.2 3.7 0.91 

AFEX CS 98.1 2.3 0.97 

Dilute acid CS 88.5 2.4 0.89 
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7.4.4.  The effects of enzyme supplementation sequence 

Although the mechanism is still subject to debate, cellulose digestion generally 

improves with xylan removal by chemical or enzymatic treatment, and it is widely 

believed that both lignin and hemicelluloses form a physical barrier that hinders access of 

cellulase (Ohgren et al., 2007; Yang and Wyman, 2004).  In addition, enzymatic removal 

of xylan and glucomannan were shown to enlarge the pore size of pine or birch Kraft 

pulps (Suurnakki et al., 1997). Thus, studies of this nature attribute the key benefit of 

xylan removal to enhancement of substrate accessibility to enzymes through exposing 

more crystalline cellulose surface. However, because our recent research suggested that 

soluble xylooligomers released from xylan during enzymatic hydrolysis could be 

powerful inhibitors of cellulase activity, xylan removal prior to adding cellulase could 

therefore improve enzyme effectiveness. The protein adsorption data of this study that 

show a stronger binding of cellulase to birchwood xylan than Aivcel cellulose and the 

possibility of competitive inhibition of cellulase by xylan and xylan derivatives are 

consistent with the latter reasoning,.  

Based on these observations, we hypothesized that removing xylan and 

xylooligomers or hydrolyzing them to xylose before adding cellulase would enhance 

cellulase efficacy. In addition, cellulase and hemicellulases adsorption data suggest that 

adding the different enzymes in multiple steps would prevent undesirable binding. 

Therefore, xylanase and β-xylosidase were added prior to and after cellulase addition to 

evaluate their effects on inhibition under different scenarios. Figure 7.5 shows a 

remarkable trend that applying xylanase and β-xylosidase a few hours before adding 
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cellulase significantly improves cellulose conversion. For example, if xylanase and β-

xylosidase were added 24 hours before cellulase, the conversion after 72 hours was 

65.5% compared to just 49.4% when these two hemicellulases were added 24 hours after 

cellulase. Thus, when all of the xylooligomers were hydrolyzed to xylose after 72 hours, 

inhibition was alleviated to the greatest extent. On the other hand, when xylanase and β-

xylosidase were added after cellulase, their effects were weakened considerably. In light 

of the adsorption data in Table 7.2, this observation could be attributed to competitive 

adsorption of cellulase and hemicellulases onto cellulose and xylooligomers. Thus, when 

hemicellulases were added prior to cellulase, its higher binding affinity would result in 

greater binding to xylan or xylooligomers and reduce the opportunity for cellulase that 

was added later to bind to hemicelluloses. From this perspective, enzyme efficacy could 

not only be improved by modifying the cocktail composition such as to increase xylanase 

activity but also by rational strategies for enzyme addition that avoid unproductive losses. 
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Figure 7.5 Conversion of glucan in Avicel to glucose with change in time for adding 

hemicellulase prior to cellulase addition for enzymatic hydrolysis at 50
o
C and pH 4.8 at 

an enzyme loading of 5 FPU/g glucan and 10 CBU/g glucan with 2% Avicel glucan. 

Multifect xylanase and β-xylosidase were supplemented at a loading of 30 mg protein/g 

equivalent xylose (xylanase: β-xylosidase =2:1), and the control refers to Avicel with an 

enzyme loading of 5 FPU and 10 CBU/g glucan but no added hemicellulases. The 

xylooligomers control (XOs) is a 2% Avicel loading sample supplemented with 12.5 

mg/mL mixed DP xylooligomers hydrolyzed by cellulase and β-glucosidase at the same 

dosage as for the control. The xylose sample refers to Avicel hydrolysis with 12.5 mg/mL 

pure xylose at the same enzyme loadings for comparison. 
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7.4.5.  Implications for possible mechanisms 

The key findings of this research suggest competitive binding of cellulase and 

hemicellulase on cellulose reactive sites (Figure 7.1), and as a result, the efficacy of 

cellulase is reduced by comparable amounts of hemicellulase protein. However, if the 

substrate has relatively high xylan content, hemicellulases preferably bind to 

hemicelluloses and as well hydrolyze inhibitory xylooligomers to enhance the overall 

glucose and xylose yields (Figure 7.2 and 7.3). In addition, Multifect xylanase and 

Genencor β-xylosidase have a higher binding affinity to xylan than glucan, thereby 

lowering the possibility of steric hindrance of one by the other when applied to high 

xylan content substrates.  On the other hand, cellulase binds more strongly to xylan than 

glucan, while β-glucosidase binds primarily to higher lignin content substrates (Table 

7.2). Therefore, xylan, xylooligomers, and lignin appear to reduce cellulase availability to 

react with cellulose by undesirable binding with these proteins. As supported by other 

research, supplementation with xylanase and β-xylosdiase could reduce this negative 

effect by hydrolyzing xylan and its oligomers to xylose (unpublished data). On top of that, 

this research further pointed out that adding hemicellulase prior to cellulase could 

enhance their benefits by reducing competitive binding of cellulases to xylan and 

xylooligomers instead of cellulose. These findings highlight the needs to modify enzyme 

cocktail compositions and rational strategies to apply them to advance enzyme efficacy.  
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7.5. Conclusions 

Adding xylanase or β-xylosidase improved enzymatic hydrolysis of cellulose and 

hemicellulose in solids from dilute acid and AFEX pretreatment of corn stover. While 

xylan removal has been widely believed to disrupt barriers that hinder enzyme access to 

cellulose, this research suggests that cellulase binding to xylan and, possibly, 

xylooligomers strongly reduces cellulase activity and that xylan and xylooligomer 

removal or conversion to xylose can greatly reduce their inhibition. Chemically or 

enzymatically removing xylan and xylooligomers prior to adding cellulase appears to 

provide a particularly important opportunity to enhance cellulase effectiveness and 

thereby reduce the doses needed to achieve a given performance.   
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8 Chapter 8. Cellulosic Ethanol and Gasoline for 100 Years: 

A Comparison of the Carbon Dioxide Fluxes Associated with Production and Use of 

Cellulosic Ethanol to Production and Use of Gasoline over 100 Years
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8.1. Abstract 

Estimates of the CO2 emissions from the production of ethanol from two model 

energy crops, poplar and mixed grasses, grown on three different land types, American 

cropland, marginal land and Canadian forest for 100 years were developed and compared 

to those from gasoline.  Sequestration of CO2 from the biorefinery was also considered.  

A sensitivity analysis was used to verify the study’s conclusions.  In most cases, if CO2 

sequestration from ethanol fermentation and lignin combustion was considered, the 

production and use of cellulosic ethanol removed atmospheric CO2 on a net basis.  After 

100 years, the total emissions from any cellulosic ethanol scenario were lower than those 

from the production and use of gasoline, with proper selection of an overall strategy 

offering significant environmental benefits.   

 

8.2. Introduction  

There are significant concerns about the effects of global warming caused by 

anthropogenic and resulting impacts.  Consequently, efforts are being made to reduce 

greenhouse gas emissions.  In emissions of greenhouse gases, with carbon dioxide 

dominating the debate in terms of both amount 2006, direct CO2 emissions from the 

transportation sector accounted for 34%
 
(Conti and Sweetnam, 2007) 

 
of the United 

States’ total energy-related emissions, the largest single fraction. If emissions associated 

with petroleum fuel production were included in this value, transportation emissions 

would account for 38.2% of the total U.S. emissions in 2006(Conti and Sweetnam, 2007). 
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Furthermore, a combination of “geologic, economic, environmental, [and] political 

difficulties” (Brandt and Farrell, 2007) will likely lead to an increase in gasoline 

production from unconventional hydrocarbons such as oil sands or coal,  the use of which 

will result in even higher greenhouse gas emissions than gasoline production from 

conventional oil.  Therefore, alternatives to petroleum-based transportation fuels are vital 

to realizing significant CO2 emission reductions.    

Ethanol produced from cellulosic biomass is one frequently proposed solution.  

However, questions have been raised regarding the amounts of carbon dioxide 

sequestered in the biomass and soil relative to the emissions from farming, the conversion 

of biomass to ethanol, and the distribution and combustion of ethanol.  The objective of 

this paper is to develop detailed carbon fluxes based on hypothesized scenarios for the 

production and use of ethanol derived from an energy crop grown over a 50 mile radius 

for 100 years.  In addition, the carbon dioxide fluxes for the production and consumption 

of gasoline produced from various hydrocarbon feedstocks were estimated for 

comparison.  A sensitivity analysis was conducted to verify the robustness of this model. 

In addition, geological sequestration of carbon dioxide emissions from ethanol 

production is discussed in this paper as a possible solution to cut soaring carbon dioxide 

emissions. Commercial scale sequestration of carbon dioxide from power stations in 

geological formations has already been implemented (Lake, 1989), with the primary 

options for underground CO2 storage being depleted oil and gas reservoirs, deep saline 

reservoirs and unminable coal seams (Davison et al., 2001). In the case of ethanol 

production, major sources of carbon dioxide include that released during fermentation of 
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plant-derived sugars, lignin combustion, and the end-use combustion of ethanol. The 

impact of sequestering CO2 from fermentation and lignin combustion on the carbon 

dioxide flux from cellulosic ethanol production and use is examined in this paper. 

 

8.3. Development of CO2 Emissions from Ethanol Production and Use 

Mixed prairie grass and poplar were selected as model energy crops, while 

marginal land and cropland in the United States, as well as Canadian temperate forests 

were selected as possible locations for a biorefinery supported by a 50 mile radius energy 

crop field.  In each case, the annual ethanol production goal was equal to the amount of 

ethanol that could be produced if the energy crop was grown on the entire 50 mile radius 

at the assumed reasonable crop and ethanol yields.  

In the case of energy crop production on forested land, it was assumed that the 

native biomass would be used to produce the annual ethanol quota in year one.  The 

cleared land would then be replanted with energy crops so that in the following years, the 

resulting available energy crop would be harvested along with, if necessary, sufficient 

native biomass to meet the annual production quota.  Due the assumed lack of pre-

existing biomass on American marginal and croplands, mixed grasses were assumed to 

be planted on the entire plot in year one and then harvested in full each of the following 

years.  Furthermore, poplar was assumed to be harvested on a 4-year rotation for all 

locations (Armstrong et al., 1999; Deckmyn et al., 2004; Graham et al., 1992), with a 

quarter of the American marginal and cropland study plots planted in each of the first 
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four years and harvested accordingly. The factors used to determine CO2 emissions are 

organized by process blocks in Figure 1 and summarized in Table 8.1.  
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Table 8.1 Factors used to determine mass flows of CO2 for 6 cellulosic ethanol cases. 

     Mixed Prairie Grass Poplar 

Stream Stream Description Units 

US 

Marginal 

Lands 

US 

Cropland 

Canadia 

Temperate 

Forest 

US 

Marginal 

Lands 

US 

Cropland 

Canadian 

Temperate 

Forest 

Existing Biomass        

A1 Density of Pre-existing Biomass Ton biomass/acre 0 0 35.7
1
 0 0 35.7

1
 

A2 
Carbon Stored in the Pre-existing 

Biomass 
ton C/acre 0 0 17.8

1
 0 0 17.8

1
 

A3 
Soil Organic Carbon  (SOC) Under Pre-

existing Biomass 
ton C/acre N.A. N.A. 72

2
 N.A. N.A. 72

2
 

A4 CO2 from Harvesting of Biomass 
lb CO2/acre 

biomass 
0 0 795

3,4 
0 0 795

3,4 

A5 Ethanol Yield from Pre-existing Biomass gal/ton biomass N.A. N.A. 90 N.A. N.A. 90 

         

Energy Crop        

A6 Energy Crop Yield 
Ton 

biomass/acre-yr 
3.35

.3,5
 6.69

5
 6.69

5
 2.52

3,5 
5.04

5
 5.04

5 

A7 Carbon Stored in the Energy Crop % 46
5 

46
5
 46

5
 50

6
 50

5
 50

5
 

A8 Rate of SOC Storage Under Energy Crop ton C/acre-yr 0.357
5
 0.357

5
 0.357

5
 0.491

5
 0.491

5
 0.491

5
 

A9 Ethanol Yield from Energy Crop gal/ton biomass 100 100 100 100 100 100 

A10 CO2 from Biomass Production 
lb CO2/acre 

biomass 
124

3,4 
159

3 
159

3 
619

3 
795

3,4 
795

3,4 

         

Biorefinery        

A11 
CO2 Credit for Displacement of Grid 

Electricity 

lb grid electricity 

CO2/ton biomass 
304

7,8 
304

7,8
 304

7,8
 304

7,8
 304

7,8
 304

7,8
 

A12 CO2 Emitted from Fermentation lb CO2/gal EtOH 6.27 6.27 6.27 6.27 6.27 6.27 

A13 
CO2 Emitted from the Combustion of 

Lignin 
lb/ton biomass 1565

7,9 
1565

7,9
 1565

7,9
 1745

7,9
 1745

7,9
 1745

7,9
 

         

2
0

4
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     Mixed Prairie Grass Poplar 

Stream Stream Description Units 

US 

Marginal 

Lands 

US 

Cropland 

Canadian  

Temperat

e  

Forest 

US 

Marginal 

Lands 

US 

Cropland 

Canadi

an  

Temper

ate  

Forest 

Consumer        

A14 
CO2 Emitted During Transport of 

Ethanol to Fueling Station 
lb CO2/lb EtOH 0.0397

8
 0.0397

8
 0.0358

8
 0.0397

8
 0.0397

8
 0.0358

8
 

A15 CO2 Emitted During Combustion of 

Ethanol 
lb CO2/lb EtOH 1.91 1.91 1.91 1.91 1.91 1.91 

         

Sequestration        

A16 Amount of CO2 Sequestered % of available 80 80 80 80 80 80 

A17 
CO2 Emitted from Compression of CO2 

from fermentation to 60 bars 
lb CO2/gal EtOH 0.209

10,11
 0.209

10,11
 0.209

10,11
 0.209

10,11
 0.209

10,11
 

0.209
10,1

1
 

A18 

CO2 Emitted from Recovery and  

Compression of CO2 from lignin 

combustion to 60 bars 

lb CO2 emitted/ 

lb CO2 

sequestered 

2.13E-03
11 

2.13E-03
11

 2.13E-03
11

 2.13E-03
11

 2.13E-03
11

 
2.13E-

03
11

 

A19 
CO2 Emitted During Transport of CO2 to 

Sequestration Location 

lb CO2 emitted/ 

 lb CO2 

sequestered 

2.28E-03
8 

2.28E-03
8
 2.28E-03

8
 2.28E-03

8
 2.28E-03

8
 

2.28E-

03
8
 

 

References: 1. (Lal, 2004); 2. (Graham et al., 1992); 3. (Ranney and Mann, 1994); 4. (Tilman et al., 2006); 5. (International 

Boreal Conservation Campaign); 6. (Lake, 1989); 7. (Aden et al., 2002); 8. (DeLuchi, 1991); 9. (Perlack et al., 2005); 10. 

(Conti and Sweetnam, 2007); 11. (Greenhouse Gas Protocol Initiative, 2008) 
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For stream A2 in Figure 8.1, Canadian forest was assumed to no longer be 

emitting or sequestering CO2, i.e., the land is in carbon equilibrium with the environment 

(Miller et al., 2004).  It was also assumed that when existing biomass was cleared, 60% 

of the original soil organic carbon (SOC) under the Canadian forest was lost (Lal, 2004).
 

Streams A4 and A10 account for carbon dioxide emissions from the production of 

the bioenergy crops and include emissions from seed production, planting, fertilizer 

production and application, harvesting, and biomass transportation from the field to 

refinery. The emission factors wre estimated based on published values for both marginal 

and fertile lands (Tilman et al., 2006).  In our study, American cropland and Canadian 

forests were treated as fertile land.  Unlike Tilman et al.’s study (2006) the emissions 

associated with farm capital, machinery, and sustaining the farm household were not 

included in this analysis because the emission factors for gasoline production did not 

include these CO2 sources.  Based on Zhu’s (2009) data showing that size reduction of 

woody biomass requires between 4-14 times more energy than size reduction of grasses, 

the bioenergy crop production emission factor was assumed to be 5 times higher for 

poplar than it was for mixed grasses (Zhu, 2009).  Finally, it is important to note that the 

CO2 emissions from farming were based on application of agricultural practices such as 

no-till farming.   

Lignin residue that remained after the processing of the cellulosic feedstock to 

ethanol was assumed to be burned to provide process steam and electricity, as well as a 

small amount of electricity for export to the grid (Spatari et al., 2005).  The total CO2 

emissions from lignin combustion were set equal to 46% of the total carbon content in the 
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biomass used based on Aden’s report (Aden et al., 2002). It was also assumed that 

combustion of lignin produced 6.91×10
5
 BTU electricity/ton dry biomass and that 8.92% 

of this electricity would be available for export to the grid (Aden et al., 2002).  The 

associated CO2 emissions were calculated based on an average emission factor of 441 lb 

CO2/MM BTU electricity produced (GREET 1.8).  The export of lignin electricity 

displaced electricity generated from conventional sources such as coal and thus indirectly 

reduced CO2 emissions.   
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Figure 8.1 Illustration of factors used to determine mass flows of CO2.   
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It was assumed that the CO2 emitted from fermentation was a clean stream which 

could be easily collected, while the CO2 from lignin combustion would be diluted by 

other gases such as N2, O2, CO, NOX, SO2, and particulates. Technology is available to 

separate CO2 from hydrocarbon flue gases exists (Conti and Sweetnam, 2007); therefore 

it was assumed that the CO2 emissions from lignin combustion were collected and 

separated using similar technology.  A collection efficiency of 80% of the CO2 was 

assumed in stream A16 due to a lack of reference data, but a sensitivity analysis was 

performed on this efficiency value to test its impact on total CO2 emissions.  It was also 

assumed that the energy required for the separation and compression of CO2 could be 

supplied by lignin combustion in all of the six scenarios.  Based on GREET 1.8, the CO2 

was compressed to 60 bars (Hendriks et al., 1991) and transported to possible 

sequestration locations within a 65 mile distance (GREET 1.8).   

 

8.4. Development of CO2 Emissions from Gasoline Production and Use 

Data on the carbon dioxide emitted during production and combustion of gasoline 

from several feedstocks was gathered for comparison to carbon dioxide emissions from 

cellulosic ethanol.  Based on GREET 1.8, 96% of American gasoline is produced in 

American refineries using a feedstock blend that is 2% Canadian oil sands, 6.86% 

Alaskan crude, 7.84% conventional Canadian and Mexican crude, 34.3% conventional 

crude from the continental United States, and 49% crude from offshore countries.  The 

balance of American gasoline is imported from Canadian and Caribbean refineries. The 

carbon dioxide emission factor for the combustion of gasoline was calculated using an 
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assumed energy content of gasoline of 127, 654 BTU/gal (Avallone and Baumeister, 

2008) and an emission factor per gallon determined by the Office of Transportation and 

Air Quality(Office of Transportation and Air Quality, 2005).  The total emission factor 

for the production and use of gasoline was taken as the sum of the production and 

combustion emission factors.    

As discussed previously, gasoline production will likely shift from conventional 

oil resources to feedstocks such as oil sands, oil shale, methane, or coal.  Canadian oil 

sands were selected as the first representative alternative hydrocarbon feedstock 

consistent with current high levels of production.  In 2008, Canada was the sixth largest 

oil producer in the world and the oil sands accounted for approximately half of its total 

production (EIA, 2009)
3
. Coal was selected as the second alternative feedstock because it 

was the largest potential source of liquid fuels reported by Brandt and Farrell (2005).  

Coal to liquid (CTL) fuel production requires the gasification and reforming of coal to 

syngas, followed by fuel synthesis by Fischer-Tropsch processes (Cerri et al., 2007).  

Brandt and Farrell (2005)’s emission factors for the recovery of feedstock and production 

and transportation of gasoline from these feedstocks are presented in Table 8.2.  

 

 

 

                                                           
 

3 Petroleum Basic Statistics. Available at   

http://www.eia.doe.gov/basics/quickoil.html.  
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Table 8.2 Carbon dioxide emissions from the production, transportation, and combustion of 

gasoline produced from various fossil energy sources 

Feedstock 
CO2 Emissions from  Production and 

Transportation of Gasoline (lb/BTU) 

CO2 Emissions from  

Production, 

Transportation, and 

Combustion of Gasoline 

(lb/BTU) 

Current 

Feedstock Blend 
4.41 E-05 (Felder and Rousseau, 1999) 

1.96 E-04 

Canadian Oil 

Sands 
9.50 E-05 (Felder and Rousseau, 1999) 

2.47 E-04 

Coal to Liquid 2.10E-04 (Avallone and Baumeister, 2008) 
3.62 E-04 

*Average of values reported by GREET 1.8 and Brandt and Farrell (2007).    

 

8.5. Comparison of CO2 Emissions 

In order to examine the long term effects of six cellulosic ethanol scenarios, the 

100-year annual CO2 emissions normalized with the energy content of ethanol produced 

was compared as shown in Figure 8.2.   For comparison, emissions from conventionally-

sourced gasoline are also included, assuming Brandt and Farrell’s gasoline CO2 emission 

factor. Carbon dioxide emissions from ethanol produced in the Canadian forest are shown 

to be higher than those of gasoline for the first four and five years for poplar and mixed 

grasses, respectively.  Emissions were initially high due to the large amount of pre-

existing biomass utilized and the associated release of soil organic carbon. As the ratio of 

pre-existing biomass to bioenergy crop used decreased, emissions from soil organic 

carbon decreased.  Additionally, as more bioenergy crop was planted over time, there was 

an increase in the amount of carbon sequestered in the soil.  Consequently, CO2 

emissions decreased until year 20 for both poplar and mixed grasses, at which point, the 
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soil no longer sequestered any additional net carbon.  Figure 8.2 suggests that slightly 

more carbon was sequestered than emitted in the initial few years for ethanol produced 

from both poplar and mixed grasses on U.S. marginal and crop lands.  For crops grown 

on these lands, the emissions exhibited a step increase once the soil was saturated with 

organic carbon, similar to that observed for energy crops grown in the Canadian forest. 

Emissions from ethanol produced from mixed prairie grass grown on both U.S. marginal 

and crop lands were slightly higher than those from poplar grown on the same lands over 

the 100-year study period.  Although the precise level of carbon dioxide emissions 

reported in this study depended on the assumptions and defined boundaries, it is clear that 

in the long term, all six hypothesized scenarios showed significantly lower CO2 

emissions than those from gasoline. 
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Figure 8.2 Annual emissions of CO2 per BTU of ethanol produced over 100 years for 6 

cellulosic ethanol cases.  

 

Figure 8.3 compares the energy content based total 100 year CO2 emissions 

associated with the production and use of fuel for the six bioethanol cases and four 

gasoline cases. For each land type, the use of poplar as an energy crop resulted in lower 

CO2 emissions than mixed grasses, with the difference primarily attributed to higher SOC 

sequestration rates for poplar than mixed prairie grasses: poplar’s SOC rate is 

approximately 37% higher than that of mixed prairie grasses, as indicated in Table 8.1.  

Figure 8.3 also demonstrates that the 100 year emissions of cellulosic ethanol are 

between 161 and 241 lbs CO2 per MM BTU lower than the 100 year emissions of 
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gasoline from conventional petroleum While both cellulosic ethanol and gasoline sourced 

from unconventional hydrocarbons are two options for replacing gasoline from 

conventional petroleum, it is clear from Figure 8.3 that regardless of bioenergy crop or 

type of land utilized, emissions from cellulosic ethanol are significantly lower than 

emissions associated with gasoline from oil sands or coal to liquids.   
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Figure 8.3 100 year CO2 emissions normalized to energy content of fuel produced (lb 

CO2/ MM BTU fuel) for 6 cellulosic ethanol cases and 4 gasoline cases.  

 

Figure 8.4 compares total carbon dioxide emissions for the six scenarios to those 

projected by a similar study. Tilman et al. (2006) estimated carbon dioxide emissions for 
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biofuels derived from low-input high-diversity (LIHD) mixtures of native grassland 

perennials (Tilman et al., 2006). While their study was based on a timeframe of 30 years 

which is considerably shorter than this study’s 100 year period, Figure 8.2 shows that 

annual carbon dioxide emissions for mixed prairie grasses planted on marginal lands 

were very stable over the 100 year period, except for a minor upward shift during the 21
st
 

year. As shown in Figure 8.4, the total carbon dioxide emissions determined in Tilman’s 

study are directly comparable to the case of mixed prairie grasses grown on U.S. 

marginal lands in this study.  
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Figure 8.4 100 year CO2 emissions normalized for fuel production (lb CO2/ MM BTU) 

as calculated in current study compared to projections by other authors. 
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Geological sequestration of CO2 emitted from ethanol fermentation and lignin 

combustion was also considered to demonstrate possible improvements to the full carbon 

dioxide emission cycle of cellulosic ethanol.  Additionally, the effects of exporting excess 

electricity from lignin combustion to the grid were evaluated in this study, with 

consequences of these activities relative to the base case scenarios shown in Figure 8.5.  

Sequestration of the CO2 from fermentation based on 80% collection efficiency resulted 

in 57.3 lbs CO2/MM BTU emission reduction for all six bioethanol cases.  On top of that, 

sequestration of 80% of the CO2 from lignin combustion further reduced the 100 year 

CO2 emissions by 148 to 151 lbs CO2/MM BTU. Exported electricity produced from 

lignin combustion (Aden et al., 2002) was assumed to displace electricity generated from 

fossil fuels or nuclear reactors, which indirectly reduced total carbon dioxide emissions in 

the proposed scenarios as shown in Figure 8.5. Accounting for the above-mentioned 

emission factor associated with electricity production further reduced the 100 year 

emissions from the production and use of bioethanol by between 0.76 to 8.24 lbs CO2/ 

MM Btu, as seen in Figure 8.5.  However, these numbers also include consumption of 

electricity due to CO2 capture, separation, and sequestration which varied with different 

scenarios, i.e., different sequestration locations and separation technologies. The 

inclusion of sequestration and electricity export credits reflected the best scenario for 

cellulosic ethanol fuel production, and speaks to possible improvements to reduce carbon 

dioxide emissions. 
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Figure 8.5 100 year CO2 emissions from cellulosic ethanol normalized for fuel 

production (lb CO2/MM BTU fuel) with geologic sequestration of carbon dioxide from 

fermentation and lignin combustion. 

 

According to the Energy Information Association, the United States currently 

consumes approximately 390 million gallons per day of petroleum (EIA, 2009)
4
 which is 

equivalent to 1.82×10
16

 BTU per year.  After determining the amount of energy produced 

                                                           
 

4 Total Oil Supply.  Available at 

http://tonto.eia.doe.gov/cfapps/ipdbproject/IEDIndex3.cfm?tid=5&pid=53&aid=1 
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in BTU/acre-yr for the different bioethanol scenarios, the area required to produce 

between 20-100% of current gasoline demand as a percentage of the available land was 

estimated to put the values in perspective.  The results of this analysis are shown in Table 

8.3.  It can be observed that to satisfy 20% of the current gasoline demands, 8-12% of 

Canadian forestland, 48-64% of American marginal land, and 14-19% of American 

cropland would be required.  If 100% of the current gasoline demand is to be met with 

ethanol, 42-56% of Canadian forestland and 71-94% of American cropland and 

grasslands would be required, while there are only sufficient American marginal lands to 

meet 31-42% of the current gasoline consumption.  Thus, in order to reduce the area 

required for energy crops, improvements in crop yields and ethanol production and/or 

reductions in the consumption of liquid fuels would be necessary. 
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Table 8.3 Comparison of ethanol production in study to current demand for gasoline. 

 

Canadian Forest 

American marginal 

lands 

American cropland + 

grassland/prarieland 

MG Pop MG Pop MG Pop 

Gallons/year in study size (gal) 3.37E+09 2.54E+09 1.68E+09 1.27E+09 3.37E+09 2.54E+09 

BTU/yr 2.83E+14 2.13E+14 1.41E+14 1.07E+14 2.83E+14 2.13E+14 

% of gasoline consumption (%) 1.56 1.17 0.78 0.59 1.56 1.17 

Area needed to produce 20% 

gasoline consumption (acres) 6.47E+07 8.59E+07 1.29E+08 1.72E+08 6.47E+07 8.59E+07 

# of our sample areas 12.85 17.06 25.70 34.11 12.85 17.06 

% of land used compared to 

available 8.45 11.21 48.05 63.76 14.22 18.87 

Area needed to produce 50% 

gasoline consumption (acres) 1.62E+08 2.15E+08 3.24E+08 4.29E+08 1.62E+08 2.15E+08 

# of our sample areas 32.13 42.64 64.26 85.28 32.13 42.64 

% of land used compared to 

available 21.12 28.03 120.12 159.41 35.55 47.18 

Area needed to produce 75% 

gasoline consumption (acres) 2.43E+08 3.22E+08 4.85E+08 6.44E+08 2.43E+08 3.22E+08 

# of our sample areas 48.20 63.96 96.39 127.92 48.20 63.96 

% of land used compared to 

available 31.68 42.04 180.18 239.12 53.33 70.77 

Area needed to produce 100% 

gasoline consumption (acres) 3.24E+08 4.29E+08 6.47E+08 8.59E+08 3.24E+08 4.29E+08 

# of our sample areas 64.26 85.28 128.52 170.56 64.26 85.28 

% of land used compared to 

available 42.24 56.05 240.24 318.82 71.10 94.36 

2
1

9
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8.6. Sensitivity Analysis 

To evaluate both the robustness of our model and the sensitivity of results to the 

assumed input parameters, a sensitivity analysis was performed on each case. Results 

from the sensitivity analyses for mixed grass grown on marginal American land and 

poplar grown in Canadian forests are shown in Figures 8.6A and 8.6B, respectively, with 

both cases representative of the results obtained from the other four scenarios.  The x-axis 

of both figures shows the relative percent change in the input value, while the y-axis is 

the relative percent change in the 100-year total CO2 emissions from ethanol, minus the 

total 100-year total CO2 emissions avoided from replacing gasoline, all divided by the 

100-year total of BTU energy produced. Thus, values that lie above the x-axis represent a 

decrease in CO2 emissions for ethanol as compared to gasoline, while values below the x-

axis represent an increase in CO2 emissions for ethanol compared to gasoline. By 

examining Figures 8.6A and 8.6B, it can be observed that for both scenarios, carbon 

dioxide emissions are most sensitive to the assumed ethanol yield from the bioenergy 

crop and the lignin combustion emission factor. However, although the larger emissions 

associated with an increasing lignin combustion emission factor are intuitive, it is less 

apparent why ethanol CO2 emissions per BTU increased with a higher ethanol yield. 

When the ethanol yields from the bioenergy crop increased, the resulting carbon dioxide 

fluxes also increased: CO2 absorbed by biomass, excluding soil, CO2 absorbed by 

bioenergy crop SOC, CO2 released from harvest, and CO2 released from lignin 

combustion increase. The latter two represent an increase in carbon dioxide emissions, 

which overwhelm the small increases in sequestration from the first two factors.  Overall, 
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however, it was observed that with the exception of the ethanol yield from bioenergy 

crops and lignin combustion emission factors, the total 100 year carbon dioxide 

emissions were not very sensitive to other assumed inputs. 

 

Figure 8.6A Results of sensitivity analysis of inputs for mixed grass grown on American 

marginal land.   
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Figure 8.6B Results of sensitivity analysis of inputs for poplar grown in the Canadian 

forest. 

 

8.7. Conclusions 

This study estimated carbon dioxide emissions associated with producing ethanol 

over a 100 year period from poplar and mixed grasses grown on American marginal and 

croplands and in Canadian temperate forest.  Key to the development of this study was 

the assumption that cellulosic ethanol would be produced intelligently through the 

successful utilization of pre-existing biomass, the adoption of good farming practices, 

and energy efficient biorefinery design.  To provide perspective, carbon dioxide 

emissions from making ethanol were compared to those for gasoline production from 
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various fossil energy sources. When comparing among the six different cellulosic ethanol 

scenarios, use of poplar as a feedstock was projected to result in lower CO2 emissions 

than for grasses grown on the same land type. With the exception of producing ethanol 

from mixed grasses grown on American cropland or in Canadian forests, the ethanol 

scenarios had negative total CO2 emissions over the 100 years.  Furthermore, growth of 

poplar on both types of American land resulted in highly negative emissions, indicating 

that both environments could act as strong carbon sinks. Emissions from all six ethanol 

scenarios could be further decreased if sequestration of CO2 from fermentation and lignin 

combustion were employed.  Most importantly though, this study demonstrated that for 

all ethanol production scenarios, the associated carbon dioxide emissions over a 100 year 

period are significantly lower than emissions from the production and use of gasoline 

from conventional crude oil and alternative fossil fuels such as coal. Thus, for both 

environmental and political reasons, there is an urgent need to seek alternatives to 

gasoline usage. Overall, this study showed that ethanol can be an effective alternative to 

gasoline from the perspective of reducing carbon dioxide emissions, but because these 

benefits will take time to accrue for some situations, the sooner the technology is 

implemented, the sooner positive results will be realized. 

 

8.8. References 

Aden, A., Ruth, M., Ibsen, K., Jechura, J., Neeves, K., Sheehan, J., Wallace, B., 

Montague, L., Slayton, L., Lukas, J., 2002. Lignocellulosic biomass to ethanol 

process design and economics utilizing co-current dilute acid prehydrolysis and 

enzymatic hydrolysis for corn stover. National Renewable Energy Laboratory. 



 

224 
 

Armstrong, A., Johns, C., Tubby, I., 1999. Effects of spacing and cutting cycle on the 

yield of poplar grown as an energy crop. Biomass & Bioenergy, 17, 305-314. 

Avallone, E.A., Baumeister, T., 2008. Fuels and Furnaces.  In Marks' Standard Handbook 

for Mechanical Engineers (10th Ed.).  . McGraw-Hill, Retrieved May 24, 2008 

from Digital Engineering Library. , 7-11. 

Brandt, A.R., Farrell, A.E., 2007. Scraping the bottom of the barrel: greenhouse gas 

emission consequences of a transition to low-quality and synthetic petroleum 

resources. Climatic Change, 84, 241-263. 

Cerri, C.E.P., Easter, M., Paustian, K., Killian, K., Coleman, K., Bernoux, M., Falloon, P., 

Powlson, D.S., Batjes, N.H., Milne, E., Cerri, C.C., 2007. Predicted soil organic 

carbon stocks and changes in the Brazilian Amazon between 2000 and 2030. 

Agriculture Ecosystems & Environment, 122, 58-72. 

Conti, J., Sweetnam, G.E., 2007. Emissions of greenhouse gases in the United States 

2006. Energy Information Administration: Washington, D.C., Report no: 

DOE/EIA-0573(2006). 

Davison, J., Freund, P., Smith, A., 2001. Putting carbon back into the ground. IEA 

greenhouse gas R&D programme. 

Deckmyn, G., Laureysens, I., Garcia, J., Muys, B., Ceulemans, R., 2004. Poplar growth 

and yield in short rotation coppice: model simulations using the process model 

SECRETS. Biomass & Bioenergy, 26, 221-227. 

DeLuchi, M.A., 1991. Emissions of greenhouse gases from the use of transportation fuels 

and electricity. Center for Transportation Research, Argonne National 

Laboratory, 1. 

Felder, R.M., Rousseau, R.W., 1999. Elementary Principles of Chemical Processes- 3rd 

ed. John Wiley: New York. 

Graham, R.L., Wright, L.L., Turhollow, A.F., 1992. The Potential for Short-Rotation 

Woody Crops to Reduce United-States Co-2 Emissions. Climatic Change, 22, 

223-238. 

Greenhouse Gas Protocol Initiative, 2008. Greenhouse Gas Protocol. Available at 

http://www.ghgprotocol.org/calculation-tools/all-tools. 

Hendriks, C.A., Blok, K., Turkenburg, W.C., 1991. Technology and Cost of Recovering 

and Storing Carbon-Dioxide from an Integrated-Gasifier, Combined-Cycle Plant. 

Energy, 16, 1277-1293. 

International Boreal Conservation Campaign, Carbon Storage in Canada’s Boreal Forest. 

Available at http://www.interboreal.org/globalwarming/BorealForest-

CarbonMap-Soil.pdf. 

Lake, L.W., 1989. Enhanced oil recovery. Prentice-Hall: Englewood Cliffs, New Jersey.  . 

Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food 

security. Science, 304, 1623-1627. 

Lemus, R., Lal, R., 2005. Bioenergy crops and carbon sequestration. Critical Reviews in 

Plant Sciences, 24, 1-21. 

Miller, S.D., Goulden, M.L., Menton, M.C., da Rocha, H.R., de Freitas, H.C., Figueira, 

A.M.E.S., de Sousa, C.A.D., 2004. Biometric and micrometeorological 

http://www.ghgprotocol.org/calculation-tools/all-tools
http://www.interboreal.org/globalwarming/BorealForest-CarbonMap-Soil.pdf
http://www.interboreal.org/globalwarming/BorealForest-CarbonMap-Soil.pdf


 

225 
 

measurements of tropical forest carbon balance. Ecological Applications, 14, 

S114-S126. 

Office of Transportation and Air Quality, 2005. Emission facts- average carbon dioxide 

emissions resulting from gasoline and diesel fuel. United State Environmental 

Protection Agency: Washington, D.C., Available at 

http://www.epa.gov/otaq/climate/420f05001.htm. 

Perlack, R.D., Wright, L.L., Turhollow, A.F., Graham, R.L., Stokes, B.J., Erbach, D.C.E., 

2005. Biomass as feedstock for a bioenergy and bioproducts industry: the 

technical feasibility of a billion-ton annual supply. US Department of Energy and 

US Department of Agriculture, report no. DOE/GO-102995-2135. 

Ranney, J.W., Mann, L.K., 1994. Environmental Considerations in Energy Crop 

Production. Biomass & Bioenergy, 6, 211-228. 

Spatari, S., Zhang, Y.M., MacLean, H.L., 2005. Life cycle assessment of switchgrass- 

and corn stover-derived ethanol-fueled automobiles. Environmental Science & 

Technology, 39, 9750-9758. 

Tilman, D., Hill, J., Lehman, C., 2006. Carbon-negative biofuels from low-input high-

diversity grassland biomass. Science, 314, 1598-1600. 

Zhu, J.Y., 2009. On Energy Consumption for Size Reduction and Enzymatic 

Saccharification of Woody Biomass. 31st Symposium on Biotechnology for Fuels 

and Chemicals. San Francisco, CA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

http://www.epa.gov/otaq/climate/420f05001.htm


 

226 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9 Chapter 9. Interpretation and Significance of Major Findings and 

Future Work 
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9.1. Summary of Key Findings and Significance   

The main motivations for this work were to systematically study the major 

impacts of hemicellulose and its oligomers on enzymatic hydrolysis of cellulose and 

pretreated cellulosic materials and suggest promising strategies to reduce their negative 

impacts. Prior to this study, although lignin and hemicellulose attracted considerable 

attention as important barriers to cellulase action during enzymatic hydrolysis, little 

conclusive evidence supported this hypothesis. Furthermore, the role of major 

hemicellulose decomposition products, xylooligomers, has been rarely studied in 

previous research. Deeper insight into the role of hydrolysis intermediates would be 

extremely important to understanding mechanisms responsible for enzymatic hydrolysis 

performance. Based on a preliminary study by Kumar and Wyman, the different DP 

(degree of polymerization) xylooligomers released during enzymatic hydrolysis of 

pretreated biomass were shown to be potentially strong inhibitors to cellulase or β-

glucosidase, thus dramatically lowering overall glucose and xylose yields (Kumar and 

Wyman, 2009). However, there were still many unsolved questions regarding the 

mechanisms of xylooligomer inhibition on enzymatic hydrolysis and the relative 

importance of different DP xylooligomers.  In addition, the effects of xylooligomers on 

reducing non-productive binding of enzymes to lignin were determined in this research as 

well.  

Based on this rationale, specific objectives of this dissertation were to: 
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1.  Determine the effects of different types of surfactants on reducing non-productive 

binding of cellulases to lignin and modifying biomass surface to enhance the 

interaction between substrate and enzymes (Chapter 3). 

2.  Evaluate inhibition effects of monomeric xylose, xylan, and mixed DP 

xylooligomers on enzymatic hydrolysis of cellulose and pretreated biomass 

(Chapter 4 and Chapter 7). 

3.  Determine the ability of typical commercial enzyme preparations to hydrolyze 

different DP range xylooligomers to decrease their inhibitory effects (Chapter 5 

and Chapter 7). 

4.  Improve soluble xylooligomer quantification (Chapter 6). 

5.  Determine the mechanisms of xylan, xylose, and xylooligomer inhibition on 

cellulose enzymatic hydrolysis (Chapter 4, Chapter 7). 

6.  Propose promising approaches to reduce the negative impacts of lignin and 

xylooligomers on enzymatic hydrolysis to improve the overall enzyme efficacy 

(Chapter 3, Chapter 5, and Chapter 7). 

  

9.1.1.  Xylose, xylan, and xylooligomer are strong inhibitors on cellulase 

The most important finding of this research was the identification of xylan 

derivatives as strong inhibitors to cellulases during enzymatic hydrolysis of cellulose or 

pretreated biomass. Mixed DP (degree of polymerization) xylooligomers were found to 

be more inhibitory than xylose or xylan for equivalent mass concentrations of xylose in 

solution, as well as more powerful inhibitors than the well-established inhibitors glucose 
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and cellobiose. At a concentration of 12.5mg/mL, mixed xylooligomers could decrease 

final glucose yields by 38% compared to a control without xylose compounds added 

(Chapter 4). In addition, their inhibition effects were more obvious at lower enzyme 

loadings and were reduced with increasing enzyme loadings (Figure 9.1). Therefore, this 

observation provides another explanation of why the rate of enzymatic hydrolysis drops 

as the reaction proceeds and why large enzyme loadings achieve satisfactory cellulose to 

glucose conversion by overcoming reduced enzyme efficacy.  Furthermore, as shown in 

Figure 10.2a and 10.2b, as the concentrations of these inhibitors increased, both the initial 

hydrolysis rate (first hour glucan to glucose yield) and the 96 hrs yields dropped, and the 

mixed DP xylooligomers still had the greatest inhibitory effects among the three. 
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Figure 9.1 Comparison of xylan, xylose, and mixed DP xylooligomers inhibition of 2% 

(w/v) cellulose enzymatic hydrolysis with different enzyme loadings (FPU: CBU= 2:1). 

All xylose compounds were added based on equivalent xylose mass concentrations. 
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Figure 9.2: a) Effect of xylan, xylose, and xylooligomer concentrations on initial first 

hour hydrolysis rate during enzymatic hydrolysis of 2 wt% Avicel by an enzyme mixture 

of Spezyme CP cellulase and Novozyme 188 β-glucosidase at loadings of 5 FPU and 10 
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CBU/g of glucan. b) Effect of xylan, xylose, and xylooligomer concentrations on 96 hrs 

cellulose to glucose conversion.  

 

9.1.2.  The mechanism of xylooligomer inhibition 

Although the strong inhibitory effects of xylooligomers were previously reported 

by some research and confirmed by this study, the mechanism of xylooligomer inhibition 

is still open to debate. By tracking xylooligomer profile changes during enzymatic 

hydrolysis of cellulose as shown in Chapter 4, we hypothesized that xylooligomers 

competitively inhibit cellulases.  In support of this hypothesis, Chapter 7 presented 

stronger binding affinity and capacity of cellulase to birchwood xylan than Avicel 

cellulose, indicating a possible competitive relationship between xylan and cellulose for 

the active sites of cellulases. On top of that, the preliminary kinetics study reported in 

Chapter 8 illustrated a competitive inhibition pattern of xylose, xylobiose, and xylotriose 

on Spezyme CP cellulase. As in the cartoon below, the primary impacts of xylan residue 

on pretreated biomass could be summarized as: 1) solid xylan is a physical barrier that 

covers up the crystalline cellulose surface and reduces enzyme accessibility to cellulose 

microfibrils; 2) even if part of the xylan could be hydrolyzed by the hemicellulase 

activity in Spezyme CP cellulase and Novozyme 188 β-glucosidase or other commercial 

enzyme preparations, the xylooligomers released still non-productively bind with 

cellulase active sites, resulting in reduced cellulose conversion; and 3) synergic action of 

different compounds in cellulases could hydrolyze xylooligomers gradually to lower DP 

ones or xylose but over a relatively long reaction time so reaction rates and yields did not 
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increase much within a short time of enzymatic hydrolysis; 4) although xylose is not as 

inhibitory as xylooligomers, the similarity of its structure to glucose still results in 

inhibition of cellulase as reported in several previous studies (Dekker, 1986; Xiao et al., 

2004; Ximenes et al., 2010).  

 

Figure 9.3 Illustration of possible xylan, xylooligomer, and xylose inhibition 

mechanisms. Modified from M. Himmel, NREL(Himmel et al., 2007). 

 

9.1.3.  The effects of different enzyme preparations on hydrolyzing xylooligomers 

The strong inhibition of cellulose hydrolysis by xylooligomers even at relatively 

low concentrations leads us to consider removing xylan prior to enzymatic hydrolysis or 

rapidly hydrolyzing a high fraction of xylooligomers into less inhibitory xylose during 

enzymatic hydrolysis. Although as reported in other research, widely used cellulase and 
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β-glucosidase preparations contain some xylanase and β-glucosidase activities (Berlin et 

al., 2006; Dien et al., 2008), these hemicellulase activities were found to be insufficient to 

totally hydrolyze xylan residue in pretreated biomass. Consequently, large amounts of 

xylooligomers are likely to be released into solution if a large portion of xylan remains in 

the pretreated substrates. Thus, we studied the hydrolyzing capacity of four different 

enzyme preparations to provide guidance for suggesting possible strategies for reducing 

xylooligomer inhibition. Spezyme CP cellulase could hydrolyze a large portion of the 

high DP xylooligomers into lower DP ones but was not as effective in hydrolyzing lower 

DP ones particularly in short reaction times. In addition, the hydrolyzing capacity of 

Novozyme 188 β-glucosidase on both high and low DP xylooligomers was very low. As 

a result, a moderate enzyme dosage of about 10 FPU and 20 CBU/g glucan would likely 

be insufficient to hydrolyze much of the xylooligomers within a short reaction time to 

relieve their inhibition effects on cellulases. However, because xylanase and particularly 

β-xylosidase were effective in converting xylooligomers to xylose, their use was 

recommended in this study to accelerate hydrolysis of xylan and xylooligomers.  
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*** major effects 

* minor effects  

ND=not determined 

1. Lower DP XOs: xylooligomers with DP from 2 to 30 

2. Higher DP XOs: soluble xylooligomers with DP higher than 30 

3. Birchwood xylan (Sigma, Lot # 038K0751) 

4. Avicel glucan (PH-101) purchased from Sigma Chemicals  

 

9.1.4.  Possible strategies to reduce inhibition 

Although inhibition by xylooligomers or xylose was seldom reported in the 

literature, some recent studies advocate addition of xylanases to enhance conversion of 

both cellulose and hemicellulose (Selig et al., 2008). Similarly, we found that adding 

Multifect xylanase and β-xylosidase to enzymatic hydrolysis of pretreated corn stover by 

Spezyme CP cellulase and Novozyme 188 β-glucosidase significantly enhanced both 

Table 9.1 Comparison of hydrolysis capacity of different enzyme preparations for different substrates 

Enzyme 

preparation 

Batch number Lower DP 

XOs
1
 

Higher DP 

XOs
2
 

Xylan
3
 Cellulose

4
 

Spezyme CP 

cellulase 

301-05330-205 * ** ** *** 

Novozyme 188 

β-glucosidase 

18066K0676 * * * ND 

Multifect 

xylanase 

301-04021-015 *** *** *** * 

Genencor β-

xylosidase 

20050881-

0882 

*** *** ** ** 
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glucose and xylose yields. On top of that, Figure 9.4 indicates that xylanase addition 

could substantially reduce the dosage of cellulases and total protein loadings needed to 

achieve an equal total sugar yield for high xylan content AFEX pretreated corn stover. 

However, besides facilitating removal of the hemicellulose coating the cellulose surface 

as suggested in other papers, we believe that hemicellulases could also hydrolyze the 

most inhibitory xylooligomers into xylose, thereby enhancing performance. This 

hypothesis was supported by results reported in Chapter 7 that xylanase and β-xylosidase 

improved the cellulose to glucose conversion if soluble xylooligomers instead of solid 

xylan were present. However, addition of hemicellulases simultaneously with cellulases 

was found to not be as effective as adding them prior to cellulases (Chapter 7), apparently 

due to competitive binding of different enzymes to the substrate. Thus, we believe total 

removal of xylan and xylooligomers before enzymatic hydrolysis of cellulose or 

hydrolyzing them into monomers prior to addition of cellulases is preferred, with the 

result that a multistep enzyme addition strategy is proposed to overcome xylooligomer 

inhibition with much lower loss of enzyme efficacy.   
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Figure 9.4 Relationship between total protein loadings and total sugar (glucose+xylose) 

yields for enzymatic hydrolysis of 2 wt% AFEX pretreated corn stover
5
 by Spezyme CP 

cellulases and Novozyme 188 β-glucosidase with or without addition of Multifect 

xylanase. The FPU to CBU ratio was 1:2, and the cellulase to xylanase ratios were 2:1, 

1:1, 3:1 and 3:2 as indicated. 

 

9.1.5.  Competing relationship of different enzymes and different substrates 

An important finding of this research is the competitive role of different enzymes 

for different substrates. As reported in Chapter 7, adding xylanase or β-xylosidase to 

                                                           
 

5
 The pretreatment condition was described in Chapter 7. 
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cellulase during enzymatic hydrolysis of Avicel cellulose surprisingly lowered glucose 

yields even though small amounts of cellulase and β-glucosidase activities were reported 

in these enzyme preparations (Dien et al., 2008). One possible explanation for this 

phenomenon is steric hindrance of cellulases and β-glucosidase by xylanases and non-

productive occupation of cellulose catalytic sites by the latter as reported in one previous 

research (Ryu and Kim, 1998). Therefore, addition of xylanase may impact cellulase 

adsorption or vice versa.  

On the other hand, Spezyme CP cellulase was found to have a stronger binding 

affinity and capacity for birchwood xylan than Avicel cellulose, indicating competitive 

adsorption between glucan and xylan and possibly cellooligomers and xylooligomers. 

Similarly, Yang and Wyman also reported that β-glucosidase has a greater affinity for 

lignin than cellulose (Kumar and Wyman, 2009; Yang and Wyman, 2006). Consequently, 

preventing such non-productive binding can provide a key opportunity to promote overall 

enzyme efficacy. Together with the competitive relationship of different enzymes, it is 

worthwhile to develop an advanced strategy for efficient enzyme use, with the multistep 

enzyme addition strategy presented in Chapter 7 one promising approach that also shed 

new light on this opportunity.  

 

9.1.6.  The effects of additives on reducing non-productive binding 

Lignin and its degradation compounds have been widely recognized as inhibitors 

that deactivate enzymes and non-productively bind with enzymes (Berlin et al., 2006; 

Vohra et al., 1980; Ximenes et al., 2010; Yang and Wyman, 2006). In Chapter 3, a novel 
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surfactant pretreatment method was evaluated as an approach to enhance lignin removal 

prior to enzymatic hydrolysis and modify the surface of pretreated biomass to reduce 

binding of enzymes to lignin. The hydrophilic boundary formed outside lignin particles 

during pretreatment with surfactants could facilitate removal of small lignin particles by 

increasing their solubility.  Furthermore, surfactant (Tween-80) pretreated biomass had a 

lower protein binding capacity and lower surface hydrophobicity.  Thus, lignin remaining 

in the pretreated biomass solids is believed to be coated with surfactant molecules by a 

similar mechanism to BSA treatment (Yang and Wyman, 2006). The cellulose 

conversion of 3% (w/w) Tween-80 pretreated corn stover solids was found to be 

comparable to that for 3% (w/w) BSA treated corn stover as shown in Figure 9.5. As a 

result, both the glucose and xylose yields were enhanced compared to a control sample 

pretreated under the same condition but without surfactants.  

The high price of cellulases is a major barrier to commercial production of cost-

competitive cellulosic ethanol.  The surfactant pretreatment developed in this study has 

potential to reduce enzyme dosages needed to achieve a desired total sugar yield, 

although the net savings will depend on actual price for Tween-80 and cellulases. 

Unfortunately, the price of cellulases and particularly the expected sale price for making 

ethanol commercially are not publicly available.  In addition, the price of Tween-80 at 

large scale use is difficult to estimate.  Nevertheless, Tween-80 surely costs much less 

than cellulases, and optimization of Tween-80 pretreatment conditions may lower 

Tween-80 loadings to achieve similar benefits.   
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Figure 9.5 Enzymatic hydrolysis of 3% (w/w) Tween-80 pretreated corn stover and BSA 

treated corn stover by an enzyme mixture of Spezyme CP cellulase and Novozyme 188 β-

glucosidase at loadings of 10 FPU and 20 CBU/g of glucan. 

 

9.2. Summary of Key Findings in This Dissertation 

Through exploration of several topics, this dissertation arrived at several key 

findings that are outlined in chapter order as follows: 

 Surfactant (Tween-80) pretreatment could potentially reduce the high enzyme 

doses needed by removing more lignin during pretreatment and reducing non-

productive binding of cellulases to lignin. 
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 Xylan and its degradation products, xylooligomers and xylose, are strong 

inhibitors of cellulases. Xylooligomers were more inhibitory to cellulase than 

either xylan or xylose for an equivalent concentration of xylose mass at the 

concentrations studied and were also far more inhibitory than equal molar 

amounts of glucose or cellobiose. 

 Spezyme CP cellulase, Novozyme 188 β-glucosidase, Multifect xylanase, 

and Genencor β-xylosidase preparations all degrades different chain length 

xylooligomers.  However, cellulases should be supplemented with xylanase 

and β-xylosidase to reduce xylooligomer inhibition due to their deficient 

hydrolyzing capacity for xylooligomers. 

 The HPAEC-PAD technique used to characterize xylooligomers may not 

precisely quantify different DP xylooligomers due to the reduced PAD 

response of longer chain oligomers. 

 Xylooligomers competitively inhibit cellulase by binding to cellulase 

catalytic sites, and supplementation with xylanase and β-xylosidase could 

reduce their inhibition of enzymatic hydrolysis of cellulose. 

 

9.3. Closing Remarks  

Based on the research reported in this thesis, it can be concluded that lignin and 

hemicellulose, the other two most abundant components in cellulosic biomass besides 

cellulose, play important roles in enzymatic hydrolysis. The benefits of lignin and xylan 

removal have been generally believed to be disruption of physical barriers that impede 
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access of cellulases or reduction of non-productive binding by lignin. However, this 

thesis identified another negative impact of hemicelluloses and provided new insight into 

the benefits of xylan removal. Due to the deficient xylanase and β-xylosidase activities in 

commercial cellulase preparations, xylooligomers released from xylan left in pretreated 

biomass solids can accumulate during reaction and strongly inhibit enzymatic hydrolysis, 

reducing enzyme efficacy. Xylan and xylooligomers were found to competitively bind to 

cellulase catalytic sites with cellulose and significantly decrease cellulose to glucose 

conversion. Although identification of the particular enzyme components of Spezyme CP 

cellulase that xylooligomers inhibit is not yet known, they were found to more strongly 

inhibit Spezyme CP cellulase than Novozyme 188 β-glucosidase.  Supplementation with 

xylanase and β-xylosidase was shown to significantly improve both glucose and xylose 

yields for high xylan content substrates, as well as lower the total protein loading needed 

to achieve comparable yields. However, due to competing effects of different substrates 

and different enzymes detected in this study, hemicellulases are recommended to be 

added prior to cellulases to reduce unproductive binding of cellulases to xylan or 

xylooligomers.  

 

9.4. Future Works 

Topics that need further study have been pointed out throughout this work, with a 

few of the more important reinforced here: 

1) Study xylooligomer inhibition of purified cellulase components.  
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Although this thesis provides strong evidence of Spezyme CP cellulase inhibition 

by xylooligomers, Spezyme CP is a complex enzyme cocktail that contains several 

classes of enzyme components including endoglucanases (EG), cellobiohydrolases (CBH) 

and β-glucosidase. Therefore, the inhibition could be by reducing activity of one 

particular component or several different components, or through disturbing their 

synergism. Thus, research would be useful in understanding which specific enzyme 

components xylooligomers inhibit. 

2) Develop strategy to overcome xylooligomer inhibition. 

In Chapter 7, addition of xylanase and β-xylosidase was suggested as an effective 

way to overcome xylooligomer inhibition as well as lower the total enzyme use. However, 

the enzyme formulation should be optimized to maximize the synergism of different 

enzyme components and enhance overall enzyme efficacy. 

3) Improve the accuracy of xylooligomer quantification. 

Chapter 6 shows that the accuracy of current xylooligomer quantification 

techniques may be susceptible to several factors, and PAD response factors were 

introduced along with some preliminary data for determination of these factors. However, 

more work is still needed to prove the repeatability of these factors and use them to 

precisely quantify xylooligomers in biomass pretreatment hydrolysate. 

4) Determine binding inhibition of purified CBHI or other purified cellulase 

components by xylooligomers. 

Chapter 7 shows that commercial Spezyme CP cellulase has a stronger binding 

affinity to birchwood xylan than Avicel glucan, suggesting competitive binding of xylan 
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or xylooligomers to enzymes. However, it is still unknown which components of this 

enzyme cocktail strongly bind to xylan or xylooligomers. Therefore, determination of the 

binding affinity of purified enzyme components will help to answer this question and 

illuminate more effective ways to reduce inhibition.   

5)  Kinetic modeling of inhibition by individual DP xylooligomers. 

This study provides experiment data of inhibition by individual DP xylooligomers. 

However, modeling of the higher DP xylooligomer inhibition is still limited as a result of 

several factors, such as heterogeneous reaction system, changing inhibitor concentrations, 

and impacts of end-products glucose and cellobiose. The use of purified enzyme 

components and more precise measurement of reaction intermediate products might help 

to improve this model. Because the commercial enzyme preparation used in this study is 

a complex cocktail containing several different enzyme activities, prediction of effective 

enzyme concentration is difficult. In addition, due to the xylanase and β-xylosidase 

activities present in Spezyme CP cellulase, xylooligomers are easily hydrolyzed to lower 

DP species or monomeric xylose. Therefore, the concentration of inhibitors changes with 

time, complicating kinetic analysis. Consequently, the use of purified enzyme 

components might help to overcome these problems. In addition, provisions must be 

made to compensate for changes in the reaction broth as glucose and xylose are released 

into solution, and a more complex model that considers all these possibilities is a 

prerequisite to more precisely model inhibition by different DP xylooligomers. 
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