
ABSTRACT 

KESHWANI, DEEPAK RADHAKRISHIN. Microwave Pretreatment of Switchgrass for 
Bioethanol Production. (Under the direction of Jay J. Cheng.) 
 

Lignocellulosic materials are promising alternative feedstocks for bioethanol 

production. These materials include agricultural residues, cellulosic waste such as 

newsprint and office paper, logging residues, and herbaceous and woody crops. 

However, the recalcitrant nature of lignocellulosic biomass necessitates a 

pretreatment step to improve the yield of fermentable sugars. The overall goal of 

this dissertation is to expand the current state of knowledge on microwave-based 

pretreatment of lignocellulosic biomass. 

Existing research on bioenergy and value-added applications of switchgrass 

is reviewed in Chapter 2. Switchgrass is an herbaceous energy crop native to North 

America and has high biomass productivity, potentially low requirements for 

agricultural inputs and positive environmental impacts. Based on results from test 

plots, yields in excess of 20 Mg/ha have been reported. Environmental benefits 

associated with switchgrass include the potential for carbon sequestration, 

nutrient recovery from run-off, soil remediation and provision of habitats for 

grassland birds. Published research on pretreatment of switchgrass reported 

glucose yields ranging from 70-90% and xylose yields ranging from 70-100% after 

hydrolysis and ethanol yields ranging from 72-92% after fermentation. Other 

potential value-added uses of switchgrass include gasification, bio-oil production, 

newsprint production and fiber reinforcement in thermoplastic composites. 



Research on microwave-based pretreatment of switchgrass and coastal 

bermudagrass is presented in Chapter 3. Pretreatments were carried out by 

immersing the biomass in dilute chemical reagents and exposing the slurry to 

microwave radiation at 250 watts for residence times ranging from 5 to 20 minutes. 

Preliminary experiments identified alkalis as suitable chemical reagents for 

microwave-based pretreatment. An evaluation of different alkalis identified sodium 

hydroxide as the most effective alkali reagent. Under optimum pretreatment 

conditions, 82% glucose and 63% xylose yields were achieved for switchgrass, and 

87% glucose and 59% xylose yields were achieved for coastal bermudagrass 

following enzymatic hydrolysis of the pretreated biomass. The optimum enzyme 

loadings were 15 FPU/g and 20 CBU/g for switchgrass and 10 FPU/g and 20 

CBU/g for coastal bermudagrass. Dielectric properties for dilute sodium hydroxide 

solutions were measured and compared to solid loss, lignin reduction and reducing 

sugar levels in hydrolyzates. Results indicate that the dielectric loss tangent of 

alkali solutions is a potential indicator of the severity of microwave-based 

pretreatments.  

Modeling of pretreatment processes can be a valuable tool in process 

simulations of bioethanol production from lignocellulosic biomass. Chapter 4 

discusses three different approaches that were used to model delignification and 

carbohydrate loss during microwave-based pretreatment of switchgrass: statistical 

linear regression modeling, kinetic modeling using a time-dependent rate 

coefficient, and a Mamdani-type fuzzy inference system. The dielectric loss tangent 

of the alkali reagent and pretreatment time were used as predictors in all models. 



The statistical linear regression model for delignification gave comparable root 

mean square error (RMSE) values for training and testing data and predictions 

were approximately within 1% of experimental values. The kinetic model for 

delignification and xylan loss gave comparable RMSE values for training and 

testing data sets and predictions were approximately within 2% of experimental 

values. The kinetic model for cellulose loss was not as effective and predictions 

were only within 5-7% of experimental values. The time-dependent rate coefficients 

of the kinetic models calculated from experimental data were consistent with the 

heterogeneity (or lack thereof) of individual biomass components. The Mamdani-

type fuzzy inference system was shown to be an effective means to model 

pretreatment processes and gave the most accurate predictions (<3%) for cellulose 

loss. 
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CHAPTER 1: INTRODUCTION 



 2

1. BACKGROUND 

There is considerable interest in developing viable alternatives to crude oil. 

This interest stems from rapidly increasing global energy demand, uncertainty in 

the long-term availability of crude oil and environmental concerns from the use of 

fossil fuels. There is also concern about the extent of US (United States) reliance on 

unstable regions of the world to meet its energy needs. Fluctuations in crude oil 

prices caused by geo-political issues can have dire economic consequences. For 

example, the 1973 Arab oil embargo quadrupled the cost of crude oil within a year. 

As a result, the US gross domestic product decreased by 3% and caused a severe 

economic recession (Hirsch, 2008).   

According to the Energy Information Administration (EIA), global annual 

energy consumption in 2007 was approximately 500 quadrillion BTUs (British 

Thermal Units) with the US accounting for about 27% (EIA, 2008a). By 2030, 

global energy consumption is expected to be in excess of 700 quadrillion BTUs. 

Although the US share of global energy consumption is expected to drop to 17% by 

2030, the rapid growth of the economies of China and India will increase their 

share of energy consumption. Currently, these countries account for around 18% 

of the global energy demand and the EIA projects that this will increase to 25% in 

the next twenty years (EIA, 2008a).  According to the International Energy Agency 

(IEA), over 50% of the increase in global energy demand over the next twenty years 

will be attributed to the growing economies of China and India (IEA, 2008).  
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It is unlikely that global energy demand in the long-term will be met by fossil 

fuels. It is generally acknowledged that the world will face a peak oil situation 

within the current century. Table 1 presents some predictions for peak oil ranging 

from 2010 to 2050. The considerable variability in the estimated date for peak oil is 

because of the overall uncertainty and disagreement over the extent of untapped 

crude oil reserves. In fact, current estimates for long-term availability of crude oil 

range from 0.8 to 2.9 trillion barrels (Kaufmann and Shiers, 2008).  

 

Table 1. Peak oil predictions from different sources. 

 
Reference 

  
Predicted Date 
 

   
Campbell and Laherrere (1998)  <2010 
USGS (2000)  ~2023 
IEA World Energy Outlook (IEA, 2008)  >2030 
Jackson (2007)   2030-2050 
   

 

 

 There is general consensus in the scientific community that global climate 

change is caused by forced warming from greenhouse gases (Hegerl et al., 2007). 

Major greenhouse gases include carbon dioxide, methane and nitrous oxide. 

Burning of fossil fuels is a major contributor to the production of carbon dioxide, 

which accounts for more than 50% of the overall greenhouse effect (Schnoor, 

2005). Increased use of fossil fuels to meet global energy demand will significantly 

increase carbon dioxide emissions. In 1990, global carbon dioxide emissions were 

20 billion metric tons and are projected to be in excess of 40 billion metric tons by 
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2030 (EIA, 2008a).  In addition to global warming, burning of fossil fuels is a major 

contributor to acid rain. The high sulfur and nitrogen content in fossil fuels form 

sulfur dioxide and nitrous oxides when combusted and the resulting acid rain can 

damage fresh water sources, forests, soils, and buildings and adversely affect 

human health (Demirbas, 2004). 

 While the problems associated with the use of fossil fuels are well 

established, they remain the dominant source of energy. In fact, coal and crude oil 

accounted for 62% of US energy consumption in 2007 (Figure 1). Renewable energy 

accounted for only 7%, of which 50% was derived from biomass. In contrast, many 

European countries rely on renewable energy to meet 20-40% of their total energy 

demands (Energy.eu, 2005).  
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Figure 1. Contribution from different energy sources to overall US energy consumption in 
2007 (based on data from EIA, 2008b). 
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The statistics for bioenergy use in the US are disappointing since the US 

Department of Agriculture (USDA) and Department of Energy (DOE) have estimated 

that the US can potentially produce over 1 billion tons of biomass annually and 

displace nearly 30% of current fossil fuel usage (Perlack et al., 2005).  Alternative 

energy sources such as biomass, geothermal, hydroelectric, solar and wind are 

important components of an environmentally sustainable long-term solution to 

partially substitute the use of fossil fuels. It is worth noting that approximately 

60% of the total crude oil in the US is refined into motor gasoline. Hence, liquid 

biofuels such as bioethanol are of particular interest as they have the potential to 

replace a significant amount of gasoline in the transportation sector. 

2. PATHWAYS TO BIOETHANOL PRODUCTION 

There are several pathways to producing ethanol from biomass (Figure 2). 

Two major platforms are defined based on the nature of the conversion process: the 

gasification platform and the carbohydrate platform. The latter can be sub-divided 

into three pathways based on the specific types of carbohydrates at the starting 

point of the process: lignocellulose pathway, starch pathway and sucrose (glucose) 

pathway. Bioethanol from the starch and sucrose pathways is considered a first-

generation biofuel since the feedstocks are typically food crops and the conversion 

process uses conventional technology. Bioethanol from the gasification platform 

and the lignocellulose pathway is considered a second-generation biofuel since the 

feedstocks are non-food based and the conversion process is typically 

unconventional and still in development. 
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Figure 2. Different pathways for the production of bioethanol from lignocellulosic biomass. 
 

 

2.1 Gasification platform 

The gasification platform involves the production of syngas from biomass. 

Syngas is a mixture of carbon dioxide, carbon monoxide and hydrogen. The 

resulting gaseous mixture is then fermented into ethanol by microorganisms. 

Although syngas can be converted into ethanol and other value-added products 

using non-biological catalysts, microbial fermentation offers specific advantages. 

Some of these include high specificity of the biocatalyst, lower energy costs, and 
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the ability to handle varying ratios of components in syngas (Bredwell et al., 1999; 

Klasson et al., 1992). Henstra et al. (2007) compiled a list of mesophilic 

microorganisms capable of producing ethanol from syngas. Examples include 

Clostridium autoethanogenum, Clostridium ljungdahlii and Butyribacterium 

methylotrophicum. Nearly all microorganisms capable of fermenting syngas into 

ethanol are mesophilic. This is problematic since it requires significant cooling of 

the syngas produced in gasifiers that operate at temperatures up to 1000 °C. 

Research is ongoing to identify thermophilic microorganisms and to optimize 

fermentation conditions. 

2.2 Carbohydrate platform 

The carbohydrate platform involves the extraction of carbohydrates from 

biomass and the subsequent fermentation into ethanol. The sucrose (glucose) 

pathway is the simplest approach and involves extraction of readily fermentable 

six-carbon sugars present in biomass such as sugarcane, sugar beets and sweet 

sorghum. The ethanol industry in Brazil relies primarily on sugarcane as a 

feedstock. However, these feedstocks are geographically limited as they require 

specific soil and climate conditions. 

The starch pathway is currently the primary means of ethanol production in 

the US. Carbohydrates in the form of starch are present in large quantities in 

biomass such as corn, potato and sweet potato. Corn is the dominant starch 

feedstock for ethanol production in the US and the industry is quite mature.  

Unlike the sucrose pathway, starch needs to be first saccharified into simple 
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sugars using hydrolytic enzymes (amylases). These sugars are then fermented into 

ethanol.  Starch is a homopolymer of α-D-glucose, a six-carbon sugar and exists in 

two forms: amylose and amylopectin. Individual glucose units are linked via α-1-4 

and α-1-6 glycosidic bonds. The nature of these bonds creates polymeric structures 

that have low crystallinity and are easily hydrolyzed by low cost amylase enzymes. 

The ease of saccharification coupled with government subsidies makes corn an 

attractive feedstock for bioethanol production in the US.  

As previously mentioned, bioethanol from starch and sucrose pathways is 

considered a first-generation biofuel derived from food crops. These food crops 

absorb carbon from the atmosphere over their growth cycle and have the potential 

for significant carbon sequestration to mitigate the effects of global warming. For 

example, the annual carbon sequestration estimate for corn is 595 kg per hectare 

(West and Marland, 2003). However, this potential for sequestration has to be 

tempered by carbon dioxide emissions from intensive agricultural practices that 

require significant fossil fuel inputs. In fact, net carbon emissions from corn- 

ethanol are only around 10% lower than net carbon emissions from gasoline 

(Farrell et al., 2006). The amount of arable land that can be allocated to crops such 

as corn and sugarcane for energy production is limited by the overall availability of 

cropland. According to the latest agricultural census conducted by the USDA, the 

total amount of cropland available in the lower 48 United States is 434 million 

acres (USDA, 2004). The amount of cropland has been declining over the past 50 

years and the trend is likely to continue as population pressures force urban 

development on agricultural land (EIA, 2007). Additionally, the use of food and feed 
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crops for energy production will impact their availability for traditional uses. For 

example, Elobied et al. (2007) state that the increased use of corn for ethanol 

production will result in higher corn prices and will negatively impact the food and 

feed industries and could result in reduced exports of animal products.  Collins 

(2008) estimated that the increase in retail food prices attributed to the current 

approach to biofuels is 23-35% percent above the normal increase in food prices 

that would occur over 2-3 years. 

The lignocellulose pathway is considered a viable long-term option for 

bieothanol production. Lignocellulosic biomass includes woody biomass, logging 

residues, dedicated energy crops like switchgrass, miscanthis and poplar, 

agricultural residues such as wheat straw, corn stover and bagasse, residual pulp 

from paper mills, municipal solid waste and wastes from food processing industries 

(Tan et al., 2008). The richness in diversity of lignocellulosic biomass minimizes 

geographic constraints and since most lignocellulosic biomass is considered waste 

material, it is readily available at low cost. Dedicated energy crops like switchgrass 

and poplar do not require high quality arable land. These attributes make them an 

attractive feedstock for bioethanol production.  Switchgrass in particular shows 

promise due to high productivity across a wide geographic range, suitability for 

marginal land quality, low water and nutritional requirements and positive 

environmental benefits (McLaughlin, 1992). Based on biomass yield data from 

Parrish and Fike (2005) and ethanol conversion rates from Morrow et al. (2006), 

the ethanol yield from switchgrass is estimated to be 5000-6000 liters per hectare. 
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In comparison, ethanol yield from corn starch is estimated to be 4000 liters per 

hectare (Gulati et al., 1996).  

3. CHALLENGES IN BIOETHANOL PRODUCTION FROM LIGNOCELLULOSES  

There are several challenges that need to be addressed before the bioethanol 

production potential of lignocellulosic biomass can be fully realized.  Unlike the 

starch platform, the carbohydrates in lignocelluloses are not easily accessible for 

enzymatic hydrolysis. This recalcitrance is primarily due to the composition of 

lignocellulosic biomass and the way specific components interact with each other. 

Therefore, the first challenge is the pretreatment of lignocellulosic biomass to 

reduce biomass recalcitrance, thereby improving the yield of fermentable sugars. 

The nature of lignocellulosic materials and specific goals for pretreatment are 

discussed in sections 4 and 5 respectively. 

The second challenge is reducing the cost of hydrolytic enzymes (cellulases) 

used in the lignocellulose pathway. The cost of cellulases is approximately 6 times 

the cost of amylases used in the starch pathway (Schubert, 2006). Overall enzyme 

costs for bioethanol from the lignocellulose pathway are estimated to be 30 to 50 

cents per gallon (DOE, 2007).  

The final challenge is the fermentation of five-carbon sugars, which can 

account for 20-30% of the carbohydrate fraction of lignocelluloses. To make the 

overall process economically feasible, these five-carbon sugars must be utilized. 

Most commercially available yeasts Saccharomyces cerevisiae and Zymomonas 
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mobilis cannot ferment five-carbon sugars. Yeasts such as Pachysolen tannophilus, 

Pichia stipitis and Candida shehate can do so, but are limited by low ethanol 

tolerance and slow rate of fermentation (Saha, 2003).  

4. NATURE OF LIGNOCELLULOSIC BIOMASS 

Lignocellulosic materials primarily consist of cellulose, hemicellulose and 

lignin that are closely associated in a complex structure (Figure 3). The structure 

can be described as a skeleton of cellulose chains embedded in a cross-linked 

matrix of hemicellulose surrounded by a crust of lignin. The extensive interactions 

between cellulose, hemicellulose and lignin, and the barrier nature of lignin 

minimize the access of hydrolytic enzymes to the carbohydrate fraction. The 

amounts of each component vary based on the type of lignocellulosic biomass. In 

general, grasses such as switchgrass contain 30-35% cellulose, 20-30% 

hemicellulose and 20-25% lignin.  

 
 

Figure 3. General structure of lignocellulosic biomass. 
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Lignin 
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4.1 Cellulose 

Cellulose is a homopolymer of β-D-glucose units that are linked via β-1-4 

glycosidic bonds. The basic repeat unit of cellulose is cellobiose, which consists of 

two glucose molecules. The nature of β-1-4 bonds result in the formation of a 

linear chain of glucose molecules (Figure 4). This linearity results in an ordered 

packing of cellulose chains that interact via inter-molecular and intra-molecular 

hydrogen bonds involving hydroxyl groups and hydrogen atoms of neighboring 

glucose units. Consequently, cellulose exists as crystalline fibers with occasional 

amorphous regions. The crystallinity of cellulose fibers is a major hurdle for 

efficient enzymatic hydrolysis. 

 

 
 

Figure 4. Structure of a cellulose chain. 

 

4.2 Hemicellulose 

 In contrast to cellulose, hemicelluloses are heteropolymers that are made up 

of five-carbon sugars such as xylose and arabinose, and six-carbon sugars such as 

galactose and mannose.  While the structure of cellulose is the same for all 

lignocellulosic biomass, the structure and composition of hemicelluloses can vary.  

Grasses such as switchgrass contain two types of hemicelluloses. The major 
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hemicellulose is arabinoxylan, which consists of a xylan backbone made up of      

β-1,4-linked D-xylose units with frequent arabinose side chains (Figure 5). 

Although the backbone xylan structure is similar to cellulose, the presence of 

arabinose side chains minimizes hydrogen bonding. As a result, hemicellulose has 

low crystallinity. The minor hemicellulose is glucomannan, which is a copolymeric 

chain of glucose and mannose units (Figure 6). Occasional branching in 

glucomannan also contributes to the low crystallinity of hemicellulose. 

 

  
 

Figure 5. Structure of arabinoxylan. 

 

 

 

  
 

Figure 6. Structure of glucomannan. 
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4.3 Lignin 

In contrast to cellulose and hemicellulose, the structure of lignin is difficult 

to depict. Lignin is a highly complex polymer made up of three types of phenolic 

acids: p-coumaryl alcohol, coniferyl alcohol and synapyl alcohol. These phenolic 

acids are called monolignols (Figure 7) and their proportions vary based on the 

type of lignocellulosic material. In general, grasses such as switchgrass typically 

contain equal amounts of all three monolignols. Numerous types of carbon-carbon 

and ether bonds between individual monolignols result in the formation of dimers, 

trimers and tetramers that form random linkages with each other resulting in the 

complex structure of lignin. The carbon-carbon bonds are the strongest and are 

primarily responsible for the barrier nature of lignin. 

 

 

 
 

Figure 7. Structures of monolignols. 
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5. PRETREATMENT OF LIGNOCELLULOSIC BIOMASS 

 Pretreatment is perhaps the most important step in the production of 

bioethanol from lignocellulosic biomass.  In fact, current costs for pretreatments 

(up to 30 cents per gallon of ethanol) are among the largest contributors to the 

overall cost of ethanol production from lignocellulosic biomass (Mosier et al., 2005). 

Since it is the first major unit operation in the conversion process, any potential 

benefits derived as a result of the pretreatment can significantly reduce the cost of 

down-stream unit operations. Conversely, any negative consequences such as the 

unintended production of inhibitory by-products will adversely affect the efficiency 

of hydrolysis and fermentation. 

 The basic purpose of pretreatment is to reduce the recalcitrance of 

lignocellulosic biomass to enzymatic hydrolysis. The recalcitrance is caused by the 

close association of cellulose, hemicelluloses and lignin in the biomass. The nature 

of the glycosidic bonds in cellulose enables extensive hydrogen bonding within 

each cellulose chain and between adjacent chains. The resulting cellulose fiber has 

a high degree of crystallinity, which minimizes the accessibility of carbohydrates to 

hydrolytic enzymes.  Therefore, pretreatment methods can enhance enzyme 

accessibility by the removal of lignin and/or hemicellulose, increase in biomass 

porosity and a reduction of cellulose crystallinity. An ideal pretreatment process 

will achieve these goals in a cost-effective manner while preserving the 

carbohydrates and minimizing the formation of the inhibitory by-products.  
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 While most pretreatments increase the porosity of the biomass and reduce 

crystallinity of the cellulose fiber, fractionation of the biomass can differ based on 

the type of pretreatment process. Figure 7 illustrates this fact for acid and alkali 

pretreatments. The primary mode of action for acid pretreatment is the 

solubilization of hemicellulose, which is accompanied by a reduction in cellulose 

crystallinity and fracture of the lignin seal. However, the majority of the lignin stays 

in the solid phase. In contrast, alkali pretreatments almost exclusively target the 

removal of lignin. However, some hemicelluloses are also removed during alkali 

pretreatment (especially at high temperatures) because of their random amorphous 

structure. 

 

 
 

Figure 8. Fractionation of lignocellulosic biomass due to acid and alkali pretreatments. 
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A review of the literature indicates that a wide range of pretreatment 

methods is currently being investigated.  An overview of pretreatment methods and 

specific research on pretreatment of switchgrass is presented in Chapter 2. 

Pretreatments can be achieved via physical, physico-chemical, chemical or 

biological processes. Table 8 lists examples of pretreatment methods from each of 

these categories and their effects on the biomass. Microwave-based pretreatment 

can be considered a physico-chemical process since both thermal and non-thermal 

effects are involved. There are only a few published studies on microwave-based 

pretreatment. Therefore, there exists an opportunity for a systematic study to 

optimize pretreatment conditions and model the effects of the process. 

 

Table 2. Examples of pretreatment methods and their effects. 

 
Category 

 
Example 

 
Effect 
 

   
Physical Mechanical comminution Particle size reduction 

Crystallinity reduction 
   
Physico-chemical Steam explosion Hemicellulose solubilization 

Lignin transformation 
Crystallinity reduction 

   
 Ammonia Fiber Explosion Delignification 

Crystallinity reduction 
   
Chemical Dilute sulfuric acid Hemicellulose solubilization 

Crystallinity reduction 
   
 Dilute NaOH Delignification 

Crystallinity reduction 
   
Biological  White-rot fungi Delignification 
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6. FUNDAMENTALS OF MICROWAVE-BASED PROCESSES 

6.1 Generating microwave radiation 

 Microwaves occupy a transitional region in the electromagnetic (EM) 

spectrum between infrared and radio-frequency radiation. This region corresponds 

to a frequency range of 300 MHz to 30 GHz. However, a large portion of this 

frequency range is used for RADAR transmissions and telecommunication. To 

prevent interference, most domestic and industrial microwave systems operate at 

either 900 MHz or 2.45 GHz.  

 At the heart of most microwave systems is a device called the magnetron 

(Figure 9) that is responsible for generating microwave radiation. Using direct 

current, a cathode filament is heated to release electrons that start to navigate 

toward a circular anode that surrounds the cathode. Under normal conditions, 

these electrons would navigate in a straight line directly to the anode. However, the 

magnetron generates a permanent magnetic field that runs parallel to the cathode 

filament. Hence, the electrons experience a Lorentz force and accelerate towards 

the anode in a spiral path (Bishop, 1995). The anode consists of several grooves 

called resonant cavities that are essentially LC circuits. Each cavity is sized to 

contain a weak microwave EM field in an opposite direction to the field in an 

adjacent cavity (Driggers, 2003).  As the electrons pass by these cavities, they 

alternately accelerate and decelerate. In doing so, they dump energy into the 

cavities and the microwave EM fields in the cavities are strengthened. Waveguides 

then deliver the microwave radiation to the system. 
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Figure 9. Schematic of a magnetron in microwave systems based on information from 
Bishop (1995) and Driggers (2003). 

 

6.2  Effects of microwave radiation 

 By applying Planck’s law at 2.45 GHz, it is observed that the energy carried 

by microwave photons is only around 1 joule per mole. This energy is too low to 

induce any chemical activity in materials. Therefore, microwave radiation alone 

cannot achieve any meaningful reactions in materials. However, if the material 

exposed to microwaves contains polar molecules and ions, then the radiation can 

accelerate chemical, biological and physical processes (Sridar, 1998).  Other 

advantages of microwave-based technologies include reduction of process energy 
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requirements, uniform and selective processing, and the ability to start and stop 

the process instantaneously (Datta, 2001; Gabriel et al., 1998).  

 These benefits associated with microwave radiation have led to its numerous 

applications such as drying, heating, cooking, sterilization and microwave-assisted 

chemistry. Based on these existing applications, it is reasonable to assert that a 

microwave-based process can be used for the pretreatment of lignocelluloses.  

 The interaction between microwave radiation and any material depends on 

its dielectric properties. The dielectric constant is a measure of the ability of a 

material to store electromagnetic energy and the dielectric loss factor is a measure 

of the ability of a material to convert electromagnetic energy into heat. The loss 

tangent, which is a ratio of the dielectric loss factor to the dielectric constant is a 

parameter used to describe the overall efficiency of a material to utilize energy from 

microwave radiation (Nelson and Datta, 2001).   

 In general, dielectric properties of a system are dependent on the type and 

number of polar and ionic species present in the system. Each polar molecule will 

respond differently to microwave radiation depending on its dipole moment. The 

interaction of microwaves with these species results in thermal and non-thermal 

effects that can be used to carry out physical, chemical or biological processes. 

6.2.1 Thermal effects 

 The thermal effects have their origins in the responses of polar molecules 

and ions to changes in the direction of the electric field generated by EM waves at 
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microwave frequencies (Mingos and Baghurst, 1997). These effects have been well 

defined and observed in nearly all processing applications of microwave radiation. 

 
 

Figure 10. Response of polar molecules and ions to microwave radiation. 

  

 The fact that polar molecules align themselves to an external EM field is 

trivial. However, the oscillating electric field of microwave radiation cause the polar 

molecules to vibrate at a rapid rate as they constantly try to realign themselves to 

the field (Figure 10). This vibration causes friction between polar molecules and the 

surrounding medium and the system is heated. This phenomenon occurs at 

microwave frequencies because the rate at which the electric field changes is close 

to the response time of the polar molecules. At higher frequencies, the polar 

molecules cannot respond fast enough before the field changes direction again. 

Hence, no vibration occurs and the system is not heated. At low frequencies, the 
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polar molecules will realign themselves at a much slower rate, producing very little 

energy in the process.  

 The other origin of thermal effects involves ionic conduction. When a liquid 

is exposed to microwave radiation, dissolved ionic species will move back and forth 

with the changing direction of the electric field (Figure 10). In doing so, these ions 

collide with each other and other components present in the liquid. The resulting 

collisions generate heat in the system. 

6.2.2 Non-thermal effects 

 Non-thermal effects were first claimed by researchers when significant rate 

enhancements were observed for microwave assisted hydrolysis and esterification 

reactions (Galema, 1997). However, non-thermal effects are still a controversial 

issue among researchers in the field. The extent of these effects and even their 

existence is often debated in published literature. Like thermal effects, the origin of 

non-thermal effects can be also explained by the response of polar molecules and 

ions to the EM field (Loupy, 2006). These effects are more specific in nature as they 

depend on the types of species present in the system and their interactions with 

each other.  The increase of the pre-exponential factor (A) in the Arrhenius 

equation (equation 1) is an important example of a non-thermal effect believed to 

be caused by microwave radiation (Binner et al., 1995). 

 exp aE
k A

RT
−⎛ ⎞= ⋅ ⎜ ⎟

⎝ ⎠
                                            (1) 
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 The pre-exponential factor represents the probability of molecular collisions 

in a system and is therefore related to the rate of a chemical reaction. During their 

vibrations in response to microwaves, polar molecules can collide with each other 

depending on their size and distribution in the system. These collisions along with 

those generated by the movement of ionic species through the system contribute to 

increasing the pre-exponential factor and consequently enhancing reaction rates.   

 Another non-thermal effect is the decrease in the apparent activation energy 

caused by electrostatic energy stabilization (Lewis et al., 1992). The concept of 

energy stabilization seems counterintuitive since most effects of microwave 

radiation are associated with the vibration of bonds and movement of ions. 

Therefore, this is an example of a highly debated non-thermal effect. This type of 

effect is associated with reaction systems that involve an increase in polarity of the 

system from the ground state to the transition state. The basis for this effect is that 

any system containing polar molecules should be stabilized to some extent as all 

the polar molecules are aligned in the general direction of the electric field.  If the 

transition state of a reaction system is more polar than the ground state, then 

microwave radiation will stabilize it to a greater extent than the ground state. Since 

the difference in the energy of these states is the activation energy required for the 

reaction, the net result of unequal stabilization is a drop in activation energy.  
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7. RESEARCH OBJECTIVES 

 The overall goal of the research presented in this dissertation is to expand 

the current state of knowledge on microwave-based pretreatment of lignocellulosic 

biomass. Specific research objectives are as follows: 

Objective 1: Review existing research related to bioenergy and value-added 

applications of switchgrass along with a discussion of its environmental benefits 

and biomass yields. This objective is addressed in Chapter 2. 

Objective 2: Study the microwave-based pretreatment of switchgrass and coastal 

bermudagrass by evaluating feasibility of different pretreatment options, optimizing 

pretreatment and hydrolysis conditions to maximize the production of fermentable 

sugars, elucidating the effect of pretreatment on the structure of the biomass and 

examining dielectric properties relevant to the process. This objective is addressed 

in Chapter 3. 

Objective 3: Develop models to predict delignification and carbohydrate loss 

during microwave-based pretreatment of switchgrass. This objective is addressed 

in Chapter 4. 
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CHAPTER 2: SWITCHGRASS FOR BIOETHANOL AND OTHER VALUE-ADDED 

APPLICATIONS: A REVIEW 
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ABSTRACT 

Switchgrass is a promising feedstock for value-added applications due to its 

high productivity, potentially low requirements for agricultural inputs and positive 

environmental impacts. The objective of this chapter is to review published 

research on the conversion of switchgrass into bioethanol and other value-added 

products. Based on results from test plots, yields in excess of 20 Mg/ha have been 

reported for new varieties of switchgrass. Environmental benefits associated with 

switchgrass include the potential for carbon sequestration, nutrient recovery from 

run-off, soil remediation and provision of habitats for grassland birds. 

Pretreatment of switchgrass is required to improve the yields of fermentable 

sugars.  Based on the type of pretreatment, reported glucose yields range from 70-

90% and reported xylose yields range from 70-100% after hydrolysis. Following 

pretreatment and hydrolysis, reported ethanol yields range from 72-92% of the 

theoretical maximum. Other value-added uses of switchgrass include gasification, 

bio-oil production, newsprint production and fiber reinforcement in thermoplastic 

composites. Future prospects for research include increasing biomass yields, 

optimization of feedstock composition for bioenergy applications, and efficient 

pentose fermentation to improve ethanol yields. 
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1. INTRODUCTION 

Switchgrass (Panicum virgatum L.) is a perennial warm-season C4 grass 

native to North America. It occurs naturally from 55°N latitude to central Mexico 

(Lewandowski et al., 2003). Tolerance to heat, cold and drought have enabled 

adapted ecotypes of switchgrass to inhabit regions throughout North America 

(Casler et al., 2007). Historically, switchgrass was one of the dominant grasses in 

the North American tall-grass prairie and was adapted to other regions by 

European settlers (Hitchcock, 1971). Perennial grasses like switchgrass have been 

widely used for forage in their native state prior to being established as a crop. 

Since the 1940s, switchgrass has been used for conservation and warm-season 

pasture in the Great Plains and Midwestern states (Vogel, 2004). There are two 

general ecotypes of switchgrass: lowland ecotypes that are vigorous, tall, thick-

stemmed, and adapted to wetter conditions, and upland ecotypes that are shorter, 

thinner-stemmed, and adapted to drier conditions (Gunter et al., 1996).  

Switchgrass was identified by the United States (US) Department of Energy 

as a model herbaceous energy crop (McLaughlin, 1992).  Switchgrass shows 

promise due to its high productivity, suitability for marginal land quality, low water 

and nutritional requirements, environmental benefits, and flexibility for 

multipurpose uses (McLaughlin et al., 1999).  Switchgrass can be easily integrated 

into existing farming operations because conventional equipment for seeding, crop 

management and harvesting can be used (Lewandowski et al., 2003, Vogel et al., 

2002).  
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While the conversion of lignocellulosic materials has been previously 

summarized, a review of the significant amount of research specific to the 

conversion of switchgrass has not been presented to date. The objective of this 

chapter is to review published research on the conversion of switchgrass into 

bioethanol and other value-added products in addition to discussing the feedstock 

potential and research on potential environmental benefits of switchgrass. 

2. FEEDSTOCK POTENTIAL 

Switchgrass was identified by the US Department of Energy as a model 

herbaceous energy crop (Lynd et al., 1991; McLaughlin, 1992). Switchgrass shows 

promise due to its high productivity, suitability for marginal land quality, low water 

and nutritional requirements, environmental benefits, and flexibility for 

multipurpose uses (McLaughlin et al., 1999). Studies indicate that switchgrass 

gives higher biomass yields than most other perennial crops (Hallam et al., 2001; 

Cherney et al., 1991). Switchgrass can be easily integrated into existing farming 

operations because conventional equipment for seeding, crop management and 

harvesting can be used (Lewandowski et al., 2003). 

The Bioenergy Feedstock Development Program at Oak Ridge National 

Laboratory recognized a need for research on the use of herbaceous energy crops 

for bioethanol production and initiated a comprehensive ten-year effort to develop 

switchgrass as a feedstock (McLaughlin and Kszos, 2005). Switchgrass was chosen 

primarily due to high productivity observed in test plots (Wright, 1994). 

Additionally, Dunn et al. (1993) identified the benefits associated with the 
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perennial nature of switchgrass such as less intensive agricultural management 

practices, reduced energy and agrochemical consumption and positive effects on 

soil and wildlife quality. Cherney et al. (1991) examined several grass and legume 

crops and concluded that switchgrass was the most effective in reducing soil 

erosion and its biomass yield exhibited the least variability in response to changes 

in environmental and crop management treatments. 

Studies on ideal harvesting time for switchgrass indicate that while biomass 

yields are typically higher for fall harvests than spring harvests, the higher 

moisture content of the biomass in the fall could have negative consequences on 

storage and transportation due to the higher bulk density (Lewandowski and 

Kicherer, 1997). However, Adler et al. (2006) determined that the net energy yield 

from spring harvests were lower than that for fall harvests primarily because of 

higher residue left behind on the field during harvesting. From an environmental 

perspective, a spring harvest ensures adequate wildlife cover during winter (Murray 

and Best, 2003; Roth et al., 2005).   

Fike et al. (2006) concluded that harvest management strategies depend on 

specific cultivars.  Their study determined that upland cultivars such as Cave-in-

Rock and Shelter had higher yields with two-cut harvesting in comparison to 

lowland cultivars such Alamo and Kanlow. However, other studies indicated that 

multiple-cut harvesting of both upland and lowland cultivars of switchgrass 

provide lower long-term yields (Beaty and Powell, 1976; Koshi et al., 1982).  

Summarizing several studies on cutting frequency of switchgrass, Parish and Fike 
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(2005) concluded that while properly timed two-cut harvesting of some upland 

varieties may yield more biomass, a one-cut harvest is appropriate for most 

varieties. Limited regrowth (McMurphy et al., 1975) and stand susceptibility to 

defoliation (Belesky and Fedders, 1995) of switchgrass point to the appropriateness 

of single-cut harvesting. However, time and frequency of harvesting would also 

depend on factors such as on-site handling and storage capabilities, and proximity 

to energy conversion facilities (Adler et al., 2006). McLaughlin et al. (1999) noted 

that field trials emphasized the regional specificity of optimum cutting strategies 

and identified  Alamo, Kanlow and Cave-in-Rock as promising cultivars for 

southern US, mid-latitudes and northern states, respectively. 

Results of a ten-year study presented by McLaughlin and Kszos (2005) 

indicate that optimal switchgrass varieties vary regionally and proper cultivar 

choice can increase dry matter yields by approximately 50% with the average yield 

being 16 Mg/ha on lands with poor quality soil. However, the study also projected 

an annual yield increase of up to 7% as new genetic varieties are introduced. 

Hopkins et al. (1995) reported that genetic variations significantly affect net 

carbohydrate fractions more than environmental variations. Their conclusions are 

consistent with Jefferson et al. (2004) who reported that carbohydrate fractions in 

warm season grasses were stable in response to environmental variations.  

Traditionally, switchgrass has been bred primarily to improve its nutritional 

value for use as a forage crop. Consequently, breeding strategies typically 

emphasized high leaf to stem ratio and high nutrient content. However, recent 
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studies have emphasized the importance of high cellulose content for bioethanol 

production and low ash content for combustion systems (McLaughlin, 1999). But 

the primary focus of breeding strategies continues to be on developing new 

varieties for higher biomass yields.  

With new varieties of switchgrass, yields in excess of 20 Mg/ha have been 

reported in literature. For example, Sanderson et al. (1996) reported 26 Mg/ha in 

field trials in Texas and Thomason et al. (2004) reported 37 Mg/ha from field work 

in Oklahoma. Although these high yields are site-specific for test plots and may not 

reflect realistic expectations, Parrish and Fike (2005) state that with well-adapted 

cultivars from breeding and biotechnology research, annual yields of over 15 

Mg/ha are feasible for lands that receive annual rainfall of at least 70 cm with an 

annual nitrogen applications of 50 kg N/ha. However, Schmer et al. (2008) 

reported on-farm yields ranging from 5 to 11 Mg/ha for field trials in the 

midcontinental US, which they believe are more realistic expectations for long-term 

yields. 

3. ENVIRONMENTAL BENEFITS 

When the US Department of Energy chose switchgrass to be a major focus of 

research for bioenergy production, among the reasons cited was the expected 

positive environmental impact as evidenced by results from the Conservation 

Reserve Program (CRP). The US Congress established this program in 1985 to 

remediate the effects of decades of row-crop production. The program designated 

90% of impacted land areas to perennial grasses like switchgrass. Since soil tillage 
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is only required in the establishment year, there is a reduced risk of soil erosion 

(Ma et al., 2000a). Hohenstein and Wright (1994) estimated a 95% reduction in soil 

erosion rates and a 90% reduction in pesticide use for herbaceous energy crops 

such as switchgrass relative to annual row crops like corn and soybean. While, the 

initial establishment of harvestable stands of switchgrass requires the use of high 

quality seeds and herbicides for weed control, subsequent stand maintenance 

requires only limited herbicide application (Sarath et al., 2008).  

Bransby et al. (1998) stated that switchgrass could reduce CO2 emissions 

and improve soil quality by carbon sequestration. In addition to the large amount 

of above-ground biomass, switchgrass has an extensive and deep root system that 

is beneficial for increasing soil carbon storage in addition to being at least 50% 

more effective in water use compared to cool season grasses (Stout et al., 1988).  

The root system can account for up to 80% of the total biomass (Liebig et al., 

2005). Garten and Wullschleger (2000) presented a model that predicted a 12% 

increase in soil organic carbon inventory over a ten-year period following 

switchgrass establishment with experimental data indicating that the majority of 

increase is observed in the first 10 cm of the soil. Gebhart et al. (1994) reported 

that perennial grasses like switchgrass can store 1.1 Mg of carbon per hectare 

annually in the upper 1 meter of the soil on CRP lands. Bransby et al. (1998) 

stated that these studies on CRP lands are probably not representative of 

switchgrass grown for energy production since the emphasis would shift from 

conservation to maximizing biomass yields. However, McLaughlin et al. (2002) 

indicated that switchgrass grown on bioenergy research plots could add 1.7 Mg of 
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carbon per hectare annually which is higher than the CRP estimate reported by 

Gebhart et al. (1994). Sanderson (2008) reported a 33% increase in soil carbon in 

the 0-5 cm layer and a slight decrease in the 5-15 cm and 15-30 cm layers seven 

years after planting. A systematic study of carbon dynamics following the 

establishment of switchgrass showed that over a two-year period, the top 15 cm of 

sandy loam soil exhibited a 122% increase in carbon mineralization, a 168% 

increase in microbial biomass carbon and a 116% increase in net carbon turnover 

(Ma et al., 2000b).   

Wu et al. (2006) estimated that the net amount of CO2 sequestered would be 

around 48.5 kg per dry metric ton of switchgrass.  Frank et al. (2004) examined 

Sunburst and Dacotah switchgrass cultivars and noted that the net system carbon 

gain doubled over a three-year period. Combined with zero net carbon exchange as 

a result of burning bioethanol from switchgrass, addition of soil carbon results in 

the overall reduction of atmospheric release of CO2 (Lynd et al., 1991). However, 

such gains as a result of carbon sequestration are not guaranteed. Bransby et al. 

(1998) noted that switchgrass will provide net gains in carbon sequestration when 

grown on soil with a history of annual row crops and not when it replaces grazed 

pasture. McLaughlin et al. (2002) also predicted smaller gains in soil carbon 

sequestration following conversion of pastures to switchgrass and noted that 

significant gains can be achieved for highly degraded soils in warm climates. 

The use of switchgrass to improve surface water quality has also been 

examined. Lee et al. (1998) compared switchgrass filter strips to cool-season grass 
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filter strips and reported that switchgrass was more effective in removing 

phosphorous and nitrogen from runoff. Sanderson et al. (2001) treated a 

switchgrass filter strip with dairy manure and noted similar results for 

phosphorous and nitrogen reduction. They also noted a 40-44% reduction in 

chemical oxygen demand as a result of the filter strip. Mersie et al. (1999) utilized 

switchgrass filter strips to reduce the amount of dissolved herbicides (atrazine and 

metachlor) by 52% and 59% respectively. These reductions were attributed to 

slower runoff velocities and increase in soil retention.  Mersie et al. (2006) reported 

significant levels of sorption of atrazine and metachlor to switchgrass residues that 

accumulate over time on filter strips.  

Entry and Watrud (1998) tested the ability of Alamo switchgrass to 

remediate soil contaminated by cesium-137 and strontium-90. These elements are 

radionuclides released during nuclear testing, nuclear reactor accidents and 

weapons production. The authors reported a 36% removal of cesium and a 44% 

removal of strontium over a five-month period.   

Switchgrass also has positive impacts on wildlife by providing a suitable 

habitat for grassland birds that are rapidly declining in numbers (Murray et al., 

2003).  Switchgrass is typically harvested in late summer or the fall. By this time, 

the breeding season for most grassland birds is over and there is minimal 

disturbance to nesting birds (Roth et al., 2005). Murray and Best (2003) proposed a 

balance between harvested and non-harvested switchgrass fields to preserve 

species richness of grassland birds.  While most studies suggest that switchgrass 
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on CRP lands offers the best habitat for grassland bird species, the scenario is 

short-term as these lands are typically in the program for a 10-year period.  

Switchgrass grown on lands for bioenergy applications could offer a longer-term 

habitat for grassland bird species given that they will be tied into the life of an 

energy production facility (Roth et al., 2005).  

4. BIOETHANOL PRODUCTION 

With the steady increase in energy consumption and current dependence on 

crude oil to meet energy demands, there is considerable and immediate interest in 

developing alternative energy sources.  Campbell and Laherrere (1998) predicted a 

steady decline in crude oil production in the coming decades and stated that the 

world is already in a peak oil situation.  More optimistic studies predict a peak oil 

situation within the next two decades (Wood et al., 2003).  Bioethanol is a 

promising alternative for reducing dependence on crude oil. Currently, the US 

produces most of its bioethanol from corn grain. This may not be a viable long-

term option as increasing demand for corn-based ethanol will have significant 

arable land requirements (Sun and Cheng, 2002).  Increased use of corn for 

ethanol production will result in higher corn prices and will negatively impact the 

food and feed industries and could result in reduced exports of animal products 

(Elobeid et al., 2007).  In lieu of these issues, lignocellulosic feedstocks have been 

considered for ethanol production. These materials include agricultural residues, 

cellulosic waste such as newsprint and office paper and herbaceous and woody 
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crops.  In particular, herbaceous energy crops such as switchgrass and Miscanthus 

are viewed as potential long-term ethanol feedstocks to replace corn.  

Morrow et al. (2006) state that a mature bioenergy crop production system 

would yield 330-380 liters of ethanol per Mg of dry switchgrass. These estimates 

are consistent with those from the National Renewable Energy Laboratory’s (NREL) 

theoretical ethanol yield calculator that assumes conversion of both hexoses and 

pentoses. Assuming a biomass yield of 15 Mg/ha (Parrish and Fike, 2005), the 

theoretical ethanol production potential from highly adapted switchgrass varieties 

is between 5000 and 6000 liters per hectare. With tempered expectations for 

biomass yields reported by Schmer et al. (2008), theoretical ethanol yields are 

likely to be between 2000 and 4000 liters per hectare. In comparison, the 

theoretical ethanol yield from corn starch is approximately 4000 liters per hectare 

based on data from Gulati et al. (1996) and 2000 liters per hectare from corn stover 

based on data from Perlack and Turhullow (2003). However, Perlack and Turhullow 

noted that the actual yields from corn stovers would be much lower (~700-800 

liters per hectare) since a large portion of the stovers must be left in the fields for 

maintenance of soil quality. 

The major components of lignocelluloses are cellulose, hemicellulose and 

lignin which are closely associated in a complex crystalline structure.  Table 1 

shows the amount of cellulose, hemicelluloses and lignin in different switchgrass 

varieties in NREL’s biomass feedstock properties and composition database.   
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Table 1. Composition (% dry basis) of different switchgrass varieties from NREL’s biomass 
feedstock composition and properties database. 

 
 
Switchgrass variety 

  
Cellulose 

 
Hemicellulose 

 
Lignin 
 

     
Alamo – whole plant     33 26 17 
Alamo – leaves   28 24 15 
Alamo – stems   36 27 17 
Blackwell – whole plant  34 26 18 
Cave-in-rock – whole plant  33 26 18 
Cave-in-rock – whole plant (high yield)  32 27 17 
Cave-in-rock – leaves   30 24 16 
Cave-in-rock – stems  36 27 18 
Kanlow – leaves   32 25 17 
Kanlow – stems   37 26 18 
Trailblazer  32 26 18 
     
 

 

Figure 1 describes the general process for converting the carbohydrates in 

switchgrass into ethanol. Unlike corn starch, where the carbohydrates are easily 

depolymerized into fermentable sugars, carbohydrate fractions of lignocelluloses 

(cellulose and hemicellulose) are not readily available for hydrolysis.  The efficiency 

of enzymatic hydrolysis is reduced due to limited accessibility of the enzymes to 

cellulose (McMillan, 1994). Hence, as shown in Figure 1, a pretreatment step is 

required to improve accessibility of enzymes to cellulose and hemicellulose 

fractions. Following pretreatment, cellulose and hemicellulose fractions can be 

hydrolyzed into fermentable sugars while lignin can be recovered and used as a 

fuel to meet some of the energy requirements in a bioethanol production system 

(Wyman, 1994).  After hydrolysis, the resulting sugars are fermented into ethanol, 

which is then distilled for fuel purposes.  Currently, there are technological and 
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economic limitations to ethanol production from lignocelluloses in each step of the 

conversion process shown in Figure 1. Cost-effective pretreatment processes, cost 

of hydrolytic enzymes and fermentation of pentose sugars have been identified in 

this regard (Gray et al., 2006, Wyman, 2003). 

 

 
 

Figure 1. General process for conversion of lignocelluloses into ethanol. 

 

4.1 Pretreatment processes 

The purpose of pretreatment is to reduce crystallinity of cellulose, increase 

porosity of the biomass and achieve the desired fractionation (Sun and Cheng, 

2002). Effective pretreatments must improve enzymatic hydrolysis, minimize 
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carbohydrate losses and prevent formation of by-products that might inhibit 

subsequent hydrolysis and fermentation steps. Physical, physico-chemical, 

chemical and biological processes have been extensively studied for the 

pretreatment of lignocellulosic materials and detailed descriptions of these 

processes have been provided by Mosier et al. (2005), Sun and Cheng (2002) and 

Weil et al. (1994). This section briefly describes the major types of pretreatments 

and reviews research related to switchgrass in each case. 

4.1.1 Physical pretreatment 

Physical pretreatment of lignocelluloses typically involves size comminution 

by grinding, milling or chipping. The goal is to reduce the crystallinity of the 

cellulose fibers in the biomass.  Size reduction of lignocelluloses is also necessary 

to eliminate mass and heat transfer limitations during hydrolysis reactions (Schell 

and Harwood, 1994). The size of the resulting materials is typically 10-30 mm after 

chipping and 0.2-2 mm after milling or grinding (Sun and Cheng, 2002).  

Bridgeman et al. (2007) studied the effects of size reduction of switchgrass 

achieved via ball milling. The study reported that for particle sizes smaller than 90 

µm, cellulose content was 13.4% lower than for larger sized particles.  The losses in 

lignin and hemicellulose were appreciably less (3.43% and 4.74% respectively). 

These results indicate that extensive size reduction is undesirable as it causes 

significant carbohydrate losses which ultimately results in less reducing sugars 

and reduced ethanol yields.  
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Mani et al. (2004) examined the energy requirements for size reduction of 

switchgrass using a hammer mill. At 8% moisture content, energy requirements 

increased linearly as particle size was reduced and at 12% moisture content, the 

energy requirements tended to level off for particle sizes less than 2 mm. The study 

noted that energy requirements for size reduction of switchgrass were higher than 

those for corn stover, barley straw and wheat straw at the same moisture content. 

Additionally, it was reported that biomass with higher moisture content required 

greater energy inputs for size reduction.  

Yu et al. (2006) reported that size reduction of switchgrass based on shear 

stress is more efficient than size reduction based on tensile stress and noted that 

shear stress of switchgrass was less affected by moisture content than tensile 

stress. Igathinathane et al. (2008) reported a significant increase in cutting energy 

requirements for switchgrass with high moisture (51%) in comparison to low 

moisture (9%) using a shear-based approach for size reduction using a linear grid 

of knives. Table 2 presents some estimates of energy consumption from studies on 

the size reduction of switchgrass. 
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Table 2. Energy requirements for size reduction of switchgrass from published studies. 

 
Reference 

 
Energy Consumption (kWh/t) 

 
Moisture Content (%) 

 
Size Reduction 
 

    
Samson et al. (2000) 45 Not reported 5.6 mm pellets  
Jannasch et al. (2001) 56 10-12 2.8 mm screen size 
Mani et al. (2004) 28 8 3.2 mm screen size 
Mani et al. (2004) 24 12 3.2 mm screen size 
Igathinathane (2008) 2.4-3.2 9 25 mm knife grid spacing 
Igathinathane (2008) 2.7-5.4 54 25 mm knife grid spacing 
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4.1.2 Physico-chemical pretreatment 

The three types of physico-chemical pretreatments commonly discussed in 

the literature are steam explosion, ammonia fiber explosion (AFEX), and carbon 

dioxide (CO2) explosion. In steam explosion, size reduced biomass is subjected to 

high-pressure saturated steam for a short time before a sudden drop in pressure 

causes an explosive decompression of the biomass (McMillan, 1994). Typical 

conditions are 160-260 °C and 0.69-4.83 MPa (Sun and Cheng, 2002). The process 

causes the transformation of lignin and degradation of hemicelluloses, which 

improves the enzymatic hydrolysis of cellulose.  Steam explosion is known to be a 

cost-effective pretreatment method for hardwoods and agricultural residues. 

However, steam explosion produces inhibitory by-products that affect down-stream 

processes (Mackie et al., 1985).  

AFEX and CO2 explosion are similar to steam explosion. The biomass is 

exposed to liquid ammonia or CO2 at high temperature and pressure for a short 

period of time followed by a sudden drop in pressure. Unlike steam explosion, 

AFEX does not solubilize hemicelluloses (Vlasenko et al., 1997) but does require 

recovery of the ammonia for cost and environmental reasons (Sun and Cheng, 

2002). CO2 explosion is not as effective as AFEX or steam explosion (Dale and 

Moreira, 1982). 

 To date, AFEX is the only physico-chemical pretreatment process that has 

been applied for the pretreatment of switchgrass to improve enzymatic hydrolysis. 

Dale et al. (1996) reported a 5- to 8-fold improvement in reducing sugar yields over 
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untreated samples after a 48-hour enzymatic hydrolysis of AFEX pretreated 

switchgrass. These results were similar to a more comprehensive study presented 

by Alizadeh et al. (2005) who optimized AFEX pretreatment of switchgrass by 

examining the impact of ammonia loading, moisture content and reactor 

temperature on the efficiency of enzymatic hydrolysis. The authors reported 

optimum pretreatment conditions of 100 °C reactor temperature, ammonia loading 

of 1 g per g of biomass and a residence time of 5 minutes. These conditions yielded 

a 6-fold improvement in hydrolysis efficiency.  

4.1.3 Chemical pretreatment 

Chemical pretreatment of lignocelluloses includes the use of ozone, acids, 

alkalis, organic solvents and peroxides. Ozonolysis is carried out at room 

temperature and is effective at lignin removal without the formation of toxic by-

products (Vidal and Molinier, 1988). However, large ozone requirements make the 

process expensive (Sun and Cheng, 2002). Dilute acid pretreatment with sulfuric 

acid has been studied extensively and is efficient at removal of hemicelluloses but 

fails to effectively remove lignin. While dilute acid pretreatments are known to 

improve enzymatic hydrolysis, costs are relatively high compared to physico-

chemical pretreatments. Dilute alkali pretreatments using sodium hydroxide target 

intermolecular bonds between lignin and hemicelluloses, and improve the porosity 

of the biomass (Tarkow and Feist, 1969). Other studies on dilute alkali 

pretreatments have examined the use of ammonia-water and hydrated lime. 

Ladisch et al. (1978) showed that pretreatment of lignocelluloses with cadoxen, a 
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cellulose solvent, resulted in 90% conversion of cellulose into glucose.  The use of 

organic solvents such as methanol, ethanol, acetone and ethylene glycol along with 

inorganic and organic acids as catalysts has also been studied (Wood and Saddler, 

1988; Chum et al., 1988; Thring et al., 1990).  

Dilute acid pretreatment of switchgrass for bioethanol production was first 

examined by Wyman et al. (1992). The pretreatment was conducted at 140 °C for 1 

hour using sulfuric acid at concentrations up to 0.5% (volume/volume, v/v). 

Enzymatic hydrolysis of the resulting biomass yielded up to 70% conversion of 

cellulose into glucose over a five-day period.  Since the removal of hemicellulose 

during dilute acid pretreatment correlates with enhanced reactivity of cellulose to 

enzymes (Torget et al., 1990), several studies have used the percentage of xylose 

recovery as a measure for optimizing dilute acid pretreatments.  

Wu and Lee (1997) used a two-stage dilute sulfuric acid pretreatment with 

an acid concentration of 0.0785% (weight/weight, w/w) to successfully remove 

100% of hemicellulose from switchgrass. Esteghlalian et al. (1997) determined that 

up to 90% of xylose was recovered as a result of pretreatment at 180 °C with an 

acid concentration of 1.2% (w/w). It was also noted that temperature was a more 

significant process parameter than acid concentration. Fenske et al. (1998) 

reported a 96% xylose recovery in a similar study. Chung et al. (2005) reported 

optimal conditions of 1.2% (w/w) at 180 °C for sulfuric acid pretreatment of 

switchgrass and determined that 90% of cellulose in the pretreated biomass was 

converted into reducing sugars during a 72-hour enzymatic hydrolysis. Dien et al. 
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(2006) reported yields greater than 80% for both glucan and non-glucan sugars for 

dilute sulfuric pretreatment of switchgrass with an optimal acid concentration of 

1.2% (weight/volume, w/v). Although pretreatment temperature was not optimized, 

the study reported higher conversion rates at 150 °C in comparison to 120 °C. 

Dilute acid pretreatment of switchgrass does not significantly affect lignin 

removal. Wu and Lee (1997) noted that high lignin content could lead to increased 

enzyme consumption due to irreversible adsorption of cellulase enzyme molecules 

to lignin. Hence, they proposed combining dilute acid pretreatment with an 

ammonia percolation step to remove lignin.  Their results indicated that with this 

additional step, 20% more lignin can be removed to significantly increase 

enzymatic digestibility of the pretreated biomass. Kong et al. (1992) noted that 

alkalis remove acetate groups from hemicellulose, which results in reduced steric 

hindrance to enzyme molecules in addition to saponification of ester groups that 

crosslink lignin and hemicelluloses. 

Kim and Lee (1996) reported up to 99% delignification using a combined 

ammonia-hydrogen peroxide percolation pretreatment at 170 °C. They reported 

reagent loadings of 0.28 g loading of hydrogen peroxide/g biomass, and 10 % (w/w) 

of ammonia. Their results indicated that the enzymatic digestibility of the resulting 

pretreated biomass was higher than that of pure alpha cellulose. This could be a 

sign of significant reduction in crystallinity and increase in porosity of cellulose in 

the pretreated biomass.  Kurakake et al. (2001) used ammonia-water (25-28%) for 

the pretreatment of switchgrass with a liquid to solid ratio of 2 ml/g for 20 minutes 
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at 120 °C and noted a 3- to 5-fold improvement in reducing sugar production over 

untreated switchgrass after a 24-hour enzymatic hydrolysis. Isci et al. (2008) 

pretreated switchgrass in 30% aqueous ammonium hydroxide with liquid-to-solid 

ratios of 5 and 10 ml/g and residence times of 5 and 10 days. The study reported a 

40-50% reduction in lignin content and 50% reduction in hemicellulose content as 

a result of pretreatment.  

Lime (calcium hydroxide) pretreatment of switchgrass was investigated by 

Chang et al. (1997). With a lime loading of 0.1 g per g of dry switchgrass, a 

pretreatment time of 2 hours at 100 °C, the study showed that a 72-hour 

enzymatic hydrolysis of pretreated biomass yielded 5 times more reducing sugars 

than untreated switchgrass.  A follow-up study reported that simultaneous 

saccharification and fermentation of lime pretreated switchgrass gave an ethanol 

yield of 72% of the theoretical value (Chang et al., 2001).   

A combined microwave-alkali pretreatment of switchgrass presented by 

Keshwani et al., 2007) examined the effects of microwave irradiation on 

switchgrass immersed in dilute sodium hydroxide (NaOH) solution. The resulting 

pretreated biomass yielded 5 to 7 times more reducing sugars than untreated 

switchgrass after a 72-hour enzymatic hydrolysis. Optimal conditions of 10 

minutes irradiation at 250 watts with dilute NaOH were identified. Hu and Wen 

(2008) reported that microwave-based pretreatment of switchgrass with NaOH 

caused significant disruption of recalcitrant structures and reported optimum 

conditions of 190 °C, 50 g/L solid content, and 30 min treatment time with 1% 
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(w/v) NaOH.  Alkali pretreatment of switchgrass with NaOH using radio frequency 

(RF) dielectric heating was investigated by Hu et al. (2008). The study reported 

optimal conditions of 0.20-0.25 g NaOH/g biomass, heating temperature of 90 °C, 

and solid content of 20% and noted a significant improvement in pretreatment of 

switchgrass with high solids content using RF heating over conventional heating. It 

is worth noting that microwave-based and RF-based pretreatments can be 

considered physico-chemical processes since both thermal effects (rapid heat 

generation) and non-thermal effects (particle collision) are involved. 

4.1.4 Biological pretreatment 

Biological pretreatment involves the use of microorganisms that selectively 

degrade lignin and hemicellulose. Several studies have shown that white-rot fungi 

are the most effective microorganisms for pretreatment of lignocelluloses such as 

wood chips (Ander and Eriksson, 1977), wheat straw (Hatakka, 1983) and 

Bermuda grass (Akin et al., 1995) and softwood Pinus densiflora (Lee et al., 2007). 

Biological pretreatments are less energy intensive compared to chemical and 

physico-chemical processes and require mild reaction conditions. However, the 

process is very slow making it unattractive for commercial use. To date, biological 

pretreatment of switchgrass has not been reported in literature. 

4.2 Enzymatic hydrolysis 

As shown in Figure 1, following the pretreatment of lignocelluloses, 

enzymatic hydrolysis is carried out to break down cellulose and hemicelluloses into 
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fermentable sugars such as glucose and xylose. Strong acids such as sulfuric acid 

and halogen acids are capable of hydrolyzing a wide variety of lignocelluloses into 

simple fermentable sugars (Wyman, 1994). However, high acid concentrations and 

extreme conditions make this approach environmentally and economically 

unsound (Wright and Dagincourt, 1984). Enzymatic hydrolysis is an 

environmentally benign alternative that involves using carbohydrate degrading 

enzymes (cellulases and hemicellulases) to hydrolyze lignocelluloses into 

fermentable sugars.  

4.2.1 Enzymatic hydrolysis of cellulose 

Enzymatic hydrolysis of cellulose is typically carried out by cellulases. 

Unlike conventional hydrolysis using concentrated acid or alkaline reagents, 

enzymatic hydrolysis requires mild conditions (pH of 4.5 and temperature of 

approximately 50 °C). Although cellulases are also produced by several bacterial 

species such as Clostridium, Cellulomonas and Bacillus (Bisaria, 1998), fungal 

cellulases have the best potential for commercial scale use (Duff and Murray, 

1996).  

Cellulases are a complex system of three enzymes that act synergistically to 

hydrolyze cellulose. The three enzyme components are: 1,4-β-D-glucan 

glucanohydrolase (EC 3.2.1.3), 4-β-D-glucan cellobiohydrolyase (EC 3.2.1.91) and 

β-glucosidase (EC 3.2.1.21) (Ladisch et al., 1983, Wright et al., 1988).  These 

enzymes are commonly referred to as endoglucanase, exoglucanase and cellobiase, 

respectively. Each enzyme has a unique role in the hydrolysis of cellulose. 
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Endoglucanase randomly cleaves cellulose chains to form glucose, cellobiose 

and cellotriose. Exoglucanase attacks the non-reducing end of cellulose to release 

cellobiose units. Cellobiase cleaves cellobiose units into fermentable glucose units. 

Most fungal cellulases are deficient in β-glucosidase activity which must be 

supplemented since cellobiose accumulation results in cellulase inhibition (Ryu 

and Mandels, 1980).  A cellulase dosage of 10 FPU (filter paper units) per gram of 

biomass is often used in studies as it enables high glucose yields in 48-72 hours 

(Gregg and Saddler, 1996). However, a range of dosage and hydrolysis conditions 

has been reported depending on composition of the substrates and the nature of 

pretreatment process used. Table 3 summarizes information on reported cellulase 

activities and hydrolysis conditions from studies specific to switchgrass. 

4.2.2 Enzymatic hydrolysis of hemicelluloses 

Complete hydrolysis of xylan involves three main enzymes: endo-β-1-4-

xylanase which primarily targets the internal β-1-4 bonds between xylose units, 

exoxylanase that releases xylobiose units and β-xylosidase that releases xylose 

from xylobiose and short chain xylooligosachharides (Saha and Bothast, 1999). 

While these enzymes are primarily involved in depolymerization, there are also 

several ancillary enzymes that are responsible for cleaving side-groups. These 

include α-L-arabinofuranosidase, α-glucuronidase, acetylxylan esterase, ferulic 

acid esterase, and p-coumaric acid esterase (Saha and Bothast, 1999). 
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Table 3. Cellulase activities and hydrolysis conditions from various studies on switchgrass. 

 
Reference 

 
Pretreatment 

 
Enzyme Activity* 

 
Conditions 

 
Result/Yield 
 

     
Alizadeh et al. (2005) AFEX Cellulase: 15 FPU/g glucan 

Cellobiase: 40 IU/g glucan 
50 °C 
75 RPM 
168 h 
 

93% glucan conversion 
70% xylan conversion 

Wyman et al. (1992) Dilute Acid Cellulase: 26 IU/g biomass 
Cellobiase: 208 IU/g biomass 

45 °C 
150 RPM 
192 h 
 

70% cellulose conversion  

Chung et al. (2005) Dilute Acid Cellulase: 60 FPU/g cellulose 50 °C 
68 RPM 
192 h 
 

91% cellulose conversion 

Chang et al. (1997)  
 

Lime Cellulase: 5 FPU/g biomass 
Cellobiase: 28.4 CBU/g biomass 
 

50 °C 
100 RPM 
72 h 
 

85% conversion of 
biomass into reducing 
sugars  

 
*FPU: filter paper unit, IU: international enzyme activity unit, CBU: cellobiase unit 
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Penicillium capsulatum and Talaromyces emersonii have been identified as 

microorganisms that have complete enzyme systems that degrade xylan (Filho et 

al., 1991). Other microorganisms that have been reported as sources for 

hemicellulose-degrading enzymes are Aureobasidium pullulans (Christov et al., 

1997) and several Fusarium species (Saha, 2001 and 2002). As in cellulase 

systems, xylan degrading systems also exhibit synergism (Bachmann and 

McCarthy, 1991).  While the number of enzymes required for xylan hydrolysis is 

much greater than for cellulose hydrolysis, accessibility to the substrate is easier 

since xylan does not form tight crystalline structures (Gilbert and Hazlewood, 

1993). To date, no comprehensive effort has been reported to optimize hydrolysis of 

switchgrass using hemicellulose degrading enzymes. 

4.3 Fermentation 

The supernatant from enzymatic hydrolysis (hydrolyzate) of lignocelluloses 

can contain both hexoses and pentoses (if both cellulose and hemicellulose are 

hydrolyzed). Depending on the lignocellulose source, the hydrolyzate typically 

consists of glucose, xylose, arabinose, galactose, mannose, fucose and rhamnose 

(Saha, 2003). Glucose and xylose are the dominant sugars in the mixture.  

Saccharomyces cerevisiae and Zymomonas mobilis are capable of efficiently 

fermenting glucose into ethanol, but are unable to ferment xylose. Other yeasts 

such as Pachysolen tannophilus, Pichia stipitis and Candida shehate are known to 

ferment xylose into ethanol (Wang et al., 1980; Schneider et al., 1981). Dupreez 

(1994) and Hahn-Hagerdal et al. (1994) noted the difficulties associated with 
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commercial use of xylose fermenting yeasts. These include low ethanol tolerance, 

difficulty in optimization of fermentation parameters and slow rate of fermentation. 

An alternative approach is to convert xylose into an isomer called xylulose using 

xylose isomerase (Chiang et al., 1981; Gong et al., 1981; Jeffries, 1981). Xylulose 

can then be fermented by traditional yeasts. However, Saha (2003) stated that this 

approach is not cost-effective and noted that focus should be on development of 

genetically engineered microorganisms capable of fermenting hexoses and pentoses 

into ethanol. Saccharomyces cerevisiae is of particular interest in this regard and 

recent reviews detail the efforts to improve pentose fermentation using this 

microorganism (Chu and Lee, 2007; Hahn-Hagerdal et al., 2007). 

In addition to separate hydrolysis and fermentation (SHF), other approaches 

include direct microbial conversion (DMC) and simultaneous saccharification and 

fermentation (SSF).  DMC involves the use of microorganisms that simultaneously 

produce cellulase to hydrolyze cellulose and ferment the resulting sugars into 

ethanol. Clostridium thermocellum and Clostridium thermosaccharoliticum have been 

used in DMC studies (Wyman, 1994). Significant by-product formation and low 

ethanol tolerance are limitations to this approach. In SSF, enzymatic hydrolysis 

and fermentation take place in the same vessel. The rationale for this approach is 

that since cellulase activity is inhibited by glucose, rapid fermentation into ethanol 

would increase the rate and efficiency of the overall process.  

Wyman et al. (1992) reported significantly higher ethanol yields from dilute 

acid pretreated switchgrass using SSF over SHF.  The study also noted ethanol 
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yields from switchgrass were less than those from corn cobs and corn stover with 

SSF. Using a co-culture of Brettanomyces clausenii and Saccharomyces cerevisiae, 

87% (of theoretical maximum) ethanol yield using SSF was reported. Chung et al. 

(2005) reported comparable ethanol yields for SSF and SHF of dilute acid 

pretreated switchgrass (90.3% and 91.4%, respectively).  Other studies have 

reported lower ethanol yields: 40% for SHF of AFEX pretreated switchgrass 

(Alizadeh et al., 2005) and 72% for SSF of lime-pretreated switchgrass (Chang et 

al., 2001).  Reshamwala et al. (1995) used recombinant Klebsiella oxytoca to 

ferment both glucose and xylose in the enzymatic hydrolyzate of AFEX pretreated 

switchgrass.  Their results indicate that xylose fermentation was slower and less 

complete than glucose fermentation, and greatly reduced at higher sugar 

concentrations. Fenske et al. (1998) used Pichia stipis to ferment pentoses in the 

pretreatment liquor obtained from xylose-optimized dilute acid pretreatment of 

switchgrass and reported an 83% ethanol yield. 

5. THERMAL CONVERSION 

Combustion of biomass like switchgrass is problematic because of the 

presence of alkali metals that react to form sulfates, chlorides, silicates and 

hydroxides that contribute to slag formation and fouling of combustion systems 

(Dayton et al., 1995). Leaching of switchgrass with water was proposed by Dayton 

et al. (1999) to remove alkali metals and chlorine prior to combustion. The study 

reported that leached biomass produced less alkali metal vapor and resulted in 

reduced char formation during combustion. Biomass cofiring with coal is a 
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promising environmentally friendly technology that has been shown to be 

economical with switchgrass replacing up to 20% of coal requirements (Tillman, 

2000).  Boylan et al. (2000) described plans for pilot scale testing of cofiring of 

switchgrass with coal. Preliminary experiments indicated a reduction in sulfur and 

nitrous oxide emissions for a mixture of 10% switchgrass-90% coal. Blevins and 

Cauley (2005) investigated the particulate matter formation during the combustion 

of coal and cofiring of coal-switchgrass mixtures and noted that density of fine 

particulate matter number densities were two orders of magnitude higher for 

mixtures. However, the particle mass concentrations remained unchanged and the 

authors noted that this was significant since pending environmental regulations 

are likely to be based on particle mass concentrations.  Brown et al. (2000) studied 

the synergistic effects during the co-gasification of coal-switchgrass and noted an 

almost eight-fold increase in the rate of coal char gasification.  

Pyrolysis of Cave-in-Rock switchgrass to produce bio-oil was studied by 

Boateng et al. (2007) using a fluidized bed system. The study reported bio-oil yields 

greater than 60% by mass with energy conversion efficiencies ranging from 52% to 

81%.  A previous study on pyrolysis of Cave-in-Rock switchgrass noted an 

interaction effect between pyrolysis temperature and plant maturity on the profile 

of pyrolysis products (Boateng et al., 2006).  Zhang et al. (2004) used switchgrass 

for thermochemical production of hydrogen.  The process involved thermal 

gasification in a fluidized bed gasifier followed by steam reforming of tars in the 

producer gas. The high ratio of carbon monoxide to hydrogen was reduced by 

reacting carbon monoxide in the producer gas with steam.  The study reported an 
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increase in hydrogen concentration from 9% to 30% (by volume) in the producer 

gas. 

6. PULPING AND PAPER MAKING 

Although wood is the most common raw material for pulping applications, 

environmental issues such as forest preservation and reduction of CO2 emissions 

have resulted in an interest in non-wood sources. Perennial grasses like 

switchgrass have low lignin content and can be harvested without annual 

reestablishment, making them an attractive raw material for pulping. Fox et al. 

(1999) conducted a regional economic evaluation for eastern Ontario and western 

Quebec and concluded that switchgrass was an attractive crop for farmers and the 

local pulp industry. Ververis et al. (2004) assessed pulping suitability of several 

plant materials and concluded that switchgrass could be used for producing paper 

for writing and printing or mixed with conventional woody sources for making 

paper with a wider range of applications.  

Madakadze et al. (1999) assessed pulping characteristics of different grasses 

and reported the highest pulp yield (51%) and pulp brightness (36%) for 

switchgrass. Although the study noted that fiber uniformity was an issue, the 

resulting paper had good printability. Law et al. (2001) reported pulp yields of 50% 

to 55% from soda-sulfite pulping of switchgrass and concluded that while 

brightness was low, the resulting pulp had excellent mechanical properties and 

could be used as a reinforcement component in newsprint production. In a later 

study, Law et al. (2002) reported pulp yields of 60% to 80%, but observed good 
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mechanical strength only for switchgrass pulps in the yield range of 55% to 60%. 

Ruzinsky and Kokta (2000) also reported acceptable pulp quality using steam 

explosion pulping of switchgrass. 

Kraft pulp from switchgrass has short fibers with a high proportion of fines 

(Madakadze et al., 1999). Reddy and Yang (2007) used alkaline pretreatment to 

extract cellulose fibers from leaves and stems of switchgrass and noted that tensile 

properties of fibers were similar to those of linen and cotton. Van den Oever et al. 

(2003) recognized that these fibers could be used as a reinforcing and filling agent 

for thermoplastic composites because of good fiber quality and sustainable 

production at low cost. They noted that the addition of 30% (by weight) switchgrass 

pulp to polypropylene resulted in an increase of the flexural modulus by a factor of 

approximately 2.5 compared to pure polypropylene. This increase was only slightly 

lower than for jute and flax, which are commonly used reinforcement fibers. (Note: 

flexural modulus is an indicator of the ability of a material to resist deformation 

under load). The study concluded that optimization of the pulping process could 

further improve properties of the composite.  

7. CONCLUSIONS 

Switchgrass is a promising feedstock for bioethanol production, thermal 

energy conversion and pulping applications.  The positive environmental benefits 

associated with switchgrass include enhancement of wildlife diversity, 

improvement of soil and water quality, reduced pesticide use and carbon 

sequestration. Most current research has focused on bioconversion into ethanol 
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with an emphasis on pretreatment methods.  While the technology for corn-to-

ethanol is well established, the conversion of lignocellulosic feedstock to ethanol 

has challenges such as cost of pretreatment methods, cost of hydrolytic enzymes 

and inefficient fermentation of pentoses.  The economics of bioethanol production 

from switchgrass can also be improved by developing value-added by-products. For 

example, Bals et al. (2007) present a scheme for extraction of proteins while 

simultaneously producing fermentable sugars from AFEX pretreated switchgrass. 

There is a lack of research on utilization of hemicellulose, which accounts for about 

20-25% of switchgrass biomass. With the development of genetically engineered 

microorganisms capable of efficient pentose fermentation, ethanol production from 

hemicelluloses in switchgrass needs to be optimized. Sarath et al. (2008) highlight 

opportunities in the area of genetics and agronomy to improve the biofuel 

characteristics of switchgrass. Along with increasing biomass yields, research on 

plant breeding should focus on modifying the composition of switchgrass to 

minimize recalcitrance to bioconversion. For example, a feedstock with lower levels 

of lignin can potentially reduce the severity and cost of the pretreatment required. 

However, the potential negative consequences on crop yields and fitness as noted 

by Casler et al. (2002) and Pedersen et al. (2005) due to such modifications in 

biomass composition need to be assessed against any potential benefits. While 

improvements in genetics, agronomy and the conversion process will undoubtedly 

help in the development of a feasible biofuel production system from switchgrass, 

environmental and social stresses associated with dedicating large geographic 

areas for feedstock production needs to be addressed.  
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ABSTRACT 

 Switchgrass and coastal bermudagrass are promising lignocellulosic 

feedstocks for bioethanol production. However, pretreatment of lignocelluloses is 

required to improve sugar production from enzymatic hydrolysis. Microwave-based 

chemical pretreatment of switchgrass and coastal bermudagrass was investigated 

in this study. Pretreatments were carried out by immersing the biomass in dilute 

chemical reagents and exposing the slurry to microwave radiation at 250 watts for 

residence times ranging from 5 to 20 minutes. Simons’ stain method was used to 

quantify changes in biomass porosity as a result of the pretreatment. 

Pretreatments were evaluated based on yields of total reducing sugars, glucose and 

xylose after accounting for solid losses. Preliminary experiments identified alkalis 

as suitable chemical reagents for microwave-based pretreatment. An evaluation of 

different alkalis identified sodium hydroxide as the most effective alkali reagent for 

microwave-based pretreatment of switchgrass and coastal bermudagrass. 82% 

glucose and 63% xylose yields were achieved for switchgrass and 87% glucose and 

59% xylose yields were achieved for coastal bermudagrass following enzymatic 

hydrolysis of optimally pretreated biomass. The optimum enzyme loadings were 15 

FPU/g and 20 CBU/g for switchgrass and 10 FPU/g and 20 CBU/g for coastal 

bermudagrass pretreated under optimal conditions. Dielectric properties for dilute 

sodium hydroxide solutions were measured and compared to solid losses, lignin 

reduction and reducing sugar levels in hydrolyzates. Results indicate that dielectric 

loss tangent of alkali solutions is a potential indicator of the severity of microwave-

based pretreatments. 
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1. INTRODUCTION 

Given the steady increase in energy consumption and foreseeable decline in 

crude oil production, there is considerable interest in establishing renewable 

energy alternatives. In the United States, ethanol derived from corn is being 

established as an alternative to gasoline to meet liquid fuel needs. However, to 

meet increasing demand, corn-based ethanol may not be practical due to 

limitations on arable land availability (Sun and Cheng, 2002). The increased 

allocation of corn for ethanol production raises corn prices and could result in 

reduced exports of animal products due to insufficient availability for feed 

applications (Elobeid et al., 2007). In lieu of these issues, lignocellulosic materials 

have been identified as promising feedstock for ethanol production. These 

materials include agricultural residues, newsprint, wood chips, and herbaceous 

energy crops such as switchgrass and coastal bermudagrass. 

Switchgrass (Panicum virgatum L.) is a perennial warm-season grass native 

to North America. This feedstock shows promise due to high productivity across a 

wide geographic range, suitability for marginal land quality, low water and 

nutritional requirements, and positive environmental benefits and was identified as 

a model energy crop by the United States Department of Energy (McLaughlin, 

1992). A review of agronomic studies indicates that switchgrass has high biomass 

yield potential for energy applications (Parrish and Fike, 2005). The benefits 

associated with the perennial nature of switchgrass include less intensive 

agricultural management practices, reduced energy and agrochemical consumption 
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and positive effects on soil and wildlife quality (Dunn et al., 1993). Biomass yield 

estimates for switchgrass ranging from 7 to 15 dry tons per acre have been 

reported in field trials across the United States (Parrish and Fike, 2005; Sanderson 

et al., 1996; Thomason et al., 2004). Research is ongoing to improve biomass yields 

and identify locally optimum switchgrass cultivars for different regions.  

Coastal bermudagrass (Cynodon dactylon L.) is widely grown in the southern 

United States with dry matter yields of 6-10 tons per acre annually (Holtzapple et 

al., 1994).  This feedstock is grown by many hog farmers in the southeastern 

United States as part of nutrient management plans to remove nitrogen and 

phosphorous from swine wastes (Sun and Cheng, 2005). Bermudagrass hay 

currently has low commercial value as an animal feed.  Utilization of bermudagrass 

for ethanol would commercially benefit hog farmers. Since the agricultural 

practices for coastal bermudagrass are already in place, it is an attractive feedstock 

for bioethanol production. 

The conversion of lignocellulosic materials into ethanol involves hydrolysis of 

cellulose into fermentable sugars and the subsequent fermentation of these sugars 

into ethanol. The hydrolysis is carried out by cellulase enzymes that break down 

structural carbohydrates into monomeric sugars such as glucose and xylose. 

Lignocellulosic materials contain cellulose, hemicellulose and lignin that are closely 

associated in a complex crystalline structure.  As a result, the efficiency of the 

hydrolysis is reduced due to limited accessibility of the enzymes to the substrate 

(McMillan, 1994). Hence, pretreatment processes are required to improve the 
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efficiency of enzymatic hydrolysis. The purpose of pretreatment is to remove lignin 

and/or hemicellulose, reduce crystallinity of cellulose and increase porosity of the 

biomass. Several physical, physico-chemical, chemical and biological pretreatment 

methods have been studied and comprehensive reviews detailing the mode of 

action of these pretreatments have been published (Sun and Cheng, 2002; Mosier 

et al., 2005).   

For switchgrass, previously examined pretreatments include dilute sulfuric 

acid pretreatment (Chung et al., 2005; Dien et al., 2006; Fenske et al., 1994), lime 

pretreatment (Chang et al., 1997), ammonia fiber explosion (Alizadeh et al., 2005), 

fractionation using ammonia and hydrogen peroxide percolation (Iyer et al., 1996; 

Kim and Lee, 1996) and ammonia water-pretreatment (Kurakake et al., 2001). 

Recent studies on microwave based pretreatment of switchgrass and radio 

frequency assisted alkali pretreatment have also been reported (Hu et al., 2008; Hu 

and Wen, 2008; Keshwani et al., 2007). Previous work on bermudagrass includes 

high pressure hot water pretreatment (Brandon et al., 2008), ammonia fiber 

explosion (Holtzapple et al., 1994; Delarosa et al., 1994) and dilute sulfuric acid 

pretreatment (Sun and Cheng, 2005). 

The use of microwave radiation is a promising pretreatment process that 

utilizes thermal and non-thermal effects generated by microwaves in aqueous 

environments.  The electric and magnetic field components of microwaves apply 

forces that are rapidly changing direction at the rate of 2.4×109 times per second 

(Galema, 1997). The vibration of polar molecules and the movement of ions results 
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in the generation of heat and extensive collisions. These effects can accelerate 

chemical, biological and physical processes (Sridar, 1998).  

The interaction of microwaves with any material depends on its dielectric 

properties: dielectric constant and dielectric loss factor. The dielectric constant is a 

measure of the ability of a material to store electromagnetic energy and the 

dielectric loss factor is a measure of the ability of a material to convert 

electromagnetic energy into heat (Kumar et al., 2007). Loss tangent, which is a 

ratio of dielectric loss factor to the dielectric constant is a parameter used to 

describe the overall efficiency of a material to utilize energy from microwave 

radiation (Nelson and Datta, 2001).   

The earliest known study involving microwave pretreatment examined the 

effect of microwave radiation on rice straw and bagasse immersed in water and 

reported an improvement in total reducing sugar production by a factor of 1.6 for 

rice straw and 3.2 for bagasse in comparison to untreated biomass (Ooshima et al., 

1984). Microwave pretreatment of sugar cane bagasse and rice hulls soaked in 

water followed by lignin extraction was reported to yield 77-84% of total available 

reducing sugars (Azuma et al., 1984). A similar study involving microwave 

pretreatment of rice straw and sugarcane bagasse followed by lignin extraction 

reported a yield of 43-55% of total available reducing sugars (Kitchaiya et al., 

2003). Microwave-based pretreatment of rice straw soaked in dilute alkali resulted 

in glucose yield and total carbohydrate conversion of 65% and 78% respectively 

(Zhu et al., 2005). Recently studies on microwave-based alkali pretreatment of 
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switchgrass have also been reported and are discussed later in this study (Hu and 

Wen, 2008; Keshwani et al., 2007).  No work related to microwave pretreatment of 

coastal bermudagrass has been reported and none of these prior studies have 

examined dielectric properties relevant to microwave pretreatment of biomass. The 

objectives of this study were to:  

– Compare the feasibility of using acids or alkalis for microwave-based 

pretreatment 

– Evaluate the potential of different alkali reagents for microwave-based 

pretreatment of switchgrass and coastal bermudagrass 

– Identify optimal pretreatment conditions based on sugar yields from 

enzymatic hydrolysis 

– Quantify biomass porosity to determine the effects of pretreatment on 

biomass structure. 

– Optimize enzyme loadings for the hydrolysis of pretreated switchgrass and 

coastal bermudagrass 

– Examine the relationship between dielectric properties and pretreatment 

effects. 

2. MATERIALS AND METHODS 

2.1 Biomass 

  Switchgrass (oven-dried) and coastal bermudagrass (sun-dried) samples 

were obtained from North Carolina State University’s Central Crops Research 

Station in Clayton, North Carolina. The feedstock was ground to pass a 2 mm sieve 
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in a Thomas Wiley Laboratory Mill (Model No. 4) and stored in sealed plastic bags 

at room temperature until use for pretreatment and biomass characterization. 

2.2 Pretreatment 

Microwave based pretreatments were carried out in a general purpose 

laboratory microwave oven (Panasonic Corporation, model NN-S954). The 

apparatus provided microwave radiation using inverter technology at variable 

power levels ranging from 125 to 1250 watts. All pretreatments in this study were 

carried out at a power level of 250 watts. This power level was chosen since it 

allowed for sufficient lengths of pretreatment time without drastic volumetric losses 

of the liquid phase. For each pretreatment, slurry consisting of 5 g (dry basis) of 

the biomass mixed with a dilute acid or alkali reagent (solid to liquid ratio of 1:10) 

was exposed to microwave radiation for the desired pretreatment time. Following 

pretreatment, the resulting biomass was washed with 200 ml of deionized water to 

remove excess chemicals and/or other pretreatment by-products that might inhibit 

enzymatic hydrolysis. For pretreatment with calcium hydroxide, low solubility 

prompted the use of excess (~1000 ml) deionized water to remove residual alkali. 

Moisture contents of the pretreated biomass were measured after washing and 

samples were stored in a sealed bag at 4°C for enzymatic hydrolysis. 

2.3 Enzymatic hydrolysis 

Enzymatic hydrolysis of pretreated samples was carried out in 250 ml 

Erlenmeyer flasks in a controlled environment incubator shaker (New Brunswick, 
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model G-25) set at 55°C and 150 rpm. 1 g (dry basis) of wet pretreated biomass 

was immersed in 50 mM sodium citrate buffer to maintain a pH of 4.8. Cellulase 

from Trichoderma reesei (E.C. 3.2.1.4) was added at an enzyme loading of 40 

FPU/g biomass. (Note: FPU is filter paper units). The cellulase activity was 

supplemented with cellobiase from Aspergillus niger (E.C. 3.2.1.21) at an enzyme 

loading of 70 CBU/g biomass. (Note: CBU is cellobiase units). The additional 

cellobiase was necessary to mitigate cellobiose inhibition of cellulase (Ryu and 

Mandels, 1980). The enzymes were obtained from Novozymes North America, Inc. 

(Franklinton, North Carolina, USA).  Prior to use, the activities of the enzymes were 

measured based on standard IUPAC procedures (Ghose, 1987). Sodium azide was 

added to the hydrolysis mixture at a concentration of 0.3% w/v (weight per volume) 

to inhibit microbial growth. The hydrolysis was carried out for 72 hours after which 

the hydrolyzates were centrifuged and the supernatant was stored at -20°C for 

sugar analysis. The same procedure was used during the optimization of enzyme 

loading of switchgrass and coastal bermudagrass pretreated under optimum 

conditions. 

2.4 Biomass composition and sugar analysis 

Structural carbohydrates and lignin content in the biomass were measured 

by a two-step acid hydrolysis as per a standard protocol from the National 

Renewable Energy Laboratory (Sluiter et al., 2007). Extractives in the biomass were 

determined by a gravimetric method using a toluene-ethanol mixture (Han and 

Rowell, 1997).  
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Total reducing sugars in the hydrolyzates were measured using the 

dinitrosalicylic acid (DNS) method adapted from Miller (1959) and Ghose (1987). 

Monomeric sugars in the enzymatic hydrolyzates and composition analysis liquors 

were measured with an HPLC using a refractive index detector and a Bio-Rad 

Aminex HPX-87P column tailored for separation of monosaccharides derived from 

lignocellulosic materials. The column was operated at a flow rate of 0.6 ml/min 

and at a temperature of 80°C using HPLC grade water as the mobile phase. The 

injection volume for the HPLC samples was 10 µL and the sample-run time was 35 

min. A post-run time of 25 min was included between injections to ensure that 

late-eluting compounds come off the column.  

2.5 Measurement of biomass porosity 

The accessibility of the biomass to the hydrolytic enzymes was quantified by 

measuring the porosity using Simons’ Stain method (Simon, 1950) which is based 

on the competitive adsorption of two dyes: Direct Orange 15 (large and small 

molecules) and Direct Blue 1 (small molecules).  Prior to the experiment, the larger 

orange dye molecules must be isolated from the smaller orange dye molecules. The 

large orange dye molecules can only penetrate large pores in the biomass. They 

replace the smaller blue dye molecules in these larger pores because of greater 

affinity for hydroxyl groups of cellulose (Yu et al., 1995). According to Tanaka et al. 

(1988), the numbers of both small and large pores are important factors in 

determining the accessibility of cellulase to the biomass. Therefore, the amount of 

orange and blue dyes adsorbed by the biomass can be used to quantity the relative 
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difference in porosity between biomass samples (Yu and Atalla, 1998). The 

procedure was adapted from Esteghlalian et al. (2001) and is described in detail in 

Appendix A. Modifications from the previously published protocol include increase 

in the size of the biomass sample and isolation of the larger orange dye molecules 

via ultracentrifugation. 

2.6 Measurement of dielectric properties 

Dielectric properties of the chemical reagents used to soak the biomass were 

measured using an open-ended coaxial dielectric probe (Model HP 85070B, Agilent 

Technologies, Palo Alto, Calif., U.S.A.) connected to a network analyzer (Model HP 

8753C, Agilent Technologies) based on a previously reported procedure (Kumar et 

al., 2007). The solutions were placed in a cylindrical vessel fitted with a dielectric 

probe and temperature probe and sealed using a tri-clamp fitting. The vessel was 

heated to desired temperatures using an oil bath (Model RTE111, Neslan 

Instruments Inc., Newington, N.H., U.S.A.). The network analyzer was programmed 

to record dielectric properties for frequencies ranging from 200 to 3000 MHz when 

a desired temperature was reached. Dielectric properties were measured for 

temperatures ranging from 20°C to 120°C at intervals of 20°C.  

2.7 Experimental plan 

2.7.1 Preliminary assessment of pretreatment options 

A preliminary experiment was conducted to determine the feasibility of using 

acids or alkalis for microwave-based pretreatment based on total reducing sugar 
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yields following enzymatic hydrolysis. The biomass (switchgrass) was soaked in 

deionized (DI) water, dilute sulfuric acid (H2SO4) and dilute NaOH and pretreated 

as described in section 2.2. Two levels of chemical concentration (1% and 2% w/v) 

and two levels of pretreatment time (5 min and10 min) were used in this 

preliminary experiment. 

2.7.2 Evaluation of different alkali reagents 

The preliminary experiment described in section 2.7.1 determined that 

alkalis were the most feasible chemical reagent for microwave-based pretreatment. 

Following this, the feasibility of sodium carbonate (Na2CO3), calcium hydroxide 

(Ca(OH) 2) and sodium hydroxide (NaOH) as alkali reagents for microwave-based 

pretreatment of switchgrass and coastal bermudagrass was determined. Biomass 

samples were immersed in 2% w/v alkali solutions and exposed to microwave 

radiation for 10 minutes. The pretreated samples were enzymatically hydrolyzed 

and total reducing sugars were measured. The improvement in hydrolysis in 

comparison to untreated biomass was used to identify the best alkali reagent(s) for 

each feedstock. Porosity of pretreated switchgrass samples was measured to 

explain the differences in sugar yields for pretreatment with different alkalis. 

2.7.3 Optimization of pretreatment conditions 

After the identification of optimum alkali reagent(s) for the pretreatment of 

switchgrass and coastal bermudagrass, a factorial experiment was designed in 

each case to study the effects of concentration and pretreatment time and any 
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potential interactions. The experimental design consisted of three levels of alkali 

concentration (1%, 2% and 3% w/v) and four levels of pretreatment time (5, 10, 15 

and 20 min). When required, additional pretreatments were conducted when 

significant differences were not detected at pre-planned experimental conditions. 

Comparisons between pretreatments were based on yields of total reducing sugars, 

glucose and xylose after accounting for solid losses during pretreatment. 

2.7.4 Optimization of enzyme loading 

After optimum pretreatment conditions were identified, the next step was to 

optimize the enzyme loading for both switchgrass and coastal bermudagrass. 50 g 

of each biomass were pretreated under optimum conditions to generate sufficient 

amounts of substrate to optimize enzyme loading.  Since cellulase is the primary 

enzyme used, the first of hydrolysis experiments were carried out at cellulase 

loadings of 0, 2.5, 5, 10, 15, 20 and 40 FPU/g biomass with a constant cellobiase 

loading of 70 CBU/g biomass. The optimum cellulose loading was identified based 

on yields of total reducing sugars and glucose. With the optimum cellulase loading, 

a second set of hydrolysis experiments were carried out at cellobiase loadings of 0, 

5, 10, 15, 20, 40 and 70 CBU/g biomass. The optimum cellobiase loading was 

identified based on glucose yields. 

2.8 Statistical analysis  

All experiments in this study were conducted in triplicate and statistical 

analysis was done using SAS 9.1.3 (SAS Institute Inc., Cary, NC). Comparisons 
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between treatment means were carried out using the Tukey adjustment under 

PROG GLM functionality. The Tukey adjustment enables comparison of multiple 

treatments while maintaining the probability of type I error (α) at 0.05. Complete 

data (including triplicates) for each experiment discussed in this chapter is 

included in Appendix B. A sample SAS program used for data analysis is provided 

in Appendix C.  

3. RESULTS AND DISCUSSION 

3.1 Biomass characterization 

Chemical composition of the feedstocks used in this study is shown in Table 

1. While the amounts of minor carbohydrates (arabinan and galactan) were similar 

for both feedstocks, switchgrass had significantly higher glucan, xylan and lignin. 

The amounts of arabinan, galactan, glucan and lignin measured for switchgrass 

were comparable to those reported for different switchgrass varieties in the 

National Renewable Energy Laboratory (NREL) feedstock composition and property 

database (http://www.nrel.gov/biomass/energy_analysis.html).  However, the 

xylan content measured was up to 6% lower than those reported in the NREL 

database.  

For coastal bermudagrass, the amount of glucan was comparable to that 

reported by Holtzapple et al. (1994) and the amount of galactan was comparable to 

that reported by Sun and Cheng (2005). However, the latter study reported 4.33% 

arabinan, 32.4% glucan, 19.4% xylan and 20.3% acid insoluble lignin, which are 

higher than those measured for coastal bermudagrass in this study.  
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Using anhydro corrections (0.88 for 6 carbon sugars and 0.9 for 5 carbon 

sugars), the maximum amounts of glucose and xylose from switchgrass 

theoretically available for conversion into ethanol are 355 mg/g biomass and 204 

mg/g biomass respectively. For bermudagrass, these amounts are 284            

mg/g biomass for glucose and 181 mg/g biomass for xylose. 

 

Table 1. Composition of untreated feedstocks (% dry basis in biomass) 

 
Component 

  
Switchgrass 

 
Coastal Bermudagrass 
 

    
Glucan  31.3 25.0 
Xylan  18.4 16.3 
Arabinan  1.92 1.99 
Galactan  1.69 1.43 
Acid insoluble lignin  18.2 15.4 
Acid soluble lignin  4.32 3.96 
Extractives  4.87 4.17 
    
    
    

 

3.2 Feasibility of using acids, alkalis and water for microwave pretreatment 

As described in section 2.7.1, a preliminary experiment was conducted to 

determine the feasibility of using acids or alkalis for microwave-based 

pretreatment. The reducing sugar yields (based on raw biomass) from the 

hydrolysis of switchgrass pretreated with NaOH, H2SO4 and DI water are shown in 

Figure 1. The dashed line in the figure represents the total reducing sugar yield 

from untreated switchgrass. 



 95

Based on these results, pretreatment with NaOH is the most feasible option. 

The highest reducing sugar yield (446 mg/g) was obtained for pretreatment with 

2% NaOH for 10 minutes. Reducing sugar yields for pretreatment with H2SO4 and 

DI water were significantly and substantially lower than the yields for pretreatment 

with NaOH and were comparable to yields from untreated switchgrass (151 mg/g). 

These results are not surprising since the effects of microwave-based processes 

depend on the polar characteristics of the system. These polar characteristics are 

defined by the dipole moments of species in the system. NaOH has a dipole 

moment of 6.89 Debye, which is much higher than the dipole moments for H2SO4 

and DI water , which are 3.09 and 2.12, respectively (NIST, 2006). 
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Figure 1. Total reducing sugars for microwave pretreatment of switchgrass with NaOH, 
H2SO4 and DI water. 

*The line indicates yield of total reducing sugars from untreated switchgrass. 
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3.3 Evaluation of different alkali reagents 

Based on the results from the preliminary experiment described in section 

3.2, it was determined that microwave pretreatment with alkalis was the most 

feasible.  Three different alkali reagents were evaluated (Na2CO3, Ca(OH)2 and 

NaOH) for the pretreatment of switchgrass and coastal bermudagrass using 2% 

w/v alkali concentration and 10 minutes pretreatment time. Reducing sugar yields 

(based on raw biomass) from enzymatic hydrolysis of pretreated biomass was 

compared to untreated biomass (control) (Figure 2).  For switchgrass, reducing 

sugar yields for microwave pretreatment with Na2CO3, Ca(OH) 2 and NaOH were 

207, 372 and 446 mg/g. These yields are significantly and substantially higher 

than the yield from untreated switchgrass (151 mg/g). For coastal bermudagrass, 

reducing sugar yields for microwave pretreatment with Na2CO3, Ca(OH)2 and NaOH 

were 204, 274 and 424 mg/g respectively. These yields are significantly and 

substantially higher than the yield from untreated bermudagrass (119 mg/g).  

For both feedstocks, pretreatment with NaOH resulted in significantly higher 

reducing sugar yields over pretreatment with Na2CO3 and Ca(OH)2. Therefore, 

NaOH was chosen for further study to optimize of concentration and time for both 

switchgrass and bermudagrass. Since, Ca(OH)2 is a cheaper alkali, additional 

conditions for the pretreatment of switchgrass using Ca(OH)2 was also explored to 

determine if higher sugar yields could be achieved.  
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Figure 2. Reducing sugar yields from switchgrass and coastal bermudagrass pretreated 
with different alkalis. 

 

To explain the differences in the performance of Na2CO3, Ca(OH)2 and NaOH 

as an alkali reagent for microwave pretreatment, the porosity of pretreated 

switchgrass was quantified using the Simons’ stain method. The amounts of the 

smaller blue dye and the larger orange dye adsorbed by the biomass indicate the 

extent to which the accessibility to cellulase improved because of the pretreatment.  

Figure 3 shows the adsorption of the blue dye by pretreated switchgrass. 

The extent of absorption was significantly higher for biomass treated with all 

alkalis comparison in untreated switchgrass. Dye adsorption was statistically 

similar for biomass pretreated with Na2CO3 and Ca(OH)2 (59 and 62 mg/g, 

respectively). The highest adsorption was observed for biomass pretreated with 

NaOH (82 mg/g).  
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Figure 4 shows the adsorption of the orange dye by pretreated switchgrass. 

Like the blue dye, the extent of absorption of the orange dye was significantly 

higher for biomass treated with alkalis than for untreated switchgrass. However, 

biomass pretreated with Na2CO3 adsorbed substantially lower orange dye than 

biomass pretreated with Ca(OH)2 (8.3  and 16 mg/g, respectively). The adsorption 

of orange dye was the highest for NaOH (32 mg/g).  
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Figure 3. Adsorption of blue dye by switchgrass pretreated with different alkalis. 
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Figure 4. Adsorption of orange dye by switchgrass pretreated with different alkalis. 
 
 

From Figures 3 and 4, it is observed that the relative differences in dye 

adsorption between different alkali pretreatments are more pronounced for the 

orange dye. This is not surprising since one of the purposes of pretreatment is the 

disruption of the biomass structure to increase porosity. A stronger alkali will 

result in a more severe pretreatment causing more disruption to the biomass 

structure and creating a higher number of large pores. Since the orange dye is 

adsorbed into the larger pores, it is reasonable to expect the amount adsorbed to 

more accurately reflect the accessibility of the biomass to the enzyme. When 

biomass hydrolyzability (mg of total reducing sugars per gram of pretreated 

biomass) is compared to the amounts of each dye adsorbed, it is observed that the 

orange dye has a better correlation to hydrolyzability than the blue dye (Figure 5). 
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Figure 5. Correlation between hydrolyzability of pretreated switchgrass and dye adsorption. 

 

3.4 Microwave pretreatment of switchgrass using Ca(OH)2 

The results in Figure 2 indicate that reducing sugar yields were significantly 

lower for pretreatment with Ca(OH)2 in comparison to NaOH. However, given that 

Ca(OH)2 is a cheaper alkali reagent, pretreatments at different alkali concentrations 

and residence times were conducted to determine if higher yields were achievable.  

Figure 6 shows the production of total reducing sugars, glucose and xylose 

from switchgrass pretreated for 10 minutes at Ca(OH)2 concentration ranging from 

0.5 to 3% w/v.  Sugar yields were statistically similar for 1% and 2% Ca(OH)2 and 

were significantly higher than the yields for 0.5% and 3% Ca(OH)2.   
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The sharp drop in the sugar production for pretreatment with 3% Ca(OH)2 is 

noteworthy. Typically, an increase in alkali concentration results in higher solid 

losses, which reduces overall sugar production. However, for Ca(OH)2 

pretreatment, the solid loss during pretreatment at 3% was actually lower than the 

solid loss at 2% (15% and 18% respectively). Therefore, the solids losses are not 

responsible for this drop in sugar production. 

 A plausible explanation is the ability of calcium ions to form linkages with 

the biomass structure via ionic interactions with negatively charged functional 

groups present at alkaline conditions (Xu et al., 2008). These interactions allow 

calcium ions to precipitate lignin in alkaline environments (Sundin and Hartler 

(2000a, 2000b). In addition to binding with lignin, interaction of calcium ions with 

carbohydrates such pectin, cellulose and hemicellulose has also been reported 

(Torre et al., 1992; Garnier et al., 1994; Sedan et al., 2007). Under this scenario, 

excess calcium ions may be interacting with the biomass to the extent that enzyme 

accessibility is significantly reduced. 

Figure 7 shows the production of total reducing sugars, glucose and xylose 

from switchgrass pretreated using 1% Ca(OH)2 for pretreatment times ranging from 

5 to 15 minutes.  The yields of total reducing sugars and glucose were significantly 

higher for a pretreatment time of 10 minutes in comparison to 5 and 15 minutes. 

However, no significant difference in xylose yields was observed between 

pretreatments at 5 and 15 minutes.   



 102

Based on these results, optimal conditions for microwave pretreatment of 

switchgrass using Ca(OH)2 are 1% alkali concentration and 10 minutes 

pretreatment time. The resulting yields for total reducing sugars, glucose and 

xylose are 360, 226 and 110 mg/g, respectively. 
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Figure 6. Effect of alkali concentration on sugar production from switchgrass pretreated 
with Ca(OH)2 for ten minutes. 
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Figure 7. Effect of pretreatment time on sugar production from switchgrass pretreated with 
1% Ca(OH)2. 

 

3.5 Microwave pretreatment of switchgrass using NaOH 

A factorial experiment was conducted to study the effects of concentration 

and pretreatment time and any potential interactions for microwave pretreatment 

of switchgrass using NaOH. The experimental design consisted of three levels of 

alkali concentration (1%, 2% and 3% w/v) and four levels of pretreatment time (5, 

10, 15 and 20 min). 

3.5.1 Solid losses 

The primary mode of action of NaOH pretreatment is the disruption of ester 

bonds between lignin and carbohydrates in the biomass. In the process, a large 
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amount of lignin is solubilized and high solid losses occur during pretreatment. 

Figure 8 shows the solid losses for pretreatment of switchgrass using NaOH at the 

conditions studied in the experimental design. Solid losses ranged from 25% for 

pretreatment with 1% NaOH for 5 minutes to 57% for pretreatment with 3% NaOH 

for 20 minutes. The overall effects of concentration and time were significant. An 

increase in the severity of the pretreatment by increasing NaOH concentration or 

pretreatment time resulted in significantly higher solid losses.  
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Figure 8. Solid losses during microwave pretreatment of switchgrass using NaOH. 

 

Statistical analysis also included some noteworthy interaction effects that 

elucidate the effect of concentration and time in determining pretreatment severity. 

Both factors appear to be equally important. Changing pretreatment conditions by 
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increasing in one factor while simultaneously decreasing the other has no effect on 

solid losses during pretreatment. For example, solid loss at 2% NaOH and 5 

minutes was similar to solid loss at 1% NaOH and 10 minutes. Such similarity was 

also observed for the following pairs of pretreatment conditions: 

– 1%, 15 min and 2%, 10 min 

– 1%, 20 min and 2%, 15 min 

– 2%, 10 min and 3%, 5 min 

– 2%, 15 min and 3%, 10 min 

– 2%, 20 min and 3% 15 min 

3.5.2 Lignin reduction 

As previously noted, the major effect of pretreatment using alkalis is the 

removal of lignin from the biomass. In the process, the structural disruption 

improves accessibility of carbohydrates to enzymes. Lignin removal is also 

important since it can adhere to cellulase and have an inhibitory effect on 

enzymatic hydrolysis (Zhang and Lynd, 2004). 

Figure 9 shows the lignin reduction caused by the pretreatment of 

switchgrass using NaOH at the conditions studied in the experimental design. 

Lignin reduction ranged from 58% for pretreatment with 1% NaOH for 5 minutes to 

83% for pretreatment with 3% NaOH for 20 minutes. The overall trends were 

similar to those observed for solid loss. The effects of both alkali concentration and 

pretreatment time were significant. Higher concentration and longer pretreatments 
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resulted in higher lignin reduction. The interaction effects were similar to those 

observed for solid loss. This further supports the contention that both alkali 

concentration and pretreatment time equally influence the severity of the 

pretreatment process. 
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Figure 9. Lignin reduction caused by microwave pretreatment of switchgrass using NaOH. 

 

3.5.3 Total reducing sugar production 

The removal of lignin accompanied by the disruption of the biomass 

structure improves the accessibility to hydrolytic enzymes. These factors along with 

changes in the crystallinity of cellulose during pretreatment all contribute to 

increased sugar yields.  
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Figure 10. Total reducing sugar production from switchgrass pretreated with NaOH. 

 

Figure 10 shows the total reducing sugar production from switchgrass at 

different pretreatment conditions of the experimental design. Reducing sugar 

production ranged from 304 mg/g for pretreatment with 1% NaOH for 5 minutes to 

446 mg/g for pretreatment with 2% NaOH for 10 minutes. The overall effect of 

pretreatment time was similar for all alkali concentrations. Sugar yields increased 

as the pretreatment time was extended from 5 minutes to 10 minutes and then 

decreased at longer pretreatment times. The extended pretreatment likely resulted 

in loss of carbohydrates to the pretreatment liquor, thereby reducing sugar yields. 

The effect of alkali concentration varied based on pretreatment time. For a 

pretreatment time of 5 minutes, sugar yield significantly increased with increasing 

alkali concentration. At higher pretreatment times (>10 minutes), sugar yield was 

not significantly affected by changes in alkali concentration. The turning point for 
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this effect was at a pretreatment time of 10 minutes, where sugar yields peaked at 

2% and were significantly lower at 1% and 3%. 

3.5.4 Glucose yields 

Figure 11 shows the glucose yield from switchgrass at different pretreatment 

conditions of the experimental design. The highest yield (289 mg/g) was obtained 

for pretreatment with 2% NaOH for 10 minutes. For 1% and 2% NaOH, the effect of 

pretreatment time on glucose yield was similar to the trend observed for total 

reducing sugars with peak yields at 10 minutes. However, for 3% NaOH, glucose 

yield continually decreased with increasing pretreatment time due to higher solid 

loss. 
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Figure 11. Glucose yields from switchgrass pretreated with NaOH. 
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The effect of alkali concentration on glucose yields also varied with 

pretreatment time. For a pretreatment time of 5 minutes, glucose yield significantly 

increased with increasing alkali concentration. At all other pretreatment times (10 

minutes and longer), glucose yield peaked at 2% NaOH with significantly lower 

yields at 1% and 3% NaOH.  

3.5.5 Xylose yields 

Figure 12 shows the xylose yield from switchgrass at different pretreatment 

conditions of the experimental design. The highest yield (127 mg/g) was obtained 

for pretreatment with 2% NaOH for 10 minutes. The overall effect of pretreatment 

time on xylose yield was similar to that observed for glucose. For 1% and 2% 

NaOH, peak xylose yields were obtained at 10 minutes. For 3% NaOH, xylose also 

continually decreased with as pretreatment time was increased. However, this 

decrease in xylose yield at 3% NaOH was more pronounced than the decrease in 

glucose yield at 3% NaOH.   

The effect of alkali concentration on xylose yields also varied with 

pretreatment time. For a pretreatment time of 5 minutes, alkali concentration was 

not a significant factor. At longer pretreatment times (10 minutes and more), xylose 

yields were highest at 2% NaOH. One exception to note is at 15 minutes, where 

xylose yields at 1% and 2% were not significantly different. The overall variability in 

xylose yields at different pretreatment conditions was comparatively higher than 

the variability seen in glucose yields. This can be attributed to xylan being 

relatively less crystalline than cellulose due its cross-linked structure. Thus, xylan 
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is easily susceptible to dissolution into the pretreatment liquor and more easily 

accessible to hydrolytic enzymes. 
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Figure 12. Xylose yields from switchgrass pretreated with NaOH. 

 

3.6 Microwave pretreatment of coastal bermudagrass using NaOH 

3.6.1 Solid losses 

Figure 13 shows the solid losses for pretreatment of coastal bermudagrass 

using NaOH at the conditions studied in the experimental design. Solid losses 

ranged from 32% for pretreatment with 1% NaOH for 5 minutes to 59% for 

pretreatment with 3% NaOH for 20 minutes. The overall effects of concentration 

and time were significant and trends were similar to those observed for 
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switchgrass. An increase in the severity of the pretreatment by increasing NaOH 

concentration or pretreatment time generally resulted in significantly higher solid 

losses. An exception occurs for a pretreatment time of 5 minutes, where the 

difference between solid losses at 1% and 2% NaOH was not significant. 
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Figure 13. Solid losses during microwave pretreatment of bermudagrass using NaOH. 

 

3.6.2 Lignin reduction 

Figure 14 shows the lignin reduction caused by the pretreatment of coastal 

bermudagrass using NaOH at the conditions studied in the experimental design. 

Lignin reduction ranged from 62% for pretreatment with 1% NaOH for 5 minutes to 

81% for pretreatment with 3% NaOH for 20 minutes. The overall trends were 
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similar to those observed for lignin reduction of switchgrass. Higher concentration 

and longer pretreatments resulted in higher lignin reduction. An exception occurs 

for a pretreatment time of 5 minutes, where the difference between lignin reduction 

at 1% and 2% NaOH was not significant. The interaction effects were similar to 

those observed for lignin reduction of switchgrass. 
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Figure 14. Lignin reduction caused by microwave pretreatment of bermudagrass using 
NaOH. 

 

3.6.3 Total reducing sugar production 

Figure 15 shows the total reducing sugar production from coastal 

bermudagrass at different pretreatment conditions of the experimental design. 

Reducing sugar yield production ranged from 324 mg/g for pretreatment with 3% 
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NaOH for 20 minutes to 424 mg/g for pretreatment with 2% NaOH for 10 minutes. 

However, 1% NaOH and 10 minutes was deemed the optimum condition to 

maximize reducing sugar production since sugar production (412 mg/g) was 

statistically similar to that at 2% and 10 minutes.  An additional experiment at 

0.5% NaOH and 10 minutes resulted in significantly lower sugar production (379 

mg/g). 
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Figure 15. Total reducing sugar production from bermudagrass pretreated with NaOH. 

 

The overall effect of pretreatment time was similar for all alkali 

concentrations, as was the case with switchgrass. Sugar yields increased as the 

pretreatment time was extended from 5 minutes to 10 minutes and then decreased 

at longer pretreatment times. In general, the effect of alkali concentration did not 
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vary based on pretreatment time. Reducing sugars typically peaked at 2% NaOH. 

The only exception was at 10 minutes where both the yields at 1% and 2% were 

statistically similar. However, the overall variability in total reducing sugar 

production was much less than observed in switchgrass.  

3.6.4 Glucose yields 

Figure 16 shows the glucose yield from coastal bermudagrass at different 

pretreatment conditions of the experimental design. The highest yield (252 mg/g) 

was obtained for pretreatment with 2% NaOH for 10 minutes but was statistically 

similar to the glucose yield at 1% NaOH and 10 minutes (248 mg/g). An additional 

experiment at 0.5% NaOH and 10 minutes resulted in significantly lower glucose 

yield (198 mg/g). 

The overall trend for the effect of time was similar to the trend observed for 

total reducing sugar production.  Sugar yields increased as the pretreatment time 

was extended from 5 minutes to 10 minutes and then decreased at longer 

pretreatment times. However, the overall variability in glucose yields over time was 

much less than the variability observed for switchgrass. 

The effect of alkali concentration on glucose yields also varied with 

pretreatment time. At pretreatment times of 5 minutes and 10 minutes, glucose 

yield was not significantly influenced by alkali concentration. The concentration 

effect becomes significant at pretreatment times of 15 and 20 minutes.  
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Figure 16. Glucose yields from bermudagrass pretreated with NaOH. 

 

3.6.5 Xylose yields 

Figure 17 shows the xylose yield from coastal bermudagrass at different 

pretreatment conditions of the experimental design. The highest yield (107 mg/g) 

was obtained for pretreatment with 1% NaOH for 10 minutes. An additional 

experiment at 0.5% NaOH and 10 minutes resulted in significantly lower xylose 

yield (86.1 mg/g). 

The overall trend for the effect of time was similar to the trend observed for 

xylose production from switchgrass.  For 1% and 2% NaOH sugars, peak xylose 

yields were obtained at 10 minutes. For 3% NaOH, xylose also continually 

decreased with as pretreatment time was increased.   
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The effect of alkali concentration on xylose yields did not vary with 

pretreatment time. In general, a decrease in alkali concentration resulted in 

reduced xylose yields. A notable exception is at a pretreatment time of 10 minutes 

where xylose yields at 1% and 2% NaOH were not significantly different. 
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Figure 17. Xylose yields from bermudagrass pretreated with NaOH. 

 

3.7 Optimization of enzyme loading 

The enzyme loadings used in all hydrolysis experiments discussed in 

previous sections were excessive to prevent enzyme limitation from interfering in 

the comparison of yields from pretreatment conditions. The loading of cellulase was 

optimized first since it is the primary enzyme used in the hydrolysis of 
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lignocelluloses. Cellobiase addition is currently required because most 

commercially available fungal cellulase enzymes lack sufficient cellobiase activity. 

With improvements in genetic engineering and product separation techniques, 

cellobiase addition may be unnecessary in the future.   

Figures 18 and 19 shows the yields of total reducing sugars and glucose at 

different cellulase loadings for switchgrass and coastal bermudagrass pretreated at 

optimum conditions. The cellobiase loading was kept constant at 70 CBU/g. For 

both switchgrass, a cellulase loading of 15 FPU/g was sufficient to maximize sugar 

yields. The optimum enzyme loading was lower for bermudagrass (10 FPU/g). 
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Figure 18. Optimization of cellulase loading for hydrolysis of pretreated switchgrass. 
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Figure 19. Optimization of cellulase loading for hydrolysis of pretreated bermudagrass. 

 

Figure 20 shows the glucose yields at different cellobiase loadings for 

switchgrass and coastal bermudagrass pretreated at optimum conditions. The 

cellulase loading was kept constant at 15 FPU/g for switchgrass and 10 FPU/g for 

coastal bermudagrass, which were the optimums identified in Figures 18 and 19. 

Only glucose yields were used to optimize cellobiase since its primary role in 

hydrolysis is the degradation of cellobiose into individual glucose units. Insufficient 

cellobiase will result in the accumulation of cellobiase, which is also a reducing 

sugar. Hence, measuring total reducing sugars is not appropriate when optimizing 

cellobiase loading.  A cellobiase loading of 20 CBU/g was sufficient to maximize 

glucose yield for both switchgrass and coastal bermudagrass. 
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Figure 20. Optimization of cellobiase loading for pretreated switchgrass and bermudagrass. 

 

3.8 Differences between switchgrass and coastal bermudagrass 

During the course of all the experiments conducted, several differences 

between switchgrass and coastal bermudagrass were observed.  The most 

important difference observed was the NaOH requirements for optimum 

pretreatment conditions. Switchgrass required 2% NaOH and coastal 

bermudagrass required 1% NaOH. This could be explained by the lower amount of 

lignin present in bermudagrass in comparison to switchgrass (19% vs. 22%). 

However, a more important determiner of biomass digestibility is the specific types 

of phenolic acids that constitute the non-core lignin of lignocellulosic biomass 
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(Jung and Deetz, 1993).  These phenolic acids are involved in the ester linkages 

between hemicellulose and lignin. The major non-core lignin phenolic acids are p-

coumaric acid (CA) and ferulic acid (FA). The ratio of CA to FA present in non-core 

lignin has a strong negative correlation to biomass digestibility (Burritt et al., 1984 

and Jung, 1989). Coastal bermudagrass has a CA to FA ratio of 1.2 (Akin, 1986) 

while switchgrass has a CA to FA ratio of 2.5-2.6 (Jung and Shalita-Jones, 1990). 

Therefore, it is reasonable to expect a higher alkali requirement for the 

pretreatment of switchgrass in comparison to bermudagrass. 

Another difference noted between switchgrass and coastal bermudagrass 

was the overall sugar yields. Figure 21 shows the yields of glucose and xylose (% of 

theoretically available amount) for untreated biomass and optimally pretreated 

biomass. For switchgrass, glucose yields increased from 30% to 82% and xylose 

yields increased from 9% to 63% after optimal pretreatment. For coastal 

bermudagrass, glucose yields increased from 34% to 87% and xylose yields 

increased from 7% to 60% after optimal pretreatment. While the xylose yields for 

both feedstocks are similar, the glucose yields are slightly higher for bermudagrass 

(raw and pretreated).  

To explain this, the porosity of the untreated and optimally pretreated 

feedstock was quantified using the Simons’ stain method. Figure 22 shows the 

amount of blue (smaller) dye and orange (larger) dye adsorbed by untreated 

switchgrass and coastal bermudagrass. Untreated coastal bermudagrass adsorbed 

approximately 30% more blue dye and 50% more orange dye in comparison to 
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untreated switchgrass. This indicates that untreated coastal bermudagrass is more 

porous than untreated switchgrass and is therefore more susceptible to enzymatic 

hydrolysis. 

A similar result was observed when the Simons’ stain method was used on 

optimally pretreated biomass (Figure 23). Pretreated coastal bermudagrass 

adsorbed 28% more blue dye and 50% more orange dye in comparison to 

pretreated switchgrass. This indicates that pretreated coastal bermudagrass is 

more porous than pretreated switchgrass and is therefore more susceptible to 

enzymatic hydrolysis. 

 

0

20

40

60

80

100

Untreated Pretreated Untreated Pretreated

Switchgrass Bermudagrass

S
ug

ar
 Y

ie
ld

 (%
 o

f t
ho

re
ic

al
ly

 a
va

ila
bl

e)

Glucose
Xylose

  
 

Figure 21. Glucose and xylose yields from untreated and optimally pretreated switchgrass 
and coastal bermudagrass. 
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Figure 22. Adsorption of blue and orange dyes by untreated switchgrass and coastal 
bermudagrass. 

 

  
 

Figure 23. Adsorption of blue and orange dyes by optimally pretreated switchgrass and 
coastal bermudagrass. 
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The final difference observed between the two feedstocks was the optimal 

cellulase loading required to maximize sugar yields. For switchgrass, it was 15 

FPU/g and for bermudagrass it was 10 FPU/g. This can be explained by the 

difference in residual lignin content of the optimally pretreated biomass.  While the 

overall lignin reduction was significantly higher for optimally pretreated 

switchgrass (67% vs. 63%), the residual lignin content in pretreated switchgrass 

was actually significantly higher (15% vs. 12%). This was due to the higher lignin 

content in untreated switchgrass (22% vs. 19%).  It has been reported that lignin is 

thought to irreversibly adsorb cellulase enzyme, thereby preventing its action on 

cellulose (Clesceri et al., 1985; Converse et al., 1990; Lee et al., 1994). Hence, the 

higher cellulase requirement of switchgrass can be attributed to the higher residual 

lignin. 

3.9 Dielectric properties of NaOH 

Dielectric properties of dilute NaOH solutions were measured for 

temperatures ranging from 20°C to 120°C at microwave frequencies from 200 to 

3000 MHz. The data set at 2450 MHz was isolated.  The dielectric loss tangents for 

1%, 2% and 3% w/v NaOH solutions are shown in Figure 24. The loss tangent 

increases in value with increasing concentration and the relative differences are 

more significant at higher temperatures. Therefore, solutions of higher alkali 

concentration are more effective in absorbing microwave energy and converting the 

stored energy into heat. Since the conduction of ions is a major factor for thermal 

and non-thermal effects in microwave processes, a system with a higher 
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concentration of NaOH will exhibit more ionic conduction in response to microwave 

pretreatment. 
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Figure 24. Dielectric loss tangents of dilute NaOH solutions at different temperatures. 

 

During the pretreatment experiments, it was observed that the average bulk 

temperature of the slurry during microwave-based alkali pretreatment at 250 watts 

was around 80°C to 85°C. Dielectric loss tangents at 80°C corresponding to the 

appropriate NaOH concentrations were compared to solid losses (Figure 25), lignin 

reduction (Figure 26) and biomass hydrolyzability (Figure 27) from microwave 

pretreatment of switchgrass using NaOH. Solid losses and lignin reduction exhibit 
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a strong qualitative correlation to loss tangents at all pretreatment times. However, 

biomass hydrolyzability does not appear to correlate well with loss tangents.  

These findings suggest that dielectric properties of alkali solutions are a 

reasonable indicator of pretreatment severity. But they are not indicative of 

biomass hydrolyzability, which is likely to be significantly influenced by the 

presence of residual lignin and crystallinity index of cellulose in the pretreated 

biomass.  
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Figure 25. Dielectric loss tangents versus solid losses for pretreatment of switchgrass. 
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Figure 26. Dielectric loss tangents versus lignin reduction for pretreatment of switchgrass. 
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Figure 27. Dielectric loss tangents versus biomass hydrolyzability for pretreatment of 
switchgrass. 
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3.10 Comparison with other studies 

For switchgrass, optimal pretreatment with 2% NaOH for 10 minutes 

resulted in the highest sugar yields with 82% for glucose and 63% for xylose. 

Pretreatment of switchgrass with 1% Ca(OH)2 for 10 minutes resulted in glucose 

and xylose yields of 65% and 57% respectively. Yields for microwave-based 

pretreatment of switchgrass using NaOH compare well with other studies on 

pretreatment of switchgrass (Table 2).  

A study on AFEX pretreatment of switchgrass reported a higher glucose 

yield (93%) but the ammonia requirements were excessive (1 kg of ammonia per kg 

of dry biomass) (Alizadeh et al, 2005). Glucose yields are also comparable to 

previous studies on NaOH pretreatment of switchgrass using microwave radiation 

and radio frequency heating (Hu et al., 2008; Hu and Wen, 2008). However, these 

studies reported higher xylose yields (> 85%). In both these studies, the biomass 

was soaked in dilute NaOH for two hours at room temperature. The additional 

exposure time to the alkali environment could be responsible for higher xylose 

yields reported in these studies. In addition, the study by Hu et al. (2008) used 

lower power levels of microwave radiation at extended pretreatment times. Hence, 

the resulting pretreatment severity would be lower and less xylose would be 

solubilized during pretreatment. Lime (Ca(OH)2) pretreatment of switchgrass  using 

conventional heating yielded 58% glucose and xylose (Chang et al., 1997). While 

the xylose yield is comparable, the glucose yield is much higher for the microwave-

based Ca(OH)2 pretreatment presented in this study.  
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Table 2. Sugar yields from different pretreatment studies on switchgrass and bermudagrass. 

Biomass Pretreatment Reference % Glucose Yield % Xylose Yield 

Switchgrass Lime (Ca(OH)2) Chang et al. (1997) 58 58 
Switchgrass Ammonia Kurakake et al. (2001) 45-56 25-31 
Switchgrass AFEX Alizadeh et al. (2005) 93 >90 
Switchgrass Dilute sulfuric acid Dien et al. (2006) 75-84 not reported 
Switchgrass RF heating-NaOH Hu et al. (2008) 85 84 
Switchgrass Microwave-NaOH Hu and Wen (2008) 78-88 87-96 
Switchgrass Microwave-NaOH This study 82 63 
Switchgrass Microwave-Ca(OH)2 This study 65 57 
Bermudagrass AFEX Holtzapple et al. (1994) 63 not reported 

Bermudagrass Dilute sulfuric acid Sun and Cheng (2005) 52 81 
Bermudagrass Microwave-NaOH This study 87 59 
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For coastal bermudagrass, optimal pretreatment with 1% NaOH for 10 

minutes increased glucose yields from 34% to 87% and increased xylose yields 

from 7% to 59% compared to untreated bermudagrass. Glucose yields compare 

favorably with results reported from dilute acid pretreatment (52%) by Sun and 

Cheng (2005) and AFEX pretreatment (63%) by Holtzapple et al. (1994) (Table 2). 

However, the dilute acid pretreatment study reported 81% xylose yield in the pre-

hydrolyzate (Sun and Cheng, 2005). This is not surprising since the primary mode 

of action of dilute acid pretreatment is solubilization of hemicelluloses into the pre-

hydrolyzate (Sun and Cheng, 2002; Mosier et al., 2005). In the case of alkaline 

pretreatment, the mode of action is the removal of lignin, which improves the 

enzymatic hydrolysis of the polysaccharides that remain (Mosier et al., 2005). 

4. CONCLUSIONS 

Switchgrass and coastal bermudagrass are promising lignocellulosic 

feedstocks for bioethanol production. Microwave-based pretreatment of these 

feedstocks was investigated to improve sugar yields from enzymatic hydrolysis. 

Preliminary experiments indicate that alkalis were the only feasible chemical 

reagent suitable for microwave pretreatment. A comparison of different alkalis 

determined that pretreatment with NaOH gave the highest total reducing sugar 

yields for microwave based-pretreatment of both switchgrass and coastal 

bermudagrass. Significant differences in the porosity of the biomass pretreated 

with different alkalis were observed using the Simons’ stain method. 
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For switchgrass, optimal pretreatment with 2% NaOH for 10 minutes 

resulted in yields of 82% for glucose and 63% for xylose. For coastal 

bermudagrass, optimal pretreatment with 1% NaOH for 10 minutes resulted in 

yields of 87% for glucose and 59% for xylose. Optimal enzyme loadings for 

optimally pretreated switchgrass were 15 FPU/g and 20 CBU/g. For optimally 

pretreated coastal bermudagrass, optimal enzyme loadings were 10 FPU/g and 20 

CBU/g of cellobiase. 

Based on the sugar yields presented in this study, the theoretical ethanol 

yields for both pretreated feedstocks were calculated using NREL’s ethanol yield 

calculator. For pretreated switchgrass, theoretical ethanol yields (gallons per dry 

ton harvested) are 44, based on fermentation of only glucose and 64, based on 

fermentation of both glucose and xylose. For pretreated coastal bermudagrass, 

these theoretical ethanol yields were 38 and 55. While these yield estimates for 

both feedstocks are comparable to each other, switchgrass has a higher per acre 

biomass yield. Therefore, in terms of land requirements, switchgrass is more 

efficient.  

Coastal bermudagrass required a lower optimal NaOH concentration to 

maximize sugar yields in comparison to switchgrass.  This can be attributed to the 

lower lignin content and ratio of p-coumaric acid to ferulic acid in coastal 

bermudagrass. Significant differences in biomass porosity were observed using the 

Simons’ stain method, indicating greater accessibility to enzymes in coastal 

bermudagrass. 
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Dielectric properties of dilute NaOH solutions were measured and compared 

to solid losses, lignin reduction and biomass hydrolyzability.  Dielectric loss 

tangents increase with increasing NaOH concentration. Loss tangents are a 

reasonable indicator of pretreatment severity, but do not accurately reflect the 

sugar production potential of pretreated biomass. 
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ABSTRACT 

Modeling of pretreatment processes can be a valuable tool in over-all process 

simulations of bioethanol production from lignocellulosic biomass. This study used 

three different approaches to model delignification and carbohydrate loss during 

microwave-based pretreatment of switchgrass: statistical linear regression 

modeling, kinetic modeling using a time-dependent rate coefficient, and a 

Mamdani-type fuzzy inference system. The dielectric loss tangent of the alkali 

reagent and pretreatment time were used as predictors in all models. Training and 

testing data sets for development and validation of the models were obtained from 

pretreatment experiments conducted using 1-3% w/v NaOH and pretreatment 

times ranging from 5 to 20 minutes. The statistical linear regression model for 

delignification gave comparable root mean square error (RMSE) values for training 

and testing data and predictions were approximately within 1% of experimental 

values. The kinetic model for delignification and xylan loss gave comparable RMSE 

values for training and testing data and predictions were approximately within 2% 

of experimental values. The kinetic model for cellulose loss was not as effective and 

predictions were only within 5-7% of experimental values. The time-dependent rate 

coefficients of the kinetic model calculated from experimental data were consistent 

with the heterogeneity (or lack thereof) of individual biomass components. The 

Mamdani-type fuzzy inference system was shown to be an effective approach to 

model pretreatment processes and gave the most accurate predictions (<3%) for 

cellulose loss.  
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1. INTRODUCTION 

A rapid increase in global energy demand, environmental concerns over the 

use of fossil fuels and uncertainty in long-term availability of crude oil have 

resulted in considerable interest in renewable alternative energy sources such as 

bioethanol. Currently, the dominant feedstock for bioethanol production in the 

United States is corn. However, this approach may not be viable to meet increasing 

energy demand due to limited availability of arable land. In addition, the social and 

economic impacts of diverting corn for fuel production from food and feed uses are 

of concern. Lignocellulosic materials have the potential to be viable alternative 

feedstocks for bioethanol production. These materials include agricultural 

residues, forest residues, newsprint, wood chips, and herbaceous energy crops. 

Switchgrass (Panicum virgatum L.) is a promising lignocellulosic feedstock 

for bioethanol production. This warm-season grass native to North America 

exhibits high biomass yields across a wide geographic range, has low water and 

nutritional requirements and is suitable for marginal quality land (McLaughlin, 

1992). Yields of 7-15 dry tons per acre have been reported in the literature (Parrish 

and Fike, 2005; Sanderson et al., 1996; Thomason et al., 2004). The environmental 

benefits associated with switchgrass include the potential for carbon sequestration, 

nutrient recovery from run-off, soil remediation and provision of habitats for 

grassland birds (Dunn et al., 1993; Keshwani and Cheng, 2009). 

As is the case with corn and other starch-containing materials, bioethanol 

production from lignocellulosic materials involves the hydrolysis of carbohydrates 
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in the biomass into simple sugars that are fermented into ethanol. However, the 

nature of lignocellulosic materials reduces the efficiency of hydrolysis of structural 

carbohydrates in the raw biomass. Lignocellulosic materials consist of cellulose, 

hemicellulose and lignin in a complex crystalline structure. This complex structure 

reduces the accessibility of hydrolytic enzymes to the carbohydrates (McMillan, 

1994). A pretreatment step is required to improve the efficiency of hydrolytic 

enzymes. The goals of pretreatment are to remove lignin and/or hemicellulose, 

reduce crystallinity of cellulose, and increase overall biomass porosity of the 

biomass.  

Pretreatment processes can be biological, chemical, physical and physico-

chemical. Sun and Cheng (2002) and Mosier et al. (2005) have summarized the 

modes of actions, and the advantages and disadvantages associated with different 

pretreatment methods. A considerable amount of research has been conducted on 

the pretreatment of switchgrass for bioethanol production. Examples include dilute 

sulfuric acid pretreatment (Chung et al., 2005; Dien et al., 2006; Fenske et al., 

1994), lime pretreatment (Chang et al., 1997), ammonia fiber explosion (Alizadeh et 

al., 2005), fractionation using ammonia and hydrogen peroxide percolation (Iyer et 

al., 1996; Kim and Lee, 1996), ammonia-water pretreatment (Kurakake et al., 

2001), radio frequency assisted alkali pretreatment (Hu et al., 2008) and 

microwave-based alkali pretreatment (Hu and Wen, 2008; Keshwani et al.,2007). 

Lignin acts as a barrier to the enzymes and is known to irreversibly adsorb 

cellulase enzyme molecules (Clesceri et al., 1985; Converse et al., 1990; Lee et al., 
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1994). Therefore, the removal of lignin during alkali pretreatment helps improve 

the efficiency of enzymatic hydrolysis.  The separated lignin can be recovered from 

the pretreatment liquor and used as boiler-fuel for energy production. In the 

process of removing lignin, carbohydrate degradation into the pretreatment liquor 

can also occur. This can significantly reduce the amount of fermentable sugars 

available for ethanol production. Hence, the ability to predict changes in biomass 

composition during pretreatment is an important component of overall process 

simulations to evaluate the economics of bioethanol production from lignocellulosic 

feedstock.  However, modeling the effects of pretreatment processes can be 

challenging because of the inherent variability and heterogeneity in the structure of 

lignocellulosic biomass. Several published experimental studies have presented 

statistical models to predict the effects of pretreatment of biomass fractionation 

and sugar yield from hydrolysis as a function of experimental parameters. While 

such models are relatively easy to develop and optimize, they do not offer insight 

into fundamental reaction kinetics or mechanisms and can be prone to over-fitting 

to experimental data. 

A review of the literature indicates that most efforts to model pretreatment 

processes have focused on dilute acid pretreatment. Jacobsen and Wyman (2000) 

reviewed the different approaches to model the hydrolysis of carbohydrates during 

dilute acid pretreatment. Saeman (1945) described the acid hydrolysis of cellulose 

into glucose monomers and eventual degradation products using two consecutive 

first order reactions. This model was subsequently improved to account for 

amorphous and crystalline regions in cellulose and potential reversible reactions 
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between monomers and oligomers (Conner et al., 1986). Similar approaches have 

been taken to model hemicellulose and xylan hydrolysis during dilute acid 

pretreatment. A biphasic approach is commonly used to describe the dissolution 

kinetics of fast reacting and slow reacting components of xylan during dilute acid 

pretreatment (Conner, 1984). A common theme among all these kinetic models is a 

first order dependence on the biomass component. 

Another approach to modeling the effects of pretreatments was proposed by 

Overend and Chornet (1987) who developed a severity factor to predict xylan 

solubilization as a function of time and temperature in hydrothermal processes. 

This approach is similar to the H-factor (Vroom, 1957) used in the pulping industry 

to predict pulp yield and quality. Chum et al. (1990) incorporated the effect of 

chemical concentration and proposed a modified severity factor. However, this 

modified severity factor has seen only limited applications in dilute acid 

pretreatment (Ramos, 2003). A notable exception is Silverstein et al., (2007) who 

used this factor to predict delignification during alkali pretreatment of 

lignocelluloses.   

Most models of delignification have been in the context of pulping processes. 

In addition to the H-factor, other models of delignification include a generalized 

severity parameter (Montane et al., 1994), single phase kinetics (Kerr, 1970), 

multiple phase kinetics (Bogren et al., 2007), combined diffusion and kinetics 

(Gustafson et al., 1983) and the superposition of three first order sub-processes 

representing distinct fractions of lignin (Chiang et  al., 1990).  
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While biomass fractionation remains the focus of most pretreatment models, 

other efforts to model pretreatment processes include a model to describe diffusion 

of dilute acids into the biomass structure (Kim and Lee, 2002) and a fluid dynamic 

simulation of a continuous auger driven reactor designed for dilute acid 

pretreatment (Berson et al., 2006). To date, there has been no attempt to model 

microwave-based pretreatment. 

The objective of this study was to model the effects of microwave-based 

alkali pretreatment of switchgrass to predict delignification and carbohydrate loss 

during pretreatment.  Three different modeling approaches were used: a statistical 

linear regression model, a kinetic model with a time-dependent rate coefficient and 

a Mamdani-type fuzzy inference system. In all three approaches, the dielectric loss 

tangent of the alkali reagent and pretreatment time were used to predict the 

amount of the biomass components remaining in pretreated switchgrass relative to 

the amounts present in untreated switchgrass. The inputs for the models are 

expressed as D (loss tangent) and t (pretreatment time). The outputs for the models 

are expressed as L/Li (for delignification), C/C i (for cellulose loss) and X/X i (for 

xylan loss), where L, C and X represent the amount of the biomass components 

present in switchgrass during the course of the pretreatment and L i, C i and X i 

represent the amounts present initially in untreated switchgrass. 

While most pretreatment models typically use the concentration of the 

chemical reagent as a predictor, in this study the dielectric loss tangent was 

chosen as a substitute for alkali concentration to model microwave-based 
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pretreatment. The loss tangent is a ratio of dielectric loss factor to the dielectric 

constant and is a parameter used to describe the overall efficiency of a material to 

utilize energy from microwave radiation (Nelson and Datta, 2001). Prior work has 

established that the dielectric loss tangent has a strong correlation with alkali 

concentration and pretreatment severity (Keshwani and Cheng, 2008).  

2. DESCRIPTION OF MODELING APPROACHES 

2.1 Statistical linear regression model 

The general form of the linear regression models that were developed from 

experimental data to predict lignin degradation and carbohydrate losses using the 

loss tangent (D) of the alkali reagent and pretreatment time (t) is as follows: 

22 tDtDtD
B
B

ttDDDttD
i

⋅+⋅+⋅⋅+⋅+⋅+= βββββα            (1) 

 B represents the amount of a particular component of the biomass (lignin, 

cellulose or xylan) at any given time during the pretreatment and Bi is the amount 

of that component present in the raw biomass prior to pretreatment. The 

significance of the linear, quadratic and interaction terms for each biomass 

component and values of relevant coefficients (α, βD, βt, βDt etc.) were determined 

using experimental data in JMP (Version 7, SAS Institute Inc. Cary, NC). 
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2.2 Kinetic model 

The general form of the kinetic model used in this study is based on 

previously published work by Dang and Nguyen (2006, 2007), who proposed 

fractal-like kinetics to describe delignification and carbohydrate losses of 

lignocellulosic materials. Based on heterogeneous mass transfer considerations 

(Avrami, 1940) and the power law of the growth of reactive sites in solid-state 

decomposition reactions (Bamford and Tipper, 1980), Dang and Nguyen derived the 

following expression relating the amount of a component (B) in lignocellulosic 

biomass to a time dependent rate coefficient:  

)exp( n
i ktBB −⋅=                                             (2) 

Bi is the amount of the component present in the untreated biomass, and k 

and n are constants that are based on the nature of the heterogeneous material 

and the reaction involved. Taking the derivative of equation 2 results in a first 

order differential equation as shown below. 

Btnk
dt
dB n ⋅⋅⋅=− − )( 1                                           (3) 

Equation 3 differs from commonly used first order kinetic models for 

delignification and carbohydrate solubilization in the fact that the rate coefficient 

(k.n.tn-1) is time-dependent to reflect the heterogeneity in lignocellulosic materials. 

Previous studies typically introduce the effect of concentration into equation 3. 
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However, in this instance, the dimensionless dielectric loss tangent of the alkali 

reagent (represented as D) is introduced as a substitute to obtain the general form 

of the kinetic model. 

BDtnk
dt
dB bn ⋅⋅⋅⋅=− − )( 1                                      (4) 

At this point, an assumption is made that the alkali concentration remains 

relatively constant during the course of the short pretreatment times (≤ 20 

minutes) and consequently the dielectric loss tangent will remain constant as well. 

This assumption is commonly used to determine pulping kinetics and is considered 

valid when the initial effective alkali loading (per gram of biomass) is high. The 

validity of this assumption will also be reflected in the performance of the model 

with experimental data.  

If the dielectric loss tangent is assumed constant during the course of the 

pretreatment, equation 4 can be integrated and linearized as shown below. The 

linearization enabled the use of a linear regression routine with experimental data 

to determine the parameters (k, n and b) of the kinetic model (equation 4). The 

regression of equation 5 with experimental data was done using the REGSTATS 

function in MATLAB (Version 2007a, Mathworks, Cambridge, MA). The MATLAB 

code used to obtain the model parameters is shown in Appendix E. 
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2.3 Mamdani-type fuzzy inference system 

The third modeling approach used was a Mamdani-type fuzzy inference 

system, in which a set of rules maps the input space to the output space. The 

inference system was developed using the fuzzy logic toolbox in MATLAB. The 

Mamdani-type inference system is an example of a fuzzy relational model where 

each rule is represented by an IF-THEN relationship between inputs and outputs. 

It is also called a linguistic model because the antecedents (inputs) and the 

consequents (outputs) are represented by fuzzy sets called membership functions 

(Babuska, 1998). As a result, it is common to see membership function in such 

models labeled in linguistic terms such as low, medium and high that represent 

specific regions in each dimension of the input and output data space.  

In general, fuzzy logic based models are used to deal with non-random 

uncertainty in complex systems and experimental data (Ross, 1995). This 

uncertainty is typically reflected by overlapping the membership functions in each 

dimension of the input and output space. The complex structure of lignocellulosic 

materials and the inherent variability in biomass characteristics provide a rationale 

for using a fuzzy logic based approach to model the pretreatment process. 

Examples of recent applications of fuzzy logic based modeling in different areas 

include prediction of surface properties of gum and proteins (Samhouri et al, 

2009), soil quality assessment (Torbert et al., 2008) and modeling of skin 

permeability (Pannier et al., 2003; Keshwani et al., 2005, 2008). To date, this 

approach has not been applied to model the pretreatment of lignocellulosic 
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biomass. However, Jimenez et al., (2009) used a fuzzy logic based approach to 

model ethylene glycol pulping, but the focus of this study was on prediction of pulp 

quality and not on specific changes in biomass composition.  

 There are three components to a Mamdani-type fuzzy inference system: 

input membership functions, output membership functions and the rule-base. The 

rule-base is used to predict outputs as a fuzzy set, which can be converted into a 

crisp estimate via defuzzification routines. Depending on the values of the inputs, 

multiple rules can be activated and the outputs from each rule are aggregated to 

form a fuzzy set representing the predicted output. The output fuzzy set is then 

defuzzified to yield a crisp value.  

 

 

 
 

Figure 1. Example of a simple two-input one-output Mamdani-type fuzzy inference system.  

  

RULE 1

RULE 2

INPUT B OUTPUT 

DEFUZZIFIED OUTPUT

PREDICTED FUZZY OUTPUT

INPUT A 
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Figure 1 shows an example of a simple Mamdani-type inference system that 

uses two rules to predict a single output from two inputs. Babuska (1998) and 

Ross (1995) provide a detailed description of different types of membership 

functions and defuzzification routine that are commonly used. In a Mamdani-type 

inference system, these membership functions and rules are defined by the 

modeler based on knowledge of the system or process being modeled. The 

knowledge is typically gained from expert opinion and/or observations from 

experimental data. 

In this study, the number of membership functions for the model’s inputs 

and their location in the respective data space were based on the levels of these 

factors in the experimental design used to generate the training data set. The 

number of membership functions for the outputs and their location were 

determined by clustering experimental data. First, subtractive clustering was used 

to estimate the number of membership functions for each output. These estimates 

were then used to cluster the output data using the Fuzzy C-means algorithm 

(FCM). FCM is a more sophisticated clustering routine that maximizes distances 

between cluster centers while maintaining the possibility that a data point can 

belong to more than one cluster. Both clustering procedures are available as 

functions in MATLAB. The MATLAB code used to cluster the experimental data is 

shown in Appendix E. 

 Once the membership functions were determined, the rule-base was 

developed manually using observations from the training data set. Hence, the 
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Mamdani-type inference system developed in this study can be considered a 

pseudo-data driven model since experimental data was only used to identify the 

location of membership functions and as a knowledge source in the manual 

development of rules.  Modeling using a Mamdani-type inference system has 

several advantages. Multiple outputs can be predicted using the same inference 

system, rules with same input conditions can infer different outputs with varying 

weights to reflect uncertainty in the system, and membership functions and rules 

can be easily modified to reflect changes in the system. In the context of this 

application, these changes could include the use of different type of biomass 

and/or a different alkali reagent. 

3. MATERIALS AND METHODS 

3.1 Biomass 

  Switchgrass was obtained from North Carolina State University’s Central 

Crops Research Station in Clayton, North Carolina. The feedstock was ground to 

pass a 2 mm sieve in a Thomas Wiley Laboratory Mill (Model No. 4) and stored in 

sealed plastic bags at room temperature until use for pretreatment. 

3.2 Pretreatment 

Microwave-based alkali pretreatment of switchgrass using NaOH was 

conducted using 1%, 2% and 3% w/v NaOH for 5, 10, 15 and 20 minutes to collect 

training data for model development. A separate set of pretreatments using 1.5% 

and 2.5% NaOH for 7.5, 12.5 and 17.5 minutes were conducted to collect testing 
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data for model validation. All experiments were conducted in triplicate and the 

complete data sets from these experiments are shown in Appendix D. 

Pretreatments were carried out in a general purpose laboratory microwave oven 

(Panasonic Corporation, model NN-S954). The apparatus provided microwave 

radiation using at variable power levels ranging from 125 to 1250 watts. All 

pretreatments in this study were carried out at a power level of 250 watts. For each 

pretreatment, slurry consisting of 5 g (dry basis) of the biomass immersed in dilute 

NaOH (solid to liquid ratio of 1:10) was exposed to microwave radiation for the 

desired pretreatment time. Following pretreatment, the resulting biomass was 

washed with 200 ml of deionized water to remove excess chemicals and/or other 

pretreatment by-products. Moisture contents of the pretreated biomass were 

measured after washing and samples were stored in a sealed plastic bag at 4°C for 

composition analysis. 

3.3 Biomass composition analysis 

Structural carbohydrates and lignin content in untreated and pretreated 

switchgrass were measured by a two-step acid hydrolysis procedure as per a 

standard protocol from the National Renewable Energy Laboratory (Sluiter et al., 

2007). Monomeric sugars in the composition analysis liquors were measured with 

an HPLC using a refractive index detector and a Bio-Rad Aminex HPX-87P column 

tailored for separation of monosaccharides derived from lignocellulosic materials. 

The column was operated at a flow rate of 0.6 ml/min and at a temperature of 

80°C using HPLC grade water as the mobile phase. The injection volume for the 
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HPLC samples was 10 µL and the sample-run time was 35 min. A post-run time of 

25 min was included between injections to ensure that late-eluting compounds 

come off the column.  

3.4 Measurement of dielectric properties 

Dielectric properties of NaOH were measured using an open-ended coaxial 

dielectric probe (Model HP 85070B, Agilent Technologies, Palo Alto, Calif., U.S.A.) 

connected to a network analyzer (Model HP 8753C, Agilent Technologies) based on 

a previously reported procedure (Kumar et al., 2007). The solutions were placed in 

a cylindrical vessel fitted with a dielectric probe and temperature probe and sealed 

using a tri-clamp fitting. The vessel was heated to desired temperatures using an 

oil bath (Model RTE111, Neslan Instruments Inc., Newington, N.H., U.S.A.). The 

network analyzer was programmed to record dielectric properties for frequencies 

ranging from 200 to 3000 MHz when a desired temperature was reached.  

3.5 Model validation 

 The performance of the models was evaluated using R2 values from the 

regression line fitting experimental values from training and testing data to values 

predicted by the model, and root mean square errors (RMSE) associated with the 

predictions of training and testing data.  In addition, the Shapiro-Wilk test of 

normality was applied to prediction residuals pooled from training and testing 

data. This was done to confirm that the models are not significantly over or under-

predicting the outputs and that the residuals are samples from a normal 
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distribution. This test has been determined to be robust for small datasets (Shapiro 

and Wilk, 1965). If the Shapiro-Wilk test statistic (W) is close to 1 and the 

associated p-value is greater than a pre-defined alpha level, the assumption of 

normality is accepted. The MATLAB code for generating the normal probability 

plots and conducting the Shapiro-Wilk test is provided in Appendix E. 

4. RESULTS AND DISCUSSION 

4.1 Statistical linear regression model 

 The training data set was used to determine the significance (at an alpha 

level of 0.05) of linear, interaction and quadratic terms in equation (1). For 

delignification and cellulose loss, only the intercept and linear terms (D and t) were 

significant. For hemicellulose loss, the interaction term (D.t) and a quadratic term 

(D 2) were significant as well. Using the coefficients estimated from JMP, the 

statistical linear regression models are as follows: 

0.50 0.028 0.0104
i

L D t
L

= − ⋅ − ⋅  

1.10 0.066 0.016
i

C D t
C

= − ⋅ − ⋅  

21.06 0.157 0.0087 0.0017 0.015
i

X D t D t D
X

= − ⋅ − ⋅ − ⋅ ⋅ + ⋅  
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 Figures 2, 3 and 4 show the correlation between predicted and actual values 

of L/Li, C/C i and X/X i, respectively when the linear regression models are applied 

to the training data set. The training-R2 values for the prediction of delignification, 

cellulose loss and xylan loss were 0.993, 0.950 and 0.992, respectively and the 

corresponding training-RMSE values were 0.0058, 0.0274 and 0.0136. 
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Figure 2. Correlation between predicted and actual values for the linear regression model 
of delignification applied to the training data set. 
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Figure 3. Correlation between predicted and actual values for the linear regression model 
of cellulose loss applied to the training data set. 
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Figure 4. Correlation between predicted and actual values for the linear regression model 
of xylan loss applied to the training data set. 
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Table 1. R2 and RMSE values for linear regression models applied to test data. 

 
Model 

  
R2 

 
RMSE  
 

    
Delignification  0.941 0.0113 
Cellulose loss  0.887 0.0431 
Xylan loss  0.952 0.0533 
    

 

 The R2 and RMSE values obtained when the linear regression models were 

applied to the testing data set are shown in Table 1. While, the testing-R2 values in 

all cases were marginally lower than those obtained with the training data, only the 

delignification model had a testing-RMSE value comparable to the training-RMSE 

value. Based on these results, the linear regression model for delignification has 

the best performance with predictions that are accurate to within 1% of the actual 

values. For the cellulose and xylan loss models, the RMSE values increased 

considerably for testing data, and the resulting predictions for cellulose and xylan 

losses are off by approximately 4.3% and 5.3% respectively.  

 The normal probability plots for the residuals of the linear regression models 

are shown in Figure 5. In each case, the test statistic was >0.9 and was significant 

at an alpha level of 0.05 indicating the assumption of normality is not rejected. 
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 Figure 5. Normal probability plots for residuals from linear regression models. 

 

C/Ci Residuals
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4.2 Kinetic model 

 The parameters (k, n and b) of the kinetic model (equation 4) applied to 

delignification, cellulose loss and hemicellulose loss were calculated by linear 

regression of equation 5 with experimental data using the REGSTATS function in 

MATLAB and are shown in Table 2. The p-values in each case were very low (<10-4) 

indicating a high degree of confidence in the estimates of these parameters.  

 

Table 2. Parameter estimates for kinetic models. 

 
Kinetic model 

  
k 

 
b  
 

 
n  
 

     
Delignification  0.499 0.188 0.306 
Cellulose loss  0.011 0.874 1.027 
Xylan loss  0.073 0.815 0.490 
     

 

 

Using these estimates, the final forms of the kinetic models are as follows: 

0.694 0.188

0.028 0.874

0.510 0.815

(0.153 )

(0.011 )

(0.036 )

dL t D L
dt
dC t D C
dt
dX t D X
dt

−

−

− = ⋅ ⋅ ⋅

− = ⋅ ⋅ ⋅

− = ⋅ ⋅ ⋅
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 Of particular interest is the value of n, which dictates the time-dependency 

of the overall rate coefficient for each biomass component. Figure 6 shows the 

behavior of the overall rate coefficients (k.n.tn-1) over the course of the pretreatment. 

If the value of n is close to 1 (observed for cellulose), then the rate coefficient does 

not vary significantly over time. As the value of n moves away from 1 (xylan 

followed by lignin), the rate coefficient will exhibit significant variability over time.  
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Figure 6. Behavior of time-dependent rate coefficients estimated for kinetic models of 
delignification, cellulose loss and xylan loss. 

 

 According to Montane et al. (1994), the use of time-dependent rate 

coefficients reflects a physical situation in which the reacting substrate is 
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rates. Hence, the calculated values of n should be consistent with the nature of the 

biomass components. Cellulose is a homopolymer, consisting of only glucose and 

hence the rate coefficient for cellulose loss should not vary over time. It could be 

argued that there should be differences in the reactivity of amorphous and 

crystalline components of cellulose during pretreatment. However, this 

phenomenon is not reflected in these results. Although xylan is primarily made up 

of xylose, it does contain other minor carbohydrates and acetyl groups resulting in 

a random interlinked structure. Therefore, the variability in its rate coefficient 

shown in figure 3 is reasonable. Lignin is a complex polymer consisting of 

numerous types of substructures that are interlinked via random ether and 

carbon-carbon linkages. Hence, it is reasonable to expect that the rate coefficient 

would vary significantly over time. 

 Figures 7, 8 and 9 show the correlation between predicted and actual values 

of L/Li, C/C i and X/X i, respectively when the kinetic models are applied to the 

training data set. The training-R2 values for the prediction of delignification, 

cellulose loss and xylan loss were 0.947, 0.869 and 0.983, respectively and the 

corresponding training-RMSE values were 0.0156, 0.0513 and 0.0189. Note that 

RMSE value for cellulose loss is significantly higher than those for delignification 

and xylan loss.  
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Figure 7. Correlation between predicted and actual values for the kinetic model of 
delignification applied to the training data set. 
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Figure 8. Correlation between predicted and actual values for the kinetic model of cellulose 
loss applied to the training data set. 

R2=0.945 
RMSE=0.0156 

R2=0.869 
RMSE=0.0513 
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Figure 9. Correlation between predicted and actual values for the kinetic model of xylan 

loss applied to the training data set. 
 
 

 The R2 and RMSE values when the models were applied to the testing data 

set are shown in Table 3. The testing-R2 and testing-RMSE values for 

delignification (0.950, 0.0175) and xylan loss (0.980, 0.0219) obtained for the 

testing data set are similar to those obtained with the training data set. However, 

for cellulose loss, the R2 reduces to 0.812 and RMSE increases to 0.0675. 

 

Table 3. R2 and RMSE values for kinetic models applied to test data. 

 
Model 

  
R2 

 
RMSE  
 

    
Delignification  0.950 0.0175 
Cellulose loss  0.812 0.0675 
Xylan loss  0.980 0.0219 
    

R2=0.983 
RMSE=0.0189 
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 These results indicate that the kinetic modeling approach provides a good 

representation of the kinetics of delignification and xylan loss with predictions that 

are within 2% of the actual values. However, the modeling approach does not 

accurately predict cellulose loss. Dang and Nguyen (2006) reported similar findings 

when this modeling approach was used to model the kinetics of alkaline pulping of 

hemp wood core. The study reported R2 values of 0.95 for delignification, 0.97 for 

xylan loss and 0.80 for cellulose loss.  The authors suggest that variation in the 

ratio of crystalline and non-crystalline cellulose components in test samples could 

affect the accuracy of the model. It is plausible that the random amorphous regions 

in cellulose could have a non-first order relationship to the rate of release from the 

biomass structure. A more complex model to account for this would require 

accurate crystallinity measurements for pretreated biomass at different time points 

over the course of the pretreatment. 

 Based on the RMSE values obtained for the testing data set, the kinetic 

model for delignification is comparable to its statistical counterpart, the kinetic 

model for xylan is more accurate than its statistical counterpart, and the kinetic 

model for cellulose loss is less accurate than its statistical counterpart. The normal 

probability plots for residuals of the kinetic models are shown in Figure 10. In each 

case, the test statistic was >0.9 and was significant at an alpha level of 0.05 

indicating that the assumption of normality is not rejected. 
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Figure 10. Normal probability plots for residuals from kinetic models. 
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4.3 Mamdani-type fuzzy inference system 

 As described in section 2.3, the Mamdani-type fuzzy inference system was 

developed using the fuzzy logic toolbox in MATLAB. The membership functions for 

the inputs (shown in Figure 11) were based on their levels in the experimental 

design used to collect the training data set. The membership functions for the 

outputs (shown in Figure 12) were derived using subtractive and fuzzy c-means 

clustering of the training data set. 

 
Membership functions for the dielectric loss tangent (D) 

 
Membership functions for pretreatment time (t) 

 
 

Figure 11. Membership functions for inputs of the Mamdani-type fuzzy inference system. 
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Membership functions for delignification (L/Li) 

 
Membership functions for cellulose loss (C/Ci)  

 

 
Membership functions for xylan loss (X/Xi) 

 
 

Figure 12. Membership functions for outputs of the Mamdani-type fuzzy inference system. 
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Table 4. Rule-base for the Mamdani-type fuzzy inference system. 

INPUT CONDITIONS CORRESSPONDING OUTPUTS WEIGHTAGE 

D t L/Li C/Ci X/Xi  

low low very high very high very high 1.0 
low medium - high very high 1.0 
low medium high - - 0.4 
low medium very high - - 0.6 
low high high medium - 1.0 
low high - - high 0.6 
low high   very high 0.4 
low very high - low - 1.0 
low very high low - medium 0.5 
low very high medium - high 0.5 
medium low - - high 1.0 
medium low very high high - 0.8 
medium low high very high - 0.2 
medium medium high high - 1.0 
medium  medium - - medium 0.7 
medium medium - - high 0.3 
medium high medium low - 1.0 
medium high - - low 0.3 
medium high - - medium 0.7 
medium very high low - - 1.0 
medium very high - very low low 0.8 
medium very high - low medium 0.2 
high low high - medium 1.0 
high low - low - 0.5 
high low - medium - 0.5 
high medium medium - low 1.0 
high medium - very low - 0.8 
high medium - low - 0.2 
high high low very low - 1.0 
high high - - very low 0.7 

high high - - low 0.3 
high high very low very low very low 1.0 
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 Using information from the training data set, a rule-base consisting of 32 

rules was developed to define the relationships between the input variables and the 

output variables. A verbal representation of these rules is shown in Table 4. The 

inference system was then applied to the training and testing data sets using the 

EVALFIS function in MATLAB.  The MATLAB code for evaluating the inference 

system is provided in Appendix E. Figures 13, 14 and 15 show the correlation 

between predicted and actual values of L/Li, C/C i and X/X i, respectively when the 

Mamdani-type fuzzy inference system is applied to the training data set. The 

training-R2 values for the prediction of delignification, cellulose loss and xylan loss 

were 0.947, 0.960 and 0.980, respectively and the corresponding training-RMSE 

values were 0.0141, 0.0213 and 0.0184.  
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Figure 13. Correlation between predicted and actual values of L/Li for the Mamdani-type 
inference system applied to the training data set. 

 

R2=0.947 
RMSE=0.0141 
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Figure 14. Correlation between predicted and actual values of C/Ci for the Mamdani-type 
inference system applied to the training data set. 
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Figure 15. Correlation between predicted and actual values of X/Xi for the Mamdani-type 
inference system applied to the training data set. 
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 The R2 and RMSE values obtained when the inference system was applied to 

the testing data set are shown in Table 5. For all biomass components, the RMSE 

values for the testing data set are comparable to those obtained with the training 

data set. In particular, RMSE value for the prediction of C/Ci (0.0275) is 

considerably lower than that obtained for the kinetic model (0.0675).  It could be 

inferred that the uncertainty associated with the crystalline/amorphous nature of 

cellulose is being captured by using fuzzy sets and therefore, the inference system 

is able to make predictions for cellulose loss that are more accurate than the 

kinetic model. The overall consistency in predictions with training and testing data 

for the Mamdani-type inference system is not surprising since the relationship 

between the outputs and inputs (i.e. the rule base) was manually developed and is 

therefore not prone to over-fitting caused by data regression.  

 

Table 5. R2 and RMSE values for the Mamdani-type inference system applied to test data. 

 
Model 

  
R2 

 
RMSE  
 

    
Delignification  0.942 0.0125 
Cellulose loss  0.872 0.0275 
Xylan loss  0.950 0.0218 
    

 
 

 The normal probability plots for residuals of the Mamdani-type fuzzy 

inference system are shown in figure 16. In each case, the test statistic was >0.9 

and was significant at an alpha level of 0.05 indicating the assumption of normality 

is not rejected. 
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Figure 16. Normal probability plots for residuals from the Mamdani-type fuzzy inference 
system. 

C/Ci Residuals
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5. CONCLUSIONS 

 A review of the literature indicates that most published work related to 

modeling pretreatment of lignocellulosic materials has focused on physico-chemical 

and dilute-acid pretreatment. There are only a few instances of models that predict 

the effects of alkali pretreatment. However, numerous studies have been published 

that model the kinetics of alkaline pulping to predict pulp yield and quality. While 

there are a few published studies on microwave-based pretreatment of 

lignocellulosic materials, no effort has been made to the model this pretreatment 

method. This study examined three different approaches to model delignification 

and carbohydrate losses during microwave-based pretreatment of switchgrass: 

statistical linear regression modeling, kinetic modeling using a time-dependent rate 

coefficient, and a Mamdani-type fuzzy inference system.   

  The linear regression model for delignification yielded comparable R2 and 

RMSE values for both training and testing data sets and predictions were 

approximately within 1% of the actual experimental values. The linear regression 

models for cellulose loss and xylan had considerably higher RMSE values for the 

testing data set. The kinetic models for delignification and xylan loss yielded 

comparable R2 and RMSE values for both training and testing data sets and 

predictions were approximately within 2% of the actual experimental values. The 

kinetic model for cellulose loss did not accurately predict experimental data and 

results were only within 5-7% of actual values. These results were consistent with 

a previous application of this kinetic modeling approach which reported 
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significantly lower R2 values for cellulose loss compared to delignification and xylan 

loss.  A possible explanation is that the model is not accurately capturing the 

variability associated with the crystalline/amorphous nature of cellulose.  

 The time-dependent rate coefficients of the kinetic model obtained from 

experimental data are indicative of the nature of the biomass components. The rate 

coefficient for delignification exhibited the most variability over time, which is 

consistent with its complex heteropolymeric nature. On the other extreme, the rate 

coefficient for cellulose remained relatively constant over the course of the 

pretreatment, which is reasonable since it is a homopolymer of glucose.  

While the kinetic modeling approach is based on previously published work, 

the Mamdani-type fuzzy inference system was applied for the first time to model 

the effects of a pretreatment process. Based on the results, a distinguishing feature 

of the Mamdani-type inference system is the consistency in predictions using 

training and testing data sets for delignification, cellulose loss and xylan loss. In 

particular, the Mamdani-type inference system gave the most accurate predictions 

for cellulose loss among all the models. It is possible that the use of fuzzy sets to 

describe the input and output data space is capturing the uncertainty associated 

with the crystalline/amorphous nature of cellulose. 

This study verified the effectiveness of using time-dependent rate coefficients 

in the kinetic modeling of delignification and xylan loss during microwave-based 

alkali pretreatment. In addition, the study established that Mamdani-type fuzzy 

inference system is an effective modeling approach for pretreatment processes.  



176 

Changes in biomass composition have economic consequences on bioethanol 

production from lignocellulosic materials as they directly impact the amount of 

lignin available for recovery as a boiler fuel and the amount of carbohydrates 

available for hydrolysis and fermentation into ethanol. Hence, the ability of these 

models to predict changes in biomass composition makes them valuable tools for 

process simulations and economic assessment of bioethanol production from 

lignocellulosic materials.
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CHAPTER 5: CONCLUSIONS 
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Lignocellulosic materials are viewed as promising alternative feedstocks for 

bioethanol production. However, the recalcitrant nature of these materials 

necessitates a pretreatment step to improve the yield of fermentable sugars. The 

overall goal of this dissertation was to expand the current state of knowledge on 

microwave-based pretreatment of lignocellulosic biomass. A comprehensive review 

of existing research on switchgrass related to biomass yields, environmental 

benefits, and bioenergy and value-added applications was conducted. The 

feasibility of microwave pretreatment of switchgrass and coastal bermudagrass was 

evaluated and optimum conditions for pretreatment and enzymatic hydrolysis were 

identified.  Models were developed to predict the effects of microwave-based alkali 

pretreatment on the different biomass components of switchgrass. This chapter 

summarizes key results of the research presented in this dissertation and makes 

recommendations for future research. 

1. SUMMARY OF RESULTS 

Switchgrass is a promising feedstock for value-added applications due to its 

high productivity, potentially low requirements for agricultural inputs and positive 

environmental impacts. Yields in excess of 20 Mg/ha have been reported for 

switchgrass grown on test plots across the US. Environmental benefits associated 

with switchgrass include the potential for significant carbon sequestration, 

nutrient recovery from run-off, soil remediation and provision of habitats for 

grassland birds. Based on the type of pretreatment, reported glucose yields range 

from 70-90% and reported xylose yields range from 70-100% after hydrolysis. 
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Following pretreatment and hydrolysis, reported ethanol yields range from 72-92% 

of the theoretical maximum. Other value-added uses of switchgrass include 

gasification, bio-oil production, newsprint production and fiber reinforcement in 

thermoplastic composites. 

Microwave-based pretreatment of switchgrass and coastal bermudagrass 

was investigated to improve sugar yields from enzymatic hydrolysis. Preliminary 

experiments indicated that alkalis were suitable chemical reagents for microwave 

pretreatment. A comparison of different alkalis determined that pretreatment with 

NaOH gave the highest total reducing sugar yields. Significant differences in the 

porosity of the biomass pretreated with different alkalis were observed using the 

Simons’ stain method. 

For switchgrass, optimal pretreatment with 2% NaOH for 10 minutes 

resulted in yields of 82% for glucose and 63% for xylose. For coastal 

bermudagrass, optimal pretreatment with 1% NaOH for 10 minutes resulted in 

yields of 87% for glucose and 59% for xylose. Optimal enzyme loadings for 

pretreated switchgrass were 15 FPU/g for cellulase and 20 CBU/g for cellobiase. 

For pretreated coastal bermudagrass, optimal enzyme loadings were 10 FPU/g for 

cellulase and 20 CBU/g for cellobiase.  

Dielectric properties of dilute NaOH solutions were measured and compared 

to solid loss, lignin reduction and biomass hydrolyzability.  Dielectric loss tangents 

increase with increasing NaOH concentration and are an indicator of pretreatment 

severity.  
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Three different approaches to modeling delignification and carbohydrate loss 

during microwave-based pretreatment of switchgrass were examined: statistical 

linear regression modeling, kinetic modeling using a time-dependent rate 

coefficient, and a Mamdani-type fuzzy inference system.   

 The linear regression model for delignification gave comparable R2 and root 

mean square (RMSE) values for training and testing data and predictions were 

approximately within 1% of the actual experimental values. The linear regression 

models for cellulose loss and xylan loss had considerably higher RMSE values for 

the testing data. 

The kinetic models for delignification and xylan loss gave comparable R2 and 

RMSE values for training and testing data and predictions were approximately 

within 2% of the actual experimental values. The kinetic model for cellulose loss 

did not accurately predict experimental data and results were only within 5-7% of 

actual values. These results were consistent with a previous application of this 

approach to model the kinetics of alkaline pulping of hemp that reported 

significantly lower R2 values for cellulose loss compared to delignification and xylan 

loss.  A possible explanation is that the model is not accurately capturing the 

variability in cellulose due to the presence random amorphous regions. 

The time-dependent rate coefficients of the kinetic models obtained from 

experimental data are indicative of the nature of the biomass components. The rate 

coefficient for delignification exhibited the most variability over time, which is 

consistent with its complex heteropolymeric nature. On the other extreme, the rate 



 188

coefficient for cellulose remained relatively constant over the course of the 

pretreatment, which is reasonable since it is a homopolymer of glucose.  

While the kinetic modeling approach is based on previously published work, 

the Mamdani-type fuzzy inference system was applied for the first time to model 

the effects of a pretreatment process. Based on the results, a distinguishing feature 

of the Mamdani-type inference system is the consistency in predictions using 

training and testing data. In fact, the Mamdani-type inference system gave the 

most accurate predictions for cellulose loss among all the models.  

2. RECOMMENDATIONS FOR FUTURE RESEARCH  

The research presented in this dissertation shows the feasibility of 

microwave-based pretreatment of lignocellulosic biomass to improve sugar yields 

for bioethanol production. However, the research was conducted using a batch 

microwave system designed for laboratory applications.  Currently, most industrial 

applications involving microwave-based processing use continuous systems. These 

systems can be planar or cylindrical depending on the nature of application and 

the material being processed. Therefore, the next logical step is to verify the 

feasibility of this pretreatment method using laboratory scale continuous 

microwave systems. This will enable the identification of appropriate process 

parameters that will be useful in the scale-up of microwave-based pretreatment.   

During microwave-based alkali pretreatment, a majority of the lignin along 

with other organic and inorganic materials from the biomass are solubilized into 
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the pretreatment liquor. Typically, in paper mills that use alkaline pulping 

processes, the spent liquor is concentrated to increase the solid content for use as 

a boiler fuel to provide energy for the pulping process.  Therefore, the 

characteristics of the liquor from microwave-based alkali pretreatment must be 

studied to evaluate the potential for use as a boiler fuel. Since there are volumetric 

losses associated with liquids exposed to microwave radiation, it is conceivable that 

the energy required to concentrate the liquor from microwave-based alkali 

pretreatment will be considerably lower than for conventional alkali pretreatments. 

This dissertation also presented models for the prediction of delignification 

and carbohydrate loss during microwave-based alkali pretreatment of switchgrass. 

The kinetic modeling approach using a time-dependent rate coefficient was adapted 

from previous work related to the kinetics of alkaline pulping. The approach was 

successful in predicting delignification and xylan loss, but did not accurately 

predict cellulose loss. The kinetic model for cellulose could be improved by using 

different rate expressions for the amorphous and crystalline portions of cellulose. 

However, accurate measurements of biomass crystallinity at different time points 

during the pretreatment process would be needed.  

A Mamdani-type fuzzy inference system was applied for the first time to 

model a pretreatment process. The inherent variability in the structure and 

composition of lignocellulosic biomass prompted the use of this approach, which 

has its roots in fuzzy set theory. Results indicate that a fuzzy logic based approach 

is an effective means to model biomass pretreatment. Since this approach is new in 
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the context of modeling pretreatment processes, an opportunity exists to apply this 

modeling approach to other types of pretreatment methods such as steam 

explosion, ammonia fiber explosion and dilute acid pretreatment.  

While comprehensive process simulations of bioethanol production from 

lignocellulosic materials have been developed, they have not yet been applied to 

microwave-based pretreatment. This can be attributed to the lack of research on 

this pretreatment method in comparison to other methods. It is anticipated that 

sugar yields, optimum enzyme loadings and the models presented in this 

dissertation could be used in existing process simulations to evaluate the technical 

and economic feasibility of a bioethanol production system that uses microwave-

based pretreatment. 
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APPENDICES 
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APPENDIX A: PROCEDURE FOR SIMONS’ STAIN METHOD 
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1. Preparation of staining solution 

1.1 Prepare 1% (w/v) solution of the low molecular weight blue dye (Direct Blue 1).  

1.2 Prepare 1% (w/v) of the orange dye (Direct Orange 15). The orange dye 

contains two fractions based on molecular weight: high and low. For this 

procedure, the high molecular weight fraction must be isolated. 

1.3 Pour 15 ml of the 1% orange dye solution into a 50 ml ultracentrifugation 

tube (fitted with a 100K membrane). Spin at 4000 rpm for 10 minutes. At the 

end of the cycle, approximately 25-30% of the original volume should be 

retained. 

1.4 Measure the density of the retentate and dilute appropriately to obtain 0.2% 

w/v solution. 

1.5 Prepare 1:1 staining solution mixture from the 1% blue dye and 0.2% orange 

dye. 

2. Staining of the biomass sample 

2.1 Weigh out 50 mg of the biomass into a 125 ml Erlenmeyer flask and add 15 

ml of the staining solution. 

2.2 Incubate in a water bath set at 75 °C for 48 hours 

2.3 After 48 hours, filter each sample through a crucible. Make sure all solids are 

transferred from the flask to the crucible. 

2.4 Wash the recovered solids with approximately 30 ml of cold DI water. 

3. Stripping of dye molecules from stained biomass 

3.1 Transfer the recovered solids into a 125 ml Erlenmeyer flask and add 40 ml of 

25% pyridine stripping solution. 
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3.2 Incubate in a water bath set at 45 °C for 18 hours, 

3.3 After 18 hours, filter each sample though a crucible and store approximately 

10 ml of the filtrate for analysis. 

4. Filtrate analysis 

4.1 Measure of the absorbance of the filtrate at 450 nm and 621.5 nm using 25% 

pyridine solution as a blank. 

4.2 Use the following equations to calculate the concentration (g/L) of the blue 

and orange dyes in the filtrates: 

A450 = εO/450*L*CO + εB/450*L*CB 

A621.5 = εO/621.5*L*CO + εB/621.5*L*CB 

In the above equations, A450 and A621.5 are the absorbances of the filtrate 

measured at 450 nm and 621.5 nm respectively, L is the width of the cuvette 

(1 cm) and ε  is the extinction coefficient of each dye in the staining mixture at 

the respective wavelengths. From literature review, these were determined to 

be: εO/450 = 50.67 L/g cm, εB/450 = 1.97 L/g cm, εO/621.5 = 0.075 L/g cm,   

εB/621.5 = 15.65 L/g cm. 

5. Safety considerations 

5.1 Pyridine is a flammable chemical and should be stored in a cabinet designated 

for flammable chemicals. 

5.2 Pyridine is a toxic chemical and must be handled using gloves and safety 

glasses. 
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APPENDIX B: EXPERIMENTAL DATA FOR CHAPTER 3 
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Table 1. Total reducing sugar production for microwave pretreatment of switchgrass with 
acid, alkali and water. 

Pretreatment Concentration Time Total Sugars 
Method (% w/v) (min) (mg/g raw biomass) 

NaOH 1 5 
297.48 
314.78 
298.15 

NaOH 1 10 
352.21 
367.54 
368.59 

NaOH 2 5 
334.51 
324.88 
321.25 

NaOH 2 10 
453.14 
438.21 
447.70 

H2SO4 1 5 
157.79 
169.29 
159.91 

H2SO4 1 10 
155.41 
140.68 
154.03 

H2SO4 2 5 
149.69 
137.21 
159.89 

H2SO4 2 10 
135.06 
128.94 
136.49 

Water n/a 5 
143.41 
153.38 
150.46 

Water n/a 10 
135.39 
134.22 
120.78 

Untreated n/a n/a 
142.15 
154.02 
158.09 
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Table 2. Total reducing sugar production for microwave pretreatment with different alkalis. 

Biomass Alkali 
Total Sugars 

(mg/g raw biomass) 

Switchgrass 

Na2CO3 
216.59 
206.29 
199.44 

Ca(OH)2 
379.42 
366.31 
369.34 

NaOH 
453.14 
438.21 
447.70 

Untreated 
142.15 
154.02 
158.09 

Bermudagrass 

Na2CO3 
212.49 
205.09 
193.79 

Ca(OH)2 
262.43 
288.50 
270.95 

NaOH 
422.77 
434.58 
415.40 

Untreated 
125.08 
116.86 
114.97 
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Table 3. Simons’ stain adsorption data and biomass hydrolyzability for pretreatment of 
switchgrass with different alkalis. 

Pretreatment Orange Dye Blue Dye Biomass Hydrolyzability 
Method (mg/g) (mg/g) (mg/g pretreated biomass) 

Untreated 
3.75 50.41 142.15 
3.72 50.73 154.02 
3.94 51.25 158.09 

Na2CO3 
8.32 59.22 270.94 
8.17 55.30 255.97 
8.53 61.49 245.19 

Ca(OH)2 
16.63 62.43 458.51 
15.53 62.90 446.45 
16.78 61.88 453.34 

NaOH 
31.13 85.44 752.35 
33.21 79.70 713.12 
32.57 81.67 740.24 
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Table 4. Sugar production for microwave pretreatment of switchgrass using Ca(OH)2. 

Concentration Time Sugar production (mg/g raw biomass) 
(% w/v) (min) Total Sugars Glucose Xylose 

0.5 10 
291.67 152.35 74.43 
303.45 165.67 81.34 
301.90 162.01 80.89 

1 10 
372.88 235.67 119.44 
359.44 225.68 107.39 
346.66 215.68 102.91 

2 10 
377.06 234.47 117.11 
343.31 217.63 104.64 
394.69 241.05 125.88 

3 10 
145.08 93.29 27.70 
183.26 129.01 33.92 
134.17 99.15 23.31 

1 5 
317.51 194.57 81.32 
335.94 207.16 103.46 
338.55 215.87 116.53 

1 15 
291.12 184.08 81.39 
304.85 192.76 85.22 
274.87 179.66 73.29 
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Table 5. Solid loss, lignin reduction and sugar production for microwave pretreatment of switchgrass using NaOH. 

Concentration Time Solid Loss Lignin  Sugar production (mg/g raw biomass) 
(% w/v) (min) (%) Reduction (%) Total Sugars Glucose Xylose 

1 5 
26.76 59.43 297.48 160.59 84.10 
23.59 55.49 314.78 183.12 94.43 
25.62 58.76 298.15 163.78 91.48 

1 10 
29.33 63.48 352.21 201.08 102.33 
28.55 62.72 367.54 216.37 112.34 
28.78 61.11 368.59 210.45 110.65 

1 15 
40.32 69.13 336.96 189.75 92.33 
38.24 67.98 352.35 202.38 106.18 
38.94 68.26 344.47 196.47 99.69 

1 20 
43.33 73.42 328.11 176.39 72.68 
45.19 75.16 314.69 171.33 77.22 
44.88 74.83 313.68 169.54 74.36 

2 5 
31.59 61.28 351.51 227.95 107.77 
33.73 63.42 342.88 214.45 93.69 
31.22 61.75 344.25 227.65 105.38 

2 10 
39.77 67.42 453.14 277.39 121.69 
38.55 66.48 438.21 305.28 132.08 
39.52 67.86 447.70 285.67 127.56 

2 15 
43.19 71.37 337.89 247.12 100.91 
44.58 72.43 366.76 229.45 92.96 
42.36 74.67 343.45 236.55 97.45 
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Table 5. (continued) 

Concentration Time Solid Loss Lignin  Sugar production (mg/g raw biomass) 
(% w/v) (min) (%) Reduction (%) Total Sugars Glucose Xylose 

2 20 
48.52 76.21 300.93 197.46 81.10 
47.33 76.49 335.93 212.83 81.75 
50.56 77.84 302.47 200.68 78.42 

3 5 
36.59 68.43 379.54 245.73 98.97 
37.84 67.16 370.21 234.58 95.77 
38.17 67.22 368.47 230.20 93.62 

3 10 
45.14 71.43 391.45 205.37 72.99 
42.83 70.87 416.74 219.64 82.70 
49.79 72.68 405.35 208.62 78.56 

3 15 
47.31 75.86 346.48 202.47 66.70 
48.66 76.92 338.91 198.38 61.53 
49.54 77.53 347.46 204.67 62.96 

3 20 
55.54 81.46 324.98 193.87 61.92 
57.72 83.81 319.64 187.35 58.74 
56.74 83.15 328.29 195.23 57.47 
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Table 6. Solid loss, lignin reduction and sugar production for microwave pretreatment of bermudagrass using NaOH. 

Concentration Time Solid Loss Lignin  Sugar production (mg/g raw biomass) 
(% w/v) (min) (%) Reduction (%) Total Sugars Glucose Xylose 

1 5 
32.18 62.48 389.46 221.68 92.69 
29.65 59.46 371.26 211.27 85.69 
33.48 63.76 380.21 219.18 92.43 

1 10 
29.55 60.73 435.07 256.99 109.52 
32.01 63.72 402.06 227.76 101.10 
33.78 64.93 401.54 259.84 111.07 

1 15 
44.68 69.46 387.52 230.83 81.06 
41.76 67.23 391.76 241.48 82.67 
43.43 68.82 377.48 224.67 74.65 

1 20 
47.68 71.56 377.06 223.77 71.69 
49.67 72.72 360.05 212.61 68.66 
49.26 72.14 363.65 215.81 67.45 

2 5 
33.77 63.42 403.21 244.87 99.57 
32.11 62.83 408.23 238.78 102.30 
33.13 62.94 407.21 234.68 97.68 

2 10 
42.78 67.53 422.77 253.56 103.12 
40.39 66.72 434.58 269.03 101.76 
41.58 68.1 415.41 232.41 103.45 

2 15 
45.01 71.23 420.34 245.94 67.73 
44.76 70.87 425.22 252.73 72.42 
45.43 72.06 422.68 246.69 64.33 
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Table 6. (continued) 

Concentration Time Solid Loss Lignin  Sugar production (mg/g raw biomass) 
(% w/v) (min) (%) Reduction (%) Total Sugars Glucose Xylose 

2 20 
51.33 76.16 389.68 204.68 58.67 
52.66 77.54 384.46 201.64 59.28 
50.32 75.88 387.61 208.27 60.33 

3 5 
38.32 65.22 361.86 222.72 61.14 
39.14 65.49 376.88 237.56 72.49 
40.54 66.79 355.23 214.34 68.45 

3 10 
43.86 69.02 406.34 239.61 62.46 
46.62 72.08 394.58 235.02 64.10 
45.84 69.47 384.21 226.64 62.12 

3 15 
51.38 75.92 351.68 222.68 60.22 
50.44 74.83 356.26 226.17 63.69 
52.57 76.86 348.17 218.49 59.48 

3 20 
58.84 81.08 324.69 203.43 57.68 
57.82 79.37 327.22 200.68 59.69 
59.27 81.49 320.13 192.36 54.47 
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Table 7. Sugar yields from cellulase loading experiments for optimally pretreated 
switchgrass and coastal bermudagrass. 

  Sugar production (mg/g raw biomass) 
Cellulase  loading Switchgrass Bermudagrass 

(FPU/g) Total Sugars Glucose Total Sugars Glucose 

2.5 
266.23 126.39 261.41 127.55 
253.88 116.54 302.71 159.49 
252.51 112.48 298.50 141.54 

5 
307.27 181.65 346.21 188.65 
329.18 202.77 356.88 206.38 
306.87 184.92 342.87 185.64 

10 
423.74 256.18 426.66 243.87 
410.86 237.22 401.26 221.93 
416.42 241.79 397.04 235.54 

15 
431.21 272.24 427.38 248.39 
446.97 288.27 403.29 232.77 
449.43 291.63 400.89 249.79 

20 
434.38 277.24 429.23 252.21 
451.61 287.41 405.97 236.47 
446.73 286.03 414.21 253.97 

40 
453.14 277.39 435.07 256.99 
438.21 305.28 402.06 227.76 
447.70 285.67 401.54 259.84 
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Table 8. Glucose yields from cellobiase loading experiments for optimally pretreated 
switchgrass and coastal bermudagrass. 

 
Cellobiase loading 

(FPU/g) 

Glucose yield Sugar production 
(mg/g raw biomass) 

Switchgrass Bermudagrass 

0 
203.51 169.43 
213.64 174.87 
214.23 164.11 

10 
231.59 210.85 
247.29 229.38 
236.83 212.21 

20 
291.41 231.97 
273.51 258.38 
264.40 249.06 

40 
285.24 253.06 
276.78 236.51 
292.29 238.77 

70 
283.88 239.64 
289.44 255.82 
277.36 249.13 
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Table 9. Simons’ stain adsorption data for untreated and optimally pretreated switchgrass 
and coastal bermudagrass. 

Biomass 
Orange Dye Blue Dye 

(mg/g) (mg/g) 

Untreated switchgrass 
3.75 50.41 
3.72 50.73 
3.94 51.25 

Untreated bermudagrass 
7.43 73.07 
7.45 72.89 
7.72 73.81 

Pretreated switchgrass 
31.13 85.44 
33.21 79.70 
32.57 81.67 

Pretreated bermudagrass 
66.16 112.56 
58.64 107.36 
67.04 121.68 
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Table10. Dielectric loss tangents for dilute NaOH solutions at different temperatures. 

Temperature (oC) 1% NaOH 2% NaOH 3% NaOH 

20 
0.6052 1.2134 1.6352 
0.6031 1.1289 1.6078 
0.6059 1.1242 1.6101 

40 
0.8142 1.8427 2.2187 
0.7632 1.7956 2.1332 
0.7668 0.5866 2.1556 

60 
0.9832 1.8377 3.0143 
0.9462 1.8145 2.9341 
0.9284 1.8375 2.9300 

80 
1.1532 2.4066 4.3329 
1.1281 2.3022 4.2159 
1.1241 2.3043 4.3145 

100 
1.4821 3.0341 5.7218 
1.4498 2.9218 5.5929 
1.4753 3.0018 5.6290 

120 
1.8428 3.7288 7.2744 
1.7244 3.6188 7.2116 
1.8006 3.7084 7.2180 
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APPENDIX C: SAMPLE SAS CODE FOR CHAPTER 3 
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*This SAS program evaluates the effect of concentration, time and  
their interaction on solid loss (SL), lignin reduction (LR), total  
reducing sugar production (TRS), glucose yield (gluc) and xylose  
yield (xyl) for microwave pretreatment of switchgrass using NaOH; 
 
*Note that Tukey adjustment is used to enable multiple comparison 
of treatment means at an alpha level of 0.05; 
 
DATA SGNAOH; 
INPUT conc time SL LR TRS gluc xyl; 
datalines; 
1 5 73.24 26.76 59.43 297.48 160.59 84.10 
1 5 76.41 23.59 55.49 314.78 183.12 94.43 
1 5 74.38 25.62 58.76 298.15 163.78 91.48 
1 10 70.67 29.33 63.48 352.21 201.08 102.33 
1 10 71.45 28.55 62.72 367.54 216.37 112.34 
1 10 71.22 28.78 61.11 368.59 210.45 110.65 
1 15 59.68 40.32 69.13 336.96 189.75 92.33 
1 15 61.76 38.24 67.98 352.35 202.38 106.18 
1 15 61.06 38.94 68.26 344.47 196.47 99.69 
1 20 56.67 43.33 73.42 328.11 176.39 72.68 
1 20 54.81 45.19 75.16 314.69 171.33 77.22 
1 20 55.12 44.88 74.83 313.68 169.54 74.36 
2 5 68.41 31.59 61.28 351.51 227.95 107.77 
2 5 66.27 33.73 63.42 342.88 214.45 93.69 
2 5 68.78 31.22 61.75 344.25 227.65 105.38 
2 10 60.23 39.77 67.42 453.14 277.39 121.69 
2 10 61.45 38.55 66.48 438.21 305.28 132.08 
2 10 60.48 39.52 67.86 447.70 285.67 127.56 
2 15 56.81 43.19 71.37 337.89 247.12 100.91 
2 15 55.42 44.58 72.43 366.76 229.45 92.96 
2 15 57.64 42.36 74.67 343.45 236.55 97.45 
2 20 51.48 48.52 76.21 300.93 197.46 81.10 
2 20 52.67 47.33 76.49 335.93 212.83 81.75 
2 20 49.44 50.56 77.84 302.47 200.68 78.42 
3 5 63.41 36.59 68.43 379.54 245.73 98.97 
3 5 62.16 37.84 67.16 370.21 234.58 95.77 
3 5 61.83 38.17 67.22 368.47 230.20 93.62 
3 10 54.86 45.14 71.43 391.45 205.37 72.99 
3 10 57.17 42.83 70.87 416.74 219.64 82.70 
3 10 50.21 49.79 72.68 405.35 208.62 78.56 
3 15 52.69 47.31 75.86 346.48 202.47 66.70 
3 15 51.34 48.66 76.92 338.91 198.38 61.53 
3 15 50.46 49.54 77.53 347.46 204.67 62.96 
3 20 44.46 55.54 81.46 324.98 193.87 61.92 
3 20 42.28 57.72 83.81 319.64 187.35 58.74 
3 20 43.26 56.74 83.15 328.29 195.23 57.47 
; 
 
PROC GLM; 
class conc time; 
model SL=conc|time; 
lsmeans conc time conc*time / pdiff adjust=tukey; 
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PROC GLM; 
class conc time; 
model LR=conc|time; 
lsmeans conc time conc*time / pdiff adjust=tukey; 
PROC GLM; 
class conc time; 
model TRS=conc|time; 
lsmeans conc time conc*time / pdiff adjust=tukey; 
PROC GLM; 
class conc time; 
model gluc=conc|time; 
lsmeans conc time conc*time / pdiff adjust=tukey; 
PROC GLM; 
class conc time; 
model xyl=conc|time; 
lsmeans conc time conc*time / pdiff adjust=tukey; 
run; 
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APPENDIX D: DATA SETS USED FOR DEVELOPMENT AND VALIDATION OF 
MODELS IN CHAPTER 4
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Table1. Experimental data used for development of models. 

NaOH Concentration  
(% w/v) 

Time 
(min) L/Li G/Gi X/Xi 

1 5 
0.4057 0.9743 0.8381 
0.4451 0.9429 0.8229 
0.4124 0.9753 0.8119 

1 10 
0.3652 0.8443 0.8217 
0.3728 0.8518 0.8129 
0.3889 0.8389 0.8300 

1 15 
0.3087 0.8143 0.7622 
0.3202 0.7836 0.7388 
0.3174 0.7579 0.7430 

1 20 
0.2658 0.7011 0.6742 
0.2484 0.7377 0.6700 
0.2517 0.6997 0.6530 

2 5 
0.3872 0.8739 0.7268 
0.3658 0.8538 0.7017 
0.3825 0.8711 0.7099 

2 10 
0.3258 0.8253 0.6318 
0.3352 0.8855 0.6486 
0.3214 0.8122 0.6274 

2 15 
0.2863 0.7259 0.5842 
0.2757 0.6729 0.5628 
0.2533 0.7173 0.5832 

2 20 
0.2379 0.5837 0.5440 
0.2351 0.6295 0.5283 
0.2216 0.5927 0.5217 

3 5 
0.3157 0.7506 0.6102 
0.3284 0.7199 0.5915 
0.3278 0.7499 0.5723 

3 10 
0.2857 0.6142 0.4474 
0.2913 0.6262 0.5286 
0.2732 0.5940 0.5171 

3 15 
0.2414 0.5775 0.4317 
0.2308 0.5620 0.4029 
0.2247 0.5881 0.4185 

3 20 
0.1854 0.5481 0.3604 
0.1619 0.5370 0.3330 
0.1685 0.5633 0.3489 
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Table 2. Experimental data used for validation of models. 

NaOH Concentration 
 (% w/v) 

Time  
(min) L/Li G/Gi X/Xi 

1.5 7.5 
0.3744 0.8947 0.7969 
0.3559 0.9028 0.7843 
0.3672 0.8984 0.7937 

1.5 12.5 
0.2907 0.8152 0.7070 
0.3172 0.8016 0.7188 
0.2603 0.8210 0.7062 

1.5 17.5 
0.2678 0.6239 0.6844 
0.2517 0.6623 0.6546 
0.2669 0.5859 0.6610 

2.5 7.5 
0.3062 0.8223 0.6413 
0.2861 0.8459 0.6287 
0.2816 0.8319 0.6223 

2.5 12.5 
0.2816 0.7388 0.5740 
0.2563 0.7266 0.5896 
0.2693 0.7083 0.6042 

2.5 17.5 
0.2364 0.4919 0.5283 
0.2151 0.5212 0.4964 
0.2102 0.5138 0.4738 
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Table 3. Dielectric loss tangent data used for development and validation of models. 

NaOH Concentration 
(% w/v) Dielectric Loss Tangent 

1 
1.1532 
1.1281 
1.1241 

1.5 
0.8142 
0.7632 
0.7668 

2 
2.0241 
2.0041 
2.0276 

2.5 
3.3421 
3.3288 
3.3221 

3 
4.3329 
4.2159 
4.3145 
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APPENDIX E: MATLAB CODES USED FOR DEVELOPMENT AND VALIDATION 

OF MODELS IN CHAPTER 4 
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%this MATLAB code calculates the parameters for the kinetic models 
  
% input training data 
datatrain = xlsread('trainingdata'); 
  
%taking log(x): to match inputs to linearized model 
Xtrain=log(datatrain(:,1:2)); 
  
%taking log(-log(y): to match output to linearized model 
Ytrain=log(-log(datatrain(:,3:5))); 
  
%Regression of linearized form of the kinetic model with training data to 
%estimate parameters 
LIGstats=regstats(Ytrain(:,1),Xtrain); 
LIGcoeff=LIGstats.beta; %model parameters 
LIGpvalues=LIGstats.tstat.pval; %p values 
Ligtrainpred=LIGstats.yhat; %predicted values for training data 
  
GLUCstats=regstats(Ytrain(:,2),Xtrain); 
GLUCcoeff=GLUCstats.beta; %model parameters 
GLUCpvalues=GLUCstats.tstat.pval; %p values 
GLUCtrainpred=GLUCstats.yhat; %predicted values for training data 
  
XYLstats=regstats(Ytrain(:,3),Xtrain); 
XYLcoeff=XYLstats.beta; %coefficients 
XYLpvalues=XYLstats.tstat.pval; %p values for coefficients 
XYLtrainpred=XYLstats.yhat; %predicted values for training data 
  
%input testing data to validate model 
datatest=xlsread('testdata'); 
[m,n]=size(datatest); 
Xtest=[ones(m,1) log(datatest(:,1:2))]; 
  
%Predicting values using testing data 
LIGtestpred=Xtest*LIGcoeff; 
GLUCtestpred=Xtest*GLUCcoeff; 
XYLtestpred=Xtest*XYLcoeff; 
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%this MATLAB code finds the centers for output memberships functions  
%for the Mamdani fuzzy inference system using from experimental data 
  
%input data for clustering  
data=xlsread('dataforclustering'); 
L=data(:,3); 
G=data(:,4); 
X=data(:,5); 
  
%Estimating the number of output membership functions using subtractive 
%clustering 
Lcenters=subclust(L,0.25); 
Gcenters=subclust(G,0.25); 
Xcenters=subclust(X,0.25); 
Li=size(lci,1); 
Gi=size(gci,1); 
Xi=size(xci,1); 
  
%finding optimal centers for membership functions using fuzzy c-means 
%clustering 
Lcenters1=fcm(L,Li); 
Gcenters1=fcm(G,Gi); 
Xcenters1=fcm(X,Xi); 
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%this MATLAB code uses the Shapiro-Wilk method to test the normality 
%of residuals from the models. 
  
%input residual data 
data=xlsread('residualsmatlab.xls'); 
  
%The null hypothesis is that that the dataset being tested comes 
%from a normal distribution with unknown mean and variance, 
%The alternative hypothesis is that it does not come from a normal  
%distribution.  
%A result of 1 is rejection of null, result of 0 is acceptance 
%The code for the Shapiro-wilk test is in an external MATLAB file 
%named "swtest.m". This file is available from Mathworks Central  
%file exchange at: 
http://www.mathworks.com/matlabcentral/fileexchange/13964 
  
alpha=0.05; 
n=9; 
hS=zeros(n,1); 
pS=zeros(n,1); 
statS=zeros(n,1); 
cvS=zeros(n,1); 
  
for i=1:1:n; 
   
    [hS(i,1),pS(i,1),statS(i,1)]=swtest(data(:,i),alpha,0); 
end 
resultsS=[hS,pS,statS]; 
  
%Creating normal probability plots  
%for kinetic model 
normplot(data(:,1));xlabel('L/Li residuals'); 
figure 
normplot(data(:,2));xlabel('G/Gi residuals'); 
figure 
normplot(data(:,3));xlabel('X/Xi residuals'); 
  
%for linear regression model 
figure 
normplot(data(:,4));xlabel('L/Li residuals'); 
figure 
normplot(data(:,5));xlabel('G/Gi residuals'); 
figure 
normplot(data(:,6));xlabel('X/Xi residuals'); 
  
%for Mamdani-type inference system 
figure 
normplot(data(:,7));xlabel('L/Li residuals'); 
figure 
normplot(data(:,8));xlabel('G/Gi residuals'); 
figure 
normplot(data(:,9));xlabel('X/Xi residuals'); 
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%this MATLAB code evaluates the Mamdani-type fuzzy inference system  
%for training and testing data 
  
%input data  
datatrain=xlsread('FuzzyTrainingdata.xls'); 
datatest=xlsread('Fuzzytestdata.xls'); 
  
%loading mamdani inference system 
  
fis=readfis('MamdaniInferenceSystem'); 
  
%predictions from training data 
  
trainpred=evalfis(datatrain,fis); 
  
%predictions from testing data 
  
testpred=evalfis(datatest,fis); 
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