
 

 

ABSTRACT 

TREASURE, TREVOR HOBBS. Utilization, Characterization, and Enzymatic Hydrolysis, 

of Lignocellulosic Substrates for Energy and Materials. (Under the direction of Dr. Hasan 

Jameel and Dr. Saad A. Khan). 

 

The goal of the research presented here is to advance the fundamental and practical 

field of knowledge related to lignocellulosic biomass utilization in a biochemical conversion 

platform.  This work can be broadly categorized in to three sections: 1) process, financial, 

and risk modeling of proposed bioenergy production technologies, 2) the inhibitory role of 

lignin during the enzymatic hydrolysis of cellulose and other biomass polymeric 

carbohydrates, and 3) exploring processing behavior of lignin and viewing this material as a 

potential raw material for other products and materials. 

The first and second study demonstrate the utility of performing integrated process, 

financial, and risk modeling of two bioenergy production technologies.  The first study 

examines six different biomasses being processed through a dilute acid pretreatment 

technology followed by enzymatic hydrolysis and fermentation to produce ethanol.  The 

second study presents a concept termed value prior to combustion which couples an 

autohydrolysis treatment on biomass with traditional biomass combustion to generate ethanol 

and electricity.  The high level modeling work lays a foundation and emphasizes the practical 

importance of gaining a better fundamental understanding of enzymatic hydrolysis and lignin 

utilization for other uses than fuel value.   

In the third study, three analytical techniques, x-ray photoelectron spectroscopy 

(XPS), time of flight secondary ion mass spectrometry (ToF-SIMS), and a confocal laser 

scanning microscopy (CLSM) were evaluated for efficacy in measuring lignin distribution 

across the cell wall of pretreated biomass fibers.  Many different substrate features have been 



 

 

studied thoroughly in the literature but little attention has been given to the role of lignin 

distribution in the biomass matrix.  Coupled with the lignin specific fluorochrome, acridine 

orange, a CLSM can analyze fibers and produce images of lignin distribution across the cell 

wall.  The CLSM technique requires less time in terms of sample preparation and equipment 

analysis time compared with XPS and ToF-SIMS.   

In the fifth study, the CLSM technique identified in the fourth study was further 

developed by analyzing an array of partially delignified softwood tracheids.  The softwood 

samples were generated using kraft chemistry coupled with extended chlorite, oxygen, or 

ozone delignification.  Chlorite and oxygen delignification primarily remove lignin from the 

bulk of the cell wall while the ozone treatments are more effective at removing outside 

surface lignin.  Relating lignin distribution to enzymatic hydrolysis performance, the data 

suggest a slight advantage of removing outside surface lignin but larger gains occur if the 

treatment removes lignin from the bulk of the cell wall. 

In the fifth study, the relationship between fiber dimensional changes and cellulose 

degree of polymerization with the extent of enzymatic hydrolysis for varying lignin content 

softwood and hardwood pulps was investigated. The largest changes in fiber length occur 

during the first 30% of carbohydrate conversion.  The data suggest that the presence of high 

concentrations of lignin in the substrate matrix reduces the rate of fiber cutting but does not 

completely inhibit this action.  A general trend of decreasing number of kinks and average 

kink angle as a function of carbohydrate conversion was also observed which is consistent 

with mechanisms proposed in other studies (Clarke et al 2011, Wallace 2006).  The degree of 

polymerization of cellulose in the lignin free samples was measured at different extents of 

hydrolysis and was found to decrease linearly with carbohydrate conversion. 



 

 

In the sixth study, the time-temperature-extrusion impact of incorporating various 

plasticizers with kraft lignin on the rheological behavior of these formulations was examined.  

The plasticizers have the ability to retard the rate of lignin crosslinking that occurs during an 

extrusion process.  Incorporating a plasticizer can change the rheological behavior of the 

lignin-plasticizer blend and improve processability in a bench scale extruder.        
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1 INTRODUCTION AND BACKGROUND 

Renewable transportation fuels and bio-based materials have recently come to the 

forefront of science and engineering research.  The motives behind these efforts are geared 

toward establishing energy independence, combating carbon emissions, and identifying 

renewable substitutes for fossil based raw materials.  The engineering disciplines have been 

exploring numerous renewable feedstocks and the most efficient technologies by which to 

convert these feedstocks into a convenient energy source or biomaterial.  Many of the 

proposed conversion technologies currently being researched rely upon the use of enzymes to 

hydrolyze cellulose into glucose which can be converted to ethanol or some other liquid fuel 

via fermentation (Aden et al 2002, Phillips 2007, Zhao et al 2008, Wu et al 2010, Jin et al 

2010). Enzymatic hydrolysis of cellulose is more attractive than acid hydrolysis because 

enzymes can operate efficiently at mild operating conditions and do not produce unwanted 

byproducts which may be detrimental to downstream unit operations such as fermentation 

(Wald et al 1984).  In addition to utilizing the carbohydrate fraction of biomass, attention and 

research has recently shifted toward exploring potential uses for lignin and the non-

carbohydrate constituents of biomass. 

The goal of the research presented here is to advance the fundamental and practical 

field of knowledge related to lignocellulosic biomass utilization in a biochemical conversion 

platform.  This work can be broadly categorized in to three sections: 1) Process, financial, 

and risk modeling of proposed bioenergy production technologies.  The insight gained from 

understanding the key financial drivers and opportunity areas was the catalyst for the 

fundamental science work presented in the defined sections two and three.  2) The inhibitory 
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role of lignin during the enzymatic hydrolysis of cellulose and other biomass polymeric 

carbohydrates.  Significant research attention has been given to other substrate features 

(cellulose crystallinity, degree of polymerization, accessibility, bulk lignin content etc.) but 

little effort has been put forth to understand lignin spatial distribution.  Additionally, drawing 

a link between micro-level and polymeric level changes in biomass during the course of 

enzymatic hydrolysis warrants additional investigation for both practical and fundamental 

reasons.  3) Exploring processing behavior of lignin and viewing this material as a potential 

raw material for other products and materials.  When examining proposed bioenergy 

processing technologies it becomes abundantly clear that residual lignin from a biochemical 

conversion process needs to be utilized for something other than fuel value in order to make 

most technologies financially feasible.  If lignin is to be utilized in material manufacture, 

advancing the understanding of rheological behavior and improving processability is a 

necessity.       

This Introduction and Background will cover three major topics and provide 

contextual information for the chapters that follow.  The primary focus of this introductory 

material is as follows: 

 Survey the current state of proposed processing technologies, policy 

landscape, and present relevant terminology associated with process modeling 

and financial evaluations. 

 Describe the mechanism of enzymatic hydrolysis of cellulose and pertinent 

substrate characteristics thought to play a key role in determining the rate and 

extent of hydrolysis. 
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 Introduce lignin as a raw material for bio-based materials and the focus and 

progress of research to date. 

2 LANDSCAPE OF BIOENERGY POLICY AND BACKGROUND ON 

TECHNO-ECONOMIC EVALUATION METHODOLOGY 

2.1 Policy Push Towards Bioenergy 

The Energy Independence and Security Act of 2007 (EISA) set forth a 16 billion 

gallon cellulosic biofuel target to be achieved by 2022 (110th Congress of the United State of 

America 2007).  The original objective of the Renewable Fuel Standard outlined in the EISA 

was to combat carbon emissions, provide a steady supply of oxygenate to blend with 

gasoline, and improve the overall energy security position for the United States.  Each year 

the Environmental Protection Agency (EPA) releases a projected available volume of 

cellulosic ethanol; 17 million ethanol-equivalent gallons in 2014.  The ramp schedule 

outlined in the EISA calls for 1.75 billion gallons in 2014, Figure 3-1.  This revised cellulosic 

biofuel target reflects the EPA’s current estimate of what will actually be produced in 2014 

by such companies as Abengoa, DuPont, INEOS Bio, KiOR, and Poet (United States 

Environmental Protection Agency 2014, United States Environmental Protection Agency 

2014). 
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Figure 2-1: EISA and EPA Revised Biofuel Production Targets 

 

The discrepancy between the target and projected productions can be explained to a great 

extent by the lack of commercially viable biomass production and conversion technologies as 

well as market conditions.  According to the United States Energy Information 

Administration the ethanol blend wall for motor gasoline has been reached as of late 2010 

and continues to be satisfied by traditional corn ethanol production (United States Energy 

Information Administration 2011).  The ethanol blend wall refers to the maximum percent 

ethanol that can be blended into the gasoline supply which has been set at 10% by volume by 

the EPA. 
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2.2 EPA Approved Cellulosic Biofuel Production Technologies 

The five companies identified by the EPA as having approved pathways for cellulosic 

biofuel production include Abengoa, DuPont, INEOS Bio, KiOR, and Poet (United States 

Environmental Protection Agency 2014, United States Environmental Protection Agency 

2014).  These companies make use of either biochemical processing technology 

(pretreatment followed by enzymatic hydrolysis and fermentation) or thermochemical 

processing technology (gasification or pyrolysis of biomass followed by fermentation or 

catalytic cracking).  Abengoa and Poet are making use of an acidic pretreatment coupled with 

steam explosion and have primarily identified corn stover as the raw material biomass that 

will be utilized (Abengoa Bioenergy, Poet-DSM 2012).  DuPont Danisco is utilizing a mild 

alkaline pretreatment that was developed in collaboration with the United States Department 

of Energy National Renewable Energy Lab (DuPont Danisco Cellulosic Ethanol).  INEOS 

Bio and KiOR are the thermochemical pathways of gasification followed by syngas 

fermentation and pyrolysis coupled with catalytic cracking respectively (United States 

Environmental Protection Agency 2014).  In the proposed 2014 renewable fuel standard, the 

EPA mentions five other companies that are working on cellulosic biofuel production 

technologies but will not be operational in 2014 (United States Environmental Protection 

Agency 2014).  Although the EPA has identified these companies as having approved 

pathways for cellulosic biofuel production, this does not imply that the technologies or 

particular facilities being built by these companies will be financially sound investments.             
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2.3 Techno-economic Evaluations of Emerging Bioenergy Technologies 

Despite billions of dollars of investment in research and process development by the 

federal government and private entrepreneurs, the projected cellulosic biofuel production in 

2014 is one-tenth the target established in the EISA (110th Congress of the United State of 

America 2007, United States Environmental Protection Agency 2014).  The most significant 

downfall, in terms of financial viability, of emerging technologies is the large amount of 

capital investment required.  The estimates on capital investments are such that conversion 

efficiencies and input costs do not produce levels of return on investment that would attract 

potential investors.   

Process development targets for biochemical ethanol production from lignocellulosic 

substrates have been previously proposed (Phillips 2007).  These targets, if achieved, could 

yield investment-quality economics and should be used by the research community to guide 

technology development of cellulosic ethanol production: 

 

 Biomass Cost 

o Less than $70 per bone-dry ton (BDT) 

 Ethanol Yield 

o Greater than 70 gallons of ethanol per BDT 

 Capital Investment 

o Less than $3.00 per annual gallon of ethanol produced 

 Ethanol Revenue 

o Greater than $2.50 per gallon of ethanol (market price plus subsidy) 
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 Enzyme Cost 

o Less than $0.30 per gallon of ethanol (Phillips 2007). 

To understand the integrated economics and viability of a particular feedstock being 

processed through a particular technology, a research group must marry knowledge and 

modeling tools of the complete supply chain from raw material growth and harvesting, to 

process simulation, to financial investment modeling.  Examining each one of these areas 

independently does not provide a clear picture of the techno-economic viability of particular 

feedstocks and processing technologies.  In general, evaluating the potential techno-

economic viability of a proposed technology involves four integrated tasks: 

   

1. Construction of a model for the delivered cost of biomass; 

2. Construction of a model for the capital investments required to produce ethanol using 

a specific technology; 

3. Process simulation using laboratory results for pretreatment, enzyme hydrolysis, and 

sugar utilization (most commonly ethanol fermentation); 

4. Integration of Tasks 1–3 into a financial investment model. 

As scientists and engineers continue to refine and development novel technologies for 

producing fuels and energy from lignocellulosic biomass, techno-economic analysis 

methodologies, tools, and results should be developed and presented to the public.  This 

information is useful for guiding future research and potential industrial applications. 
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2.4 Financial Indicators and Relevant Terminology 

Some key financial indicators and metrics used to evaluate the feasibility and 

performance of a proposed technology or project will be introduced and discussed.  

Calculating these specific indicators is important for a stand-alone evaluation or a 

comparative evaluation looking at a variety of technologies or feedstocks. 

2.4.1 Net Present Value    

Net Present Value (NPV) calculates the sum of all cash outflows and inflows after 

adjusting to a common year basis using a discount (appreciation) rate (Anonymous 2012).  

The rate used to discount future cash inflows to a project is chosen based on certain criteria 

including but not limited to the cost of borrowed capital, project risk, and the opportunity 

cost associated with other alternative investments (Brealey 2008).  The discount rate is 

sometimes referred to as the project “hurdle rate” as it is an indication of the minimum 

acceptable return for a project to be considered for investment.  If the NPV of a project is 

positive this indicates that the internal rate of return for the project is greater than the 

discount rate used to calculated the NPV.  The value of NPV is that it provides information 

about the absolute amount of money that a project will make or loose.     

2.4.2 Internal Rate of Return     

The internal rate of return (IRR) is the discount rate at which the NPV of a forecasted 

project is equal to zero; the appreciated cash outflows equal the depreciated cash inflows 

(Brealey 2008).  The value IRR is that it is independent of assumptions with respect to cost 

of capital, project risk, or the opportunity cost.  The disadvantage of IRR is that it does not 

provide a sense of magnitude of the absolute amount of money that a project will make or 
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loose (ie. a lemonade stand may generate the same IRR as a bioenergy facility that requires 

hundreds of millions of dollars in capital expenditure to establish).  

2.4.3 EBITDA - Earnings Before Interest, Taxes, Depreciation, and Amortization 

Earnings before interest, taxes, depreciation, and amortization (EBITDA) is a good 

measure of profitability because it examines earnings before industry or company specific 

costs associated with taxes, interest payments, and depreciation schedules.  Companies are 

typically bought and sold on a multiple basis of the current EBITDA.   

2.4.4 Cash Flow and Free Cash Flow 

Cash flow is equal to after tax profit plus the amount of depreciation.  Free cash flow 

is the remaining cash flow after any changes in working capital and new capital investments 

have been accounted for.  Free cash flow can be used by an enterprise to pay dividends to 

stock holds, pay down debt, or make strategic capital investments in the enterprise.     

2.4.5 Direct and Indirect Costs 

Direct costs are cash outflows from an enterprise that are proportional to the amount 

of finished product produced.  Some examples of direct cost line items include raw materials 

and chemicals, energy, and freight.  Indirect costs are those that are more or less independent 

of the amount of finished product produced.  Some examples of indirect costs include labor 

and benefits, insurance, depreciation, working capital, and various forms of overhead 

including production site, business, and corporate overhead.   
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2.4.6 Operating Margin 

Operating margin is synonymous with profit after tax which is the amount of cash 

flow left from the original revenue after all direct and indirect costs as well as taxes have 

been subtracted.   

2.4.7 Payback Period 

Payback period is the length of time required for the cumulative free cash flow of a 

project to equal zero.  This term answers the question: How long, on a discounted free cash 

flow basis, does it take to pay off the capital associated with a specific investment? 

2.4.8 Working Capital 

Working capital is the value of all raw materials and finished products that are kept in 

storage to maintain smooth production operations and finished product supply chains.     

2.4.9 Capital Turnover 

Capital turnover is the amount of revenue divided by capital employed and provides a 

measure of how well a particular capital investment is generating revenue for the enterprise.   

2.4.10 Return on Investment 

Return on investment (ROI) is calculated by taking the after tax profit (operating 

margin) and dividing by the capital employed.  Capital employed is the sum of working 

capital and the asset value.  This metric is generally used to determine is an enterprise is 

making money in the current year.   

2.4.11 Asset Value and Replacement Asset Value 

Asset value is equal to the original cost of equipment minus accumulated 

depreciation.  At the end of a depreciation schedule the asset value of a particular piece of 
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equipment is equal to zero.  The replacement asset value is the cost of the original equipment 

or the cost to replace a piece of equipment at a given point in time.  The replacement asset 

value is typically used to estimate maintenance capital expenses because it is a measure of 

the real value of equipment on the ground.     

2.4.12 Cash Cost of Production 

Cash cost of production is the total amount of money required to produce a unit of 

finished product not including the costs of overhead and depreciation.   

2.4.13 Revenue 

Revenue is the total cash flow in to an enterprise resulting from selling a certain 

quantity of finished product to a customer at a given unit price.   

2.4.14 Depreciation  

Depreciation is a taxed advantaged indirect cost that allows an enterprise to reduce 

taxable income by recognizing that the purchased equipment experiences wear and tear over 

time and eventually becomes obsolete.  Depreciation generally applies to all assets except for 

land and the time over which an asset is depreciated may be completely different than the 

actual useful life of the equipment. 

3 INTRODUCTION TO LIGNOCELLULOSIC BIOMASS AND 

PROCESSING 

Lignocellulosic biomass is produced by annual and perennial agricultural crops such 

as corn stover, switchgrass, and sugar cane as well as woody forest based resources such as 

hardwood and softwood trees.  Terrestrial growth of lignocellulosic biomass is of the order 

magnitude hundreds of billions of tons per year and only a few percent of this biomass is 

utilized by humans  (Lucia 2008).  Lignocellulosic biomass is a heterogeneous material 
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primarily composed of cellulose, lignin, and a variety of hemicelluloses depending on the 

type of plant and species.  Other materials such as organic solvent extractables and inorganic 

inert material are also present in biomass.  Agricultural and perennial biomass materials 

typically have a higher inorganic inert material content than woody biomass.  Extractable 

material content is quite variable but is nonetheless important in biomass processing and can 

be a valuable co-product (Smook 2002). 

Cellulose is mainly produced biosynthetically by higher plants via photosynthesis 

(Zhang and Lynd 2004).  Cellulose is a linear polymer made of D-glucose units linked 

together by a β-(1,4)-glycosidic bond (Hendriks 2008).  The organic structure and polymer 

notation of the cellulose chain is presented in Figure 2-1. 

 

 
Figure 3-1: Cellulose Chain and Cellobiose Repeating Unit (Zhang and Lynd 2004) 

 

Cellulose has the ability to form hydrogen bonds with adjacent cellulose chains which 

results in a highly crystalline structure that is difficult to disrupt (Kim 2006).  An aggregate 
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of cellulose chains is often referred to as a cellulose fibril and it is these fibrils 

(approximately 10-20 nm in diameter) that form fibers in plants that are responsible for fluid 

conduction (Hendriks 2008, Donaldson 2007).  Depending on species, cellulose content in 

biomass is usually 40-50% of dry matter (Kumar 2009). 

The role of lignin in lignocellulosic biomass is to provide support for the tree or plant, 

hold the fibers together, and provide a barrier to the elements and biological attack 

(Campbell and Sederoff 1996, Decker et al 2008).  Lignin is an amorphous polymer 

comprised of phenylpropane units bonded in numerous carbon-carbon and ether bonds 

(Sjostrom 1981).  The synthesis of lignin is complicated and widely studied but is initiated 

from three subunits that undergo radical coupling reactions to produce an amorphous 

polymer (Hatfield et al 1999, Sjostrom 1981).  The three lignin preceding subunits are p-

hydroxycinnamyl alcohol, confieryl alcohol, and sinapyl  alcohol which lead to “H”, “G”, 

and “S” type subunits respectively (Zhou et al 2011), Figure 2-2.  Lignin containing H type 

subunits are typically only found in annual plants while woody biomass has varying 

proportions of G and S subunits depending on wood type and species  (Santos et al 2012).  

Typical lignin content values are 20-30% of dry matter (Kumar 2009). 
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Figure 3-2: Lignin Precursor Subunits from left to right: p-hydroxyphenyl (H), guaiacyl (G), 

and syringyl (S) (Zhou et al 2011) 

 

Hemicelluloses act as the interface polymer between the highly crystalline and 

structured cellulose fibers and the amorphous and disordered lignin polymer (Hendriks 

2008).  The relative amount and type of the various hemicelluloses is species dependent and 

can play an important role in biomass processing to liquid fuels.  The most common type of 

hemicellulose in hardwoods is glucoronoxylan and for softwoods is galactoglucomannan 

(Hon and Shiraishi 2001).  Generally, hemicelluloses comprise about 30% of the dry biomass 

(Kumar 2009). 

These primary components of cellulose, lignin, and hemicellulose are synthesized by 

the plant to produce the physical structures of fibers, vessels, and tracheids which are 

responsible for fluid conduction in the plant or tree.  The cell wall presented in Figure 2-3 is 

classified in to five major regions based on topochemistry and orientation of the fibrils in 

each layer (Donaldson 2001, Smook 2002). 
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Figure 3-3: Schematic Showing Wood Cell Wall Layers (Smook 2002)  

 

The most notable difference between the different regions shown in Figure 2-3 is the lignin 

content.  A line traversing across the cell wall of a tracheid or fiber will cross over multiple 

morphological regions with varying lignin contents (weight percent lignin).  Beginning at the 

middle lamella (ML) the lignin content is highest (50%-70% by weight) relative to other 

areas of the cell wall.  This is the lignin that acts as an adhesive between adjacent fibers.  The 

lignin content rapidly drops as the line proceeds across the primary (P) wall and first layer of 

the secondary wall (S1).  The second layer of the secondary wall (S2) makes up the bulk of 

the cell wall but has the lowest lignin content (approximately 20%) when compared with the 
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other regions.  Despite having the lowest lignin content, the S2 layer contains the most lignin 

on an absolute basis because it is the most massive region of the cell wall.  Previous 

investigations have found the third layer of the secondary wall (S3) is slightly more lignified 

than the S2 layer (Donaldson 2001). 

Approximately 95% of woody biomass in the United States is consumed by lumber as 

well as pulp and paper mills.  The balance is utilized as fuel in industrial boilers or pelletized 

for industrial and residential applications.  However, as the domestic demand for pulp, paper, 

and lumber declines and incentives and focus on renewable energy increase, the amount of 

woody biomass consumed for energy and biomaterials may increase moving forward.  The 

two most studied pathways for converting biomass in to chemicals are thermochemical and 

biochemical technologies.  Thermochemical pathways (ie. pyrolysis and gasification) make 

use of high temperatures and pressures along with catalysts to degrade biomass and generate 

chemicals.  The current state of thermochemical technologies is not the focus of this work but 

needs to be mentioned as the other major pathway for producing fuels and chemicals from 

biomass.  The biochemical pathway utilizes a combination of organic/inorganic chemicals 

and biological mechanisms (enzymes and fermentation organisms) to convert biomass to 

chemicals.  The following introductory material is presented in the context of the 

biochemical conversion pathway.             

 The goal of most processing technologies, whether it is related to biorefinery 

concepts or traditional pulp and paper operations, is to disrupt both the chemical makeup and 

mechanical structure of this native wood fiber layout.  This first step is commonly referred to 

as “pretreatment” and is subsequently followed by enzymatic hydrolysis, which converts 
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polymeric carbohydrates to simple sugars, and fermentation, which converts the simple 

sugars to a liquid fuel product.  Figure 2-4 provides a pictorial representation of how 

enzymatic hydrolysis of cellulose is thought to proceed.  

 

 
Figure 3-4: Pictorial Representation of Enzymatic Hydrolysis (Lynd et al 2002) 

 

Different types of enzymes are capable of hydrolyzing cellulose via different 

mechanisms.  Exoglucanases attack the cellulose polymer from either the reducing or non-

reducing end while endoglucanases hydrolyze the polymer at internal linkages.  An enzyme 

called β-glucosidase acts on soluble cellobiose units and converts this glucose dimer to two 

monomeric glucose units.  Although enzymatic hydrolysis has tremendous potential, there is 

limited understanding of the substrate variables impacting hydrolysis rates and overall 

conversion efficiency. 
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Enzymatic hydrolysis of cellulose is a heterogeneous catalytic reaction that as a first 

step requires the adsorption of an enzyme onto a surface site of cellulose. The most widely 

used adsorption model utilized to describe enzyme substrate interaction is the Langmuir 

adsorption isotherm (Bansal et al 2009, Zhang and Lynd 2004, Zheng 2009, Kadam et al 

2004, Mamma et al 2009).  The form of the Langmuir adsorption isotherm is presented as 

follows, 

 

 
   

        

      
 

 

 

 

 

where Eb is the amount of enzyme adsorbed on the substrate (mg enzyme/g substrate), Amax is 

the maximum amount of enzyme that can adsorb on the substrate surface (mg enzyme/g 

substrate), Ka is the adsorption equilibrium constant (mL/mg of enzyme), and Ef is the free 

enzyme concentration (mg enzyme/mL).  The Langmuir adsorption isotherm provides the 

relationship between the amount of enzyme adsorbed on the substrate as a function of the 

free enzyme concentration, taking into consideration that there is a certain affinity between 

the enzyme and the substrate and the notion that there is a finite amount of enzyme that can 

adsorb onto the substrate surface.  Although the Langmuir adsorption isotherm is widely used 

and can often provide a good fit with experimental data, various studies have nullified most 

of the implicit assumptions (Palonen et al 1999, Jeoh et al 2002, Carrard and Linder 1999, 

Linder and Teeri 1997). 
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Much attention has been given to studying the fundamentals of enzymatic hydrolysis 

of cellulose because this particular step determines the efficiency by which carbohydrates are 

converted to simple sugars and thus plays an important role in the financial feasibility of a 

particular processing technology (Aden et al 2002, Humbird et al 2011, Phillips 2007, Jameel 

et al 2008, Santos et al 2012, Jin et al 2010, Gonzalez et al 2011, Gonzalez et al 2011).  

Enzyme manufacturers have invested millions of research dollars in to reducing the cost of 

enzymes but this still remains a major contribution to direct costs for any processing 

technology (Percival Zhang et al 2006).  The ultimate objective of the pretreatment stage is to 

produce a substrate that is amenable to enzymatic hydrolysis while conserving as much sugar 

and carbohydrate as possible.  The pretreatment step utilizes chemicals (alkaline or acidic 

conditions), high temperatures (generally 150°C-200°C), and mechanical energy to open the 

biomass structure.  During this pretreatment stage however, the carbohydrate fraction of the 

biomass can be degraded to other products which effectively reduces the yield of sugar and 

final product.  Therefore, a balance must be found between yield conservation and severity 

when examining pretreatment and subsequent enzymatic hydrolysis as a complete system. 

The scientific community has recognized that both substrate characteristics (chemical 

nature and distribution of lignin, cellulose crystallinity and degree of polymerization, particle 

size and interstitial pores) as well as enzyme characteristics are critical in determining how 

efficiently a cocktail of enzymes can hydrolyze the sugars present in pretreated biomass 

(Chandra et al 2008, Hall et al 2010, Mooney et al 1998, Puri 1984, Studer et al 2011, Yu et 

al 2012, Yu et al 2011, Jin et al 2010, Wu et al 2010, Koo et al).  Although lignin and its 

inhibitory role during enzymatic hydrolysis is the least understood phenomenon in this 
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scientific community, a brief discussion and explanation of other features affecting 

enzymatic hydrolysis will be mentioned.  The following sections will highlight key substrate 

characteristics identified by the community as it relates to enzymatic hydrolysis of cellulose. 

3.1 Cellulose 

3.1.1 Cellulose Crystallinity  

The crystallinity of cellulose has been mentioned in many studies as being a predictor 

of substrate amenability to enzymatic hydrolysis (Fan et al 1980, Mittal et al 2011, Lynd et al 

2002).  Lynd and co-workers, as well as experimental articles, reviewed the literature and 

determined that the hydrolysis of amorphous cellulose by fungal enzymes can be 3-30 times 

as fast as the hydrolysis of crystalline cellulose (Lynd et al 2002, Dermoun and Belaich 1988, 

Fan et al 1980, Sinitsyn et al 1991).  Many scientists attempted to build kinetic models based 

on this information by dividing the substrate into amorphous and crystalline regions.  If the 

information presented by Lynd and co-workers is applicable to substrates containing both 

amorphous and crystalline cellulose then it would be expected that the crystallinity of the 

substrate should increase as hydrolysis proceeds, because the amorphous regions will be 

hydrolyzed quicker than the crystalline regions (Reese et al 1957).  Many studies presented 

data and claimed that the crystallinity of the substrate remains constant throughout hydrolysis 

(Lenz et al 1990, Ohmine et al 1983, Puls and Wood 1991, Sinitsyn et al 1989, Puri 1984, Yu 

et al 2012, Hall et al 2010).  Mansfield and co-workers argue that depending on the specific 

cocktail of enzymes used the crystallinity of the substrate may either increase or decrease 

after hydrolysis (Mansfield and Meder 2003).  Some of the confusion related to cellulose 

crystallinity and its role during enzymatic hydrolysis may be confounded by different 
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analytical measurement techniques utilized by scientists to measure crystallinity (Park et al 

2010). 

When discussing cellulose crystallinity it is worth noting that there are four primary 

allomorphs of cellulose that can be generated to form a crystalline structure, cellulose I, II, 

III, and IV (Marchessault and Sundararajan 1985).  These polymorphs are differentiated by 

how the various hydroxyl groups form hydrogen bonds with one another and the polarity, 

orientation of reducing and non-reducing ends, of the cellulose chains in a given crystallite.  

Cellulose I is generated in nature by bacteria and algae, cellulose Iα, and by higher plants 

such as plants such as trees, cellulose Iβ (Atalla and VanderHart 1984).  The other polymorphs of 

cellulose, II-IV, are manmade using chemicals and/or heat, Figure 2-5.   

 

 

Figure 3-5: Formation of Cellulose Polymorphs (O'Sullivan 1997) 
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Weimer and co-workers performed a study to evaluate the relative enzymatic hydrolysis rates 

for the various polymorphs of cellulose and ranked the hydrolysis rates from fastest to 

slowest as amorphous > IIII > IVI > IIIII > I > II.  The hydrolysis rates of amorphous cellulose 

and cellulose IIII are of similar order of magnitude while there is roughly a one order of 

magnitude difference between hydrolysis rates of amorphous cellulose and cellulose I 

(Weimer et al 1991, Chundawat et al 2011).  Computational simulation work has also been 

performed on model cellulose crystals to identify the amount of work required to 

decrystallize various polymorphs of cellulose.  Beckham and co-workers determined that the 

decrystallization work for edge chains was highest for cellulose I, followed by cellulose IIII, 

and finally cellulose II (Beckham et al 2011).  Although others have found that cellulose II 

shows the slowest rate of enzymatic hydrolysis of the various polymorphs, the simulation 

work indicates that the work required for the edge chain decrystallization is actually lower 

than other polymorphs.  These type of data and studies highlight a critical point about the 

role of cellulose crystallinity during enzymatic hydrolysis and that is results and conclusions 

must be looked at with a discerning eye and special attention must be given to both cellulose 

sources and analytical techniques used to generate data.                

The most common method (90% of related literature) by which crystallinity is 

measured is X-ray diffraction (Park et al 2010).  It has been suggested that future studies 

should incorporate new and multiple methods of determining cellulose crystallinity such as 

solid state 
13

C NMR, Raman spectroscopy, and sum-frequency-generation vibration 

spectroscopy  (Zhang and Lynd 2004, Park et al 2009, Schenzel et al 2005, Barnette et al 

2011, Barnette et al 2012).  Studying the impact of crystallinity on cellulose hydrolysis is 
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further complicated by interference from lignin and hemicellulose and the fact that many 

methods used to modify the crystallinity of a substrate (ball milling, cellulose regeneration) 

also change other morphological parameters such as degree of polymerization and accessible 

surface area. 

3.1.2 Degree of Polymerization 

The degree of polymerization (DP) is often defined in terms of number average, 

weight average, or inferred from viscosity measurements (Zhang and Lynd 2004).  The two 

most common methods to measure cellulose DP, gel permeation chromatography (GPC) and 

viscometry, require that the cellulose be dissolved in a solvent which can be challenging if 

the sample is not purely cellulose (Hallac and Ragauskas 2011, Trathnigg 2004).  Methods 

that can purify lignocellulosic materials, remove lignin and hemicellulose, without modifying 

the cellulose DP are continually being developed and improved upon.  Depending on the DP 

of a cellulose chain it may be soluble, slightly soluble, or insoluble in water (Klemm 1998).  

Typically, cellulose chains with a DP less than 6 are soluble and cellulose chains with a DP 

greater than 30 are insoluble with slightly soluble chains having a DP between 6 and 30 

(Klemm 1998).  The DP of a cellulose substrate can be an important kinetic factor when 

studying enzymatic hydrolysis because specific enzymes are capable of hydrolyzing the 

cellulose polymer at different points.  Exoglucanases attack the cellulose chain from either 

the reducing or non-reducing end depending upon protein structure (Kleman-Leyer et al 

1992).  These types of enzymes decrease the DP only incrementally by removing dimers 

from the end of the chain.  Endoglucanses on the other hand can attack the cellulose chain in 

the middle and drastically reduce the DP of the substrate by cutting cellulose chains at 
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random intervals (Kleman-Leyer et al 1992).  Figure 2-6 shows the DP range over which 

typical cellulose substrates exist.   

 

 
Figure 3-6: DP Ranges of Various Cellulose Substrates (Zhang and Lynd 2004) 

Figure key: NC=natural cotton, NW=natural wood, BC=bacterial cellulose, CT=cotton linter, 

FP=filter paper, P=pulp, BMCC=bacterial microcrystalline cellulose, PASC=phosphoric acid 

swollen cellulose, CD=cellodextrin.   

 

Some investigations have found that cellulose with a lower DP is more amenable to 

enzymatic hydrolysis because the number of chain ends per unit mass of cellulose increases 

with decreasing DP and provides more sites for exoglucanases to adsorb and hydrolyze 

(Väljamäe et al 2001).  Others have also suggested that a lower DP results in fewer interchain 
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hydrogen bonds which results in a substrate that can more easily be decrystallized and broken 

down to simple sugars (Hallac and Ragauskas 2011, Pan et al 2007, Pan et al 2008). 

Depending on the type of pretreatment used during biofuel production, the DP of a 

given substrate may change only slightly or quite significantly.  Acidic pretreatments tend to 

reduce the DP more substantially than alkali based pretreatments due to the random 

hydrolysis of the cellulose chains at points in the middle (Kumar et al 2009).  Comparing the 

DP of natural wood (NW) and wood pulp (P) reveals that an alkaline pulping operation can 

reduce the DP of the cellulose by an order of magnitude.  Based on the inherent mechanism 

by which enzymatic hydrolysis takes place, the DP of the cellulosic substrate can be a 

significant variable impacting substrate reactivity and various studies have shown that lower 

DP typically results in faster and more complete hydrolysis (Puri 1984, Martinez et al 1997). 

3.2 Lignin 

3.2.1 Lignin Inhibition during Enzymatic Hydrolysis 

Studying the enzymatic hydrolysis of lignocellulosic substrates is more difficult than 

studying pure cellulose systems due to the heterogeneity of the substrates and the presence of 

lignin and hemicelluloses (Zhang and Lynd 2004).  The removal of lignin from a 

lignocellulosic substrate has been shown to increase digestibility during enzymatic hydrolysis 

and is of greater importance than cellulose crystallinity and DP (Converse and Optekar 1993, 

Lynd et al 2002, Mansfield et al 1999, Chang and Holtzapple 2000, Mooney et al 1998, 

Santos et al 2012, Yu et al 2011, Jin et al 2010, Wu et al 2010).  It has been shown that 

cellulases adsorb onto lignin (Zheng 2009, Ooshima et al 1990, Zheng 2007).  Therefore, the 

lignin may be having two effects on the hydrolysis of cellulose.   
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First, enzymes adsorb onto lignin resulting in fewer enzymes available to interact 

with cellulose and a retarded hydrolysis rate (Berlin et al 2005, Mansfield et al 1999, 

Nakagame et al 2010).  The explanation for the adsorption of enzymes onto lignin is rooted 

in both common hydrophobic interactions and to a lesser extent ionic interactions (Berlin et 

al 2006, Eriksson et al 2002).  Lignin and enzymes are classified as being hydrophobic and 

are therefore thermodynamically driven to close proximity in the presence of water.  Eriksson 

and co-workers found that the addition of a surfactant to reduces the amount of enzyme 

adsorption onto lignin presumably by having the hydrophobic end of the surfactant interact 

with the lignin instead of the free enzymes.   

Second, the lignin is linked to cellulose and blocks the enzyme from accessing the 

carbohydrate (Chandra 2007).  The physical blockage by lignin can be related to physical 

proximity or a result of covalent linkages that are present between lignin and the 

carbohydrate fraction of biomass, often referred to as lignin carbohydrate complexes (LCC) 

(Balakshin et al 2011, Fengel and Wegener 1984).  There has also been some data to suggest 

that soluble fractions of lignin can interact with enzymes in the liquid phase and induce 

inhibition (Nakagame et al 2011, Yang et al 2011, Kim 2005, Morrison et al 2011, Cantarella 

et al 2004, Ximenes et al 2011). 

3.2.2 Lignin Distribution and Chemical Functionality   

The bulk concentration of lignin alone cannot describe differences in hydrolysis 

efficiencies between various substrates.  Yu and co-workers took a common pretreated 

softwood substrate and subjected it to further delignification via acid chlorite and ozone.  

Subsequent enzymatic hydrolysis revealed different hydrolysis efficiencies at a common bulk 
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lignin content (Yu et al 2011).  There are likely two variables at play influencing these 

observed results.  Firstly, the chemical functionality of the residual lignin and secondly the 

residual lignin spatial distribution across the cell wall after different methods of chemical 

delignification.    

One chemical functionality test performed on lignin is determining the proportion of 

syringyl (S) and guaiacyl (G) lignin subunits in the lignin polymer.  Softwood lignin is 

composed almost exclusively of G lignin while hardwood lignin can have a range of S/G 

ratios (typically 1-3) depending on species (Santos et al 2012).  Various work, including a 

study of 47 phenotypes of P. trichocarpa, found that substrates with a higher S/G are more 

amenable to enzymatic hydrolysis than substrates with lower S/G (Studer et al 2011, Santos 

et al 2012).  The lignin chemistry community suggests that lignin containing more S type 

subunits is more linear, exhibits less crosslinking, and has a lower molecular weight as a 

result of more β-β linkages and the fact that S type lignin has two methoxy groups substituted 

on the aromatic ring while G type lignin has one methoxy group substituted (Kishimoto et al 

2010, Stewart et al 2009).  In comparison to G type lignin, S type lignin typically has fewer 

5-5 and β-5 linkages, which are more stable and less resistant to chemical oxidation and 

breakdown.  Guaiacyl lignin is also thought to be more branched which may contribute to 

inhibition effects and recalcitrance.  Although attention in the past has been on the proportion 

of lignin subunits, additional insight may be found by also looking at lignin structure (degree 

of condensation, proporation of linkages, phenolic hydroxyl content). 

Because enzymatic hydrolysis of cellulose is a heterogeneous catalytic reaction, the 

first step in the hydrolysis mechanism requires the adsorption of an enzyme onto a surface 
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site of cellulose (Lynd et al 2002, Zhang and Lynd 2004).  Lignocellulosic biomass is not a 

homogenous material and therefore it is logical to assume that how the various chemical 

components (cellulose, lignin, hemicelluloses) are spatially distributed in the three 

dimensional matrix of a biomass fiber will play a role in how many cellulose surface sites are 

available for enzyme adsorption.  In addition to overcoming the native distribution of lignin 

in woody biomass, some scientists have provided data suggesting re-deposition of lignin on 

the biomass surface and in pores generated during solubilization of other components during 

pretreatment (Palonen et al 2004, Wong et al 1988).  Microscopic techniques such as 

scanning electron microscopy have revealed droplet shapes that appear on the surface of 

biomass following pretreatment.  Various techniques including Fourier transform infrared 

(FTIR) spectroscopy, nuclear magnetic resonance (NMR), fluorescence labeling, and 

extraction and compositional analysis were used to determine that these droplets do contain 

lignin (Donohoe et al 2008).  Donohoe and co-workers postulate that lignin migration and 

coalescence is possible if pretreatment temperatures exceed the glass transition temperature 

of lignin which is approximately 150°C depending on source of biomass (Fengel and 

Wegener 1984, Donohoe et al 2008).                  

A variety of techniques have been employed in the past to observe or measure lignin 

distribution across the cell wall of woody fibers and tracheids.  It should be noted that most 

of these techniques were applied to wood cross sections and very little work has been 

explored about techniques to measure lignin distribution across the cell wall of free flowing 

pretreated fibers.  Some of the more common techniques employed on wood include 

permanganate staining and electron microscopy (Saka et al 1979), ultraviolet fluorescence  
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(Fergus et al 1969, Donaldson 2001), transmission and scanning electron microscopy 

(Donohoe et al 2008, Fromm et al 2003), and energy disperse X-ray analysis (EDXA) 

(Eriksson et al 1988, Saka et al 1982).  The use of X-ray photoelectron spectroscopy (XPS, 

also known as ECSA {electron spectroscopy for chemical analysis}) to study lignocellulosic 

materials was first used by Dorris and Gray in 1978 (Dorris and Gray 1978, Dorris and Gray 

1978).  Most of the literature using XPS to examine wood fibers was focused on bleaching 

and paper making applications (Laine et al 1986, Laine et al 1994, Orblin and Fardim 2010, 

Popescu et al 2009, Gray et al 2010).  Depending on the angle at which the x-ray source is 

oriented in relation to the substrate, surface composition can be determined for a range of 

depths from 1-10nm.  Figure 2-7 shows that there is a drastic difference between total/bulk 

lignin content and the surface lignin content for unbleached kraft softwood pulp (Laine et al 

1994). 
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Figure 3-7: Surface Coverage of Lignin versus Total Lignin Content for Unbleached Kraft 

Softwood Pulp: Open Squares, 20° Emission Angle; Filled Squares, 90° Emission Angle 

(Laine et al 1994) 

 

More recently, researchers have begun using time of flight secondary ion mass 

spectroscopy (ToF-SIMS) to study the surface chemistry of wood and 

cellulosic/lignocellulosic substrates (Zhou et al 2011, Saito et al 2011, Saito et al 2005, 

Koljonen et al 2004).  Zhou and coworkers were able determine the spatial distribution of 

syringyl (S) and guaiacyl (G) lignins within a single cell wall for a wood cross section of 

poplar (Populus trichocarpa) (Zhou et al 2011).  For this particular wood species this study 

was able to show using ToF-SIMS that G type lignin is in higher concentration in the middle 

lamella (space between fiber cells known to have a high lignin concentration) and S type 

lignin is in higher concentration in the inner cell wall area (Zhou et al 2011).  Saito and 

coworkers were also able to use ToF-SIMS for spatial lignin characterization and argue that 

this technique “can be used for convenient determination of the S/G ratio in plants, as well as 

in wood pulps and papers” (Saito et al 2011).  Previous lignin characterization of this 
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sophistication was performed using solution state nuclear magnetic resonance techniques 

which requires multiple isolation steps and significant laboratory resources.  The technique 

of ToF-SIMS not only requires less time for sample preparation but also has the potential to 

determine the lignin distribution (concentration and types of lignin) of a given substrate. 

3.3 Biomass Physical features and enzymatic hydrolysis 

3.3.1 Substrate Accessibility, Particle Size, and Porosity 

The reaction of cellulose to either cellobiose or glucose is a heterogenous reaction 

while the conversion of cellobiose to glucose is a homogenous reaction.  Because the 

hydrolysis of cellulose is a heterogenous reaction, enzymes must adsorb to the surface of the 

substrate.  Depending on the structure of the cellulose substrate and also the size and shape of 

the hydrolyzing enzyme, the active sites of the enzyme and substrate may or may not be 

accessible (Zhang and Lynd 2004, Tanaka et al 1988, Yeh et al 2010).  Particle size has been 

shown to have a negative correlation with both enzymatic hydrolysis rates and ultimate 

conversion efficiencies (Chundawat et al 2007).  However, particle size is only one measure 

of substrate accessibility and does not provide any information about the internal surface area 

of pore size distribution within a particular substrate.    

The hydrolyzing enzymes produced by Trichoderma reesei are on the order of 50 Å 

in the largest dimension (Zhang and Lynd 2004).  Therefore, careful consideration must be 

taken when performing substrate accessibility measurements to consider the large size of the 

enzymes that must diffuse to an active site and then have the correct spatial orientation to 

bind and hydrolyze the cellulose polymer.  When examining the accessibility of enzymes, 

one must consider that cellulosic substrates have external and internal surface area.  Common 
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methods for determining the internal surface area of the cellulose substrate include small 

angle X-ray scattering, solute exclusion, Simon’s staining, and water retention value (WRV) 

measurements (Grethlein 1985, Neuman and Walker 1992, Chandra et al 2009).  Chandra 

and co-workers claim that Simon’s staining and WRV measurements are good predictors of 

enzyme accessibility.  Grethlein used solute exclusion techniques to show that initial 

hydrolysis rates for acid pretreated softwoods and hardwoods is correlated linearly with 

substrate accessibility of a 51 Å size solute (Grethlein 1985).  Zhang cautions that such solute 

exclusion measurements have the potential of over estimating the accessibility of the 

substrate because the solute does not differentiate between active and non-active substrate 

sites (Zhang and Lynd 2004).  Thus, if a solute molecule of similar size to an enzyme has a 

certain accessibility, this does not necessarily mean that all of the accessible area contains 

active sites for the enzyme to digest.  The same arguments can be made for WRV and dye 

staining experiments although good correlations have been presented in the literature (Koo et 

al).     

The external surface area of a cellulosic substrate depends on the size and shape of 

the particles and can generally be measured by microscopic observations (Zhang and Lynd 

2004).  Kim and co-workers found a negative relationship between particle size and the 

adsorption and reactivity of various cellulosic substrates (Kim et al 1992).  During their 

adsorption study, Kim and co-workers found that the adsorption of cellulases onto the surface 

of cellulose can be described by the Langmuir adsorption isotherm (Kim et al 1992).  Most 

quantitative models since the 1980s have used Langmuir kinetics to describe enzyme 

adsorption while Michaelis-Menten kinetics were used previously (Zhang and Lynd 2004, 
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Zheng 2009).  Due to the catalytic mechanism of most enzymes, accounting for enzyme 

accessibility and substrate porosity is a key variable in determining the reactivity of a 

substrate  (Grethlein 1985, Mooney et al 1998, Yu et al 2011). 

4 LIGNIN AS A RAW MATERIAL 

Lignin is the largest natural source of aromatic and phenolic functional groups and is 

the largest contributor to organic matter in forest soils (Lin 1992, Crawford 1981).  

Regardless of the source and type, lignin is complex polymer that exhibits numerous 

structures and bonding between the monolignol subunits.  A structural model of softwood 

lignin proposed by Adler is presented in Figure 4-1 and provides some perspective on the 

complexity of the polymer (Adler 1977).  Numerous C-C and ether linkages unite the 

subunits and the formation of these linkages is an enzyme controlled peroxidase mediated 

dehydrogenation and radical coupling reaction (Adler 1977).  The major ether and C-C 

linkages, as well as the percent of total linkages for typical softwood and hardwood, is 

presented in Figure 4-2.  By far the most abundant linkage in woody lignin is the β-O-4 

linkage.       
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Figure 4-1: Structural Softwood Model Proposed by Adler (Adler 1977, Calvo-Flores and 

Dobado 2010) 
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Figure 4-2: Linkages Between Monolignols in Hardwood and Softwood Lignin 

 

4.1 Sources of Lignin for Energy and Materials 

Currently there are several sources of commercially available lignin that differ in the 

manner by which they are extracted and isolated from the biomass raw material (Biermann 

1993, Smook 2002).  Because the chemical methods by which these lignins are extracted and 

isolated utilize different mechanisms, the resultant lignin can have drastically different 

functional and physical properties over a range of molecular masses and are therefore 

suitable for different applications (Calvo-Flores and Dobado 2010).   
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4.1.1 Kraft Lignin 

Kraft pulping utilizes a combination of NaOH and Na2S at temperatures in the range 

of 150-180°C to solubilize and remove lignin from woody biomass (Smook 2002).  The kraft 

process is the most common processing technology utilized to generate wood pulp that is 

ultimately converted to pulp and paper applications.  The lignin that is dissolved into the 

alkali solution during the kraft pulping operation can undergo pH induced precipitation using 

CO2 (adjustment to pH 9).  The precipitated lignin is then acid washed (pH 1-2) using 

sulfuric acid which allows for kraft inorganic chemical removal from the lignin.  This 

material can then be dried and used as a raw material for other applications (Tedder 2008).  

The lignin generated from this process is hydrophobic, insoluble in water, and of lower 

molecular weight when compared with the lignin in native wood (Calvo-Flores and Dobado 

2010).  A significant portion of this precipitated kraft lignin is then sulfomethylated using 

sodium sulfite and formaldehyde which renders it water soluble. 

The amount of lignin extracted from biomass via kraft pulping is on the order of 

magnitude 100 million tons per year in North America.  As of 2010 the amount of kraft 

lignin precipitated from pulping liquor was approximately 100,000 tons per year, or 

approximately 0.1% of the total lignin extracted from biomass via kraft pulping (Calvo-

Flores and Dobado 2010, Gosselink et al 2004).  The remaining 99.9% of the extracted lignin 

is combusted at the kraft pulping site to generate heat and power for the process.  These 

figures indicate that there is an enormous potential resource for kraft lignin but currently it is 

only used in a few niche applications due to technical limitations with downstream 

processing. 
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4.1.2 Ligninsulfonates 

Ligninsulfonates are recovered from the pulping liquor of a sulfite wood pulping 

process.  The sulfite pulping process is used to remove lignin from wood (typically 

softwood) and can be performed at four different conditions.  The acid sulfite process 

(reactive agents SO2/HSO3-) is the most common and is carried out at pH 1-2 and 

temperatures ranging from 125-150°C.  Bisulfite pulping (reactive agent HSO3-) is carried 

out at pH 3-5 and temperatures ranging from 150-175°C.  Neutral sulfite pulping (reactive 

agent HSO3-/SO3
-2

) is carried out at pH 6-7 and temperatures ranging from 150-175°C.  

Alkaline sulfite pulping (reactive agent Na2SO3 reinforced with anthraquinone) is carried out 

at pH 9-13 and temperatures ranging from 50-175°C (Calvo-Flores and Dobado 2010).  The 

delignification mechanism under acid sulfite conditions involves the cleavage of ether bonds 

and the formation of a carbocation at which point a sulfonate group can be added to the 

lignin polymer.  Ligninsulfonates possess both hydrophilic and hydrophobic behavior and are 

also water soluble.  The counter ion for the negatively charged sulfonate group is typically 

calcium but magnesium and ammonium are also used (Calvo-Flores and Dobado 2010).  The 

amount of bond cleavage is less in sulfite pulping than in kraft pulping and as a result the 

molecular weight of Ligninsulfonates are typically higher than that of precipitated kraft 

lignin.  Although only approximately one million tons per year of ligninsulfonates are 

prepared worldwide, the material is used in many niche markets such as binders, dispersants, 

emulsifiers, and chelating applications (Wetzel 2006, Guo et al 2008). 
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4.1.3 Organosolv Lignin 

Organosolv lignin is a generic term referring to lignin extracted from wood using 

some type of organic solvent such as alcohols (ethanol or methanol) and/or organic acids 

(acetic or formic acid).  The lignins prepared with this approach are typically free of 

inorganic compounds such as sodium or sulfur and are less degraded than ligninsulfonates or 

kraft lignin.   

4.1.4 Residual Lignin from a Biorefinery Concept 

New sources of lignin may be available if new processing technologies for producing 

liquid fuels from biomass become commercial.  These lignins could be extracted during some 

type of biomass pretreatment (mild acidic or alkaline conditions) or could also be the residual 

solid lignin remaining after enzymatic hydrolysis.  Most process designs utilize this lignin as 

an energy source to power the process but if the lignin finds a use that renders it more 

valuable than heat value then it is a potential co-product from a biorefinery (Aden et al 2002, 

Humbird et al 2011, Gonzalez et al 2011, Santos et al 2012, Jameel et al 2008). 

4.2 Utilization of Lignin 

The following set of examples highlights the potential use of lignins without chemical 

or functional modification prior to processing.  Lignin from an organosolv process has been 

used to replace phenol in phenolic resins and has been used in plywood applications with 

physical property tests exceeding those of conventional phenol-formaldehyde resins (Stewart 

2008).  A 50% replacement of phenol in phenol-formaldehyde resins by kraft lignin or 

ligninsulfonates has been demonstrated in oriented strand board applications (Donmez 

Cavdar et al 2008, Tejado et al 2007, Tejado et al 2008).  Investigations have been performed 
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looking at the potential of incorporation lignin with polyolefin polymers such as 

polypropylene or polyethylene.  The presence of lignin in a polyethylene plastic will modify 

the mechanical properties of the final product, typically making the material more brittle and 

possess lower tensile strength, but can also stabilize polyolefins against photo-oxidative 

break down (Kharade and Kale 1999, Gandini 2008).  Another drawback of incorporating 

lignin into polyolefin blends is the discoloration and darkening of the final product (Kharade 

and Kale 1999).  The use of kraft lignin to produce a thermosetting polyester with sebacoyl 

chloride has been demonstrated.  The resulting product demonstrated good material stability 

up to 200°C (Nguyen Thi et al 2009).  Being able to generate some type of plastic from 

lignin and a mixture or other natural or petroleum based components could open a large 

volume market that may be able to pay more than fuel value for the lignin as a raw material.  

Ligninsulfonates can react with phenol in the presence of sulfuric acid to generate a modified 

lignin polymer with added phenolic functionality.  This modified lignin can then react with 

epichlorohydrin and form an epoxy resin polymer with bisphenol-A (Effendi et al 2008). 

The ultimate goal in the lignin chemistry research community is to identify products 

from lignin that are high value.  A typical problem with high value markets however is that 

the volume in demand is usually low.  A case study example of this is synthetic vanillin 

which can be produced from ligninsulfonates extracted from a sulphite pulping operation.  

The production of vanillin from ligninsulfonates began in 1937 and was the dominate process 

of production synthetic vanillin for approximately 45 years (Calvo-Flores and Dobado 2010).  

By the early 1980s a single sulphite pulping operation with vanillin production capability 

was able to supply 60% of the world’s supply for synthetic vanillin; the balance of 
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synthetically produced vanillin comes from petrochemical feedstocks of guaiacol and 

glyoxylic acid (Hocking 1997, Calvo-Flores and Dobado 2010).  Two other higher value 

chemicals and materials that can be produced from lignin include dimethyl sulfoxide and 

activated carbon.  Activated carbon can be produced from kraft lignin first by carbonization 

and followed by activation via physical (steam or CO2 at 600-1200°C) or chemical activation 

(KOH, NaOH, or H3PO4 and inert heat treatment at 450-900°C) (Calvo-Flores and Dobado 

2010, Guo and Rockstraw 2006, Suhas et al 2007).   

Carbon fiber is a major material target goal that the lignin research community and 

government agencies have been investing millions of dollars of research funds.  Although 

many groups and scientists have generated lignin fibers or claim to have produced lignin-

carbon fibers, the major hurdle has been attaining strength properties on par with even the 

weakest carbon fiber produced from polyacrylonitrile (PAN) (Baker and Rials 2013, Brodin 

et al 2011, Kadla et al 2002, Kubo and Kadla 2005, Oak Ridge National Laboratory 2013, 

Qin and Kadla 2012, Lin et al 2014, Qin and Kadla 2011).  As a point of reference, listed 

below in Table 4-1 are some mechanical properties of different types of carbon fiber (CF) 

and the associated market price according to the United States Department of Energy (DOE) 

and Oak Ridge National Laboratory (ORNL) (Oak Ridge National Laboratory 2013). 
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Table 4-1: Traditional and Lignin Based Carbon Fiber Strength and Price Points 

Application 
Tensile Strength 

(GPa) 

Elastic Modulus 

(GPa) 
Price ($/lb) 

Space Craft 4-6 500-600 $80 

Air Craft 5-6.5 350-500 $30-$40 

High Pressure Storage 5-6 200-300 $15-$20 

Wind Turbines 4-5 250-350 $10 

Sporting Equipment 2-4 250-350 - 

Automotive 1.5-2.5 150-250 - 

Best Lignin CF 1.07 83 
Target $5-$7 

Typical ORNL Lignin CF  0.48 48 

             

The DOE and ORNL have a target of being able to produce a lignin based carbon fiber that 

could substitute in automobile applications.  To meet this target, tensile and elastic modulus 

strength properties need to double without significant increase in production cost.  A few of 

the largest hurdles identified by the DOE with respect to producing a lignin based CF with 

adequate mechanical properties for automotive application are understanding what 

characteristics (lignin type, structure, functionality, molecular weight) of the lignin raw 

material are most important (Oak Ridge National Laboratory 2013).  Gaining a better 

understanding of the fundamental factors affecting lignin utilization and processability will 

be critical not only in the realm of lignin based CF research but also in the context of 

integration with other types of polymer systems.  



 

42 

5 INTEGRATED CONVERSION, FINANCIAL, AND RISK 

MODELING OF CELLULOSIC ETHANOL FROM WOODY AND 

NON-WOODY BIOMASS VIA DILUTE ACID PRETREATMENT
†
 

5.1 Abstract 

Dilute sulfuric acid pretreatment followed by enzymatic hydrolysis and fermentation 

is a technology widely studied as a potential pathway for conversion of lignocellulosic 

biomass to ethanol.  Six feedstocks were evaluated in process and financial simulations.  The 

woody feedstocks include natural hardwood, Eucalyptus, and loblolly pine while the non-

woody feedstocks include corn stover, switchgrass, and sweet sorghum.  Based upon 

experimental and literature data, ethanol yields for the non-woody biomasses range from 

315-328 liters per bone dry metric ton (L/BDt).  Sweet sorghum that is pressed and washed 

to remove soluble sugars prior to dilute acid processing can have an ethanol yield of 

approximately 470 L/BDt.  Natural hardwood and Eucalyptus produce ethanol yields of 336 

and 309 L/BDt respectively.   

When processing 700k bone dry metric tons per year, the non-woody biomasses have 

lower minimum ethanol revenues to achieve a 12% internal rate of return (MER@12%) than 

the woody biomasses.  The non-wood MER@12% ranged from $0.70-$080/liter while the 

MER@12% for natural hardwood and Eucalyptus was $0.84-$0.85/liter  The impact of 
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feedstock composition variability on the net present value at 12% (NPV@12%) discount was 

estimated for corn stover, switchgrass, and loblolly pine.  One standard deviation in the 

sample carbohydrate content for corn stover, switchgrass, and loblolly pine will impact the 

NPV@12% by approximately $40M, $72M, and $24M respectively.  If recent historical cost 

and revenue variability continues for the life of the project the most attractive feedstock is 

squeezed sweet sorghum where the probability of achieving at least a 12% internal rate of 

return is 64%.   

Keywords: cellulosic ethanol, economics, risk, woody, non-woody, dilute acid 

 

5.2 Introduction 

The Energy Independence and Security Act of 2007 (EISA) set forth a 16 billion 

gallon cellulosic biofuel target to be achieved by 2022 (110th Congress of the United State of 

America 2007). Each year the Environmental Protection Agency releases a projected 

available volume of cellulosic ethanol; 10.45 million ethanol-equivalent gallons in 2012.  

The ramp schedule outlined in the EISA calls for 500 million gallons in 2012.  The 

discrepancy between the target and projected productions can be explained to a great extent 

by the lack of commercially viable biomass production and conversion technologies.  The 

main goal of this paper is to present an analysis methodology that can help identify and 

screen potential commercially viable bioenergy production technologies.  This methodology 

needs to be as holistic as possible and incorporate such areas as: biomass production and 

delivered cost, conversion process modeling with supporting lab data for conversion 

efficiencies, financial and risk analysis.  The work presented here is an example of how this 
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methodology can be applied to a well-known conversion technology processing a variety of 

biomass feedstocks. 

Dilute sulfuric acid pretreatment followed by enzymatic hydrolysis and fermentation 

is a technology widely studied as a potential pathway for conversion of lignocellulosic 

biomass to ethanol (Humbird et al 2011, Aden et al 2002, Humbird et al 2010, Tao et al 

2012, Li et al 2010, Wei et al 2012, Wooley et al 1999, Zhang et al 2011).  The dilute acid 

pretreatment process serves two functions in this technology pathway: 1) solubilize 

hemicellulose sugars present in biomass for subsequent fermentation to ethanol and 2) 

generate a residual biomass substrate that is more amenable to enzymatic hydrolysis than 

native biomass.  Although this processing technology focuses on ethanol as a final product, 

the monomeric sugars released during pretreatment and enzymatic hydrolysis can also be 

used to produce other chemicals and materials currently derived from other sources.
 (Amidon and 

Liu 2009, Salam et al 2011)
 The residual lignin and unfermented carbohydrates are ultimately burned 

in a boiler to co-generate steam and power for the process.  

The goal of this paper is to not only demonstrate an integrated analysis methodology 

but also show financial modeling results of three woody biomasses and three non-woody 

biomasses.  The woody biomasses examined include natural hardwood, loblolly pine, and 

Eucalyptus.  The non-woody biomasses examined include switchgrass, corn stover, and 

sweet sorghum.  The following financial indicators were determined to compare the various 

feedstocks and highlight the key metrics used by investors to evaluate the potential success of 

a project: internal rate of return (IRR), net present value (NPV), and minimum ethanol 

revenue (MER) to achieve a specific internal rate of return.  To account for uncertainty in the 
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cost and revenue drivers, each feedstock scenario was subjected to a statistical risk 

assessment based on historical volatility in market prices.  This integrated analysis 

methodology is useful and novel because it provides a guide and framework for holistic 

analysis from biomass production to final product using a well-known technology and 

proposed bioenergy feedstocks as a case study.  The methodology also employs statistical 

techniques in an attempt to quantify the risk of uncertainty in raw material and product prices 

so that investors may make more informed decisions.  The bottom line figures and risk 

assessments can also guide the efforts of scientists and engineers as they strive to improve 

the feasibility of bioenergy production technologies. 

5.3 Materials and Methods 

5.3.1 Process Description 

A complete process model of dilute acid pretreatment followed by enzymatic 

hydrolysis and co-fermentation to ethanol  was created using WinGEMS v5.3 based on the 

2011 National Renewable Energy Lab (NREL) technical design report (Humbird et al 2011).  

A process flow diagram of this technology is presented in Figure 5-1.   
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Figure 5-1: Process Flow Diagram of the 2011 NREL Dilute Acid Pretreatment Process 

 

A general description of the process will be provided and additional detail can be 

found in the original publically available report.  Biomass feedstock from a uniform 

feedstock supply system or woodyard is conveyed to the dilute acid reactor where the 

biomass is introduced to dilute sulfuric acid (2.2% on dry biomass) and heat (158°C, 5 

minutes) via direct steam from the boiler and turbogenerator.  During this pretreatment, 

hemicelluloses in the biomass are solubilized and hydrolyzed to monomeric sugars.  The 

residual solid biomass is more amenable to enzymatic hydrolysis than native biomass.  

Following dilute acid pretreatment, the biomass slurry is conditioned using ammonia which 

increases the pH of the system from approximately 1 to approximately 5.  Cellulase enzymes 
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have been shown to perform most efficiently at a pH close to 5 and a temperature of 

approximately 50°C (Humbird et al 2011, Novozymes 2007).  Cooling of the biomass slurry 

following pretreatment is accomplished via indirect heat exchange with cooling water.   

Enzymatic hydrolysis is initially carried out in a high solids (10.6 wt.% insoluble) 

continuous plug flow reactor using cellulase enzymes produced on-site from purchased 

glucose and other raw material chemicals.  The residence time in the continuous enzymatic 

hydrolysis reactor is 24 hours which is sufficient time to break the biomass structure down 

enough such that it can be pumped to batch hydrolysis and fermentation reactors.  Enzyme 

hydrolysis is allowed to continue for another 60 hours in the batch reactors before the 

residual lignin and sugar slurry is cooled via indirect heat exchange with chilled water to 

32°C for fermentation.  Fermentation proceeds for 36 hours at which point the ethanologen  

Zymomonas mobilis has converted most of the five and six carbon sugars to ethanol.  Z. 

mobilis is grown onsite using a portion of the hydrolyzed biomass. 

The biomass beer produced during fermentation contains residual lignin, ethanol, 

water, and unfermented organic material.  The beer is separated into 99.5% ethanol, water for 

recycle, and lignin/unfermentables streams using a pair of distillation columns and vapor-

phase molecular sieves.  Solid lignin residue is recovered from the first distillation column 

bottoms via solid-liquid separation accomplished through mechanical pressing.  The liquid 

stream from this press is sent to a sequential anaerobic and aerobic waste water treatment 

system.  Biogas from anaerobic digestion and sludge from aerobic treatment are sent to the 

boiler for heat recovery.  The water leaving the treatment plant is recycled to the process.                        
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5.3.2 Feedstocks 

The feedstocks evaluated in this analysis comprise both woody and non-woody 

biomass.  The woody biomasses include Southeastern US mixed natural hardwood, loblolly 

pine, and Eucalyptus.  The non-woody biomasses include corn stover, switchgrass, and sweet 

sorghum.  Normalized compositional information for the six types of biomass is presented in 

Table 5-1 (Humbird et al 2011, Jin et al 2010, Prasad et al 2007, Wei et al 2012, Wu et al 

2010, U.S. Department of Energy 2004). 

 

Table 5-1: Chemical Composition of Biomass Feedstocks 

  

Milled 

Corn 

Stover 

Switch

grass 

Sweet 

Sorghum 

Natural 

Hardwood 

Loblolly 

Pine 
Eucalyptus 

Sucrose % 0.8 0.0 48.5 0.0 0.0 0.0 

Glucan % 35.1 34.4 20.2 48.5 46.4 42.5 

  Arabinan % 2.4 3.0 0.0 0.0 0.0 1.9 

  Xylan % 19.5 22.6 12.1 16.5 6.8 15.4 

  Mannan % 0.6 0.3 0.1 2.2 10.5 0.0 

  Galactan % 1.4 1.1 0.4 0.0 1.9 2.3 

Extractives % 14.7 14.8 7.8 2.0 3.1 3.3 

Ash % 4.9 5.7 0.9 1.0 1.0 0.9 

Acetyl % 1.8 0.0 0.0 3.0 1.0 3.0 

Lignin % 15.8 18.1 10.0 26.7 29.2 30.7 

Protein % 3.1 0.0 0.0 0.0 0.0 0.0 

SUM 100% 100% 100% 100% 100% 100% 

Data Source 
Humbird 

et al. 
DOE 

Prasad et 

al. 
Jin et al. 

Wu et 

al. 
Wei et al. 

Assumed 

Moisture 

Content 

20% 20% 75% 45% 45% 45% 

Biomass 

Delivered Cost 

($/BDTon) 

$58.50 $82.00 $69.80 $70.00 $54.90 $59.10 
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The biomass delivered costs presented in Table 5-1 were calculated using biomass 

growth, harvesting, transportation, and storage models developed by Gonzalez et al 

(Gonzalez et al 2011, Gonzalez et al 2011).   

Generally woody biomass has a higher glucan and total carbohydrate content than 

non-woody biomass.  Compared to woody biomass, non-woody biomass generally has a 

higher content of hemicelluloses which are easily solubilized and hydrolyzed to monomeric 

sugars during the dilute acid pretreatment.  Non-woody biomass also contains more ash and 

other components such as extractives and proteins than woody biomass.  These components 

are included in the delivered price of the biomass but ultimately add little value to the process 

overall.  Heating value can be recovered from the extractives and other materials but the ash 

is deadload through the system.  Worth noting is the high content of soluble sucrose present 

in sweet sorghum which will be discussed in greater detail in the Results and Discussion. 

5.3.3 Chemical Reaction Yields 

The key chemical reaction steps in the dilute acid process take place when 1) raw 

biomass is introduced to acid and heat in the pretreatment reactor and 2) enzymatic 

hydrolysis of the pretreated biomass.  The carbohydrate yields and efficiencies by which 

monomeric sugars are released into solution are critical to the financial forecast of the 

project.  Presented in  

Table 5-2 are the pretreatment and enzymatic hydrolysis conditions collected from 

other studies.  Presented in Table 5-3 are the model input component reaction yields during 

dilute acid pretreatment and enzymatic hydrolysis for the six biomasses investigated 

(Humbird et al 2011, Li et al 2010, Zhang et al 2011, Wooley et al 1999, Wei et al 2012).  
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Compiling a data set of pretreatment and enzymatic hydrolysis component yields can be 

challenging since different laboratories utilize different conditions which will impact the 

overall conversion of polymeric sugars to monomeric sugars.   

With respect to the dilute acid pretreatment stage, the model was developed to simulate 

the conditions presented for milled corn stover in Table 5-2 (1.8% H2SO4 charge, 158°C, 5 

min).  A combination of sulfuric acid charge, temperature, and reaction time will determine 

the pretreatment severity.  The pretreatment reaction yields presented in Table 5-3 were 

collected under the conditions presented in Table 5-2.  Although the various laboratories 

referenced utilized slightly different conditions for dilute acid pretreatment, it was assumed 

for modeling purposes that the same conditions for milled corn stover were utilized for the 

other biomass types.  When comparing the acid charge, temperature, and reaction time used 

in the various studies the combined severity is similar in all cases and therefore utilizing the 

literature pretreatment yields without modification is a reasonable modeling assumption. 

The situation for enzymatic hydrolysis conditions and associated efficiencies is more 

convoluted.  As presented in Table 5-2 the enzyme loading, initial insoluble solids content, 

and reaction time are quite different.  As an example of how one of these variables can 

impact hydrolysis efficiencies, Kristensen and co-workers surveyed the literature and found 

that in most cases there is an indirect one-to-one relationship between initial insoluble solids 

and ultimate enzymatic hydrolysis efficiency (Kristensen et al 2009).  Time and initial 

enzyme loading are also factors but the enzyme loadings reported in Table 5-2 are considered 

high by the research community and typically translate to rapid initial hydrolysis that rapidly 

approaches the ultimate conversion efficiency.  Acknowledging this uncertainty and how the 
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respective substrates would enzymatically hydrolyze under the same conditions as the milled 

corn stover case, a range of efficiencies served as inputs to the process model as presented in 

Table 5-3.  These ranges include the reported hydrolysis efficiencies from the respective 

laboratories.  The average of the high and low enzymatic hydrolysis efficiencies, as well as 

error bars representing the entire range, will be presented in the Results and Discussion.  A 

sensitivity analysis to overall ethanol yield (L/BDt biomass) will also be discussed.                
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Table 5-2: Dilute Acid Pretreatment and Enzymatic Hydrolysis Conditions 

 

Dilute Acid Pretreatment 

Conditions 
Enzymatic Hydrolysis Conditions 

Substrate 

H2SO4 

Charge 

(w/w) 

Temperature 

(°C) 

Time 

(min) 

Cellulase 

Loading 

(mg/g 

cellulose) 

Insoluble 

Solids 

Time 

(hours) 

Reported 

Enzymatic 

Hydrolysis 

Efficiency 

Milled 

Corn 

Stover
 

(Humbird et al 

2011)
 

1.8% 158 5 20 10.6% 84 90% 

Switchgrass
 

(Li et al 2010)
 

1.2% 160 20 50 1.0% 72 85% 

Sweet 

Sorghum
 

(Zhang et al 

2011)
 

1.0% 180 20 ~30 10.0% 60 55% 

Natural 

Hardwood
 

(Wooley et al 

1999)
 

0.5% 190 10 ~20 15.0% 168 80% 

Loblolly 

Pine
 (Barker 

and Whetten 

2012)
 

1.8% 158 5 ~30 5.0% 48 30% 

Eucalyptus
 

(Wei et al 2012)
 

1.0% 160 10 ~30 2.0% 60 76% 
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Table 5-3: Model Input Dilute Acid Pretreatment and Enzymatic Hydrolysis Component Yields 

 

Milled 

Corn 

Stover 

Switchgrass 
Sweet 

sorghum 

Natural 

Hardwood 

Loblolly 

pine 
Eucalyptus 

Dilute Acid 

Pretreatment       

Glucan to Glucose % 9.9 24.4 14.0 6.5 5.0 8.3 

Glucan to Hexose 

Oligomer % 
0.3 0.3 0.3 0.7 0.4 0.7 

Glucan to Furfurals % 0.3 0.3 0.3 0.0 0.0 0.0 

Xylan to Xylose
a
 % 90.0 80.0 90.0 75.0 40.0 77.0 

Xylan to Pentose 

Oligomer
a
 % 

2.4 2.4 2.4 5.0 2.0 5.0 

Xylan to Furfurals
a
 % 5.0 5.0 5.0 10.0 3.0 10.0 

Acetate to Acetic Acid % 100.0 100.0 100.0 100.0 100.0 100.0 

Lignin Solubilized % 5.0 5.0 5.0 5.0 5.0 5.0 

Sucrose to Glucose and 

HMF % 
100.0 100.0 100.0 100.0 100.0 100.0 

Enzymatic Hydrolysis 
      

Glucan to Glucose 

(based on pretreated 

biomass) % 

90 75-90 55-70 70-85 20-35 70-85 

a
Data for xylan used for other hemicelluloses in biomass 
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As mentioned in the process description, the primary function of the dilute acid 

pretreatment step is to solubilize and hydrolyze hemicelluloses.  The data outlined in Table 

5-3 shows that the hemicelluloses present in annual residues and dedicated energy crops 

solubilize to a greater extend compared to hemicelluloses present in the woody biomass 

under the same dilute acid pretreatment conditions.  The glucan present in the biomass, 

which is primarily cellulose, remains mostly insoluble during the dilute acid pretreatment.  

The main goal of the subsequent enzymatic hydrolysis step is to hydrolyze the cellulose to 

glucose.  The reaction yields for acetate, lignin, and sucrose were determined for milled corn 

stover and are assumed to be the same for the other biomass types (Humbird et al 2011).  The 

recalcitrance to degradation during pretreatment and efficient enzymatic hydrolysis of 

softwood biomass has been well documented in the literature, regardless of pretreatment 

type, and the reaction yields presented in Table 5-3 are consistent with other findings
 
(Li et al 

2013, Palonen et al 2004, Wu et al 2010, Kumar et al 2010).  Fermentation efficiencies for 

six carbon sugars and five carbon sugars were assumed to be 95% and 85% respectively for 

all biomass types.  These fermentation efficiencies are reasonable based on the current state 

of technology and advancements in process design and ethanologen development which is 

discussed in greater detail by NREL (Humbird et al 2011). 

5.3.4 Capital Investment 

Capital investment figures for the dilute acid process technology were taken from the 

2011 NREL technical report which includes equipment costs as well as scaling and 

installation factors.  This capital cost information was assembled by Harris Group Inc., which 

is a consulting firm specializing in engineering design.  The equipment costs reflect vendor 
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quotes and full details can be found in the technical report (Humbird et al 2011).  The capital 

estimates include the following process areas: feedstock handling, pretreatment and 

conditioning, enzymatic hydrolysis and fermentation, cellulase enzyme production, product 

recovery, wastewater treatment, chemical storage, boiler and turbogenerator, and utilities.   

5.3.5 Financial Analysis 

For each biomass case the financial evaluation horizon was set at 15 years.  A 

terminal value of the project in year 15 was assumed to be five times year 15 EBITDA 

(Earnings Before Interest, Taxes, Depreciation, and Amortization).  The discount rate used in 

all cases was 12% because this production technology has not been demonstrated 

commercially and this hurdle rate is consistent with other studies (Gonzalez et al 2011, 

Gonzalez et al 2011, Humbird et al 2011, Aden et al 2002, Treasure et al 2012, Santos et al 

2012, Wooley et al 1999).  Some studies are less conservative and use a 10% discount rate 

based on the assumption that the financial analysis is for an Nth generation facility where 

technology and scale-up risks have been identified and mitigated previously.  Presented in 

Table 5-4 are the major financial assumptions associated with this analysis and cover such 

items as capital spending schedule, labor requirements, tax, maintenance, overhead, and 

capital reinvestment.    
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Table 5-4: Financial Analysis Assumptions 

Financial Analysis Assumptions Value 

Startup Year 2013 

Terminal Year 2027 

% of CAPEX Spent in Year -2 30% 

% of CAPEX Spent in Year -1 50% 

% of CAPEX Spent in Year 0 20% 

% of Plant Capacity Online in Year 1 70% 

% of Plant Capacity Online in Year 2 90% 

Excess Material Use in Project Year 1 30% 

Working Capital, % of Direct Cost and Product Revenue 10% 

Depreciation Schedule, Years Straight Line 10 

Tax Rate, Tax Loss Carryforward 35% 

Terminal Value, year 15 EBITDA multiple 5 

Hours Operated per Year 8400 

Hourly and Administrative Staff (excluding maintenance) 44 

Salaried Staff 16 

Maintenance Cost, Including Labor, % of Replacement Asset Value 2% 

Capital Reinvestment, % of Replacement Asset Value 1% 

Other Fixed Costs, % of Sales 3% 

Overhead, % of Sales 3% 

              

 

5.3.6 Process Simulation 

A complete steady state material and energy balance process model for the dilute acid 

pretreatment process was constructed using WinGEMS v5.3 (Metso 2012).  This process 

simulation software was originally developed for the pulp and paper industry and has 

specialty blocks and unit operations (ie. solid/liquid handling washing and separation) critical 

for modeling of biomass based processing technologies (Gonzalez et al 2011, Santos et al 

2012, Treasure et al 2012, Gonzalez et al 2011).  Critical process data were exported to 

financial forecast spreadsheets constructed using Microsoft Excel.  An Excel based user 

interface was developed such that biomass type, facility size, and other process parameters 
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could be input into the financial model and then read by the WinGEMS process model.  Once 

the WinGEMS model converged on a steady-state solution, data related to ethanol 

production, chemical usage, and electricity excess or deficit is written into the financial 

spreadsheet.  Construction of the model using this approach should increase the ease of use 

by other investigators. 

5.3.7 Risk and Sensitivity Analysis 

A traditional financial sensitivity analysis was utilized in which a key financial metric 

is monitored while systematically perturbing cost and revenue drivers.  Additionally, 

specialized software by the name of @Risk was utilized to provide additional information 

about project sensitivity and overall risk.  This software uses a Monte Carlo based algorithm 

to sample probability density functions related to specific cost and revenue factors.  Each 

time the program samples a probability density function it records the impact on the financial 

metric of interest (typically Net Present Value or Internal Rate of Return).  The probability 

density functions are created from the last ten years of available market data.  The real value, 

adjusted to 2013 dollars using respective producer price indices, of pertinent cost and 

revenue drivers in the dilute acid process are presented in Figure 5-2 and Figure 5-3 

respectively (Bureau of Labor Statisitics 2012, Bureau of Labor Statisitics 2012, Independent 

Chemical Information Services 2012, Index Mundi 2012, Nebraska Energy Office 2012, 

United States Department of Agriculture Economic Research Service 2012, United States 

Department of Agriculture Economic Research Service 2012, United States Energy 

Information Administration 2012, United States Geological Survey Minerals Information 

2012).   
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Worth noting in Figure 5-2 is the spectrum of volatilities; over time some raw 

material real prices have remained approximately constant while others have seen drastic 

swings in value due to supply and demand and other market forces.  Diammonium phosphate 

(DAP) for example has experienced brief swings in price by as much as 500%.  A traditional 

sensitivity analysis that typically probes for changes of ±25% would not capture such 

volatilities.  Additionally, because the @Risk software utilizes probability density functions, 

this approach has the ability to capture not only the complete spectrum of potential volatility 

but also the likelihood of drastic swings.  One aspect of utilizing historical data that is worth 

emphasizing is the implicit assumption that volatilities observed in the recent past are 

indicative of potential volatilities in the near future.  An alternative approach is to analyze 

market forecasts for the respective cost and revenue drivers and make projections based on 

macroeconomic studies; this approach is outside the scope of this study.  
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Figure 5-2: Real Cost ($2013) of Dilute Acid Process Cost Drivers 

 

 
Figure 5-3: Real Price ($2013) of Dilute Acid Process Revenue Drivers 
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5.4 Results and Discussion 

5.4.1 Capital Investment 

Figure 5-4 presents the scaled equipment costs for the various process areas as a 

function of biomass type.  All cases represent a plant capacity of 700,000 bone dry metric 

tons per year of delivered biomass.     

 

 
Figure 5-4: Equipment Cost by Process Area and Biomass Type 

 

An additional case presented in Figure 5-4 called “Sweet Sorghum w/PW” is a case 

where additional equipment is installed in feedstock handling to perform pressing and 

washing of the sweet sorghum biomass (Phillips 2012).  Removing free sucrose from the 

sweet sorghum biomass prior to pretreatment is advantageous because the sucrose solution 
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can be sent directly to fermentation.  This also prevents yield loss that may occur in the dilute 

acid reactor as sucrose will break down to unwanted byproducts such as furfural.   

A few differences in equipment cost between the woody and non-woody biomasses 

are worth noting.  Feedstock handling differences can be explained by moisture content of 

the delivered biomass.  With the exception of sweet sorghum which has a moisture content of 

approximately 75%, the non-woody biomasses generally arrive at the plant with less water 

(~20% moisture) compared to the woody biomasses (~45% moisture).  This translates into 

less total mass to manage in feedstock handling at a constant plant capacity.  The enzyme 

production equipment cost is a function of how much cellulose is present in the pretreated 

biomass.  The woody biomass types have a higher cellulose content than the non-woody 

biomasses and therefore require more enzymes on an absolute basis to achieve the desired 

loading of 20 mg enzyme protein per g cellulose.  Although the lignin content of woody 

biomass is typically higher than non-woody biomass, the equipment costs in the power plant 

are approximately the same because the non-woody biomasses contain additional non-lignin 

and non-carbohydrate components which are ultimately burned in the boiler.  The loblolly 

pine case has an especially high equipment cost associated with the power plant because of 

the low carbohydrate utilization for ethanol production (driven by low enzyme hydrolysis 

efficiency).  Differences in waste water treatment capital between woody and non-woody 

biomass is driven by water requirements to achieve 10.6% insoluble solids entering 

enzymatic hydrolysis (more water required for woody biomass as a result of higher insoluble 

solids yield leaving pretreatment) as well as larger quantities of lignin that are processed 

through the waste water treatment system.   
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5.4.2 Production Costs 

A breakdown of production costs on a per liter of ethanol produced basis is presented 

in Figure 5-5 for the case of 700,000 dry metric tons per year of corn stover. 

 

 
Figure 5-5: Cellulosic Ethanol Production Costs for Corn Stover Utilizing Dilute Acid 

Pretreatment 
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pretreat the biomass and make it amenable to efficient enzymatic hydrolysis.  Attempting to 

reduce the capital burden per finished volume of cellulosic ethanol by building a larger 

facility and taking advantage of economies of scale presents another problem related to 

biomass cost.  Each unit mass of biomass purchased is going to have a different market price.  

As the required tons increase, the price per ton will also increase mainly as a function of 

transportation cost.  Therefore, increasing plant capacity may produce savings associated 

with economies of scale but these savings can quickly be over taken by increased biomass 

cost.   

5.4.3 Minimum Ethanol Revenue Required 

The Minimum Ethanol Revenue (MER) is the selling price per volume that the 

producer must receive to achieve a certain internal rate of return.  This term is similar to 

minimum ethanol selling price presented by others, but using the term “Revenue” makes 

clear that this is the cash per volume required regardless if it comes only from market sales or 

a combination or market sales and subsidies.  For this analysis, the MER has been calculated 

to achieve a 12% internal rate of return.  For each biomass type, the MER, capital 

expenditure (CAPEX) per liter, and ethanol yield per dry ton of biomass is presented in 

Figure 5-6.    
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Figure 5-6: Capital Expenditure, Yield, and Minimum Ethanol Revenue to Achieve a 12% 

Internal Rate of Return for Various Biomasses in the Dilute Acid Process 
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burning residual biomass solids to meet the demands of the facility and therefore electricity is 

purchased from the grid in those cases at $57/MWh.  Steam demand is satisfied by electrical 

demand is not.  The sweet sorghum case with additional washing and pressing represents the 

highest yield (470 L/BDt) and lowest MER ($0.51/L) of all cases.  This improvement in 

ethanol yield over the sweet sorghum case with no washing or pressing is attributed to 

preventing sucrose degradation in the pretreatment reactor.  The NREL model assumes that 

100% of the sucrose is converted to HMF, glucose, and water during pretreatment, Table 5-3
 

(Humbird et al 2011).   

5.4.4 Return on Investment and Payback 

Returns on investment and payback period were estimated for all cases.  Return on 

investment (ROI) is a popular financial metric indicating whether an enterprise is making 

money at a certain point in time.  Return on investment is defined as the after tax profit 

divided by the capital employed (asset value plus working capital).  Using the respective 

MER for each biomass type the ROI in year five is approximately 9%.  The payback period 

is the time required such that the accumulated free cash flow without discount equals zero.  

The payback period for this technology platform and various feedstocks is approximately 

nine years.           

5.4.5 Sensitivities and @Risk Simulations 

As described in the materials and methods, a traditional sensitivity analysis describes 

how certain cost and revenue drivers impact the financial forecast of a project.  An analysis 

of this kind allows an investor to understand which variables are driving the performance of 

an enterprise.  Particular variables that have a large impact on the financial forecast of the 
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project may warrant further investigation and this is the true utility of this type of analysis.  A 

sensitivity analysis was run with a variation of ±25% of the central values for capital 

investment, ethanol yield, biomass cost, and enzyme production cost, Figure 5-7. 

 

 
Figure 5-7: Minimum Ethanol Revenue Sensitivity to Capital Investment, Ethanol Yield, 

Biomass Cost, and Enzyme Production Cost 

 

The MER is most sensitive to ethanol yield, followed by biomass cost and capital 

investment, and finally enzyme production cost.  The sensitivity diagram presented in Figure 

5-7 suggests that the financial success of the dilute acid processing technology is most 

sensitive to the overall yield of ethanol from a given ton of biomass.  An investor would 

likely investigate the assumptions and data influencing the ethanol yield calculations because 

this is one of the greatest sources of risk.  If the ethanol yield is 25% less than the central 

analysis the MER required to achieve an internal rate of return of 12% would increase from 

$0.70/L to $0.88/L; and increase of approximately 25%.   
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The following discussion will shift from a traditional sensitivity analysis to the use of 

@Risk to look at more cost and revenue drivers simultaneously.  As mentioned in the 

Materials and Methods, historical cost and revenue driver volatility data was collected for the 

previous ten years for the following variables: 

 Cost Drivers  

o Caustic soda, sulfuric acid, ammonia, diammonium phosphate, lime, 

glucose 

 Revenue Drivers 

o Ethanol rack price, electricity wholesale price 

 

These historical data were translated into probability density functions that show the 

likelihood of certain prices.  These functions are sampled by the @Risk software and a 

probability distribution of Net Present Value at 12% discount (NPV@12%) is constructed.  The 

Monte Carlo based simulation will continue sampling the various probability density 

functions until a converged (1% tolerance) form of the NPV@12% probability distribution has 

been obtained.  The number of iterations will depend on the number and complexity of the 

input probability density functions but a solution is typically converged upon in 

approximately twenty thousand iterations.  The NPV@12% probability distribution for corn 

stover, taking into account all the cost and revenue drivers mentioned previously, is 

presented in Figure 5-8. 
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Figure 5-8: @Risk Probability Distribution of Net Present Value at 12% Discount for the 

Case of Corn Stover 

 

The portion of the NPV@12% probability distribution that has a value equal to or 

greater than zero are scenarios in which the enterprise will achieve at least an internal rate of 

return (IRR) of 12%.  For the case of corn stover, the probability of this occurring while 

taking into account cost and revenue variability mentioned previously is approximately 9%.  

An investor would likely look at this information and decide that the likelihood of achieving 

at least a 12% IRR is low enough to discourage investment.  Presented in Table 5-5 are the 

@Risk simulation results for the other feedstocks. 
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Table 5-5: @Risk Simulation Results, Probability of Achieving At Least an Internal Rate of 

Return of 12% for All Biomass Types  

Feedstock 
Switch
grass 

Eucalyptus 
Corn 

Stover 
Loblolly 

Pine 
Natural 

Hardwood 

SS NO 
Press and 

Wash 

SS WITH 
Press and 

Wash 

Probability 
of 

Achieving 
IRR ≥ 12% 

0.0% 0.1% 9.3% 0.0% 0.1% 6.9% 64.3% 

 

 

To better understand which cost and revenue drivers have the greatest impact on the 

financial forecast of the project, @Risk generates a figure referred to as a “Tornado Plot”.  

The Tornado Plot presents the slope of the sensitivity line between changes in a cost/revenue 

driver of interest and the monitored financial metric.  The Tornado Plot for the corn stover 

case is presented in Figure 5-9. 
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Figure 5-9: Tornado Plot of Sensitivity Regression Coefficients to NPV@12% 

 

The quantitative data presented in Figure 5-9 provides very similar information to a 

traditional sensitivity plot like that shown in Figure 5-7.  The coefficient values indicate the 

response to the financial metric of interest.  For example, a 10% change in biomass cost will 

result in a 3.4% change in the NPV@12%.  Another utility of a tornado plot is that it presents 

financial driver importance in ascending order; most important drivers towards the top and 

the least important drivers at the bottom.  Referring back to Figure 5-2 which presents the 

cost driver historical volatility, diammonium phosphate exhibited the greatest volatility in 

real value but the project financial forecast is impacted very little by this potential volatility. 

5.4.6 Implications of Compositional Variability 

Any process or proposed technology that is planning to utilize woody or non-woody 

biomass should be aware of the financial implications associated with variations in 

0.00 

-0.01 

-0.01 

-0.04 

0.04 

-0.05 

-0.08 

-0.16 

0.23 

-0.34 

0.89 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Lime

DAP

Sulfuric Acid

Ammonia

Electricity Whole Sale Price

Total Capital Investment (CAPEX)

Glucose

Caustic Soda

Ethanol Yield Based on Composition

Biomass Cost

Ethanol Revenue

Coefficient Value 



 

71 

composition.  The most variable feedstocks are likely to be non-woody biomass sources that 

are harvested and collected on an annual basis.  Depending on weather trends and other 

variables such as management practices in a given year, the resulting biomass crop may have 

slightly different compositional analysis due to environmental stress.  Additionally, natural 

variability should also be considered.  Presented in Figure 5-10 are compositional 

information for 57 different types of switchgrass documented by the U.S. Department of 

Energy’s Biomass Program (U.S. Department of Energy 2004).  The total carbohydrate 

content ranged between 52% and 66% of the dry switchgrass mass.  The balance is made up 

of varying proportions of lignin and other material such as extractives and ash.  The average 

total carbohydrate content and standard deviation are 61.6% and 3.2% respectively.  All 57 

biomass compositions were processed through the WinGEMS process model to determine 

the steady state material and energy balance and critical factors of ethanol and net electricity 

production.   
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Figure 5-10: Compositional Analysis of 57 Switchgrass Samples from U.S. Department of 

Energy Biomass Program 

 

Once this data was generated, @Risk was utilized in conjunction with the 

compositional probability density function to determine the impact on NPV@12%.  For this 

analysis, all other variables were held constant and the only sensitivity being probed was 

compositional variability. The NPV@12% probability distribution using an ethanol revenue 

price of $0.65/L is presented in Figure 5-11.    It should be noted that changes in the 

proportion of lignin to carbohydrate can affect the efficiency of enzymatic hydrolysis but this 

was not taken in to account in this analysis.  Biomass with lower original lignin content will 

likely have higher enzymatic hydrolysis efficiency and vice versa for samples with higher 

original lignin content.  If data of this type were available and incorporated in to this analysis, 

the distribution of NPV@12% presented in Figure 5-11 would spread and the impact of 
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compositional variability would be even more pronounced.  All NPV@12% are negative which 

reinforces to findings established previously that the probability of achieving at least a 12% 

internal rate of return under the current assumptions is zero.  However, some interesting data 

associations can still be made.  As mentioned previously, the standard deviation in total 

carbohydrate content is 3.2% and the financial implications of a one standard deviation 

change in total carbohydrate content is approximately $72MM in NPV@12%.  This type of 

analysis highlights the importance of accounting for biomass compositional variability when 

analyzing investment projects that rely upon natural raw materials such as woody and non-

woody biomass.     

            

 
Figure 5-11: Switchgrass Compositional Variability Impact on Net Present Value at 12% 

Discount 
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5.5 Conclusions 

The widely studied dilute acid process followed by enzymatic hydrolysis and co-

fermentation to produce ethanol is technically feasible but the minimum ethanol revenues 

required to generate a 12% internal rate of return (IRR) are high enough to discourage 

investment under the current assumptions.  Using sweet sorghum as a biomass feedstock and 

modifying the process to squeeze and wash soluble sugar from the bagasse has the best 

financial outlook with a minimum ethanol revenue to achieve a 12% IRR of approximately 

$0.51/L.  This studied demonstrated the utility of using @Risk and Monte Carlo based 

simulations to quantify potential financial risk factors associated with volatilities in cost and 

revenue drivers as well as biomass composition variability.  This type of analysis associated 

with detailed engineering process models and financial spreadsheet models can be used to 

evaluate new technologies in other sectors outside renewable energy.  The methodology 

outlined here can help mitigate and identify risk which will allow investors to make more 

informed decisions during the early stages of investment analysis.  Scientists and engineers 

can also use this approach to identify areas needing further research and development.  

Because biomass and depreciation costs account for the largest proportion of total cost, it is 

suggested that future research be aimed at improving yield and reducing capital expenditure 

through process simplifications. 
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6 CO-PRODUCTION OF ELECTRICITY AND ETHANOL, 

ECONOMICS OF VALUE PRIOR COMBUSTION
†
 

6.1 Abstract 

A process economic analysis of co-producing bioethanol and electricity from mixed 

southern hardwood and southern yellow pine is presented. Bioethanol is produced by 

extracting carbohydrates from wood via autohydrolysis, membrane separation of byproducts, 

enzymatic hydrolysis of extracted oligomers and fermentation to ethanol. The residual solids 

after autohydrolysis are pressed and burned in a power boiler to generate steam and 

electricity. A base case scenario of biomass combustion to produce electricity is presented as 

a reference to understand the basics of bio-power generation economics. For the base case 

minimum electricity revenue of $70-$96/MWh must be realized to achieve a 6%-12% 

internal rate of return.  In the alternative co-production cases, the ethanol facility is treated as 

a separate business entity that purchases power and steam from the biomass power plant. 

Minimum ethanol revenue required to achieve a 12% internal rate of return was estimated to 

be $0.84-$1.05/liter for hardwood and $0.74-$0.85/liter for softwood. Based on current 

market conditions and an assumed future ethanol selling price of $0.65/liter, the co-

production of cellulosic bioethanol and power does not produce financeable returns. This 

approach could be used to evaluate integrated production of bio-power and other products 

based on extracted hemicellulose.  

                                                 
†
 The material in this chapter has been; 

 

Published as: Treasure, T.; Gonzalez, R.; Venditti, R.; Pu, Y.; Jameel, H.; Kelley, S.; Prestemon, J.  Co-

production of electricity and ethanol, process economics of value prior combustion.  Energy Conversion and 

Management 2012, 62, 141-153. 
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Keywords: Value prior to combustion, power, ethanol, hemicellulose, autohydrolysis, 

softwood, hardwood, minimum ethanol selling price.            

6.2 Introduction 

The effective conversion of cellulosic biomass into different forms of energy has been 

the target for many researchers in the last decades (Gonzalez et al 2011, Gonzalez et al 2011, 

Mosier et al 2003, Mosier et al 2005, Wyman 2008, Wyman et al 2005, Wyman 1999). 

Although several pathways have been developed (biomass to power, lignocellulosic biomass 

to ethanol, etc.) (Gonzalez et al 2011, Gonzalez et al 2011, Wyman 2008, Aden et al 2002, 

Wu et al 2010), very few technologies meet the key requirements to become commercial: 

being both profitable under current market conditions and environmentally friendly. The 

success of corn ethanol in the U.S. and sugar cane ethanol in Brazil has been widely 

discussed (Gonzalez et al 2011, Goldemberg 2007, Goldemberg et al 2004, Pimentel and 

Patzek 2007, Gallagher et al 2006). Nevertheless, it is important to note that the economics of 

both processes benefit from the commercialization of byproducts, as well as a continued 

improvement in the efficiency of the conversion process (efficient conversion of the 

feedstock into ethanol and different byproducts) (Gonzalez et al 2011, Wu et al 2010, RFA 

2010). Production of goods in addition to ethanol from lignocellulosic biomass may increase 

profitability and reduce investment risks which will attract investors. This paper presents a 

process economic analysis of co-producing cellulosic ethanol and electrical power. This 

production process evaluated is accomplished via autohydrolysis and extraction of 

hemicelluloses (carbohydrate extraction for alcohol production) and burning the residues for 

power generation; a process termed value prior to combustion (VPC).   
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The hot-water extraction process, also known as autohydrolysis, can extract 

hemicellulose oligomers and monomers (mainly xylo-oligmers with different degrees of 

polymerization) from wood while leaving other components intact (Leschinsky et al 2009, 

Taherzadeh and Karimi 2008, Amidon and Liu 2009, Amidon et al 2008, White 1987). 

Temperature and reactor residence time are critical parameters to minimize sugar degradation 

and extraction yield. During hot-water extraction, acids are produced by the hydrolysis of 

hemicelluloses (Amidon and Liu 2009). These acids, coupled with the dissolution of 

extractives in the biomass, cause the liquor pH to drop and effectively self-catalyze the 

hydrolysis process (Pu et al 2011). The sugar degradation products (furfural and 

hydroxymethylfurfural) are easily volatilized and may result in a loss of yield. The extracted 

xylose and other hemicellulose sugars can undergo fermentation to ethanol and can be 

considered a potential renewable resource for bio-based fuels (Hess et al 2007, Stoutenburg 

et al 2008). Although we have focused on fermentation of extracted sugars to produce 

ethanol, hemicellulosic sugars can also be used to produce biodegradable plastics and 

chemicals that are currently derived from petroleum (Amidon and Liu 2009, Amidon et al 

2008, Salam et al 2011).  The residues after hot water extraction can be burned to produce 

steam and electricity or alternatively can be used as a raw material for wood and paper 

products.  

The concept of liquid fuel and power production from the same feedstock brings 

several advantages in comparison to traditional second generation ethanol production 

technologies that are only focused on producing cellulosic ethanol or traditional bio-power 

platforms for electricity generation. Previous studies have indicated that liquid biofuel and 
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bio-power production could profitably co-exist in an integrated process as technology 

improvement occurs (Dias et al 2011, Seabra et al 2010, Walter and Ensinas 2010). From an 

efficiency point of view, hot water extraction removes components of the feedstock 

(hemicelluloses) that have low heating value but can potentially be converted to valuable by-

products such as ethanol (Reith et al 2002). By removing the low heating value components 

from the raw material, the heating value of the residual solids is actually higher per unit mass 

and therefore a smaller boiler can be used to produce the same amount of power.  From a 

revenue point of view, VPC diversifies the portfolio of products and reduces risk of the 

biorefinery in regards to fluctuations in main product selling prices. Previous research efforts 

in co-production of power and ethanol concludes that high capital investment and high 

enzyme costs limit the potential of this combined production process (Reith et al 2002).  

However, in comparison to traditional second generation cellulosic ethanol technologies, the 

cost of enzyme hydrolysis may be substantially lower since enzymes are only being used on 

soluble oligosaccharides which hydrolyze in less time with fewer enzymes than hydrolysis of 

insoluble pretreated lignocellulosics used in traditional second generation technologies.  The 

co-production of high value bio-based products from the extracted hemicelluloses would also 

increase the profitability of combined production processes and may lead to greater diversity 

in product portfolio as the technology for bio-based product production becomes more 

mature (Horhammer et al 2009).  

The aim of this paper is to present the economics of co-producing power and 

lignocellulosic ethanol in an integrated process using southern mixed hardwood and southern 

yellow pine as feedstocks. The economics of standalone power generation from biomass in a 
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greenfield plant is explored first and represents a base case analysis. The following economic 

indicators were determined to gauge the economic performance of the base case and 

proposed cases: internal rate of return (IRR), net present value (NPV), payback period, and 

minimum power selling price (to achieve a specific internal rate of return). After developing 

the base case, the proposed scenario involving biomass autohydrolysis and sugar extraction 

to produce ethanol while burning the residual solids, was developed and analyzed. The 

following discussion provides novel information needed to understand the tradeoff between 

producing power and ethanol in an integrated conversion process.  

6.3 Materials and Methods 

In order to offer a guide for the information provided in this paper a brief description 

of each section is presented here. The “Feedstock” section provides the chemical 

composition, moisture content and delivered cost of the raw materials. The “Basis for 

Evaluation” section establishes the framework for comparison across the paper; defining the 

base case (power generation only) and alternative case (power and ethanol production). The 

“Proposed Pathway” section describes the integrated process for power and ethanol 

production in more detail by identifying the major unit operations as well as process 

conditions. The “Conversion Factors” section deals with wood component yields through 

autohydrolysis and defines the composition of both extraction liquor and solid residues. The 

process modeling framework, including software used, inputs, and constraints, is presented in 

the “Process Simulation” section. Within the “Economics Analysis” section, the variables 

used for the estimation of the economic indicators and the methods to estimate cost drivers 

are presented.   
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6.3.1 Feedstock 

Feedstocks used in this analysis are softwood (southern yellow pine) and hardwood 

(natural southern mixed hardwood) in the form of forest residues (also called hog fuel). The 

moisture content estimated for hog fuel was about 40% (Stanton et al 2002, Turnbull 1993, 

Confidential 2011).  

The chemical composition of the feedstock (softwood and hardwood) used for this 

study is a normalized version of compositional analysis data collected in the lab, Table 6-1. 

The original compositional analysis was determined at the Department of Forest Biomaterials 

at North Carolina State University and is explored in greater detail by Pu et al. (Pu et al 

2011). Proportional normalization of the feedstock composition was performed to satisfy 

mass balance constraints within the process model.  

  

Table 6-1: Chemical composition of softwood and hardwood feedstocks 

Component Hardwood (%) Softwood (%) 

Lignin 27% 29% 

Glucan 46% 46% 

Hexan 4% 14% 

Xylan 19% 7% 

Extractives 3% 3% 

Ash 1% 1% 

 

 

6.4  Basis for Evaluation 

As previously mentioned, this paper presents the economics of an integrated process 

producing power and ethanol. The economics of standalone power generation from biomass 



 

81 

is explored first. In an alternative case, power and ethanol are produced in the same facility. 

For the economic analysis, a greenfield concept was used. Further explanation for each case 

is presented next. 

6.4.1 Base case 

Power generation from biomass is evaluated in the base case for softwood and 

hardwood, separately. The conversion process of a greenfield plant was simulated in 

WinGEMS (Metso 2012) and the economics in an Excel spreadsheet. An annual input of 

500,000 dry short tonnes (abbreviated as BDT) (or 453,592 dry metric tons), is fed into the 

system to achieve a power generation rate of ~72 MW. The facility was assumed to operate 

for 350 days per year which results in ~605 GWh of power produced annually.    

6.4.2 Alternative case 

In the alternative case, power and ethanol are co-produced in an integrated plant. The 

model was built in order to recalculate the amount of feedstock required to produce ~72 MW.  

The amount of biomass coming to the facility will be higher than the Base Case because 

some of the material that was previously burned to produce electricity is now being 

converted to ethanol. A total of six alternative cases were evaluated as outlined in Table 6-2. 

For all the cases, the model estimates the amount of feedstock required to produce 95% of 

the power capacity (~72 MW), an additional production capacity of 5% has been assumed for 

capital investment (CAPEX) estimation. The same excess capacity and additional CAPEX 

requirement are also assumed in the base case. 
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Table 6-2: Alternative cases in power and ethanol production 

Case I II III IV V VI 

Feedstock Hardwood Hardwood Hardwood Softwood Softwood Softwood 

Autohydrolysis 

Temperature (   C) 
160 170 180 160 170 180 

Reaction time 1 hr 1 hr 1 hr 1 hr 1 hr 1 hr 

Product  Power Power Power Power Power Power 

Co-product  Ethanol Ethanol Ethanol Ethanol Ethanol Ethanol 

 

 

6.5 Proposed pathway 

The proposed pathway for integrated power and cellulosic ethanol production is 

illustrated in Figure 6-1. Lignocellulosic biomass is fed into the autohydrolysis reactor for 1 

hour residence time at the specified temperature, Table 6-2. For all alternative cases, ~13% of 

the incoming feedstock is assumed to contain a share of under-/over-sized chips and 

generated saw dust that would not process well in the water hydrolysis reactor and is 

therefore sent directly to the combustor in the power plant (this might also include high 

heating value materials usually purchased by bio-power companies as treated and dry wood). 

Thus, 87% of the total feedstock brought into the facility is fed to the water hydrolysis 

reactor for sugar extraction. After autohydrolysis, the slurry is passed through a washing-

screw press system to recover dissolved carbohydrates and reduce the moisture content of the 

solid residue to 40% before it is sent to the combustor for power generation. In this stage of 

processing, it is assumed that 91% of the sugars are recovered in the filtrate for conditioning 

and fermentation to ethanol during washing and that 9% of the dissolved carbohydrates are 

burned, as opposed to being conditioned and fermented to produce ethanol. The filtrate, 

containing both monomeric and oligomeric carbohydrates as well as dissolved wood solids, 
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is passed through a membrane system to remove undesired products generated during 

autohydrolysis such as furfural, hydroxymethylfurfural, acetic acid and formic acid. It was 

assumed that ~90% of the undesired byproducts are removed in the membrane system 

although laboratory studies have reported higher separation efficiencies (Amidon and Liu 

2009). Oligomeric sugars are then hydrolyzed using enzymes. The resulting filtrate (~16% 

sugar concentration, water removal by means of membrane filtration) is fermented and 

distilled to produce anhydrous fuel grade ethanol. Conversion efficiency during enzymatic 

hydrolysis was 100% for pentoses (five carbon sugar) and hexoses (six carbon sugars) with a 

total residence time of 48 hours; 48 hours is a conservative estimate as this residence time is 

typical for enzymatic hydrolysis of insoluble lignocellulosic substrates and therefore may be 

significantly less for the soluble oligomeric sugar stream in this process. Conversion 

efficiency used for fermentation was 95% for hexoses and 80% for pentoses with a total 

residence time of 36 hours. Fermentation experiments were not performed in the lab and 

modeling conversion factors were assumed using data from previous reports (Gonzalez et al 

2011, Humbird et al 2011). 
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Figure 6-1: Proposed integrated system for power and cellulosic ethanol production 

 

6.6 Mass balance of extract and residues  

After the autohydrolysis reactions take place, pentoses and hexoses are partially 

extracted into the liquid phase. Degradation of sugars into non-desirable products also occurs 

(furfural, hydroxymethylfurfural, acetic acid and formic acid). These products are not 

desirable because they constitute a yield loss and can inhibit downstream fermentation. As 

more degradation products are formed the material balance data collected in the lab becomes 

more open.  Presumably, this results from volatilization of degradation products. To account 
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for this lack of material balance closure, a “Volatiles” component was incorporated into the 

dissolved solids stream structure of the process model. Dry matter loss to volatiles for 

hardwood is larger compared to softwood and increases as temperature increases; as the 

autohydrolysis temperature increases from 160˚C to 180°C, the amount of dry hardwood that 

degrades to a volatile component increases from 6.3% to 17.5% (Pu et al 2011). The 

complete mass balances for hardwood at 160°C, 170°C, and 180˚C are illustrated in Table 

6-3. The mass balances below are reported on a 1,000 oven dry kg of raw material basis. 

The amount of material extracted from hardwood, at all temperatures, was more than 

softwood.  The amount of material degraded to unspecified volatiles is lower for softwood 

compared to hardwood; as the autohydrolysis temperature for softwood increases from 160˚C 

to 180˚C the amount of material converted to volatiles increases from 0% to 5.0% (Pu et al 

2011). The complete mass balances for softwood at 160°C, 170°C and 180˚C are illustrated 

in Table 6-4. Again the mass balances have been recreated with an initial starting material of 

1,000 kg for illustration purposes. Lignin content in the filtrate and residues was measured 

for the lower temperature conditions for both species and then assumed as the same for the 

other pretreatment conditions.  This is not an unreasonable assumption since lignin is known 

to have a low solubility in acidic water. 
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Table 6-3: Extract and residues mass balance for hardwood after autohydrolysis 

 

Componet % kg Componet kg Componet kg Componet kg

Lignin 27% 270.0 Lignin 264.6 Lignin 264.6 Lignin 264.6

Glucan 46% 460.0 Glucan 448.9 Glucan 449.0 Glucan 358.4

Hexan 4% 40.0 Hexan 0.0 Hexan 0.0 Hexan 0.0

Xylan 19% 190.0 Xylan 86.8 Xylan 24.2 Xylan 0.0

Extractives 3% 30.0 Extractives 0.0 Extractives 0.0 Extractives 0.0

Ash 1% 10.0 Ash 1.0 Ash 1.0 Ash 1.0

Total 1000.0 Sub total 801.3 Sub total 738.7 Sub total 624.0

Component kg Component kg Component kg

Lignin 5.4 Lignin 5.4 Lignin 5.4

Glucan 1.9 Glucan 4.3 Glucan 6.8

Hexan 6.1 Hexan 10.0 Hexan 9.0

Xylan 3.7 Xylan 19.0 Xylan 29.2

Extractives 3.0 Extractives 3.0 Extractives 3.0

Ash 9.0 Ash 9.0 Ash 9.0

Oligomers 82.6 Oligomers 90.5 Oligomers 65.6

Acetic Acid 11.0 Acetic Acid 24.0 Acetic Acid 40.0

Furfural 1.0 Furfural 5.0 Furfural 13.0

HMF 1.0 HMF 1.0 HMF 2.0

Formic Acid 11.0 Formic Acid 16.0 Formic Acid 18.0

Volatiles 63.0 Volatiles 74.0 Volatiles 175.0

Sub total 198.7 Sub total 261.3 Sub total 376.0

Total material 1,000.0  Total material 1,000.0  Total material 1,000.0  

Mass Balance Hardwood

Starting material 1000 kg (O.D.) Temperature 160 °C Temperature 170 °C Temperature 180 °C 

Solids Solids Solids

Dissolved solids Dissolved solids Dissolved solids
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Table 6-4: Extract and residues yield for softwood after autohydrolysis 

 

 

6.7 Process Simulation  

A complete steady-state mass and energy balance process model for the integrated 

power plant and biorefinery facility was produced using WinGEMS V.5.3 (Metso 2011, 

Metso 2012). This process simulation software was originally developed for use in the pulp 

and paper industry and therefore has specialty blocks and unit operations (solid/liquid 

handling washing and separation) particularly useful for application in pulp and paper and 

biorefinery facilities (Gonzalez et al 2011, Gonzalez et al 2011). The simulation results were 

Componet % kg Componet kg Componet kg Componet kg

Lignin 29% 290.0 Lignin 284.2 Lignin 284.2 Lignin 284.2

Glucan 46% 460.0 Glucan 448.7 Glucan 440.3 Glucan 434.1

Hexan 14% 140.0 Hexan 68.0 Hexan 39.8 Hexan 11.1

Xylan 7% 70.0 Xylan 40.0 Xylan 23.9 Xylan 16.8

Extractives 3% 30.0 Extractives 27.0 Extractives 7.0 Extractives 0.0

Ash 1% 10.0 Ash 1.0 Ash 1.0 Ash 1.0

Total 1000.0 Sub total 868.9 Sub total 796.2 Sub total 747.2

Component kg Component kg Component kg

Lignin 5.8 Lignin 5.8 Lignin 5.8

Glucan 1.9 Glucan 9.8 Glucan 19.2

Hexan 13.6 Hexan 20.1 Hexan 25.2

Xylan 4.6 Xylan 17.0 Xylan 20.7

Extractives 3.0 Extractives 3.0 Extractives 3.0

Ash 9.0 Ash 9.0 Ash 9.0

Oligomers 66.6 Oligomers 87.7 Oligomers 72.9

Acetic Acid 8.6 Acetic Acid 14.0 Acetic Acid 23.0

Furfural 0.9 Furfural 2.0 Furfural 5.0

HMF 0.9 HMF 1.5 HMF 4.0

Formic Acid 16.2 Formic Acid 14.0 Formic Acid 15.0

Volatiles Volatiles 20.0 Volatiles 50.0

Sub total 131.1 Sub total 203.8 Sub total 252.8

Total material 1,000.0  Total material 1,000.0  Total material 1,000.0  

Mass Balance Softwood

Starting material 1000 kg (O.D.) Temperature 160 °C Temperature 170 °C Temperature 180 °C 

Solids Solids Solids

Dissolved solids Dissolved solids Dissolved solids
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exported to a Microsoft Excel spreadsheet where it could be referenced for the economic 

evaluations. Two main simulation models were built: i) the base case in which only power 

was produced, and ii) an integrated process in which power and alcohol are coproduced and 

the steam and electrical demands of the alcohol production facility are met by the power 

plant. The heating value of the feedstock both for the base case and alternative cases was 

estimated based on its composition (cellulose, hemicellulose, lignin, extractives and ash) 

following the methodology proposed by Jimenez and Gonzalez (1991) (Jiménez and 

González 1991).   

6.8 Capital investment power plant 

Capital investment for biomass power plants vary greatly depending on the power 

generation capacity and process technology. Capital investment was estimated based on 

reported values found in the literature (based on dollars per kilowatt), with figures ranging 

from $1,500/kw (year 2007) (IEA 2007), $3,235/kw (year 2007) (EPRI 2008) and $2,500/kw 

(year 2009) (AOPC 2009). Capital investment (CAPEX) for this project was estimated based 

on a production capacity of 72 MW (plus an additional 5% for CAPEX estimation). We 

assumed a CAPEX value of $2,800 (as of 2011) per kw of electricity. The CAPEX was 

inflated to year 2012, using the civil works construction cost index system of the U.S. Army 

Corps of Engineers (USACE). Total CAPEX (including 2% of indirect costs and 2% of 

contingency, as well as land) was estimated at $241.7 million. The value of the land alone 

was estimated at $1.1 million. A sensitivity analysis on the assumed value of CAPEX is 

presented in the Results and Discussion.  
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6.9 Capital investment biorefinery 

Capital investment for the biorefinery plant includes: land purchase, land preparation, 

raw water treatment, waste water treatment, water hydrolysis extraction, enzymatic 

hydrolysis, membrane clean up, fermentation, beer column, rectification column, 

dehydration, and product storage and shipment. This yielded a $47 million investment (as of 

2012) for an ethanol production capacity of 7 million gallons (26.5 million liters), including 

2% of indirect costs and 2% of contingency. The CAPEX of the biorefinery is recalculated 

for each feedstock and autohydrolysis treatment temperature, so it sizes the CAPEX of the 

biorefinery depending on the total ethanol output. The estimated CAPEX for the biorefinery 

complex producing 7 million gallons of ethanol per year (26.5 million liters per year) is 

presented in Table 6-5. CAPEX for the biorefinery was built based on previous techno-

economic reports and by consulting experts (Aden et al 2002, Humbird et al 2011, Phillips 

2011, Phillips 2010). CAPEX estimation was based on green tons of feedstock for 

autohydrolysis and enzymatic hydrolysis, autohydrolysis filtrate flow for membrane clean-

up, and beer flow for fermentation, beer column, rectification column and dehydration. 
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Table 6-5: Capital investment for an ethanol biorefinery producing 7 million gallons per year 

(Softwood 170 ˚C). Source: (Aden et al 2002, Humbird et al 2011, Phillips 2011, Phillips 

2010) 

 

 

6.10 Economic Analysis 

The major cost drivers and assumptions are listed for the economic analysis of the 

base and alternative case in Table 6-6 and Table 6-7.  

Description Scale factor Green field US$

Land purchase 0.9 36,953            

Land preparation 0.9 1,011,525       

Raw water treatment 0.7 433,417          

Waste water treatment 0.7 650,126          

Water hydrolysis 0.7 12,707,471     

Enzymatic hydrolysis 0.7 11,628,920     

Membrane clean up 0.7 8,895,230       

Fermentation 0.8 5,630,195       

Beer column 0.8 1,278,155       

Rectification column 0.8 1,186,793       

Dehydration 0.7 1,293,582       

Product storage and shipment 0.6 1,658,609       



 

91 

Table 6-6: Operative and financial assumption for power plant (base case) 

 

 

For all cases, the evaluation horizon has been set for 15 years. A terminal value in 

year 15 of seven times year 15 EBITDA (Earnings Before Interest, Taxes, Depreciation and 

Amortization) was assumed. The discount rate used for the biomass to electricity production 

case (Table 7) was 6%; this was based on the value of the weighted average capital costs 

(WACC) for electric utility companies in the east coast of the U.S. (Damodaran 2011) and 

the market return of “risk free” portfolios (based on the return of U.S. treasury bills) (USFRS 

2011). In the case of ethanol production, a discount rate of 12% has been assumed for this 

project because this is a technology yet to be demonstrated on commercial scale and this 

discount rate is consistent with other studies (Gonzalez et al 2011, Gonzalez et al 2011, Aden 

Description Value

Feedstock supply, BDT/year 500,000

Startup Year 2013

Terminal Year 2027

% of CAPEX spending in Year -2 30%

% of CAPEX spending in Year -1 50%

% of Spending in Year 0 20%

% of Nominal Capacity, Project Year 1 80%

% of Nominal Capacity, Project Year 2 90%

Working Capital Per Cent of Direct Cost 10%

Years Depreciation Schedule 10

Tax Rate, with Tax Loss Carryforward 35%

Discount Rate 6%

Terminal Value, Year 15 EBITDA Multiple 7

Hours per Year 8400

Biomass Cost, $ per dry Ton 38.2

Moisture Content % 40%

Hourly and Administrative Staff (Non-Maintenance) 16

Salaried Staff 4

Maintenance Expense,including Labor, % of  Replacement Asset Value 1.0%

Capital Reinvestment, % of Replacement Asset Value 0.5%

Other Fixed Costs, % of Sales 1.0%

Sales and Other Overhead, % of Sales 1.0%
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et al 2002, Frederick Jr. et al 2008). All costs have been scaled up to year 2012. The analysis 

has been constructed to estimate the minimum power or ethanol selling price to achieve a 

specific rate of return (or discount rate) rather than assuming a price for ethanol (or power). 

A discussion of how these minimum selling prices compare to current prices found in the 

market is presented in section 6.11.10 of this manuscript. 

 

Table 6-7: Operative and financial assumption for the biorefinery 

S= Source; A= Assumption; E= Expert consultation (Phillips 2011, Phillips 2010); 1= 

(Gonzalez et al 2011) ; 2= (Pu et al 2011)  

 

6.11 Results and Discussions 

In order to understand the tradeoff between producing power and cellulosic ethanol in 

an integrated process, it is important to review some aspects of stand-alone biomass power 

production costs, profitability as well as effect of feedstock and moisture content.  

Description Value S Description Value S

Excess wood Backcalculated Biomass Cost, $ per dry Ton 38.2 E

Startup Year 2013 A Moisture Content, % of Green Ton 40% E

Terminal Year 2027 A Enzyme Cost, $ per Gallon Ethanol 0.20 A

% of Spending in Year -2 30% E Yeast Cost, $ per Gallon Ethanol 0.07 1

% of Spending in Year -1 50% E Hourly and Administrative Staff (Non-Maintenance) 21 E

% of Spending in Year 0 20% E Salaried Staff 4 E

% of Nominal Capacity, Project Year 1 80% E

Maintenance Expense, including Labor, 

% of  replacement asset value 1.0% E

% of Nominal Capacity, Project Year 2 90% E Capital Reinvestment, % of Replacement Asset Value 0.5% E

Excess Material Use in Project Year 1 30% E Other Fixed Costs, % of Sales 1.0% E

Working Capital Per Cent of Direct Cost 10% E Sales and Other Overhead, % of Sales 1.0% E

Years Depreciation Schedule 10 E Hydrolysis residence time 1h 2

Tax Rate, with Tax Loss Carryforward 35% E Sugar loss during washing/screw press 9.1% E

Discount Rate 12% A Filter efficiency 90% A

Terminal Value, Year 15 EBITDA Multiple 7 A Fermentation efficiency C5 85% A

Hours per Year 8,400              A Fermentation efficiency C6 95% A
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6.11.1 Feedstock cost 

The average feedstock delivered cost was estimated at $38.2 per dry short ton ($42.1 

per dry metric ton) for both softwood and hardwood. The estimation of the feedstock 

delivered cost was based on the cost per green ton [free on board (FOB)] and transportation 

cost (for an average transportation distance of 40 miles and transportation fee at $0.13 per 

green ton per loaded mile) taken from the last eight quarterly publications of Timber Mart-

South (TMS 2011). This average delivered cost was similar to the price paid for hog fuel in 

several locations in the Southern U.S. as of the third quarter of 2011 (Confidential 2011). 

Though an average price of $38.2 per dry short ton (BDT) was used, there is an expected 

distribution of feedstock cost following a Lognorm distribution, Figure 9-2. The distribution 

model fit was done using the distribution fit function of the @Risk software (Palisade 2011). 

Note from the top of the graph, Figure 6-2, that 70% of the values fall in an interval between 

$20 to $40 per BDT delivered.  
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Figure 6-2: Distribution of feedstock delivered cost in US$ dollars per BDT, (1 dry metric 

ton = 1.1023 BDT) 

 

6.11.2 Power generation 

Power generation varies depending on the chemical composition and moisture content 

of the feedstock. In our process simulation, the same annual input of hardwood or softwood 

at the same moisture content produced slightly different amounts of electricity. An annual 

supply of 500,000 BDT of softwood produced ~ 73.3 MW, while the same quantity of 

hardwood produced ~72.8 MW, with an efficiency of 22.8% and 22.7% respectively (based 
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on low heating values). These values are consistent with other publications (IEA 2007, 

NREL 2000, DOE 2011). 

6.11.3 Power generation costs 

Power generation cost using an annual input of 500,000 BDT of softwood (40% 

moisture content) is presented in Figure 6-3 (bars show absolute values while pie chart shows 

percentage values). Major cost drivers are biomass and depreciation ($34.3 and $42.2 per 

MWh, respectively) adding up to ~ 88% of total costs. A similar cost structure was observed 

for hardwood (not shown here). The relative importance of feedstock cost in the total power 

generation cost is one of the major limitations to increase the size of biomass power plants. 

Higher tonnage input of biomass would require longer feedstock hauling distances and 

increased delivered costs. One major handicap of biomass power compared to coal power is 

the cost of delivered raw material. Coal can be delivered at a cost relatively insensitive to the 

quantity demanded while biomass becomes increasingly more expensive as more biomass at 

a single location is demanded. In our analysis we have kept feedstock cost constant with no 

additional cost for higher volumes supplied to the market. 

6.11.4 Minimum selling revenue 

The minimum selling revenue analysis estimates the required minimum wholesale 

price of electricity to achieve a specific internal rate of return. The minimum revenue of 

electricity in order to achieve an internal rate of return of 6%, 8%, 10% and 12%, using 

softwood or hardwood, are shown in Figure 6-4. In general, minimum revenue values are 

lower in softwood because softwood has a slightly higher heating value resulting in more 

power generation per unit biomass. Minimum revenue for softwood ranges from $70 per 
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MWh (at 6% IRR) to $95 per MWh (at 12% IRR), while minimum electricity revenue for 

hardwood ranges from $71 per MWh (at 6% IRR) to $96 per MWh (at 12% IRR). 

 

 

Figure 6-3: Power generation costs using softwood as feedstock 

 

6.11.5 Moisture content effect on power generation and minimum whole selling price 

One of the major factors influencing biomass to power generation efficiency is the 

moisture content of the feedstock. It is expected that feedstock with lower moisture content 

will produce higher energy output compared to feedstock with higher moisture content. 
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Figure 6-5 shows the effect of moisture content on electricity generation and minimum 

electricity revenue (using hardwood as feedstock) to achieve a specific rate of return of 6% 

and 12%. For this sensitivity analysis, a range of 20% to 55% moisture content is presented. 

As moisture content increases, electricity generation (MW) decreases. Feedstock at 20% 

moisture content would produce ~79 MW, while the outcome for feedstock at 55% moisture 

would be 66.6 MW. When moisture content is lower and electricity generation is higher 

(20% moisture content), the minimum electricity whole sale revenue is $65 and $88 per 

MWh to achieve a 6% and 8% IRR respectively. When moisture content increases to 35%, 

the minimum whole sale electricity revenue required rises to $78 per MWh (6% IRR). 
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Figure 6-4: Minimum revenue required per MWh of electricity at different values of internal 

rate of return (IRR) 
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Figure 6-5: Effect of moisture content on electricity production for 500,000 BDT and 

minimum revenue required (to achieve 6% and 12% IRR) 

 

6.11.6 Ethanol production cost 

Ethanol production costs, minimum ethanol revenue and other economic indicators 

are analyzed for each of the alternative cases (as listed in Table 6-2). The ethanol production 

costs for softwood at 170˚ C are shown in Figure 9-6. The method for distributing production 

cost for ethanol, specifically for feedstock and energy, is as follows: the model estimated the 

amount of feedstock required to produce ~72 MW, all additional wood (additional wood 

relative to the base case input of 500,000 BDT per year) was charged to the cost center of 

ethanol feedstock. Energy cost was estimated from the energy used (by the biorefinery 
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facility), and it was considered as a cost to the biorefinery assuming a cost rate of $64 per 

MWh (power and process steam were calculated using the engineering software WinGEMS). 

In other words, the electrical demand of the ethanol production equipment is satisfied by the 

electricity produced by the biomass power facility and sold at whole sale price.  In Figure 6-6 

it can be observed that feedstock (35% of production costs), depreciation (26%) and energy 

(14%) are the major cost drivers accounting for ~75% of total production costs.  

 

 

Figure 6-6: Ethanol production costs per gallon of ethanol (Softwood 170˚C), 1 gallon = 

3.785 liters 

 

The main findings of the economic analysis focus on the interaction between the 

different extraction conditions, feedstocks and the economic indicators for ethanol 
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production. Figure 6-7 shows additional wood input, ethanol production and total wood sent 

to the water hydrolysis reactor for sugar extraction (87% of total wood input). The highest 

ethanol production scenario is observed for softwood at 170˚C (26.6 million liters per year). 

Both softwood and hardwood had the highest ethanol output at 170˚C. Lower additional 

wood input was found for softwood because the amount of material extracted to produce 

ethanol is lower at a given temperature compared to hardwood. For the two feedstocks, the 

additional wood input increases at higher temperature (more material extracted during 

autohydrolysis) (Pu et al 2011). However, higher extraction rates do not necessarily translate 

into greater ethanol production because of yield loss to sugar degradation products at higher 

temperatures. Additional wood input ranged from 118 thousand BDT per year (softwood 160 

˚C) to 249 thousand BDT per year (hardwood 180 ˚C). Ethanol yields (wood sent to 

hydrolysis) for hardwood at process conditions of 160, 170 and 180 ˚C were 37.2, 41.6 and 

31.6 liters of ethanol per BDT of feedstock, respectively. Ethanol yield for softwood at 

process conditions of 160, 170 and 180 ˚C were 32.9, 45.6 and 39.9 liters per BDT 

respectively. 
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Figure 6-7: Ethanol production, wood to hydrolysis and excess of wood purchased for each 

autohydrolysis condition 

 

6.11.7 Minimum ethanol revenue, cash cost and production cost 

Figure 6-8 shows production costs, cash cost and minimum ethanol revenue 

(estimated to achieve 12% IRR). The lowest production costs, cash costs and minimum 

ethanol revenue are observed at 170˚C for both feedstocks. Overall lower values are observed 

for softwood, explained by less sugar degradation to unwanted components, producing more 

ethanol output and requiring less additional wood input. Minimum ethanol revenue (MER) 

ranged from ~ $0.74-1.05 per liter of ethanol (FOB) at the plant for the cases considered. 
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Figure 6-8: Minimum ethanol revenue (12% IRR), cash cost and production cost for each 

autohydrolysis condition 

 

6.11.8 Return on investment and payback 

Returns on investment, payback and minimum ethanol revenue were estimated for all 

cases. Return on investment (ROI) is a popular financial indicator calculated as the ratio 

between the after tax income with respect to the assets used to generate such revenue in the 

project. Across the fifteen year evaluation horizon, both feedstocks at 170˚C present the 

higher ROI with values of ~7% for year nine (Payback period). Lower ROI was observed for 

both feedstocks at the highest temperature (180˚C), with values of ~6% for year nine. 

Payback is the time required to offset the initial investments. In other words, it is the time 
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required such that the accumulated free cash flow at historical values becomes positive. As 

expected the lower payback periods are observed in those conditions with lower production 

costs, cash costs and minimum ethanol revenues, with payback around 9 years (softwood 

170˚C followed by hardwood 170˚C). 

6.11.9 By-products  

As discussed previously, degradation of sugars occurs at elevated temperatures in the 

presence of acid leading to the formation of byproducts of which furfural, 

hydroxymethylfurfural, acetic acid, and formic acid are the most abundant. Table 6-8 

illustrates the amount of these four components recovered after separation from the 

hydrolyzate stream (using membranes). More byproducts are produced from hardwoods 

relative to softwoods at a given temperature. More byproducts are produced from a given 

feedstock as the autohydrolysis temperature increases. No revenue has been considered from 

these byproducts but they could be purified with additional equipment and then sold. 

 

Table 6-8: Formation of acetic acid, formic acid, furfural and hydroxymethylfurfural for each 

autohydrolysis condition 

 

 

Byproducts

 (ton/year)

Hardwood

160 °C

Hardwood

170 °C

Hardwood

180 °C

Softwood

160 °C

Softwood

170 °C

Softwood

180 °C

Acetic acid 4,486 10,399 17,827 3,132 5,585 9,708

Formic acid 5,098 7,880 9,117 6,723 6,347 7,196

Furfural 463 2,461 6,585 395 906 2,397

Hydroxymethylfurfural 463 492 1,012 395 682 1,918
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6.11.10 Sensitivity analysis 

A sensitivity analysis describes how the system variables can impact the economic 

forecast of a project. An analysis of this kind also helps to guide future development to 

mitigate risk. The response variable chosen to understand sensitivity impact was the 

minimum ethanol revenue (estimated to achieve a 12% IRR). The sensitivity analysis was 

built with a variation of ± 25% of the central values for CAPEX, ethanol yield, biomass cost 

and enzyme cost, Figure 6-9. 

The MER is most sensitive to ethanol yield, followed by biomass cost and CAPEX. 

In the most favorable case, a 25% increase in yield may drop minimum ethanol revenue to 

$0.64 per liter. Reducing feedstock cost and enzyme cost individually by 25% can decrease 

the minimum ethanol revenue to ~$0.67 per liter of ethanol. 
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Figure 6-9: Sensitivity of minimum ethanol revenue (12% IRR) with variation of +/-25% for 

CAPEX, yield, biomass cost and enzyme cost (Case: Softwood 170˚C) 

 

Ethanol market prices have varied considerably in the past decade. A key 

consideration when conducting simulations in which prices are allowed to randomly vary 

requires an understanding of the shape of the probability distribution of these prices. The 

shape of the probability distribution of ethanol market price in the period between January 

2002 and July 2011 was estimated using the distribution fit function of @Risk software, 

which determines the parameters of the probability distribution that is most consistent with 

observed data. The distribution indicated that approximately 20% of the ethanol selling 

prices fall in the range of $0.64+ liter. Figure 6-10 presents the historic selling price for 
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ethanol and regular gasoline in Omaha, Nebraska, U.S. (Nebraska Energy Office 2012). 

Although the selling price for ethanol has increased drastically over the past decade, a 

reasonable estimate of future ethanol selling price is likely around $0.60-$0.70/liter. If a 

future ethanol selling price of $0.65/liter is assumed, the technology here outlined to produce 

bioethanol via autohydrolysis of wood would need to increase the yield of the process by 

25%, Figure 9-9, in order to satisfy the risk requirement of 12% IRR. This technology is 

relatively insensitive to enzyme cost but a reduction of CAPEX and biomass costs are other 

areas in addition to yield that have potential to improve the financial prospects of a VPC 

project. Note that the calculated minimum ethanol revenue calculations ranged from $0.74 to 

$1.05 per liter of ethanol for the six cases, indicating that it is not economically feasible 

under current ethanol prices to pursue VPC.         
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Figure 6-10: Historic ethanol and regular gasoline price FOB Omaha, Nebraska, U.S. 

 

In order to provide a measure of the probability of investment failure or success, the 

probability distribution of the NPV is presented as a function of all operational data and the 

probability distribution of enzyme cost, feedstock cost, CAPEX, and yield. All distributions 

were fit using @Risk software (Palisade 2011). The probability distribution of the feedstock 

is the same as presented in Figure 6-2. The probability distribution of enzyme cost ($ per 

liter), CAPEX, and ethanol output (in liters) were modeled following a rectangular 

distribution based on the assumption of ± 25% with respect to the central assumption listed in 

the methodology section. These potential sources of variations affect the distribution of the 
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NPV values of the project, Figure 6-11; the simulation was made with 500 iterations using 

the simulation module of @Risk.  For this evaluation, instead of evaluating the minimum 

revenue per liter of ethanol, a whole selling price of $0.65 per liter of ethanol is used along 

with a discount rate of 12%. From the distribution of the NPV listed in Figure 6-11, it is 

possible to assign a percentage of failure or success for the project. It can be observed that 

only 26.6% of the distribution of the NPV is above zero, which means that there is a 

probability of 26.6% to achieving an internal rate of return equal or higher than 12%. 

Previous studies addressing the co-production of power and ethanol have concluded that 

mature technologies could be profitable in the long term (Laser et al 2009, Laser et al 2009). 

One main factor that may lead to improved economics of the biorefinery is by increasing 

plant capacity (Laser et al 2009), although higher feedstock costs will then become a major 

limitation (Gonzalez et al 2011).  
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Figure 6-11: Probability distribution of the NPV value of the project (discount rate 12%) 

 

 

6.12 Conclusions 

The concept of VPC (value prior combustion) is technically feasible but the minimum 

ethanol revenues required to produce a 12% internal rate of return are high enough to 

discourage investors if future prices are distributed similarly to the last decade’s historical 

prices. Under the current assumptions and scenarios evaluated, the lowest minimum ethanol 

revenue to achieve a 12% IRR ($0.74/liter) occurs for softwood at an extraction temperature 

of 170°C. This revenue requirement is higher than our assumed future ethanol selling price of 

$0.65/liter.  The base case analysis showed that electrical power from biomass must sell for 
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$70-$96/MWh to achieve internal rates of return 6%-12%. The financial performance of this 

autohydrolysis technology appears to be most sensitive to ethanol yield followed by CAPEX 

and biomass cost. Biomass cost, much like ethanol selling price, is subject to rules of the 

open market. Therefore, it is suggested that focus be placed on improving yield and reducing 

CAPEX before this technology can be applied commercially. 
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7 IDENTIDYING A NOVEL AND EFFICIENT TECHNIQUE FOR 

MEASURING SPATIAL LIGNIN DISTRIBUTION ACROSS THE 

CELL WALL OF BIOMASS FIBERS 

7.1 Abstract 

Three analytical techniques were evaluated for efficacy in measuring lignin 

distribution across the cell wall of pretreated lignocellulosic biomass fibers.  X-ray 

photoelectron spectroscopy (XPS) has the ability to semi-quantitatively measure surface 

lignin content.  Because XPS is a surface analysis technique, information about lignin 

distribution deeper than the top 10 nm must be inferred from wet chemistry measurements.  

Time of flight secondary ion mass spectrometry (ToF-SIMS) is an evolving technique that 

has the potential for mapping all different types of chemical species across the cell wall of 

pretreated biomass fibers.  However, this technique depends heavily upon sample preparation 

and having a flat and chemically undisturbed surface to analyze.  Various sample preparation 

techniques were investigated but the quantitative information obtained from ToF-SIMS was 

not consistent with the other techniques or what is known about delignification of wood 

fibers.  Using the fluorochrome acridine orange that produces an emission shift in the 

presence of lignin, a confocal laser scanning microscope (CLSM) can analyze fibers and 

produce images of lignin distribution across the cell wall. Preliminary work was performed 

on a series of softwood samples including a lignin free bleached standard as well as two 

partially delignified softwood samples prepared using different delignification chemistry.  

The CLSM technique requires less time in terms of sample preparation and equipment 

analysis time.  Lignin distribution can be assessed on individual fibers and the results 

obtained in this work are consistent with the accepted mechanism of delignification.     
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Keywords: lignin distribution, lignocellulosic biomass, confocal laser scanning 

microscope, XPS, ToF-SIMS, acridine orange 

7.2 Introduction 

Lignin is a complex, amorphous, and aromatic polymer found in the cell walls of 

most plants and accounts for approximately 20%-30% of woody and non-woody biomass 

grown on land (Kumar 2009).  Biosynthesis of lignin is an enzyme mediated radical 

polymerization of monolignols characterized chemically as phenyl-propane alcohols of three 

main varieties; p-hydroxycinnamyl alcohol, confieryl alcohol, and sinapyl  alcohol which 

lead to “H”, “G”, and “S” type subunits respectively (Hatfield et al 1999, Sjostrom 1981, 

Zhou et al 2011), Figure 7-1.  Lignin containing H type subunits are typically only found in 

annual plants while woody biomass has varying proportions of G and S subunits depending 

on wood type and species.  Softwood lignin is composed only of G type lignin units while 

hardwoods can have a wide range of S-to-G ratio depending on species (Santos et al 2012).   

 

 
Figure 7-1: Lignin Precursor Subunits from left to right: p-hydroxyphenyl (H), 

guaiacyl (G), and syringyl (S) (Zhou et al 2011) 

 

Historically, two distinct approaches have been applied to study the lignin distribution 

across the cell wall of biomass fibers.  Wood cross sections can be embedded and cut in to 
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thin sections using a microtome and then analyzed by various microscopy techniques such as 

ultra violet (UV) absorbance, transmission electron microscopy (TEM) after permanganate 

staining, or interference microscopy to name a few.  Alternatively, biomass samples can be 

mechanically ground to produce small cell wall fragments which can be separated and 

analyzed using traditional wet chemistry techniques.  All of these techniques were 

exclusively used on native wood that had not been chemically treated to remove lignin or 

other components of the cell wall.  Scientists and engineers have recently developed an 

interest in measuring lignin distribution across the cell wall of pretreated fibers, or fibers that 

are no longer in a structural matrix such as the cross section of wood.  This type of system 

composed of randomly oriented fibers presents an issue when attempting to employ the 

embedding and sectioning technique commonly used to study native wood.  Because the 

fibers will be randomly oriented in the embedding medium, one is relying upon chance 

during the sectioning process that a distinct cross section of the fiber will be obtained.  

Mechanical grinding and cell wall fragment analysis is feasible but time consuming and 

spatial resolution may be low.           

Various analytical techniques have been utilized in previous work to measure lignin 

distribution in pretreated wood fibers.   X-ray photoelectron spectroscopy (XPS) can be used 

to semi-quantitatively determine lignin content on the surface of fibers  (Dorris and Gray 

1978, Dorris and Gray 1978, Gray et al 2010).  This technique provides elemental 

composition of the top 10 nm of a sample.  Knowing that the oxygen-to-carbon ratio is 

different for lignin compared to cellulose allows one to estimate the relative surface coverage 

of lignin and cellulose from XPS spectra.  Comparing this data to wet chemistry 
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measurements of total lignin content provides some insight in to how much of the lignin is on 

the surface of a sample versus distributed throughout the cell wall.  One disadvantage of this 

technique is that it is performed on many fibers at one time and a direct measurement of 

lignin distribution across the entire cell wall cannot be made but is inferred from a 

combination of wet chemistry measurements and XPS spectra.  Preliminary work using this 

technique was investigated and will be presented briefly. 

An emerging technique for topochemical analysis of lignocellulosic materials is time-

of-flight secondary ion mass spectrometry (ToF-SIMS).  This tool has the potential to 

provide detailed spatial and chemical component information across the fiber cell cross 

section  (Zhou et al 2011, Jung et al 2010, Jung et al 2012).  This technique can potentially 

differentiate the spatial distribution of syringyl and guiacyl lignin in hardwood fibers.  

However, this technique is still a developing science and is extremely sensitive to sample 

preparation and any surface contamination induced from preparing cross sections of the 

wood or fiber.  Additionally, this technique suffers from the same problems associated with 

other embedding and sectioning techniques that rely upon chance to prepare a proper cross 

section of a free flowing fiber system.  Attempts were made to employ this technique to 

study the lignin distribution in pretreated free fibers and data associated with these efforts 

will be presented.      

A third analytical tool for measuring lignin distribution, and the one focused on in 

this study, is a confocal laser scanning microscope (CLSM).  Previous work has shown that 

acridine orange is a useful fluorochrome to use when trying to asses lignin content of kraft 

wood fibers  (Liu et al 1999, Liu et al 1999, Li and Reeve 2005).  Acridine orange undergoes 
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a fluorescent emission shift from green to red light in the presence of lignin when excited by 

a blue (488 nm) argon laser.  Making use of this phenomenon and the optical sectioning 

capability of a CLSM, a high resolution three dimensional image of lignin distribution in a 

fiber can be obtained.  Additionally, the lignin distribution across the cell wall can be 

accessed at multiple z-planes of the same fiber and multiple fibers can be examined relatively 

quickly compared to the sample preparation and analysis time required for XPS and ToF-

SIMS. 

7.3 Materials and Methods 

7.3.1 Materials 

Loblolly pine chips and mixed southern hardwood chips were obtained from a mill in 

the southeastern United States and were stored at 4 °C.  Chips were screened for uniform size 

using a screening sieve with a grid mesh of 9.5 mm by 25.4 mm.  Sodium hydroxide, sodium 

sulfide, sodium carbonate, sodium chlorite, glacial acetic acid, standard microscope slides, 

and No. 1 slide covers were purchased from Fisher Scientific (Fisher Scientific, Suwanee, 

GA).  Acridine orange (3,6-Bis(dimethylamino)acridine hydrochloride) was purchased from 

Sigma-Aldrich (Sigma, St. Louis, MO).  Bleached softwood and hardwood pulp was 

obtained from a mill in the southeastern United States and served as a lignin free reference.  

The bleached pulp was centrifuged to 30% consistency (dry mass/total mass), fluffed, and 

stored at 4 °C.       

7.3.2 Kraft Pretreatment – Softwood Chips 

Kraft white liquor was prepared by mixing sodium hydroxide and sodium sulfide with 

a sulfidity of 25%.  The total titrateable alkali charges as Na2O were 14%, 16%, 18%, and 
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19% on oven dry (OD) chip basis.  Pretreatment was carried out in a M/K batch digester 

(M/K System Inc., Danvers, Massachusetts).  The liquor-to-wood ratio on a volume-to-

weight basis was 4.  The pretreatment was carried out to a H-factor of 600 at 170 °C.  

Following pretreatment, the chips were collected and washed with tap water overnight to 

remove residual chemicals and dissolved wood components.  After washing the chips were 

fiberized by being passed twice through a Bauer 148-2 disk refiner at gaps of 0.25 mm and 

0.05 mm.  The wood pulp was collected, centrifuged to approximately 30% consistency, 

fluffed, and stored at 4 °C for subsequent treatment and analysis. 

7.3.3 Green Liquor Pretreatment – Softwood and Mixed Southern Hardwood Chips 

Green liquor was prepared by mixing sodium sulfide and sodium carbonate with a 

sulfidity of 25%.  A total titrateable alkali charge as Na2O was 20% and 12% (OD basis) on 

softwood and hardwood chips respectively.  Pretreatment was carried out in a M/K batch 

digester (M/K System Inc., Danvers, Massachusetts).  The liquor-to-wood ratio on a volume-

to-weight basis was 4.  The pretreatment was carried out to a H-factor of 800 at 170 °C for 

softwood and a H-factor of 400 at 160 °C for hardwood.  Following pretreatment, the chips 

were collected and washed with tap water overnight to remove residual chemicals and 

dissolved wood components.  After washing the chips were fiberized by being passed twice 

through a Bauer 148-2 disk refiner at gaps of 0.25 mm and 0.05 mm.  The wood pulp was 

collected, centrifuged to approximately 30% consistency, fluffed, and stored at 4 °C for 

subsequent treatment and analysis.   
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7.3.4 Additional Delignification 

Oxygen delignification was carried out in a 2.8 L bomb pressurized with oxygen to 

100 psig, 10% consistency pulp, and placed in a rotating hot air oven held at 110 °C for 60 

minutes (excluding time to temperature of 45 minutes).  Sodium hydroxide was applied at 

5% on OD pulp to catalyze delignification.  The green liquor hardwood sample subjected to 

oxygen delignification was also subjected to 4K revolutions of PFI refining.        

7.3.5 Lignin Content Analysis 

Acid soluble lignin (ASL) and Klason lignin (KL) were measured by two-stage 

sulfuric acid hydrolysis.  A pulp sample of 100 OD mg was first treated with 1.5 mL of 72% 

H2SO4 at room temperature for 2 hours to allow for swelling and increased access of the acid 

to the substrate.  The pulp and acid was diluted to 3% acid concentration and autoclaved at 

120 °C for 1.5 hours.  The sample was then filtered and washed using a medium glass 

crucible and deionized water.  The solid collected by the crucible was weighed and is termed 

the Klason lignin.  The filtrate was used for ASL analysis by measuring UV absorbance at 

205 nm in a PerklinElmer Lambda XLS UV-VIS spectrometer. 

7.3.6 Surface Lignin Content Analysis using XPS 

The samples subjected to XPS analysis were the bleached hardwood, green liquor 

hardwood, and green liquor plus oxygen delignification hardwood samples.  Each sample 

was formed in to a TAPPI standard handsheet but were not subjected to mechanical pressing 

(TAPPI T-205)  (Technical Association of the Pulp and Paper Industry).  The handsheets 

were dried in a conditioned room at 23 °C and 50% relative humidity.  After air drying, a 

razor blade was used to cut approximately 1 cm by 1 cm squares.  These smaller square 
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samples were acetone extracted for 8 hours using a 250 mL soxhlet at a condensate drip rate 

of approximately 2 drops/sec.  Following extraction, the  samples were dried in a desiccator 

prior to XPS analysis. 

A Riber XPS located at North Carolina State University’s Analytical Instrumentation 

Facility was utilized for analysis.  A magnesium anode was used for x-ray generation.  

Survey and high resolution scans were performed at step intervals of 1 eV/s and 0.1 eV/s 

respectively.  Surface lignin content was calculated based on the method described by Gray  

(Gray et al 2010, Dorris and Gray 1978, Dorris and Gray 1978).         

7.3.7 Lignin Distribution Analysis using ToF-SIMS 

The sample subjected to ToF-SIMS analysis was the green liquor pretreated softwood 

fibers.  Various sample preparation techniques were employed in an effort to obtain a sample 

suitable for ToF-SIMS analysis.  The first technique involved embedding a small bundle of 

fibers (approximately 10 mg) in an Epon epoxy embedding media.  Post-embedding 

sectioning was performed using a Leica UC7 Ultramicrotome at both ambient temperature 

and a cryogenic temperature of -185 °C.  A disposable glass knife was used to prepare 

sections approximately 300 nm thick that were then transferred to a standard microscope 

slide for analysis. 

The second sample preparation technique was adopted from Zhou and co-workers  

(Zhou et al 2011).  The fiber samples are first fixed over night by soaking in a formalin-

acetic-alcohol solution containing (v/v) 50% ethanol, 5% glacial acetic acid, 3.7% 

formaldehyde, and 41.3% distilled water.  The sample was then dehydrated through an 

ethanol series which was then exchanged with xylene.  The Paraplast Plus wax embedding 
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medium is soluble in xylene and was replaced with fresh wax twice per day for four days.  

Sections of 12 µm thickness were cut using a microtome equipped with a diamond coated 

steel blade, placed on a standard microscope slide, and then dewaxed by dipping in xylene 

for 10 minutes and were allowed to air dry. 

ToF-SIMS analysis was conducted on a ToF-SIMS V (ION TOF, Inc. Chestnus 

Ridge, NY) equipped with a Bismuth liquid metal ion gun and a C60 ion gun.  The same 

conditions used by Zhou and co-workers were utilized in this exploratory study on pretreated 

wood fibers.                   

7.3.8 Lignin Distribution Analysis using CLSM 

The samples examined using this novel CLSM approach include the bleached 

softwood, green liquor with and without oxygen secondary treatment.  Staining of the 

lignocellulosic samples with acridine orange (AO) was performed at room temperature.  

Approximately 200 OD mg of sample was placed in a 25 mL vial with 20 mL of 1.25x10
-5

 M 

AO solution prepared with deionized water.  The vial was sealed and placed in a box to avoid 

light and shaken frequently for 1 hour.  After staining the samples were washed three times 

by carefully pouring the supernatant out of the vial and replacing the volume with deionized 

water.  The samples were then placed on a 7.62 cm x 2.54 cm glass slide, covered with a 

No.1 cover slip, and sealed with wax. 

Samples were imaged using a Carl Zeiss LSM 710 confocal workstation with a C-

Apochromat 40x/1.1 water immersion objective lens.  An argon laser at 488 nm was used as 

excitation light.  Fluorescence emission between 515-540 nm was collected as the green 
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channel and emissions above 590 nm were collected as the red channel.  Image analysis was 

performed using ZEN lite 2011 image analysis software. 

7.4 Results and Discussion 

A prudent discussion of the lignin distribution measurements must first be preceded 

by a discussion of the lignin distribution in wood prior to any chemical delignification.  A 

recent review by Donaldson provides a detailed discussion of lignification and lignin 

topochemistry in wood and some key points related to softwoods need to be highlighted  

(Donaldson 2001).  Shown in Figure 7-2 is a schematic presenting a cross section of wood 

with a magnified portion showing the packing of tracheids in a typical softwood.  Tracheids, 

or “fibers”, are the structural elements in wood responsible for fluid conduction via the 

lumen void.    

    

 

Figure 7-2: Schematic Presentation of Lignin Distribution in Native Softwood 
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A line traversing across the cell wall of a tracheid will cross over multiple 

morphological regions with varying lignin contents (weight percent lignin).  Beginning at the 

middle lamella (ML) the lignin content is highest (50%-70% by weight) relative to other 

areas of the cell wall.  The lignin content rapidly drops as the line proceeds across the 

primary (P) wall and first layer of the secondary wall (S1).  The second layer of the 

secondary wall (S2) makes up the bulk of the cell wall but has the lowest lignin content 

(approximately 20%) when compared with the other regions.  Despite having low lignin 

content the S2 layer contains the most lignin on an absolute basis because it is the most 

massive region of the cell wall.  Previous investigations have found the third layer of the 

secondary wall (S3) is slightly more lignified than the S2 layer.  Although pretreated 

softwood were the sample type focused on in this methodology development, the lignin 

distribution across the cell wall of hardwood fibers has a similar profile as a softwood 

tracheid.   

A foundation of lignin distribution in native softwood has been established and the 

focus of the following discussion is lignin distribution in chemically delignified wood fibers.  

Presented in Table 7-1 are the total bulk lignin contents of the various pulps produced via 

green liquor pretreatment or green liquor followed by oxygen delignificaiton.  The lignin 

content of the pulps ranged from a high of 26.4% to a low of 12.5%. 
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Table 7-1: Bulk Lignin Contents of Samples Prepared via Green Liquor and Additional 

Delignification 

Biomass ID 

 Green Liquor  Total Bulk Lignin Content 

GL20SW 26.4% 

GL20SW + Oxygen Delignification 25.6% 

GL16HW 18.2% 

GL12HW + Oxygen Delignification 12.5% 

 

 

7.4.1 XPS Analysis 

As first described by Siegbahn and co-workers, the XPS method can provide the 

elemental composition of a thin surface layer of a solid material  (Siegbahn et al 1967).  In 

the context of analyzing wood fibers, the XPS spectrum can provide the oxygen-carbon ratio 

of the outer surface (top 10 nm) of a bulk material.  At the root of this analysis technique is 

recognizing that carbohydrates such as cellulose (C6O5) have a much different oxygen-

carbon ratio compared to lignin which can be modeled according to Freudenberg (C9.92O3.32).  

Two approaches have been identified for analyzing XPS data to determine surface lignin 

content: 1) calculate the area under the C 1s and O 1s peaks obtained from a survey scan or 

2) monitor the shift in the C 1s peak when comparing a high resolution scan of a lignin free 

sample and that of a lignin containing sample.  The data presented is based upon the first 

methodology of calculating peak areas from a survey scan. 
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Presented in Figure 7-3 is the survey scan for the bleached hardwood sample.  The O 

1s peak and C 1s peak appears at approximately 525 eV and 275 eV respectively.  The 

atomic weight percent for oxygen and carbon were calculated to be 47.8% and 52.2% 

respectively.  This produces an oxygen-carbon ratio of 0.92 which is slightly higher than the 

theoretical based on the empirical formula for cellulose of 0.83.  As described by Gray, the 

difference between the measured oxygen-carbon ratio and the theoretical for a lignin free 

standard can be utilized to correct the oxygen-carbon ratio for the lignin containing samples; 

the implicit assumption is that any small amount of surface contamination that is present on 

the lignin free sample will also be present on the lignin containing samples because they 

were prepared using the same procedure  (Gray et al 2010).   
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Figure 7-3: XPS Survey Scan for Lignin Free Hardwood Fibers 

 

XPS spectra for the lignin containing green liquor hardwood and green liquor 

hardwood with additional oxygen delignification and refining and the surface lignin content 

was estimated using the approached suggested by Gray and co-workers (Gray et al 2010).  

The calculated surface lignin content as well as the bulk lignin content calculated via wet 

chemistry are presented in Table 7-2. 
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Table 7-2: Calculated Surface Lignin Content from XPS Spectra for Lignin Free and Lignin 

Containing Hardwood Fibers 

Sample ID 

Surface Lignin 

Content 

Bulk Lignin 

Content 

Bleached HWD 0% 0% 

Green Liquor HWD 31% 18% 

Green Liquor + Oxygen + Refining HWD 13% 13% 

     

These data are reasonable based upon the accepted mechanism for wood chip 

delignification in which chemicals penetrate the wood fiber via the lumen void and then 

delignification proceeds outward toward the middle lamella.  The outside surface of the fiber 

that is delignified in this manner will have the highest lignin content because it will contain 

residual middle lamella lignin which is more concentrated than other portions of the cell 

wall.  The data suggest that the green liquor with additional delignification via oxygen and 

mechanical refining sample has a relatively uniform lignin distribution compared to the green 

liquor only sample.  Additional lignin is removed from the fiber during oxygen treatment but 

the outside surface of the fiber is also being delaminated, exposing portions of the S2 layer, 

when mechanical refining is employed.   

Although the data from these preliminary experiments were consistent with accepted 

mechanisms of alkali delignification, further efforts to analyze samples using this technique 

were abandoned for reasons that will be explained.  The XPS spectrum is providing 

information about the top 10 nm of a cell wall that can be 10-15 µm thick.  Therefore, this 

technique is not able to provide a complete profile of the lignin distribution across the entire 

cell wall but rather a simple comparison between outside surface lignin content and bulk 

lignin content measured via wet chemistry.  Additionally, the XPS analysis is being 
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performed on a sample containing thousands of fibers and therefore the data being collected 

is a population average.  Being able to analyze lignin distribution on a single fiber basis 

would be advantageous and could potentially shed light on the uniformity of various 

chemical treatments.  For these reasons other techniques were evaluated.       

7.4.2 ToF-SIMS Analysis 

Saito and co-workers provided much of the earlier work related to identifying the 

characteristic secondary ion fragments that are produced during bismuth bombardment of 

lignin and carbohydrates present in the cell wall of woody and non-woody biomass  (Saito et 

al 2006, Saito et al 2005, Saito et al 2005, Saito et al 2011).  The characteristic ions for 

guaiacyl lignin are presented in Figure 7-4. 

 

Figure 7-4: Characteristic Secondary Ion Fragments for Guaiacyl Lignin 

 

The first attempt at sample preparation involved embedding pretreated softwood fibers in 

epoxy and using an ultramicrotome to generate flat sections of approximately 300 nm 

thickness.  The ToF-SIMS images collected using this sample preparation technique are 

presented in Figure 7-5.  These first images were both encouraging and presented a new 

challenge; encouraging in that flat cross sections were successfully prepared and analyzed 

using ToF-SIMS, but a new challenge was presented in that the epoxy embedding media 
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generated characteristic ion fragments very similar to those generated by guaiacyl lignin.  

The spatial mapping of the 137 m/z and 151 m/z are presented in the bottom right of Figure 

7-5.  The ion fragment for sodium, 23 m/z, is shown in the top right and highlights the 

prepared cross section of fibers clearly showing cell walls and the void of the lumens.  

Residual sodium is present in the cell walls of the fiber after the green liquor pretreatment.  

Because the epoxy embedding media produced similar characteristic ion fragments to lignin, 

a different sample preparation procedure needed to be investigated if ToF-SIMS was going to 

be used to map lignin distribution across the cell wall of free fibers.  
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Figure 7-5: ToF-SIMS Images of Pretreated Softwood Fibers Using Epoxy Embedding and 

Ultramicrotome for Sectioning 

 

The next sample preparation technique was originally presented by Zhou and co-

workers  (Zhou et al 2011).  This technique involves embedding the free fibers in a xylene 

soluble wax which can be dissolved and washed away following sectioning, thus reducing 

background noise and interference of secondary ions emitted from the embedding media.  

Presented in Figure 7-6 is a set of cross section ToF-SIMS images collected after embedding 

in a xylene soluble wax and then sectioning using a diamond coated steel blade.     
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Figure 7-6: ToF-SIMS Images of Pretreated Softwood Fibers Using Xylene Soluble 

Embedding and Standard Microtome for Sectioning 

 

This embedding and sectioning technique greatly reduced the background noise from 

the embedding media because most of the wax was dissolved and washed away using xylene 

prior to ToF-SIMS analysis.  Worth mentioning is the thicker sections (1.3 µm) that are 

generated with the standard microtome compared to the thinner (300 nm) sections generated 

using an ultramicrotome presented previously.  However, the ToF-SIMS images do seem to 

show signs of cell wall deformation or fiber crushing likely induced during sectioning or 

embedding.  A single cross section was chosen for extended ToF-SIMS data collection using 

the same procedure described by Zhou and co-workers  (Zhou et al 2011).  The sample area 

of 100 µm x 100 µm (256 x 256 pixels, ~390 nm/pixel) was subjected to seven cycles of Bi3
+
 

bombardment, for characteristic ion production, followed by 72 seconds of C60
+
 sputtering to 

clean the sample surface of any damage induced by the primary Bi3
+
 bombardment.  The 

analysis time required for this one cross section and cyclic procedure was approximately two 
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hours.  The data collected from this ToF-SIMS analysis was evaluated to determine if lignin 

distribution across the cell wall could be quantified. 

  Presented in Figure 7-7 is the 137 m/z ToF-SIMS image of a green liquor pretreated 

softwood fiber following the cyclic bombardment and damage removal protocol.  Also 

presented are line scan quantitative intensity counts for the two characteristic secondary ion 

fragments of guaiacyl lignin progressing across the cell wall.   

  

 

Figure 7-7: ToF-SIMS Image and Line Scan Data Across the Cell Wall of a Pretreated 

Softwood Fiber 

 

      Although the sample preparation protocol was able to generate clear fiber cross 

sections, the quantitative data related to lignin distribution across the cell wall was 

unexpected and cannot be explained.  Based upon the accepted mechanism of alkali 

delignification of wood, a lignin distribution profile similar to native wood was expected 

although with more lignin removed in the S3 and S2 regions of the cell wall.  The profile 

collected via ToF-SIMS is downward parabolic in shape suggesting that the highest lignin 

concentration is in the middle of the cell wall and the lowest concentration on the lumen and 
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outside surfaces.  Because this green liquor pretreated softwood fiber was mildly delignified 

there should be residual middle lamella on the outside surface of the fiber but the ToF-SIMS 

data shows no evidence of this.  These data are suspect and the sample surface may have 

been compromised during embedding or more likely during sectioning.  Based upon the 

discouraging quantitative distribution results coupled with the resource intensive 

requirements of performing ToF-SIMS analysis, this technique was abandoned.    

7.4.3 CLSM Analysis 

Gustafson and co-workers pioneered the use of acridine orange (AO) for the analysis 

of pretreated wood fibers  (Liu et al 1999, Liu et al 1999).  Their primary objective was to 

determine the bulk lignin content of individual kraft pretreated fibers such that a distribution 

of kappa numbers could be measured rapidly using a modified flow cytometry approach.  

The work conducted by Gustafson and co-workers never attempted to look at lignin 

distribution on an individual fiber basis but the AO emission shift phenomenon presented in 

their work is critical to the technique presented here.  Presented in Figure 7-8 is the organic 

structure of AO which is a cationic dye.  The mechanism of interaction between AO and 

lignin has not been fully elucidated but based on its interactions with lignin it is speculated 

that the cationic portion of the dye interacts with the pi electrons in the aromatic rings in the 

lignin polymer.  During this interaction, the electron density shifts and allows for the AO 

molecule to aggregate which in turn produces the emission shift from green light to red light 

when excited by a 488 nm laser.      
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Figure 7-8: Acridine Orange Organic Structure 

 

Li and Reeve presented some exploratory work using the confocal technique coupled 

with acridine orange but they did not make use of the acridine orange emission shift from 

green light to red light in the presence of lignin  (Li and Reeve 2005, Li and Reeve 2005).  

Taking advantage of the emission shift from green to red light allows for normalization of 

changes in emission intensity which will occur as you analyze a three-dimensional object.  

For example, when the argon laser beam excites acridine orange in the middle of the cell wall 

the collected emission intensity will naturally be reduced because the excitation light and 

emission light must travel through a portion of the cell wall.  This loss of intensity is not 

present when analyzing the outer surface of the fiber.  Therefore, if only one portion of the 

visible light spectrum is emitted one cannot determine if the loss of emission intensity is a 

result of lower lignin concentration or due to reduction in excitation and emission light 

intensity as light passes through thicker portions of the fiber wall.  Analyzing two portions of 

the visible light spectrum, green region and red region, and monitoring the ratio of the 

intensity of the green and red region is the novel approach presented here.    

The initial investigation of this technique was performed on softwood tracheids: 

bleached (lignin free), green liquor softwood with and without oxygen secondary treatment.  

Using confocal images obtained at 40x magnification, the ratio of red/green light (515-540 
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nm/>590 nm) intensity was collected for the various samples.  Presented in Figure 5-9 are 

confocal images showing two sides of the cell wall with the lumen void in the center for 

bleached (A), green liquor pretreated (B), and green liquor pretreated with additional oxygen 

delignification (C) softwood fibers.  Each sample was subjected to the same AO staining 

procedure and the settings on the confocal microscope here held constant for each analysis.  

Because the bleached softwood fiber is the lignin free reference, there is very little emission 

of red light from the acridine orange because there is no lignin present in the fiber to cause 

the emission shift.  Examining the images qualitatively the two green liquor samples, with 

and without oxygen delignification, show signs of red emission.  The next step in the analysis 

was to analyze the images on a quantitative basis.  For this exercise, two regions of interest 

were analyzed in the green liquor with additional oxygen delignification sample.  The two 

regions are highlighted in Figure 7-9 as ROI-1 and ROI-2.  The ratio of red light intensity 

(emission >590nm) to green light intensity (emission 515-540 nm) was plotted in the 

direction of the red arrows.  These data are presented in Figure 7-10.  The shapes of 

red/green curves across the cell wall are consistent with what is observed qualitatively in the 

microscope images.  The area line scan data for ROI-2 suggests there is a high concentration 

of lignin on the outside of the fiber, likely residual middle lamella, on a certain section of the 

outside surface of the fiber. 

The green liquor with additional oxygen delignification fiber was subjected to optical 

sectioning on the confocal microscope.  Images of the fiber were taken in 500 nm increments 

and then a 3-dimensional reconstruction of the fiber was rendered, Figure 7-11.  The strip of 

residual middle lamella which was scene in one of the cross sections and in the quantitative 



 

135 

area line scans can be seen more clearly in the three dimensional reconstruction.  This strip of 

residual middle lamella was likely at the meeting corner of four tracheids.  This conclusion 

was arrived at after observing three green liquor softwood fibers that were still attached to 

one another, Figure 7-12.  The residual middle lamella appears to be thickest and most 

concentrated at the corners of the fiber (Donaldson 2001).                             
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Figure 7-9: Confocal Images of Bleached (A), Green Liquor (B), and Green Liquor with 

Additional Oxygen Delignification (C) Softwood Fibers 
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Figure 7-10: Quantitative Red/Green Emission Shifts Across the Cell Wall of Green Liquor 

with Additional Oxygen Delignification Softwood Fibers 
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Figure 7-11: Three Dimensional Reconstruction of Optically Sectioned Confocal Images 

Obtained from a Green Liquor with Additional Oxygen Delignification Softwood Fiber 

 

 

Figure 7-12: Three Dimensional Reconstruction of Optically Sectioned Confocal Images 

Obtained from Three Green Liquor Softwood Fibers 
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7.4.4 Interesting Observations 

Donohoe and co-workers postulate that lignin migration and coalescence is possible if 

pretreatment temperatures exceed the glass transition temperature of lignin which is 

approximately 150°C depending on the source of biomass (Fengel and Wegener 1984, 

Donohoe et al 2008).  The scientists in this study used scanning electron microscopy to 

visualize the lignin droplets that coalesce and deposit on the surface of pretreated biomass.  

The droplets were determined to contain lignin using multiple analytical tools including 

FTIR spectroscopy, NMR analysis, antibody labeling, and cytochemical staining (Donohoe 

et al 2008).  The presence of “lignin” droplets in the green liquor pretreated softwood 

samples was observed in this study, Figure 7-13. 

 

 

Figure 7-13: Visualizing Lignin Droplets in the Lumen to Green Liquor Pretreated Softwood  

 

The droplets that can be seen deposited in lumen in Figure 7-13 appear to have an elevated 

level of lignin based on red/green emission shift intensity compared with other areas of the 

cell wall and tracheid.   

Consistent with what is agreed upon in the literature (Donaldson 2001), the data 

collected using a CLSM suggests the area surrounding the bordered pits of a softwood 

tracheid contains more lignin than adjacent parts of the cell wall, Figure 7-14.   
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Figure 7-14: Lignification around the Bordered Pits of Green Liquor Pretreated Softwood  

 

7.5 Conclusions   

The techniques discussed have their advantages and disadvantages when trying to 

measure the lignin distribution in a lignocellulosic substrate.  The most promising technique 

for quantifying lignin distribution is the CLSM for the following reasons: 1) sample 

preparation is simpler and much faster than preparation for XPS or ToF-SIMS, 2) a three 

dimensional image of a fiber can be acquired in a matter of minutes making it possible to 

sample multiple fibers and produce statistically sound results in a relatively short period of 

time compared to other techniques.  The data collected from the CLSM is consistent both 

qualitatively and quantitatively with the accepted mechanism of wood chip delignification.  

The data collected using XPS was reasonable but sample preparation was more time 

intensive compared to CLSM and the technique only provides insight into the difference in 

surface lignin content compared to the bulk as measured by wet chemistry.  Although cross 

section ToF-SIMS images were acquired using various embedding and sectioning 

techniques, the quantitative data collected with this technique was unexplainable and likely 

the product of surface contamination induced during sectioning.   



 

141 

 

8 LIGNIN DISTRIBUTION MEASUREMENTS OF PARTIALLY 

DELIGNIFIED SOFTWOOD TRACHEIDS VIA CONFORCAL 

LASTER SCANNING MICROSCOPY 

8.1 Abstract 

The presence of lignin in a cellulosic matrix reduces the efficiency of hydrolyzing 

enzymes by acting as a physical barrier to heterogeneous catalysis and also by presenting 

surface sites for nonproductive adsorption.  For a given substrate, removing incremental 

amounts of lignin will invariably increase the amount of monomeric sugar released into 

solution by a constant dose of enzymes.  However, two substrates that arrive at the same bulk 

lignin content using different treatments can show drastically different enzymatic hydrolysis 

efficiencies.  The difference in hydrolysis efficiencies can be explained to a limited extent by 

morphological parameters but in the limit that all lignin is removed from the substrate the 

enzymatic hydrolysis efficiencies tend to converge.  A hypothesis is proposed that 

differences in hydrolysis efficiencies for substrates with identical bulk lignin contents are 

related to lignin distribution throughout the substrate matrix. 

Although other techniques have been investigated, the use of the lignin specific 

fluorochrome acridine orange and a confocal laser scanning microscope is a promising 

technique for assessing lignin distribution across the cell wall of pretreated wood fibers for 

the following reasons: 1) simple sample preparation, 2) a three dimensional image of a fiber 

can be acquired in a matter of minutes making it possible to sample multiple fibers and 

produce statistically sound results in a relatively short period of time compared to other 

techniques. An array of softwood samples pretreated using kraft chemistry coupled with 
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extended chlorite, oxygen, or ozone delignification were prepared.  Acridine orange emission 

shift shows a linear relationship (R
2
=0.96) across all sample types when correlated against 

wet chemistry measurements.  Changes in the lignin distribution were monitored at different 

extents of reaction and the data suggest chlorite and oxygen delignification primarily remove 

lignin from the bulk of the cell wall (S2 region) while the ozone treatments remove outside 

surface lignin initially and proceed inward across the cell wall.  Relating lignin distribution to 

enzymatic hydrolysis performance, data suggest a slight advantage of removing outside 

surface lignin (kraft v. kraft-ozone; 32% v. 42% hydrolysis efficiency) but larger gains occur 

if the treatment removes lignin from the bulk of the cell wall (kraft v. kraft-oxygen/kraft-

chlorite; 32% v. ~60% hydrolysis efficiency). 

Keywords: lignin distribution, enzymatic hydrolysis, kraft, chlorite, oxygen, ozone, 

delignification, confocal laser scanning microscopy, acridine orange 

8.2 Introduction 

Significant effort has been directed toward understanding the role of morphological 

features (crystallinity, degree of polymerization, accessible surface area etc.) during 

enzymatic hydrolysis of lignocellulosic substrates  (Grethlein 1985, Neuman and Walker 

1992, Focher 1981, Lenz et al 1990, Puri 1984, Schroeder 1986, Sinitsyn et al 1989, Yu et al 

2011).  However, the fundamental role of lignin and its inhibitory role during enzymatic 

hydrolysis of lignocellulosic substrates is not well understood.  For a given substrate, 

incremental delignification steps will invariably increase the amount of monomeric sugar 

released by a constant enzyme dose.  However, two substrates that arrive at the same bulk 

lignin content using different chemical delignification techniques can show drastically 
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different enzymatic hydrolysis efficiencies.  The difference in hydrolysis efficiencies is 

explained to a limited extent by morphological parameters such fiber dimensions, pore size, 

and initial surface area accessible to enzymes but in the limit that all lignin is removed from 

the substrate the enzymatic hydrolysis efficiencies tend to converge.  A speculation is 

proposed that differences in hydrolysis efficiencies for such samples are related to lignin 

distribution throughout the substrate matrix.   

It has been speculated that lignin binds to cellulases either competitively or non-

competitively because the presence of lignin reduces the extent of enzymatic hydrolysis  

(Zheng 2009, Ooshima et al 1990).  Therefore, the lignin may be having two effects on the 

hydrolysis of cellulose.  First, the enzymes are adsorbing to the lignin resulting in fewer 

enzymes available to interact with cellulose and a retarded hydrolysis rate.  Second, the 

lignin is linked to cellulose and blocks the enzyme from accessing the carbohydrate  

(Chandra 2007).  The aim of this study is to utilize a confocal laser scanning microscope and 

the lignin specific fluorochrome acridine orange (AO) to monitor how the lignin distribution 

across the cell wall of pretreated softwood fibers changes.  Various chemical delignification 

techniques will be employed to remove lignin and generate substrates with common bulk 

lignin contents but different distributions.   

 

8.3 Materials and Methods 

8.3.1 Materials 

Loblolly pine chips were obtained from a mill in the southeastern United States and 

were stored at 4 °C.  Chips were screened for uniform size using a screening sieve with a grid 

mesh of 9.5 mm by 25.4 mm.  Cellic
®
 CTec2 cellulase enzymes were provided by 
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Novozymes North America, Inc. (Novozymes, Franklinton, NC).  Sodium hydroxide, sodium 

sulfide, sodium chlorite, glacial acetic acid, standard microscope slides, and No. 1 slide 

covers were purchased from Fisher Scientific (Fisher Scientific, Suwanee, GA).  Acridine 

orange (3,6-Bis(dimethylamino)acridine hydrochloride) was purchased from Sigma-Aldrich 

(Sigma, St. Louis, MO).     

8.3.2 Kraft Pretreatment 

Kraft white liquor was prepared by mixing sodium hydroxide and sodium sulfide with 

a sulfidity of 25%.  The total titrateable alkali charges as Na2O were 14%, 16%, 18%, and 

19% on oven dry (OD) chip basis.  Pretreatment was carried out in a M/K batch digester 

(M/K System Inc., Danvers, Massachusetts).  The liquor-to-wood ratio on a volume-to-

weight basis was 4.  The pretreatment was carried out to a H-factor of 600 at 170 °C.  

Following pretreatment, the chips were collected and washed with tap water overnight to 

remove residual chemicals and dissolved wood components.  After washing the chips were 

fiberized by being passed twice through a Bauer 148-2 disk refiner at gaps of 0.25 mm and 

0.05 mm.  The wood pulp was collected, centrifuged to approximately 30% consistency (dry 

mass/total mass), fluffed, and stored at 4 °C for subsequent treatment and analysis.   

8.3.3 Additional Delignification 

Four different techniques were used to further remove lignin from the kraft pulp; 

sodium chlorite, oxygen, high consistency ozone, and low consistency ozone.  Sodium 

chlorite delignification was carried out on 15 OD gram pulp batches in a 70 °C water bath for 

15 minutes, 3% consistency, 4 mL acetic acid/666 mL water with four sodium chlorite 
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charges (weight % on pulp) of 0.5%, 1.0%, 1.5%, and 2.0%.  Following delignification, the 

pulps were washed and dried to approximately 30% consistency.  

Oxygen delignification was carried out in a 2.8 L bomb pressurized with oxygen to 

100 psia and placed in a rotating hot air oven held at 110 °C.  Four charges, 5%-6%-8%-10% 

on OD pulp, of sodium hydroxide were applied to catalyze delignification to varying extents.   

Both high consistency ozone and low consistency ozone batch treatments (25 OD 

gram pulp) were carried out at pH 2, adjusted with 4 N sulfuric acid at 1% consistency.  The 

pH adjusted pulp was then centrifuges, fluffed for further high and low consistency ozone 

treatment.  High and low consistency ozone were carried out at approximately 30% and 1% 

consistency respectively.  Ozone was generated by passing oxygen through a 35 kV field.  

High consistency treatment was carried out at four different durations of 7, 15, 18, and 22 

minutes.  Low consistency treatment was carried out at four different durations of 15, 45, 75, 

150, and 450 minutes.      

8.3.4 Enzymatic Hydrolysis 

Enzymatic hydrolysis was carried out in a 180 rpm shaking incubator at 50 °C, 5% 

consistency for 48 hours and pH of approximately 4.8 maintained using a 100 mM acetate 

buffer for initial dilution.  An enzyme loading of 5 FPU/OD g substrate was applied.  After 

48 hours of hydrolysis the sample was filtered using a glass crucible and a liquid phase 

sample was collected and stored at 4 °C until subsequent sugar content analysis.     

8.3.5 Substrate Characterization and Sugar Analysis 

Acid soluble lignin (ASL) and Klason lignin (KL) were measured by two-stage 

sulfuric acid hydrolysis.  A pulp sample of 100 OD mg was first treated with 1.5 mL of 72% 
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H2SO4 at room temperature for 2 hours to allow for swelling and increased access of the 

acid to the substrate.  The pulp and acid was diluted to 3% acid concentration and autoclaved 

at 120 °C for 1.5 hours.  The sample was then filtered and washed using a medium glass 

crucible and deionized water.  The solid collected by the crucible was weighed and is termed 

the Klason lignin.  The filtrate was used for ASL analysis by measuring UV absorbance at 

205 nm in a PerklinElmer Lambda XLS UV-VIS spectrometer. 

The sugar content in the acid and enzymatic hydrolysates were analyzed using HPLC 

(Dionex, Sunnyvale, California) to detect concentrations of glucose, xylose, galactose, 

mannose, and arabinose.  The column system in the HPLC is a Shodex SP0810 with a pre-

column de-ashing cartridge.  The column temperature was maintained at 80 °C and Milli-Q 

water was used as the mobile phase at a flowrate of 0.4 mL/min.     

Staining of the lignocellulosic samples with acridine orange (AO) was performed at 

room temperature.  Approximately 200 OD mg of sample was placed in a 25 mL vial with 20 

mL of 1.25x10
-5

 M AO solution prepared with deionized water.  The vial was sealed and 

placed in a box to avoid light and shaken frequently for 1 hour.  After staining the samples 

were washed three times by carefully pouring the supernatant out of the vial and replacing 

the volume with deionized water.  The samples were then placed on a 7.62 cm x 2.54 cm 

glass slide, covered with a No.1 cover slip, and sealed with wax. 

Samples were imaged using a Carl Zeiss LSM 710 confocal workstation with a Plan-

Apochromat 10x/0.45 dry and a C-Apochromat 40x/1.1 water immersion objective lens.  An 

argon laser at 488 nm was used as excitation light.  Fluorescence emission between 515-540 
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nm was collected as the green channel and emissions above 590 nm were collected as the red 

channel.  Image analysis was performed using ZEN lite 2011 image analysis software. 

 

8.4 Results and Discussion 

A prudent discussion of the lignin distribution measurements must first be preceded 

by a discussion of the lignin distribution in wood prior to any chemical delignification.  A 

recent review by Donaldson provides a detailed discussion of lignification and lignin 

topochemistry in wood and some key points related to softwoods need to be highlighted  

(Donaldson 2001).  Shown in Figure 8-1 is a schematic presenting a cross section of wood 

with a magnified portion showing the packing of tracheids in a typical softwood.  Tracheids, 

or “fibers”, are the structural elements in wood responsible for fluid conduction via the 

lumen void.    

    

 

Figure 8-1: Schematic Presentation of Lignin Distribution in Native Softwood 
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A line traversing across the cell wall of a tracheid will cross over multiple 

morphological regions with varying lignin contents (weight percent lignin).  Beginning at the 

middle lamella (ML) the lignin content is highest (50%-70% by weight) relative to other 

areas of the cell wall.  The lignin content rapidly drops as the line proceeds across the 

primary (P) wall and first layer of the secondary wall (S1).  The second layer of the 

secondary wall (S2) makes up the bulk of the cell wall but has the lowest lignin content 

(approximately 20%) when compared with the other regions.  Despite having low lignin 

content the S2 layer contains the most lignin on an absolute basis because it is the most 

massive region of the cell wall.  Previous investigations have found the third layer of the 

secondary wall (S3) is slightly more lignified than the S2 layer.  Although pretreated 

softwood were the sample type focused on in this methodology development, the lignin 

distribution across the cell wall of hardwood fibers has a similar profile as a softwood 

tracheid. 

8.4.1 Calibration Against Wet Chemistry Measurements 

The initial investigation of this technique was performed on softwood tracheids: 

bleached (lignin free), green liquor softwood with and without oxygen secondary treatment 

and has been presented previously.  The bulk lignin contents for the kraft pretreated 

substrates with and without additional delignification used in this study are presented in 

Table 8-1.  The bulk lignin contents range from a high of 25.4% (KP133) produced via the 

most mild kraft pretreated to a low of 1.8% (Z4) generated after extended high consistency 

ozone delignification.   
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Table 8-1: Bulk Lignin Contents of Samples Prepared via Kraft and Additional 

Delignification 

Kraft Total Bulk Lignin 

KP133 21.1% 

KP77 11.8% 

KP66 9.7% 

KP38 6.7% 

Extended Delignification 

KP133 + High Consistency 

Ozone Delignification 

Total Bulk 

Lignin 

KP133 + Chlorite 

Delignification 

Total Bulk 

Lignin 

Z1 12.3% D1 21.0% 

Z2 9.1% D2 19.4% 

Z3 3.9% D3 17.3% 

Z4 1.8% D4 14.3% 

KP133 + Low Consistency 

Ozone Delignification 

Total Bulk 

Lignin 

KP133 + Oxygen 

Delignification 

Total Bulk 

Lignin 

LZ1 19.4% O1 19.1% 

LZ2 18.7% O2 17.2% 

LZ3 19.1% O3 14.3% 

LZ4 18.4% O4 12.4% 

LZ5 14.9% 

 

 

Using confocal images obtained at 10x magnification, the ratio of red/green light (515-540 

nm/>590 nm) intensity was collected for the various samples presented in Table 8-1.  The 

goal of this analysis was to develop a calibration curve between bulk lignin content 

determined via Klason lignin analysis and the average emission shift from the AO.  Presented 

in Figure 8-2 is the calibration curve for the kraft only pretreated samples.   



 

150 

 

Figure 8-2: Red/Green Emission vs. Lignin Content Determined via Wet Chemistry for Kraft 

Pretreated Samples 

 

The result for kraft pulps at different lignin contents is consistent with the results collected by 

others using AO as a fluorochrome for lignocellulosic wood fibers  (Li and Reeve 2005, Liu 

et al 1999, Liu et al 1999).  Previous studied did not examine samples above approximately 

12% bulk lignin content and this study shows that the linear relationship holds up to at least 

21% bulk lignin.       

Initially there was concern that the residual lignin in the tracheid after different types 

of delignification would interact differently with the AO when compared to kraft residual 

lignin.  The same analysis and calibration curve construction performed on the kraft samples 

was also performed on the samples subjected to extended delignification.  An average of 

seven tracheid cross sections for each sample type is presented in the calibration curves 
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shown in Figure 8-3.  The calibration curves for the other sample series suggest that the 

residual lignin of kraft pretreatment followed by either sodium chlorite, oxygen, or ozone 

delignification interacts with AO similarly to normal kraft lignin and AO.  Figure 8-4 

presents a collective calibration curve for all the samples with a linear regression coefficient 

of determination (R
2
) equal 0.96.  The linear regression established in Figure 8-4 was used to 

translate red/green emission intensity collected via CLSM to lignin content estimates in the 

following figures.            

  

 

Figure 8-3: Calibration between Lignin Content and Red/Green Emission Shift Intensity with 

Sample Types Shown as Separate Series 
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Figure 8-4: Calibration Between Lignin Content and Red/Green Emission Shift Intensity 

with All Sample Types as One Series 

 

8.4.2 Single Sample Variability in Lignin Distribution Shape 

The CLSM technique allows one to measure the lignin distribution across the cell 

wall of individual fibers.  One question that arose was whether the shape of the lignin 

distribution was consistent or not from fiber to fiber.  The distribution of lignin across the 

cell wall of four samples (KP77, Z1, O3, D4) was collected on five fibers within each 

sample.  These samples were chosen because they have approximately the same bulk lignin 

content of 12%-14%.  The collected CLSM data was normalized for cell wall thickness as 

well as maximum red/green intensity.  This recognizes the fact that not all fibers have the 

same cell wall thickness and there will be some normal variation in the individual bulk lignin 

content amongst fibers (Liu et al 1999, Liu et al 1999).  These data are presented in Figure 
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8-5 along with associated error bars for the fibers analyzed in each sample type.  These data 

suggest that the shape of the lignin distribution is consistent from fiber to fiber when 

normalizing for differences in cell wall thickness and variability in lignin content from fiber 

to fiber.       

 

 

Figure 8-5: Normalized Lignin Distributions for Samples of Similar Bulk Lignin Content 

 

8.4.3 Distribution Analysis: Kraft and Additional Delignification Samples 

Confocal images obtained at 40x magnification were collected for approximately five 

fibers for each sample type.  To normalize for differences in cell wall thickness from fiber to 

fiber, the distance across the cell wall will be presented as a percentage of the total distance 

from the outside surface to the lumen surface.  Presented in Figure 8-6 are the lignin 

distributions for the kraft only pretreatment samples. 
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Figure 8-6: Kraft Pretreatment Lignin Distributions 

 

The lignin distributions for the various kraft pretreatments are similar in shape but 

shift down as the amount of residual lignin in the tracheid is reduced.  The lignin content is 

highest on the outside and drops off gradually moving toward the lumen surface.  These data 

support the accepted mechanism of kraft delignification that states pulping chemicals enter 

the cell through the void of the lumen and delignification proceeds outward toward the 

middle lamella.  The numbers shown in parenthesis in the legend are the bulk lignin contents 

determined via wet chemistry. 

Presented in Figure 8-7 through Figure 8-10 are the measured lignin distributions for 

the extended delignification samples of chlorite, oxygen, high consistency, and low 

consistency ozone respectively.  The KP133 sample is shown for reference in each figure 

because this was the starting substrate that was subjected to the specified extended 

delignification.     
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Figure 8-7: Lignin Distributions of Kraft with Extended Delignification via Chlorite 

 

 
Figure 8-8: Lignin Distributions of Kraft with Extended Delignification via Oxygen 
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Figure 8-9: Lignin Distributions of Kraft with Extended Delignification via High 

Consistency Ozone 

 

 
Figure 8-10: Lignin Distributions of Kraft with Extended Delignification via Low 

Consistency Ozone 
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bulk of the cell wall compared to the outside surface lignin.  The kraft only treatment seems 

to produce a sample with a more even distribution of lignin compared to the other samples. 

Presented in Figure 8-11 and Table 8-2 are the lignin distributions along with 

associated enzymatic hydrolysis efficiencies for a series of samples having approximately the 

same bulk lignin content (12%-14%).  In the context of enzymatic hydrolysis performance, 

there seems to be a slight advantage of removing outside surface lignin (kraft v. kraft-ozone; 

32% v. 42% hydrolysis efficiency) but larger gains occur if the treatment removes lignin 

from the bulk of the cell wall (kraft v. kraft-oxygen/kraft-chlorite; 32% v. ~60% hydrolysis 

efficiency). 

 

 

Figure 8-11: Lignin Distributions of Kraft and Kraft with Extended Delignification Samples 

at a Similar Bulk Lignin Content 
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Table 8-2: Enzymatic Hydrolysis Efficiencies for Samples of Similar Bulk Lignin but 

Different Lignin Distribution 

  KP77 D4 O3 Z1 LZ5 

Sugar Conversion on Pulp, 5 FPU/g 31.5% 62.4% 58.2% 41.9% 51.3% 

 

 

 

Determining the quantitative relationship between the lignin distributions presented in 

Figure 8-11 and the enzymatic hydrolysis efficiency data presented in Table 8-2 requires 

manipulation of the lignin distribution data to account for changes in surface area that occur 

with increasing radii from the lumen surface to the outside fiber surface.  Assuming a 

cylindrical fiber model with an annulus and knowing typical dimensions of a softwood 

tracheid (Smook 2002) one can calculate that the circumference of the lumen surface is 

approximately one-third the value of the circumference of the outside surface, Figure 8-12. 
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Figure 8-12: Model Tracheid Showing Surface Area as a Function of Radius 

 

The lignin distributions collected using this CLSM technique and presented in Figure 

8-11 were fit to a sixth order polynomial function with a coefficient of determination (R
2
) of 

0.99 except for the LZ5 distribution which had a R
2
 of 0.92.  These fit functions were then 

divided by the area as a function of radius function mentioned previously and visualized in 

Figure 8-12.  This manipulation was performed to account for the fact that the mass of fiber 

at a particular lignin concentration increases linearly as a function of radius from the lumen 

surface to the outside surface of the tracheid.  After this mathematical manipulation, the 

average lignin content for each distribution was calculated and plotted as the independent 

variable against the enzymatic hydrolysis efficiencies presented in Table 8-2.  These data 

points along with a linear regression trendline and R
2
 are presented in Figure 8-13. 
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Figure 8-13: Enzymatic Hydrolysis Efficiency as a Function of Average Lignin Content 

Accounting for Lignin Distribution and Cell Wall Area for Pretreated Softwood Tracheids of 

Similar Bulk Lignin Content 

 

A perfect linear regression of enzymatic hydrolysis efficiency and the average lignin 

content manipulated for distribution and cell wall area was not expected because there are 

many other factors (fiber porosity, chemical functionality of residual lignin etc.) affecting 

hydrolysis efficiency other than physical distribution of lignin.   

8.5 Conclusions 

The use of AO and a CLSM is a useful and efficient technique for quantifying lignin 

distribution in pretreated lignocellulosic biomass.   Sample preparation is simple and much 

faster than preparation for other techniques such as XPS or ToF-SIMS and a three 

dimensional image of a fiber can be acquired in a matter of minutes making it possible to 

sample multiple fibers and produce statistically sound results in a relatively short period of 

time.  Data collected in this study suggests chlorite and oxygen treatments primarily remove 
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lignin from the bulk of the cell wall while the ozone treatments effectively reduce outside 

surface lignin.  In the context of enzymatic hydrolysis the lignin distribution data coupled 

with hydrolysis efficiency data suggests that removing incremental amount of lignin from the 

bulk of the cell wall may produce a substrate more amenable to enzymatic hydrolysis. 

Removing outside surface lignin does increase hydrolysis efficiencies just not to the same 

extent as removing lignin from the bulk of the cell wall.     
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9 CHANGED IN FIBER DIMENSIONS AND CELLULOSE DEGREE 

OF POLYMERIZATION DURING ENZYMATIC HYDROLYSIS OF 

LIGNOCELLULOSIC HARDWOOD AND SOFTWOOD PULPS 

9.1 Abstract 

Enzymatic hydrolysis is a critical processing step in a biochemical conversion 

pathway for producing sugars and other chemicals from biomass.  Following a chemical 

and/or mechanical pretreatment of the raw biomass, a fiber slurry is generated and is then 

dosed with hydrolyzing enzymes that break down the polymeric carbohydrates in to simple 

sugars that can be fermented to produce other chemicals.  Technologists have identified the 

importance of performing enzymatic hydrolysis at higher insoluble solids content (>10%) to 

minimize the amount of water that must be processed through hydrolysis, fermentation, and 

then separated from the biofuel during product purification.  As the insoluble solids content 

of the enzymatic hydrolysis slurry increases, the ability of the slurry to be mixed and pumped 

decreases which can make processing more challenging and retard the rate of hydrolysis.  

Gaining a better understanding of how biomass fibers (of varying lignin content) are 

structurally broken down is the focus of the work presented here.  The structural breakdown 

was assessed on a microscopic level by monitoring fiber dimensions and physical features as 

well as on the molecular level by monitoring cellulose degree of polymerization. 

The relationship between fiber dimensional changes (length, kinks, curl) and extent of 

enzymatic hydrolysis for varying lignin content wood pulps was investigated.  Based on fiber 

quality analysis at different extents of enzymatic hydrolysis, the number average fiber length 

of lignin free (bleached), low lignin (kraft), and high lignin (green liquor) content hardwood 

and softwood pulps decreases with increasing carbohydrate conversion.  The largest changes 
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in fiber length occur during the first 30% of carbohydrate conversion (~1.3 mm to ~0.3 mm 

for softwoods and ~0.6 mm to ~0.2 mm for hardwoods).  Despite having a low carbohydrate 

conversion (approximately 13%), the green liquor pretreated softwood sample experienced 

reductions in fiber length on the same order of magnitude as the other softwood samples.  

These data suggest that the presence of high concentrations of lignin in the substrate matrix 

reduces the rate of fiber cutting but does not completely inhibit this action.  A general trend 

of decreasing number of kinks and average kink angle as a function of carbohydrate 

conversion was also observed which is consistent with mechanisms proposed in other studies 

(Clarke et al 2011, Wallace 2006).  The degree of polymerization as inferred from viscosity 

(DPv) of cellulose in the lignin free samples was measured at different extents of enzymatic 

hydrolysis.  The DPv of the cellulose in the bleached samples was found to decrease linearly 

with carbohydrate conversion during hydrolysis.  An 80% and 58% reduction in DPv was 

recorded after 70% and 75% carbohydrate conversion for bleached softwood and bleached 

hardwood respectively.   

Keywords: Enzymatic hydrolysis, lignocellulosic, fiber length, cellulose degree of 

polymerization, hardwood, softwood 

9.2 Introduction 

Renewable transportation fuels and other sources of alternative energy have recently 

come to the forefront of science and engineering research.  The motives behind these efforts 

are geared toward establishing energy independence and combating carbon emissions.  The 

engineering disciplines have been exploring numerous renewable feedstocks and the most 

efficient technologies by which to convert these feedstocks into a convenient energy source.  
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Many of the proposed conversion technologies currently being studied rely upon the use of 

enzymes to hydrolyze cellulose into glucose which can be converted to ethanol or some other 

biofuel via fermentation (Aden et al 2002, Jameel et al 2008, Jin et al 2010, Zhao et al 2008, 

Wu et al 2010). Enzymatic hydrolysis of cellulose is more attractive than acid hydrolysis 

because enzymes can operate efficiently at mild operating conditions and do not produce 

unwanted byproducts which may be detrimental to downstream unit operations such as 

fermentation.  

Wood pulp fibers are composed of cellulose, lignin, and varying types of 

hemicelluloses depending on wood type.  Cellulose content in native wood is approximately 

45% while lignin, hemicelluloses, and other materials such as extractives make up the 

balance compositional analysis  (Smook 2002).   For both physical and chemical reasons, the 

presence of lignin and hemicellulose in the biomass matrix reduces the efficiency of cellulase 

enzymes.  For this reason, biomass is typically subjected to chemical and mechanical 

pretreatments to remove lignin and/or hemicellulose and make the residual biomass more 

amenable to enzymatic hydrolysis  (Yang et al 2002, Mooney et al 1999, Jin et al 2010, Wu 

et al 2010).   

The length of hardwood fibers and softwood tracheids are approximately 0.5 mm – 

1.5 mm and 2 mm – 4 mm respectively  (Smook 2002).  Technologists have identified the 

importance of performing enzymatic hydrolysis at higher insoluble solids content (>10%) to 

minimize the amount of water that must be processed through hydrolysis, fermentation, and 

then separated from the biofuel during product purification (Humbird et al 2011).  The 

apparent yield stress of a pulp fiber slurry can be correlated to insoluble solids content using 
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a power law model  (Derakhshandeh et al 2010, Dalpke and Kerekes 2005).  The apparent 

yield stress of a slurry is an industrially relevant parameter because it dictates how easily the 

slurry can be pumped and mixed.  In the context of enzymatic hydrolysis, being able to mix 

and agitate the slurry can improve enzymatic hydrolysis efficiencies and rates (Di Risio et al 

2011, Kristensen et al 2009).  Dalpke and co-workers investigated the role of fiber physical 

features, such as length and coarseness, on the fitted power law constants in a yield stress as 

a function of insoluble solids content model.  They determined that there was no significant 

correlation with fiber coarseness but that fiber length is a significant factor in determining 

yield stress  (Dalpke and Kerekes 2005). 

Previous work has been performed on gaining a better understanding of the 

mechanism by which enzymes break down the physical structure of a cellulosic fiber  (Clarke 

et al 2011, Lee et al 2007, Mooney et al 1999).  Both Clarke and co-workers as well as 

Wallace and co-workers identified that cellulase enzymes preferentially adsorb and 

hydrolyze cellulosic fibers at the location of kinks (Wallace 2006).  Kinks (also known as 

dislocations or slip planes) are localized morphological changes within the S1 layer of a fiber 

cell wall and can generally be described as a sharp bend or bulge in the length of the fiber  

(Clarke et al 2011).  Adsorption and hydrolysis at these kink sites are responsible for fiber 

cutting and ultimately the reduction in the apparent yield stress of a biomass fiber slurry 

undergoing enzymatic hydrolysis. 

The degree of polymerization (DP) of cellulose is often defined in terms of number 

average, weight average, or inferred from viscosity measurements (Zhang and Lynd 2004).  

Depending on the DP of a cellulose chain it may be soluble, slightly soluble, or insoluble 
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(Klemm 1998).  Typically, cellulose chains with a DP less than 6 are soluble and cellulose 

chains with a DP greater than 30 are insoluble with slightly soluble chains having a DP 

between 6 and 30 (Klemm 1998).  The DP of a cellulose substrate can be an important 

kinetic factor when studying enzymatic hydrolysis because specific enzymes are capable of 

hydrolyzing the cellulose polymer at different points.  Exoglucanases attack the cellulose 

chain from either the reducing or non-reducing end depending upon protein structure 

(Kleman-Leyer et al 1992).  These types of enzymes decrease the DP only incrementally by 

removing monomers/dimers from the end of the chain.  Endoglucanses on the other hand can 

attack the cellulose chain in the middle and drastically reduce the DP of the substrate by 

cutting cellulose chains at random intervals (Kleman-Leyer et al 1992).  Figure 9-1 shows the 

DP range over which typical cellulose substrates exist.   
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Figure 9-1: DP Ranges of Various Cellulose Substrates (Zhang and Lynd 2004) 

Figure key: NC=natural cotton, NW=natural wood, BC=bacterial cellulose, CT=cotton linter, 

FP=filter paper, P=pulp, BMCC=bacterial microcrystalline cellulose, PASC=phosphoric acid 

swollen cellulose, CD=cellodextrin.   

 

Depending on the type of pretreatment used during biofuel production, the DP of a 

given substrate may change only slightly or quite significantly.  Comparing the DP of natural 

wood (NW) and wood pulp (P) reveals that the pulping operation can reduce the DP of the 

cellulose by an order of magnitude.  Based on the inherent mechanism by which enzymatic 

hydrolysis takes place, the DP of the cellulosic substrate can be a significant variable 

impacting substrate reactivity (Puri 1984).                          

The purpose of this work was to study the effect of lignin content on changes in fiber 

length and cellulose degree of polymerization during enzymatic hydrolysis of pretreated 
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hardwood and softwood fibers. A hypothesis was proposed that regardless of lignin content 

the average fiber length and the cellulose degree of polymerization would change 

proportionally to the extent of carbohydrate hydrolysis.    

9.3 Materials and Methods 

9.3.1 Raw Materials 

Lignin free, bleach hardwood (BHW) and bleached softwood (BSW), and low lignin 

kraft hardwood (KHW) and kraft softwood (KSW) pulps were obtained from a mill in the 

Southeastern United States.  Based on kappa number tests, the low lignin hardwood and 

softwood kraft pulps contained approximately 1.8% and 4.2% lignin respectively.  These 

samples were received in a wet never dried state, centrifuged to approximately 70% moisture 

content, fluffed and stored at 4°C for further processing.  Mixed softwood and hardwood 

chips were also obtained from a mill in the southeastern United States and served as a raw 

material for alkali pretreatment performed at North Carolina State University.  The chips 

were screened and the accepts from 3/8 inch and 5/8 inch holes were used for pretreatment.      

9.3.2 Pretreatment 

Pretreatment of mill chips was performed in a 7-liter M&K Digester with 700 oven 

dry (OD) grams of chips.  The hardwood chips were cooked with green liquor (Na2S and 

Na2CO3) at an alkali charge of 16% Total Titratable Alkali (TTA) as Na2O on wood and 

25% sulfidity.  The softwood chips were cooked with green liquor at an alkali charge of 20% 

TTA as Na2O on wood and 25% sulfidity.  The hardwood and softwood chips were pulped 

to a target H factor of 400 and 800 respectively at a maximum temperature of 170°C with a 

liquor to wood ratio of 4.  After pretreatment the samples were thoroughly washed overnight 
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in running water to remove dissolved organic and inorganic cooking chemicals.  After 

washing the chips were disintegrated using a refiner at 0.005 inch gap and then screened 

using a 0.008 inch screen.  The rejects were refined with a disk gap of 0.001 inch and added 

to the accepts.  The pulp was centrifuged to approximately 70% moisture content, fluffed and 

stored at 4°C for further processing.  The approximate lignin contents of the hardwood and 

softwood green liquor pretreated pulps were 23% and 27% respectively.     

9.3.3 Enzymatic Hydrolysis 

Enzymatic hydrolysis of the substrates was carried out in 50 mL centrifuge tubes at a 

consistency of 5% (w/w) with sodium acetate buffer (pH 4.8) at 50°C using a shaking hot air 

incubator at 180 rpm.  An enzyme cocktail of cellulase (NS50013), xylanase (NS50014), and 

β-glucosidase (NS50010) was provided by Novozymes and used for enzymatic hydrolysis.  

The cocktail of enzymes were prepared in a proportion of 1 FPU:1.2 FXU:1 CBU as 

suggested by Novozymes.  The enzyme loading was based on a cellulase charge of 5 FPU/g 

substrate except for the green liquor softwood pulp which received 15 FPU/g substrate to 

achieve appreciable hydrolysis.  The activity of cellulase was determined using a standard 

protocol while the activities for the xylanase and β-glucosidase were provided by 

Novozymes. 

Enzymatic hydrolysis was terminated after 4, 8, 12, 24, and 48 hours.  For the green 

liquor softwood pulp one sample was hydrolyzed for 96 hours.  Residue and hydrolysate 

were separated using a medium coarseness glass crucible and vacuum filtration.  The residue 

was washed with deionized water to remove enzyme protein and dissolved components.  
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Crucibles and residues were oven dried to determine substrate weight loss during enzymatic 

hydrolysis.  Before drying, a known amount of residue was removed for subsequent analysis.     

9.3.4 Fiber Quality Analyzer 

The Fiber Quality Analyzer (FQA) (HiRes OpTest Equipment Inc., Ontario, Canada) 

is an instrument that can measure various aspects of wood fibers. The aspects that were 

measured were length, width, and coarseness. A known weight of fibers (~.75 g) were 

dispersed in DI water in a graduated cylinder that is provided with the FQA. This cylinder 

contains a perforated plunger that was used to separate the fibers adequately for analysis. The 

slurry was placed in a beaker also supplied with the FQA, and placed in the FQA. The FQA 

reported averages and distributions for the desired data. Coarseness was also calculated by 

the FQA from the camera data and the weight of the sample used. The FQA was used to 

analyze unhydrolyzed samples and the residues from hydrolyzed samples. 

9.3.5 Light Microscope 

The samples that were analyzed in the FQA were also analyzed using a light 

microscope. The fibers were dispersed in water and stained using safranin. Pictures were 

taken through a light microscope (Nikon E200) and 3CCD color video camera (Sony DXC-

390) at 40x magnification. 

9.3.6 Intrinsic Viscosity 

Instrinsic viscosity was measured for the residues of bleached substrates, as well as 

the bleached unhydrolyzed samples. A sample of 0.25 OD grams was dissolved in 25 mL of 

cupriethylenediamine (CED) and 25 mL of water (adjusted for water in the sample). A 

stomacher was used to fully dissolve the sample. This sample was chain diluted with 50% 
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CED in water (the “stock solution”) to yield 4 samples total, each half the concentration of 

the previous. The viscosity of each dilution and the stock solution were tested using a 

Cannon-Fenske Routine Viscometer (glass capillary style). The viscometer was maintained 

at a constant 25°C in a water bath, and samples were allowed to come to thermal equilibrium 

before testing. The elution time of each dilution was measured between two calibrated marks 

on the viscometer. The relative viscosity of each dilution to the stock solution was calculated 

according to the equation: 

 

 

  
 

 

  
 

 

  is the viscosity of the dilution,    is the viscosity of the stock solution,   is the 

elution time for the dilution, and    is the elution time for the stock solution. Specific 

viscosity for each dilution was calculated using the equation: 

 

    
 

  
   

 

A graph of specific viscosity divided by pulp concentration in g/dL versus pulp 

concentration in g/dL was created. The data was extrapolated to zero pulp concentration on 

the x-axis, yielding an intrinsic viscosity, [ ]. The intrinsic viscosity was then used to 

estimate the degree of polymerization (DP, or DPv specifically for viscosity estimated DP) 

using the equation: 
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9.4 Results and Discussion 

9.4.1 Pretreated Fiber Description 

Presented in Table 9-1 are key fiber properties of the samples prepared that were then 

subjected to enzymatic hydrolysis and monitored over time. 

 

Table 9-1: Lignin Content, Fiber Length, and Degree of Polymerization of Bleached, Kraft, 

and Green Liquor Hardwood and Softwood Samples 

Substrate 
Lignin 

Content (%) 

Number 
Average Length 

(mm) 

Degree of 
Polymerization 

Bleached Hardwood (BHW) 0% 0.53 521 

Kraft Hardwood (KHW) 2% 0.58 ND 

Green Liquor Hardwood (GLHW) 23% 0.60 ND 

Bleached Softwood (BSW) 0% 1.31 600 

Kraft Softwood (KSW) 4% 1.32 ND 

Green Liquor Softwood (GLSW) 27% 1.30 ND 

 

 

9.4.2 Fiber Quality Analysis 

Figure 9-2 and Figure 9-3 present the changes in number average fiber length as a 

function of enzymatic hydrolysis retention time for the hardwood and softwood samples 

respectively.  All samples except for the green liquor softwood substrate (GLSW) show 

drastic changes in number average fiber length in the first twelve hours.  The hardwood 

samples show a drop in fiber length from ~0.6 mm to ~0.2 mm in the first twelve hours of 
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hydrolysis.  Beyond this time the changes in fiber lengths for the hardwood samples are 

marginal.  The softwood samples, except for GLSW, show a drop in fiber length from ~1.3 

mm to ~0.2 mm during the first twelve hours of hydrolysis.  Similar to the hardwood 

samples, the changes in fiber length beyond twelve hours are marginal.  The GLSW does not 

show appreciable changes in fiber length during the first twenty-four hours of hydrolysis.  

Between twenty-four and ninety-six hours the GLSW fiber length gradually decreases from 

~1.3 mm to ~0.4 mm.       

 

 

Figure 9-2: Hardwood Samples Number Average Fiber Length During Enzymatic Hydrolysis 
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Figure 9-3: Softwood Samples Number Average Fiber Length During Enzymatic Hydrolysis 

 

Another way to present the data is to show how the number average fiber length 

changes as a function of carbohydrate conversion, Figure 9-4 and Figure 9-5 for hardwood 

and softwood respectively.  For the hardwood samples the rate of change in fiber length is 

greatest up until 30% carbohydrate conversion.  Beyond 30% carbohydrate conversion the 

change in fiber length is less than 0.05 mm.  With respect the softwood samples a similar 

trend is observed where the greatest change in fiber length occurs during the first 30% of 

carbohydrate conversion.  The GLSW sample is highly recalcitrant and carbohydrate 

conversion was less than 15%.  However, the fiber length is reduced on the same order of 

magnitude as the other samples despite the limited carbohydrate conversion.  These data 

suggest that the presence of lignin does not prevent the enzyme cocktail from reducing fiber 

lengths.      
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Figure 9-4: Hardwood Samples Number Average Fiber Length versus Carbohydrate 

Conversion 

 

 

Figure 9-5: Softwood Samples Number Average Fiber Length versus Carbohydrate 

Conversion 
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Additional insight can be obtained by examining the distribution of fiber lengths at 

different time points during enzymatic hydrolysis.  Presented in Figure 9-6 are the fiber 

length distributions for bleached softwood.  Also presented in the figure are the 

polydispersity index (PDI) values for the distributions shown.  The PDI is calculated by 

dividing the length weighted fiber length by the number average fiber length.  The larger the 

PDI value the more spread in the fiber length distribution.  The PDI increases in the first 4 

hours as longer fibers are slowly cut which generates two fiber fractions that fall in a shorter 

length range.  The longer fibers continue to be cut, likely at kink sites  (Clarke et al 2011, 

Wallace 2006), resulting in almost no fibers of length greater than 0.5 mm after 48 hours of 

hydrolysis.  The fiber length PDI has the lowest value after 48 hours of hydrolysis because 

most of the fibers have been cut down to a uniform yet small particle size.      
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Figure 9-6: Bleached Softwood Fiber Length Distributions During Enzymatic Hydrolysis 
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The FQA defines a kink or dislocation as an abrupt change in the curvature of a fiber.  

A change in the curvature of the fiber that is greater than twenty degrees is considered a kink 

and the FQA has the ability to quantitatively determine the number of kinks as well as the 

angle of the kink.  Kinks are created in the fiber during the pulping processes likely as a 

result of certain stresses generated during digester discharge.  Presented in Figure 9-7 and 

Figure 9-8 are the kinks per millimeter of fiber length and total kink angle respectively as a 

function of carbohydrate conversion for the softwood and hardwood samples. 

 

Figure 9-7: Kinks per Millimeter as a Function of Carbohydrate Conversion 
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Figure 9-8: Average Kink Angle as Function of Carbohydrate Conversion 

 

Consistent with the literature, the data suggests a decreasing trend in the number of 

kinks per millimeter as enzymatic hydrolysis proceeds (Clarke et al 2011, Wallace 2006).  

The data also suggests a negative relationship between average kink angle and extend of 

hydrolysis which means that enzymes adsorb and hydrolyze cellulose faster at kinks of 

greater angle.  The presence of large amounts of lignin, as in the case of green liquor 

pretreated substrates, does not appear to impact the trend in kinks per millimeter and average 

kink angle as a function of hydrolysis.  The green liquor pretreated softwood sample shows 

limited carbohydrate conversion but the reduction in kink properties is of the same order of 

magnitude as the other samples.   

Fiber curl is defined as the continuous and gradual bend or curvature in the contour of 

the length of a fiber.  The FQA defines a curl index (CI) as the ratio of the true contour 

length of the fiber divided by the projected length of a fiber minus one.  The contour length 

and projected length of a straight fiber are identical while the curled fiber has a longer 
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contour length than projected length.  Presented in Figure 9-9 are the CI values as a function 

of carbohydrate conversion for the various hardwood and softwood substrates.     

 

Figure 9-9: Fiber Curl Index as a Function of Carbohydrate Conversion 

 

The data presented in Figure 7-9 is reasonable and expected based on the data of the 

number of kinks per millimeter, and average fiber length, as a function of carbohydrate 

conversion.  As the fibers are cut at kink sites the residual fibers are locally straighter and 

have less curl than the original fiber.   

Traditional paper making and fiber characterization defines a fiber that is less than 0.2 

mm as a fine.  Presented in Figure 9-10 are the length weighted percent fines as a function of 
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Figure 9-10: Length Weighted Percent Fines as a Function of Carbohydrate Conversion 

 

Consistent with the shifts in average fiber length and fiber length distributions like 

that shown in Figure 9-6, the percent fines generally have a positive relationship with 
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delignification pretreatment are more amenable to enzymatic hydrolysis that the actual fibers 

which is consistent with the literature (Mooney et al 1999).   

Fiber coarseness values were determined for the bleached hardwood and softwood 

samples and the data (not shown here) suggests coarseness is unchanged throughout the 

course of enzymatic hydrolysis which is consistent with other studies (Mooney et al 1999).       

9.4.3 Light Microscope Pictures 

Pictures taken through a light microscope support the results obtained with the FQA. 

For each substrate, fiber length decreased with increasing extent of hydrolysis. Images of 
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bleached softwood, kraft softwood, bleached hardwood, and kraft hardwood at the time 

points of 0 hour, 4 hour, 8 hour, 12 hour, 24 hour, and 48 hour are presented in Figure 9-11 

through Figure 9-14 respectively.  Generally, the largest observable change in fiber length 

occurs around the 12 hour or 24 hour picture which is consistent with the drastic change in 

fiber length recorded by the FQA at the same time points.  In all cases, fibers are no longer 

distinguishable at the 48 hour time picture.     
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Figure 9-11: Light Microscope Pictures of Bleached Softwood Fibers During Enzymatic Hydrolysis 
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Figure 9-12: Light Microscope Pictures of Kraft Softwood Fibers During Enzymatic Hydrolysis 
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Figure 9-13: Light Microscope Pictures of Bleached Hardwood Fibers During Enzymatic Hydrolysis  
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Figure 9-14: Light Microscope Pictures of Kraft Hardwood Fibers During Enzymatic Hydrolysis
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9.4.4 Intrinsic Viscosity 

In addition to monitoring microscopic fiber dimensional changes, a coupled objective 

of this work was to understand how molecular level changes in cellulose degree of 

polymerization evolve during enzymatic hydrolysis.  In the previous section the data suggest 

that average fiber length shows a step change at approximately 30% carbohydrate conversion 

which is likely the point at which kink sites are hydrolyzed sufficiently to allow the fiber to 

break in to two or more pieces.   

Intrinsic viscosity was measured for the bleached softwood and hardwood substrates 

to gauge the relationship between cellulose degree of polymerization (DPv) and carbohydrate 

conversion.  The DP of both softwood and hardwood substrates decreased linearly with 

carbohydrate conversion during hydrolysis. Figure 9-15 shows the trend for softwood, and 

Figure 9-16 shows the trend for hardwood.  Although there is a linear correlation between 

DPv and carbohydrate conversion for both bleached hardwood and bleached softwood, the 

magnitude of change in DPv is different between the two substrates.  The DPv of the 

belached softwood sample decreases faster (approximately 1.7 times as fast by comparing 

linear regression slopes) during enzymatic hydrolysis than the bleached hardwood samples.  

Worth noting is that the change in DPv is a linear function when related to carbohydrate 

conversion but the change in fiber length shows a step function.  The overall rate of 

enzymatic hydrolysis and final carbohydrate conversion is similar for the two samples.  The 

literature reports that the cellulose crystallinity index of both native and delignified 

softwoods is slightly lower than hardwoods (Popescu et al 2009, Yu et al 2011).  A review by 

Lynd and co-workers indicates that endoglucanases are able to cut the cellulose chain at 
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random, internal, and amorphous sites (Lynd et al 2002).  Therefore, a possible explanation 

of why the DPv of softwood cellulose decreases to a greater extent at a common 

carbohydrate conversion when compared with hardwood cellulose is that it is less crystalline 

and there are more sites available for endoglucanases to cut the cellulose chain.  However, 

the difference between softwood and hardwood crystallinity index as determined by x-ray 

diffraction is typically only 5-10 percentage points.  Another possible explanation is 

differences in hemicellulose makeup.  These data are interesting from a fundamental 

mechanistic perspective but likely are of limited practical utility.             

 

 

Figure 9-15: Degree of Polymerization versus Carbohydrate Conversion for Bleached 

Softwood 
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Figure 9-16: Degree of Polymerization versus Carbohydrate Conversion for Bleached 

Hardwood 

 

Unfortunately the kraft and green liquor pretreated samples were not completely soluble in 

cupriethylenediamine and therefore cellulose DP could not be estimated using this technique.          

9.5 Conclusions 

Based on FQA measurements at different extents of enzymatic hydrolysis, the 

number average fiber length of lignin free (bleached), low lignin (kraft), and high lignin 

(green liquor) content hardwood and softwood pulps decreases with increasing carbohydrate 

conversion.  The largest changes in fiber length occur during the first 30% of carbohydrate 

conversion (~1.3 mm to ~0.3 mm for softwoods and ~0.6 mm to ~0.2 mm for hardwoods).  

Despite having a low carbohydrate conversion (approximately 13%), the green liquor 

pretreated softwood sample experienced reductions in fiber length on the same order of 

magnitude as the other softwood samples.  These data suggest that the presence of high 
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completely inhibit this action.  Examining the polydispersity index (PDI) of the fiber length 

distribution shows that the PDI increases during the first four hours of hydrolysis and then 

gradually declines as the extent of carbohydrate conversion increases.  A general trend of 

decreasing number of kinks per millimeter were observed for all samples; bleached softwood 

experienced the lowest decrease of 21% in the number of kinks per millimeter while green 

liquor pretreated hardwood experienced the largest reduction of 76% in the number of kinks 

per millimeter.  The average kink angle decreased most significantly during the first 30% of 

carbohydrate conversion for the samples in this study.  These data suggest that kinks of 

higher angle are more amenable to enzymatic hydrolysis.        

The DP of the cellulose in the bleached samples was found to decrease linearly with 

carbohydrate conversion during hydrolysis.  An 80% and 58% reduction in DPv was 

recorded after 70% and 75% carbohydrate conversion for bleached softwood and bleached 

hardwood respectively.  The DPv of the belached softwood sample decreased faster 

(approximately 1.7 times as fast by comparing linear regression slopes) during enzymatic 

hydrolysis than the bleached hardwood samples.  The DPv for the lignin containing 

substrates was not measured by intrinsic viscosity due to insolubility in 

cupriethylenediamine.    
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10 DYNAMIC RHEOLOGICAL CHARACTERIZATION OF KRAFT 

LIGNIN-PLASTICIZER MELT BLENDS 

10.1 Abstract 

The utilization of lignin for other purposes than fuel value has emerged as an 

important challenge in the area of lignocellulosic biomass processing and utilization.  

Particularly in the context of a biochemical process, identifying high value applications and 

modes of processing for residual lignin will improve the economics and financial feasibility 

of a processing technology.  One of the primary challenges associated with processing lignin 

is the rapid thermally induced cross-linking that takes place at temperatures typically found 

in extrusion processes (>100°C).  This phenomenon leads to difficulties in processing, 

extruder plugging, and unpredictable final product properties related to molecular weight.  

The goal of this study was to assess four plasticizers (glycerol, allylurea, citric acid, and oleic 

acid) for the ability to retard lignin cross-linking and also serve as rheological property 

modifiers.     

The GPC data collected for extruded lignin as well as extruded lignin-plasticizer 

blends of glycerol, allylurea, citric acid with and without SHP, and oleic acid suggest that 

these materials reduce the rate of molecular weight increase that is known to happen when 

lignin is subjected to temperatures between 100°C and 200°C.  The presence of a plasticizer 

does not completely inhibit the crosslinking of lignin but reduces the rate.  The FTIR profiles 

of extruded lignin and washed lignin-citric acid mixture are similar and there appears to be 

no reactions taking place between the lignin and citric acid.   
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Data collected for the 70-30 Lignin-Glycerol system prepared through spatula mixing 

suggest the formation of a gel (parallel G’ and G”) that continues to go beyond the gel-point 

(crossing of G’ over G” at low frequencies) with additional time at temperature exposure.  

This gel is likely physical in nature, despite the fact that lignin continues to crosslink, as it 

can be broken with a steady shear conditioning step and then reformed with time.   

With the exception of the lignin-oleic acid system, extrusion of the other lignin-

plasticizer systems (glycerol, allylurea, and citric acid) had the effect of increasing both the 

elastic and viscous moduli.  For these systems, the viscous moduli tended to dominate after 

extrusion whereas the elastic moduli dominated for the spatula mixed systems.        

Keywords: lignin, kraft, rheology, plasticizers, extrusion 

10.2 Introduction 

Lignin is the largest natural source of aromatic and phenolic functional groups and is 

the second most abundant natural terrestrial polymer next to cellulose (Lin 1992, Crawford 

1981).  Regardless of the source and type, lignin is a complex polymer that exhibits 

numerous structures and bonding between the monolignol subunits.  A structural model of 

softwood lignin proposed by Adler is presented in Figure 10-1 and provides some 

perspective on the complexity of the polymer (Adler 1977).  Numerous C-C and ether 

linkages unite the subunits and the formation of these linkages is an enzyme controlled 

peroxidase mediated dehydrogenation and radical coupling reaction (Adler 1977).  The major 

ether and C-C linkages, as well as the percent of total linkages for typical softwood and 

hardwood, is presented in Figure 10-2.  By far the most abundant linkage in woody lignin is 

the β-O-4 linkage.       
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Figure 10-1: Structural Softwood Model Proposed by Adler (Adler 1977, Calvo-Flores and 

Dobado 2010) 



 

194 

 
Figure 10-2: Linkages Between Monolignols in Hardwood and Softwood Lignin 

 

 

Currently there are several sources of commercially available lignin that differ in the 

manner by which they are extracted and isolated from the biomass raw material (Biermann 

1993, Smook 2002).  Because the methods by which these lignins are extracted and isolated 

utilize different chemicals and mechanisms, the resultant lignin can have drastically different 

functional and physical properties over a range of molecular masses and are therefore 

suitable for different applications (Calvo-Flores and Dobado 2010).   
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Kraft pulping utilizes a combination of NaOH and Na2S at temperatures in the range 

of 150-180°C to solubilize and remove lignin from woody biomass (Smook 2002).  The kraft 

process is the most common processing technology utilized to generate wood pulp that is 

ultimately converted to pulp and paper products.  The lignin that is dissolved into the alkali 

solution during the kraft pulping operation can undergo pH induced precipitation using CO2 

(adjustment to pH 9).  The precipitated lignin is then acid washed (pH 1-2) using sulfuric 

acid which allows for kraft inorganic chemical removal from the lignin.  This material can 

then be dried and used as a raw material for other applications (Tedder 2008).  The lignin 

generated from this process is hydrophobic, insoluble in water, and of lower molecular 

weight when compared with the lignin in native wood (Calvo-Flores and Dobado 2010).  A 

significant portion of this precipitated kraft lignin is then sulfomethylated using sodium 

sulfite and formaldehyde which renders it water soluble. 

The amount of lignin extracted from biomass via kraft pulping is on the order of 

magnitude 100 million tons per year in North America.  As of 2010 the amount of kraft 

lignin precipitated from pulping liquor was approximately 100,000 tons per year, or 

approximately 0.1% of the total lignin extracted from biomass via kraft pulping (Calvo-

Flores and Dobado 2010, Gosselink et al 2004).  The remaining 99.9% of the extracted lignin 

is combusted at the kraft pulping site to generate heat and power for the process.  These 

figures indicate that there is an enormous potential resource for kraft lignin but currently it is 

only used in a few niche applications due to technical limitations with downstream 

processing. 
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Carbon fiber is a major material target goal that the lignin research community and 

government agencies have been investing millions of dollars of research funds.  Although 

many groups and scientists have generated lignin fibers or claim to have produced lignin-

carbon fibers, the major hurdle has been attaining strength properties on par with even the 

weakest carbon fiber produced from polyacrylonitrile (PAN) (Baker and Rials 2013, Brodin 

et al 2011, Kadla et al 2002, Kubo and Kadla 2005, Oak Ridge National Laboratory 2013, 

Qin and Kadla 2012, Lin et al 2014, Qin and Kadla 2011).  As a point of reference, listed 

below in Table 4-1 are some mechanical properties of different types of carbon fiber (CF) 

and the associated market price according to the United States Department of Energy (DOE) 

and Oak Ridge National Laboratory (ORNL) (Oak Ridge National Laboratory 2013). 

 

Table 10-1: Traditional and Lignin Based Carbon Fiber Strength and Price Points 

Application 
Tensile Strength 

(GPa) 

Elastic Modulus 

(GPa) 
Price ($/lb) 

Space Craft 4-6 500-600 $80 

Air Craft 5-6.5 350-500 $30-$40 

High Pressure Storage 5-6 200-300 $15-$20 

Wind Turbines 4-5 250-350 $10 

Sporting Equipment 2-4 250-350 - 

Automotive 1.5-2.5 150-250 - 

Best Lignin CF 1.07 83 
Target $5-$7 

Typical ORNL Lignin CF  0.48 48 

 

 

The DOE and ORNL have a target of being able to produce a lignin based carbon 

fiber that could substitute in automobile applications.  To meet this target, tensile and elastic 

modulus strength properties need to double without significant increase in production cost.  
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A few of the largest hurdles identified by the DOE with respect to producing a lignin based 

CF with adequate mechanical properties for automotive application are understanding what 

characteristics (lignin type, structure, functionality, molecular weight) of the lignin raw 

material are most important (Oak Ridge National Laboratory 2013).  Gaining a better 

understanding of the fundamental factors affecting lignin utilization and processability will 

be critical not only in the realm of lignin based CF research but also in the context of 

integration with other types of polymer systems. 

The goal of the work presented here is to identify the effects on viscoelastic 

properties (elastic G’ and viscous G” moduli) of mixing plasticizing or viscosity modifying 

chemicals with kraft softwood lignin.  Lignin has been shown to crosslink with itself at 

considerable rates when subjected to temperatures in the range of 100°C to 200°C.  This 

rapid crosslinking makes processing pure lignin in an extruder challenging as the material 

will begin to set and may overload the extruder motor.  The incorporation of viscosity 

modifying materials should change the processability of lignin blends through a traditional 

extrusion process.  In addition to modifying the viscoelastic properties of the lignin-

plasticizer blend, the plasticizer may also act as a handle to control lignin crosslinking.        

 

10.3 Materials and Methods 

10.3.1 Materials 

The materials analyzed in this study were various blends of lignin and plasticizing 

materials of glycerol, allylurea, citric acid with and without sodium hypophosphite (SHP), 

and oleic acid.  The lignin (Biochoice
TM

) was obtained from Domtar’s Plymouth kraft mill 

and is extracted from black liquor via acid induced precipitation.  Technical specifications for 
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Biochoice
TM

 are: Lignin 98.3%; Arabinan 0.2%; Galactan 0.7%; Glucan 0.1%, Xylan 0.4%, 

Ash 0.73%; Molecular Weight 5500 g mol
-1

; pH 4.1; Glass transition temperature 148°C; 

Methoxyl content 12.3%; Carbon 64.4%; Hydrogen 6.24%; Oxygen 27.9%; Nitrogen 0.36%; 

Sulfur  1.36%; Molecular formula C9H9.08O2.48(OCH3)0.73S0.079; Inorganic Element [Na 1089 

mg/kg; K 105 mg/kg; Ca 157 mg/kg; Si 5313 mg/kg]; Concentration of OH groups in lignin: 

Aliphatic phenol 2.11 mmol.g
-1

; Condensed phenol 1.63 mmol.g
-1

; Caboxylic acid groups 

0.53 mmol.g
-1

.  The as received lignin was washed 4X with de-ionized water which resulted 

in a supernatant pH of approximately 4.  The lignin was freeze dried before preparation of 

the blends.  Glycerol (99.5%), allylurea (95%), citric acid monohydrate (99%), SHP hydrate, 

and oleic acid (99%) were obtained from Sigma-Aldrich and were used as recieved.   

10.3.2 Methods 

Rheological measurements were performed on a TA AR 2000 rheometer using 25 

mm smooth parallel plates.  The Environmental Test Chamber (ETC) accessory was used to 

maintain a constant temperature using radiant heat from electric coils while maintaining a 

nitrogen purge of 1 L/min.  An aluminum melt ring was used during sample loading/melting 

and was removed prior to analysis.  After the lignin blends melted, the sample was subjected 

to a pre-shear for 1 minute at a shear rate of 15 s
-1

.  Dynamic oscillation analysis was carried 

out over a frequency range of 0.25-200 rad/s and an oscillating stress of 10 Pa.  All 

measurements were performed at a geometry gap of 1 mm.   

A series of samples were subjected to thermomechanical action prior to analysis using 

a DSM Xplore Netherlands Micro 15cc Twin Screw Compounder.  The samples were 

extruded at a temperature of 140°C with a residence time of 5 seconds.  The reactor is a 
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device designed for compounding and analyzing the rheological behavior of polymers on a 

15 g-capacity DSM micro-extruder (Midi 2000 Heerlen, The Netherlands). It consists of a 

sealed body containing two corotating conical screws. The system is fed once by compacting 

the mix loaded in a compartment with a piston at the beginning of the cycle. The system’s 

temperature is regulated by electric resistors and air flow. Via an integrated back flow 

channel, the filled-in mix can be reintroduced in the system, upstream in a loop after a chosen 

reaction time. The measurement of the motor torque and pressure from the sensors in the 

loop channel allow the monitoring of the sample’s rheological behavior. 

The molecular weight of the lignin and derivatives were determined by gel 

permeation chromatography (GPC). The acetobrominated samples were dissolved in THF at 

a concentration of 0.1%, and a 200 μl sample in solution was injected. GPC measurements 

for molecular weight calculation were carried out with a Waters GPC 510 pump equipped 

with UV (270 nm) and RI detectors using THF as the eluent at a flow rate of 0.6 ml/min at 

room temperature. Two Ultrastyragel linear columns linked in series (Styragel HR 1 and 

Styragel HR 5E) were used for the measurements. Standard mono-disperse polystyrenes with 

molecular weight ranges from 0.82 to 1860 kg/mol were used for the calibration. The 

number- and weight-average molecular weights were calculated using Millenium software of 

Waters.  

Chemical funcationality of the samples was assessed using Fourier transformed 

infrared (FTIR) spectroscopy on a NEXUS 670 FTIR spectrophotometer (Thermo Electron 

Corp., Madison, WI) using KBr disc containing 2% (mg/mg) finely ground sample particles. 
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All the spectra were obtained by accumulation of 256 scans, with resolution of 4cm
-1

, at 400-

4000cm
-1

. 

10.4 Results and Discussion 

Presented in Table 10-2 are the material analysis conditions evaluated.  Various 

blends were prepared ranging from 60-80 wt.% lignin.  Rheometer temperatures ranged from 

125°C to 200°C depending on the melting temperature of the samples and also to observe the 

response of the elastic (G’) and viscous (G”) moduli to changes in temeprature.        
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Table 10-2: Lignin-Plasticizer Blends and Analysis Matrix 

Physically Blended Samples 

Components 
Weight % 

Blend 

Analysis Temperature 

(°C) 

Lignin-Glycerol 

60-40 150 

70-30 

125 

150 

175 

80-20 150 

Lignin-Allylurea 

60-40 150 

70-30
a
 

150 

175 

Lignin-Citric Acid 60-40
b
 

175 

200 

Lignin-Oleic Acid 60-40
b
 

175 

200 

Samples Extruded at 140°C and 5 seconds Residence Time 

Components 
Weight % 

Blend 

Analysis Temperature 

(°C) 

Lignin-Glycerol 60-40 
150 

175 

Lignin-Allylurea 60-40 
150 

175 

Lignin-Citric Acid 60-40 
150 

175 

Lignin-Citric Acid-

SHP 
58-38-4

c
 200 

Lignin-Oleic Acid 60-40 
150 

175 

a= Does not melt below 150°C, b= Does not melt below 

150°C or higher than 60% lignin content, c = Does not melt 
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10.4.1 Molecular Weight Changes During Extrusion 

Presented in Figure 10-3 are lignin molecular weights, as determined by GPC, post 

extrusion as well as extruder torque for pure kraft lignin and blends (70:30 wt.%) of lignin 

and the five plasticizer systems.  The conditions of extrusion for these data were 160°C, 120 

rotations per minute, and a residence time of 5 seconds.  The data suggests that incorporating 

glycerol, allylurea, citric acid with and without SHP, or oleic acid in the raw material mixture 

reduced the extent to which lignin molecular weight increases during extrusion.  One 

potential explanation of these data is that the plasticizing material interferes with the ability 

of additional bonds and crosslinking to form in the lignin polymer.  The torque exerted by the 

extruder motor to maintain constant flow conditions is reduced in the presence of plasticizers 

but there is not a good correlation between lignin molecular weight exiting the extruder and 

extruder torque measurements.            
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Figure 10-3: Lignin Molecular Weight and Extruder Torque of Kraft Lignin and Lignin-

Plasticizer Blends 

 

Presented in Figure 10-4 are lignin molecular weights measured after various extruder 

residence times for the 70-30 lignin-glycerol blend.  The data suggest a linear increase in 

lignin molecular weight up to a 5 minute (300 s) extruder residence time.  These data are 

interesting from a practical perspective because they suggest that extruder residence time can 

be used as a handle to control the final molecular weight of extruded lignin-plasticer blends.  

However, additional processing or heat/shear exposure will likely cause additional 

crosslinking and molecular weight increases.  This phenomenon is one of the major issues of 

why lignin is a challenging raw material to use for bio-based materials production.        
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Figure 10-4: Lignin Molecular Weight at Different Extruder Residence Times, 140°C, for 

70-30 Lignin–Glycerol   

 

10.4.2 Chemical Functionality of Extruded Lignin and Citric Acid 

Presented in Figure 10-5 are FTIR profiles for extruded lignin, citric acid, and a 70-30 

wt.% extruded Lignin-Citric Acid.  The conditions of extrusion for these data were 160°C, 

120 rotations per minute, and a residence time of 1 minute.  The Lignin-Citric Acid blend 

was washed with deionized water post extrusion so that changes in the lignin FTIR signal 

could be truly assessed.  The profiles of extruded lignin and the lignin-citric acid mixture are 

similar and there appears to be no specific functionality carryover from the citric acid.  The 

relative change in transmittance between the peaks at approximately 1600 cm
-1

 and 1720 cm
-

1
 suggest there may be some additional ester linkages formed in the extruded sample with 

citric acid compared to the lignin only extruded sample.  The absolute change in 

transmittance percentage is less than ten percentage points for most wavenumbers which is 

not a large change and may be a result of variability in samples and/or experimental error.  
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However, a reasonable conclusion is that citric acid does not appear to change the 

functionality of extruded lignin to a great extent.    

    

 

Figure 10-5: FTIR Signatures of Extruded Lignin, Citric Acid, and Extruded 70-30 Lignin-

Citric Acid 

 

 

10.4.3 Gelation Behavior of Lignin-Glycerol Blend 

All of the data presented in this section was collected for a 70-30 wt.% lignin-

glycerol blend at 125°C.  Frequency sweeps were collected at 10 Pa oscillating stress and 

took approximately 4 minutes to complete.  Presented in Figure 10-6 are the first two and 

sixth frequency sweeps collected after a conditioning step of steady flow shear at 15 s
-1

 for 

one minute.  The first sweep has a much different profile than sweeps 2-6.  With the 
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modulus at approcimately 8-10 rad/s.  These data suggest that the lignin-glycerol blend forms 

a gel and goes beyond the gel-point some time between the first and second frequency sweep.    

  

 

Figure 10-6: 70-30 Lignin-Glycerol Frequency Sweeps from 0.25 to 200 rad/s, 10 Pa, 125°C, 

4 Minute Intervals 

 

Presented in Figure 10-7 are frequency sweeps before (step 6) and after (step 7) a 

stress sweep from 0.1 Pa to 1000 Pa and frequency of 1 rad/s.  The data for the stress sweep 

is presented in Figure 10-8 and confirms that performing frequency sweeps at a stress of 10 

Pa falls within the linear viscoelastic region of the sample.  The profile collected after the 

stress sweep suggests the material is at the gel point where G’ and G” are parallel as a 

function of frequency.  Subsequent frequency sweeps suggests that the blend continues to gel 
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as indicated by the fact that the value of G’ at lower frequencies increases at a faster rate than 

G” or G’ at higher frequencies, Figure 10-9.      

  

 
Figure 10-7: 70-30 Lignin-Glycerol Frequency Sweeps from 0.25 to 200 rad/s, 10 Pa, 125°C, 

Before and After a Stress Sweep from 0.1 Pa to 1000 Pa 
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Figure 10-8: 70-30 Lignin-Glycerol Stress Sweep from 0.1 to 1000 Pa, 1 rad/s, After 26 

Minutes of Exposure to 125°C 
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Figure 10-9: 70-30 Lignin-Glycerol Frequency Sweeps from 0.25 to 200 rad/s, 10 Pa, 125°C, 

4 minute Intervals, After a Stress Sweep from 0.1 Pa to 1000 Pa 

 

Presented in Figure 10-10 are the first two and sixth frequency sweeps following an 

additional conditioning step of steady flow shear at 15 s
-1

 for one minute.  Worth noting is 

the similarity between the data presented in Figure 10-10 and the data collected at the 

beginning of the analysis presented in Figure 10-6.  Prior to the conditioning step, the sample 

exhibited gel-like behavior but the data suggests that the steady flow shear was able to 

disrupt the gel, suggesting the presence of a physical gel that can be broken down with shear.  

The molecular weight of the lignin is increasing with exposure to heat, Figure 10-4, but the 

fact that the gel can be broken and reformed suggests that the gelation behavior is likely a 

result of both chemical crosslinking and other weaker interactions that can be broken with 

shear.    
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The data presented in Figure 10-11 is similar to the data presented in Figure 10-6 

which suggest the sample returns to the gel point after subjecting the sample to a stress 

sweep.  Figure 10-12 shows the migration of G’ and G” over a time period of 76 minutes.  

Once in a gel-like state if the sample is subjected to another stress sweep the viscous and 

storage moduli decrease in magnitude but the gel-like profile is retained, Figure 10-13. 

 

 

Figure 10-10: 70-30 Lignin-Glycerol Frequency Sweeps from 0.25 to 200 rad/s, 10 Pa, 

125°C, 4 minute Intervals 
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Figure 10-11: 70-30 Lignin-Glycerol Frequency Sweeps from 0.25 to 200 rad/s, 10 Pa, 

125°C, Before and After a Stress Sweep from 0.1 Pa to 1000 Pa 
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Figure 10-12: 70-30 Lignin-Glycerol Frequency Sweeps from 0.25 to 200 rad/s, 10 Pa, 

125°C, 76 minutes Between Sweeps 

 

 
Figure 10-13: 70-30 Lignin-Glycerol Frequency Sweeps from 0.25 to 200 rad/s, 10 Pa, 

125°C, Before and After a Stress Sweep from 0.1 Pa to 1000 Pa 
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10.4.4 Extruded versus Non-Extruded Lignin-Plasticizer Blends  

10.4.4.1 Lignin-Glycerol 

Presented in Figure 10-14 and Figure 10-15 are five back to back frequency sweeps 

for the 60-40 Lignin-Glycerol with and without extrusion respectively.  The rheometer 

analysis temperature was held constant at 150°C.  The magnitude of the elastic and viscous 

moduli increased notably after the extrusion, especially at higher frequencies.  The sample 

that underwent extrusion shows a larger viscous modulus than elastic modulus while the 

reverse is true for the non-extruded sample.  These data suggest that the temperature and 

shear environment of the extruder increases the magnitude of the respective moduli but may 

also facilitate better mixing, resulting in viscous moduli dominance after extrusion, compared 

to simple physical sample mixing using a spatula.    
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Figure 10-14: 60-40 Lignin-Glycerol Extruded at 140C, 5 second residence, analyzed at 

150°C 
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Figure 10-15: 60-40 Lignin-Glycerol analyzed at 150°C 

 

10.4.4.2 Lignin-Allylurea 

Presented in Figure 10-16 and Figure 10-17 are five back to back frequency sweeps 

for the 60-40 Lignin-Allylurea with and without extrusion respectively.  The rheomter 

analysis temperature was held constant at 150°C.  Similar to the blend with glycerol, the 

magnitude of the elastic and viscous moduli increase notably after the extrusion, especially at 

higher frequencies.  The sample that underwent extrusion shows a larger viscous modulus 

than elastic modulus while the reverse is true for the non-extruded sample. 
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Figure 10-16: 60-40 Lignin-Allylurea Extruded at 140C, 5 second residence, analyzed at 

150°C 
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Figure 10-17: 60-40 Lignin-Allylurea analyzed at 150°C 

 

10.4.4.3 Lignin-Citric Acid 

Presented in Figure 10-18 and Figure 10-19 are five back to back frequency sweeps 

for the 60-40 Lignin-Citric Acid with and without extrusion respectively.  The rheomter 

analysis temperature was held constant at 175°C.  The sample that was not subjected to 

extrusion did not fully melt and would ball up and leave the gap during pre-shear at 

temperatures of both 175°C and 200°C, thus the noisy data shown for two frequency sweeps 

of non-extruded Lignin-Citric Acid at 175°C shown in Figure 10-19.   
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Figure 10-18: 60-40 Lignin-Citric Acid Extruded at 140°C, 5 second residence, analyzed at 

175°C 

 

The data presented in Figure 10-18 shows a G’ and G” signature suggests a material 

that has gone past the gel point.     
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Figure 10-19: 60-40 Lignin-Citric Acid analyzed at 175°C 

 

10.4.4.4 Lignin-Oleic Acid 

Presented in Figure 10-20 and Figure 10-21 are five back to back frequency sweeps 

for the 60-40 Lignin-Oleic Acid with and without extrusion respectively.  The rheomter 

analysis temperature was held constant at 175°C.  Unlike the blend with glycerol and 

allylurea, the magnitude of the elastic and viscous moduli decrease notably after the 

extrusion, especially at higher frequencies.  Both the extruded and non-extruded samples 

show a larger viscous modulus than elastic modulus over the frequency range analyzed. 
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Figure 10-20: 60-40 Lignin-Oleic Acid Extruded at 140C, 5 second residence, analyzed at 

175°C 

 

 

 



 

221 

 

Figure 10-21: 60-40 Lignin-Oleic Acid analyzed at 175°C 

 

10.5 Conclusions 

The GPC data collected for extruded lignin as well as extruded lignin-plasticizer 

blends of glycerol, allylurea, citric acid with and without SHP, and oleic acid suggest that 

these materials reduce the rate of molecular weight increase that is known to happen when 

lignin is subjected to temperatures between 100°C and 200°C.  The presence of a plasticizer 

does not completely inhibit the crosslinking of lignin but reduces the rate.  There is a linear 

relationship between increases in lignin molecular weight and extruder residence time up to 5 

minutes for the lignin-glycerol blend.  The FTIR profiles of extruded lignin and the lignin-

citric acid mixture are similar and there appears to be no specific functionality carryover 

from the citric acid.   
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Data collected for the 70-30 Lignin-Glycerol system prepared through spatula mixing 

suggest the formation of a gel (parallel G’ and G”) that continues to go beyond the gel-point 

(crossing of G’ over G” at low frequencies) with additional time at temperature exposure.  

This gel is likely physical in nature, despite the fact that lignin continues to crosslink, as it 

can be broken with a steady shear conditioning step and then reformed with time.   

With the exception of the lignin-oleic acid system, extrusion of the other lignin-

plasticizer systems (glycerol, allylurea, and citric acid) had the effect of increasing both the 

elastic and viscous moduli.  For these systems, the viscous moduli tended to dominate after 

extrusion whereas the elastic moduli dominated for the spatula mixed systems.         
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11 FUTURE WORK SUGGESTIONS 

11.1 Process and Financial Modeling of Emerging Bioenergy Production 

Technologies 

The application of a biorefinery concept in which renewable biomass and all its 

components are utilized to produce chemicals and energy will likely first take place at 

facilities that currently process biomass on a large scale, specifically kraft pulp mills.  The 

most commonly used process modeling software for the pulp and paper industry has been 

WinGEMS which has provided great utility and efficiency for modeling traditional pulp and 

paper unit operations such as wood pulping, washing, bleaching, and chemical recovery.  

However, WinGEMS does not employ robust thermodynamic phase equilibria models which 

are critical for simulating many proposed processing technologies.  A recommendation for 

future modeling work would be to develop pulp and paper mill specific modules (solids 

washing, kraft recovery furnace) in a process modeling platform that does have predictive 

phase equilibria calculation capability (ie. Aspen Plus).  This would allow for flexibility in 

the future especially as technologies are moving away from ethanol production to more 

complicated chemicals and fuels.      

11.2 The Role of Lignin Distribution in Enzymatic Hydrolysis 

With respect to the confocal based lignin distribution measurement technique 

discussed in Chapters 5 and 6, there are some future work suggestions related to the 

technique as well as possible studies making use of the technique.  The calibration curve 

relating bulk lignin content measured via wet chemistry to red/green emission shift observed 

via microscopy should be extended to lignin contents greater than 25% to determine if the 



 

224 

linear relationship holds at higher lignin contents.  This could be performed by subjecting the 

various pretreated lignocellulosic substrates to varying extents of enzymatic hydrolysis to 

produce samples with elevated levels of lignin concentration. 

Analyzing the role of lignin distribution in the context of enzyme adsorption would 

help facilitate the development of a better mechanistic model of cellulase enzyme adsorption 

and hydrolysis.  Donohoe and co-workers demonstrated a transmission electron microscopy 

based technique that allows for the visualization of cellulase penetration into the cell walls of 

pretreated biomass (Donohoe et al 2009).  This technique coupled with the confocal based 

lignin distribution measurement technique may provide insight in to the inhibitory effect of 

lignin distribution on enzyme penetration into the cell wall of pretreated biomass.     

Identifying lignin fluorochromes that are specific to the different types of 

monolignols (syringyl and guiacyl) could provide an opportunity for better understanding of 

specific lignin type inhibition in hardwood substrates.  In addition, utilizing acridine orange 

and studying the distribution of lignin in vessels as well as fibers and how this translates to 

enzymatic hydrolysis rates and final conversion efficiencies for hardwood substrates would 

be a noteworthy endeavor.         

11.3 Fiber Dimension and Cellulose Degree of Polymerization Changes during 

Enzymatic Hydrolysis 

An attempt to draw a link between lignin distribution and rates of fiber cutting would 

be a novel investigation and would provide both practical and fundamental knowledge to 

what is already known about cellulase action at fiber kink sites.  The work presented in this 

dissertation showed a linear relationship between cellulose degree of polymerization (DP) 
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and carbohydrate conversion for lignin free softwood and hardwood pulps.  Hubbell and 

Ragauskas have shown that performing an acid-chlorite treatment on lignin containing 

samples can effectively remove lignin and allow a sample’s molecular weight to be 

determined via gel permeation chromatography (Hubbell and Ragauskas 2010).  This 

technique should be employed for lignin containing samples to determine if the same linear 

relationship between cellulose DP and carbohydrate conversion holds for samples containing 

various concentrations of lignin.    

11.4 Rheology of Lignin-Plasticizer Melt Blends 

The kraft lignin used in the lignin-plasticizer rheology chapter was obtained directly 

from a commercial lignin precipitation process and the only additional processing was 

washing with deionized water.  The use of fractionated lignin with a narrow molecular 

weight distribution would be a step toward a more fundamental understanding of lignin 

behavior during extrusion.  Fractionation of lignin in to various molecular weight groups can 

be accomplished via organic solvent extraction.  In addition to collecting dynamic rheology 

data for kraft softwood lignin and plasticizers, collecting and comparing data with the same 

formulations using kraft hardwood lignin would have practical utility as well as begin the 

process of understanding the behavior differences of guiacyl and syringly lignin.     
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