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ABSTRACT 
 

Recent concerns over economic and environmental issues associated with 

fossil-based fuels and products usage have sparked interest in renewable 

alternatives. Lignocellulosic biomass such as Napier grass (Pennisetum purpureum) 

can be green processed to generate an additional revenue stream (i.e., juice) and 

solid fiber stream. Fibers can be converted into biofuels and biobased products, but 

requires pretreatment to unlock structural sugars. Dilute acid pretreatment has 

been widely studied due to low cost and its effectiveness in disrupting the biomass 

structure, however limited research is available on how the factors of acid 

concentration, time, temperature and solid:liquid ratio and their interactions affect 

sugar release. To investigate this, two full factorial experimental designs were used. 

Compositional analysis of the feedstock indicated no significant changes occurred 

over three separate harvests except for ash content. Statistical analysis indicated 

that temperature, acid concentration and their interaction had the most impact on 

sugar release. Solid:liquid ratio had a highly linear relationship to sugar release 

(i.e., lower solids loading rate yielded higher sugars) and had a significant 

interaction with temperature.  Knowledge about these factors is critical to the 

optimization, scale up and design of bioprocessing facilities.  
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Chapter 1 Introduction 
 

There is renewed interest in using renewable and more sustainable forms of energy due 

to the emerging issues associated with the use of fossil fuels. Carbon dioxide gas is released 

during the combustion of these fuels and has contributed significantly to atmospheric carbon 

dioxide concentration levels. In 2012 over 31,000 million tons of carbon dioxide was 

emitted globally (International Energy, 2014)and is expected to increase as a result of larger 

populations, modernization and higher energy demands. Carbon dioxide is one of many 

greenhouse gases that are emitted from energy usage, however there is growing concern that 

the continuous addition of these gases into the atmosphere have been responsible for the 

recent rises in sea level and global average increase in temperatures causing concern over 

man made climate change(IPCC, 2013).  In addition to environmental issues, there are 

concerns about recent fluctuations in oil prices and their impact on national economies and 

energy securities. Liquid fuel availability not only affects military operations and civilian life 

but also has major effects on modern industrial economies, which use fuels to produce 

goods and services. Gross Domestic Product (GDP) is very sensitive to oil price as a result 

and increasing countries’ energy portfolio to include multiple sources of fuel can help 

dampen the effect that the change in price and supply of a single fuel can have on a nations 

economy (Stock, 2015).  

In an effort to alleviate the problems associated with fossil fuels many countries have 

adopted policies to increase biofuel production. The United States alone has passed several 

renewable energy pieces of legislation such as the Energy Independence and Security Act in 

2007 and other state wide mandates to enhance renewable electricity and fuel generation 

(EISA, 2007; IRE, 2010). Most of these goals are ambitious, especially considering goals to 

generate large volumes of cellulosic-based biofuels in a short amount of time (EPA, 2015). 

The issues with cellulosic-biofuels on such large scales are the lack of current infrastructure 

to produce large volumes of biofuels as well as costs associated with using cellulosic 

biomass over starch and sugar based crops. Currently, biofuels are mainly produced from 

food/feed crops, e.g., corn (United States and China), and sugarcane (Brazil). While it is 

relatively easier to process these starch and sugar crops into biofuels, there is increasing 
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debate in using these crops for food/feed versus fuel. In addition, these crops often have 

high input requirements (e.g., fertilization, irrigation and insect management) in order to 

obtain high yields (Sims et al., 2008).  This is why other feedstocks such as lignocellulosic 

biomass have become more attractive to the biofuel industries.  

Lignocellulosic feedstocks are composed of the polymers cellulose, hemicellulose and 

lignin. The interaction of these polymers make it difficult to gain access to sugars bound in 

this matrix. The economics of using lignocellulosic biomass as main feedstocks for biofuels 

and other biobased products is unattractive due to higher processing costs and immature 

technology associated with biomass processing. Borrowing from the petroleum industry, an 

idea of fractioning biomass to multiple products can be applied to help improve the 

economic competitiveness of biobased industries (Ghatak, 2011).  Green processing of 

lignocellulosic biomass takes advantage of fresh biomass in order to generate a green juice 

stream and a fiber-rich solid stream(Takara & Khanal, 2011). The nutrient-rich juice could 

potentially be used for diverse co-product generation, while the fibers can undergo 

traditional biomass processing into fuels and chemicals following pretreatment and enzyme 

hydrolysis. The goal is that green processing can generate additional products from plant 

juice, which is normally removed via drying in traditional biomass processing. The revenue 

generated from this side stream can help improve the economics of processing 

lignocellulosic biomass into biofuels and biobased products.   

There are numerous pretreatment strategies available for lignocellulosic biomass. 

These pretreatments are designed to either remove lignin, hemicellulose, and cellulose or 

increase the accessibility of these components to other processes. There are four major types 

of pretreatment, namely 1) physical, 2) chemical, 3) biological and 4) hybrid. Physical 

pretreatments are often used for size reduction to increase the surface area and thus improve 

the efficiency of downstream chemical, biological or hybrid pretreatments. Chemical 

pretreatments use acids or bases to chemically alter the biomass structure and remove 

certain structural components. Chemical pretreatments are usually followed by enzymatic 

hydrolysis to obtain fermentable sugars. Biological pretreatments use microorganisms such 

as fungi and bacteria to degrade the lignocellulosic structure by producing enzymes. 

Although biological pretreatment is cost effective, it often has long processing times due to 

the slow microbial growth that initiates this process. Hybrid pretreatments often try to 
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synergistically combine two or more pretreatment methods in order to maximize sugar 

release.  The use of these pretreatments can increase the yields of xylose and glucose 

dramatically. A study investigating different pretreatments on switch grass found that all 

pretreatments were able to achieve 80-90% xylose and 70-90% glucose yields. These 

numbers are substantially higher than sugar yields from un-pretreated biomass which only 

released 15 % xylose and 5% glucose (Wyman et al., 2011) These yields were achieved at 

certain pretreatment conditions, which indicates not only the need for pretreatment but also 

the need for optimization of pretreatment conditions.  

Pretreatment can cost nearly 20% of the total cost of converting biomass to usable 

sugars through a combination of pretreatment processes and enzymatic hydrolysis (Yang & 

Wyman, 2008). While it is an expensive part of the overall conversion process, there are 

continuous advancements in pretreatment technologies and are expected to reduce the cost 

of pretreatment in the long run (Lynd et al., 2008).  

Of all the pretreatments technologies, dilute acid pretreatment has been studied 

extensively in laboratory settings due to the relative ease to perform and low cost. Typically 

most works focused on varying acid concentration, time and temperature and occasionally 

solid loading rates. In order to maximize sugar yields it is often necessary to optimize these 

conditions.   

Process optimization is key for industrial applications, and information gathered on 

operating conditions is valuable to determine the success of a process. It can also provide 

additional information on how these factors interact so that new experiments can find the 

data that is desired (usually a maximum or minimum) (Box et al., 2005). Different 

experimental designs are suitable for various situations; however imploring a full factorial-

based experimental design can give insight into main factor effects as well as factor 

interactions (if present) that affect the response variable. Very few studies report interactive 

effects, and these interactions could be more important to consider than the main factor 

effects in a process.  

This research investigates the use of green processed Napier grass (Pennisetum 

purpureum), which has desirable biofuel feedstock properties described later, during dilute 

acid pretreatment and subsequent enzyme hydrolysis to produce high amounts of usable 

sugars. The specific objectives of this research are: 
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 Investigate the composition of mature Napier grass harvested at different times of the 

year; 

 Determine the effects of acid concentration, time and temperature on the dilute acid 

pretreatment process and additional effect on downstream enzymatic hydrolysis and; 

 Investigate the effect of solids loading (solid:liquid ratio) on dilute acid pretreatment. 

 

The findings of this work can be used in economic analysis to determine the effects that 

implication of green processing may have on the biofuel industries. The information the 

effects of acid concentration, time, temperature and solid:liquid ratio on sugar release can 

also be implemented in economic models and life cycle assessments (LCA) in order to 

establish the feasibility of large-scale production of biofuel and biobased products from 

Napier grass. The knowledge obtained on these factors and interactions can also be useful 

for future work to determine other optimal conditions as well as to be used for process scale 

up. 
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Chapter 2 Literature Review 

2.1 Introduction 
 

In the year 2012, the world used 9,000 metric ton of oil equivalent (Mtoe) of energy, 

and energy demand is predicted to increase by 33% by 2035 (International Energy, 2014). 

The world is at a crossroads where growing populations, affluence and global 

modernization are driving the need for more energy. Currently, the world generates a 

majority of its energy from fossil-based fuels, however there are growing concerns over their 

usage as the primary source of energy.   

2.1.1 Environment 

 

Current rate of fossil fuel usage cannot be sustained over the coming generations. 

Oil, coal and natural gas are all nonrenewable natural resources and continuous usage will 

eventually lead to their exhaustion. Although further reserves of these resources have been 

found, they are not economic to retrieve or may cause destruction of the surrounding 

environment when harvested (Sorrell et al., 2012) . The utilization of these fuels results in 

the release of long sequestered carbon into the atmosphere as carbon dioxide, which is a 

potent greenhouse gas. Carbon dioxide emissions from the US alone have been above 5,000 

Million metric tons (MMmt) per year for the past 20 years (US DOE, 2014) and is the 

second largest contributor of carbon dioxide emissions after China. Further more, there is 

mounting evidence that the released carbon dioxide is likely to cause climate change. If 

action to help mitigate CO2 emissions into the atmosphere is not taken soon, there will 

likely be climate change induced impacts affecting our planet within human timescales 

(IPCC, 2013).  

2.1.2 Economy 

 

A recent fluctuation in oil prices in the United States has caused major concern about 

the future of the energy security of the nation. The United States continued dependence on 

foreign oil has sparked interest in looking at alternative internal sources of energy. More 

recently shale gas production has helped to alleviate some of the stain the foreign oil 
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markets place on the United States (US DOE, 2015).  Additional sources of energy are thus 

needed to help create a diverse energy portfolio and to protect against the negative impacts 

from the fluctuation of one energy source prices.  However this can act as a double edge 

sword despite the current instability in the petroleum markets, devolvement and start up of 

other energy sources is still considered highly risky for large investors because markets may 

soon return to more favorable conditions for the petroleum industry (Sims et al., 2010).  

With continued usage and production of oil, there is a growing concern over when peak oil 

production will occur. The utilization of liquid fuels is the foundation of many industries 

and is often used as an indicator of economic health and stability of a country. If peak oil 

production occurs without the discovery of an alternative source of fuels, this could have 

detrimental effects on many industrialized countries’ economic growth and stability (Sorrell 

et al., 2010). 

2.1.3  Alternative energy  

 

To address these issues, the United States started the Renewable Fuel Standards 

program which set an ambitious goal for the utilization of ethanol, biodiesel, and advanced 

biofuels in order to combat greenhouse gas emissions, expand the renewable fuels sector and 

enhance energy security (EPA, 2015) 

While other renewable energy technologies such as wind, solar, tidal and hydro can 

generate electricity, it is only biomass that can provide an alternative liquid fuel comparable 

to fossil based fuels (Faaij et al., 2002). Biomass-derived fuels are considered carbon neutral, 

implying that it does not significantly add “new” carbon to the atmosphere. The carbon 

dioxide released from the usage of biofuels will later be re-sequestered during feedstock 

production, thus closing the carbon cycle (Fatih Demirbas, 2009). The United States has the 

potential of producing nearly 1.3 billion dry tons of biomass annually(Perlack et al., 2005). 

An added benefit of establishing biomass-based biorefineries is the creation of more jobs, 

investment in local agriculture and development of new infrastructure in rural areas. The 

sugars and other materials in biomass can be converted to many different types of 

fuels/advanced fuels and biobased products that can increase the amount and diversity of 

fuels and biochemicals available for use.  
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 Current biofuel production in the United States is from first generation feedstocks, 

which are primarily starch and oil based food crops. The sugars can be fermented to 

produce biofuels and advanced biofuels such as ethanol and butanol respectively, where as 

oil seed crops are converted into biodiesel (Sims et al., 2008). These crops are usually corn, 

sugar beat or soybeans, which are food crops with mature harvesting and processing 

technologies. Starch based crops are easier to hydrolyze and thus easier to convert into 

biofuels. However using these types of crops raises the ethical concern of using these crops 

for food and feed applications versus fuel.  Eventual phasing out of these types of crops with 

nonedible lignocellulosic crops are favored for future biofuel production(Ghatak, 2011).  

2.2 Second generation feedstocks 

2.2.1 Napier grass 

 

Napier grass (Pennisetum purpureum) is a perennial tropical C4 grass originating from 

Africa. It has been used in the agricultural sector especially for erosion control and 

windbreaks in addition to animal feed applications (Angima et al., 2002; Osgood et al., 

1996). Within the last 20-30 years Napier grass has gained more popularity as a dedicated 

lignocellulosic energy crop because of its relatively high yield of 20-40 dry tons per acre per 

year(Osgood et al., 1996). Other attributes such as rapid, dense upright growth and 

ratooning ability make it a promising feedstock candidate for a large-scale biorefinery 

(Osgood et al., 1996; Samson et al., 2005).  Napier grass typically reaches maturity in 6-8 

months opening up the possibility of more than one harvest per year.  

2.2.2 Green processing 

 

Green processing is an emerging concept for areas with tropical or subtropical climates. 

It involves using the biomass fresh in order to extract additional revenue streams from the 

biomass sample that may be lost in traditional biomass processing(Takara & Khanal, 2011).  

Traditional processing typically uses dry biomass, which is energy intensive for downstream 

processing. In areas that experience colder seasons drying is often a necessary preservation 

method that cannot be excluded(Kamm et al., 2009). However in areas with year round 
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growing season, a continuous supply of biomass can be utilized fresh as needed to generate 

biofuel and biobased products. Fractionation of biomass in order to produce a myriad of 

products and co-products can help add additional revenue streams to make the biomass to 

biofuel process more profitable.   

2.3 Pretreatment 

 
Second generation feedstocks or lignocellulosic biomass are considered to be the 

most abundant types of feedstock available on earth. It includes agricultural residues, forest 

residues, municipal waste and dedicated energy crops(Kumar & Murthy, 2011). Its 

abundance while attractive is often overshadowed by the fact that its structure presents a 

significant challenge for biochemical conversion.  Lignocellulosic biomass is composed 

primarily of three polymers. Cellulose is a homogenous polymer of glucose units, whereas 

hemicellulose is heteroploymer composed of xylose and arabinose, which makes side chain 

connections between cellulose and lignin. Lignin is an aromatic polymer that acts as a 

protective barrier that coats the carbohydrate polymers. These polymer interactions make it 

difficult to effectively utilize these biomass structural sugars (Limayem & Ricke, 2012). In 

order to gain access to these carbohydrate polymers, pretreatment is often needed to 

enhance the digestibility of the feedstock (Hendriks & Zeeman, 2009). Pretreatment is 

designed to alter this structure and allow for later downstream process such as enzymatic 

hydrolysis to obtain fermentable sugars from complex carbohydrates. While pretreatment 

can be a costly step in the conversion process it is often necessary to increase the economic 

viability of the bioconversion process (Wyman, 2007). 

2.3.1 Types of pretreatment  

 

There are different types of pretreatments available to process lignocellulosic 

biomass. Each pretreatment has its own principle of disrupting the lignocellulosic structure 

and thus each type has its own strengths and weaknesses. As a result, often the type of 

feedstock will influence the choice of pretreatment or vice versa (Wyman, 2007). 

Pretreatments can be classified into four categories, namely physical, chemical, biological, 
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or a combination (hybrid) of the previous types.  A brief summary of these pretreatment 

types is discussed below.  

Physical pretreatments involve mechanical breakdown of the lignocellulosic 

structure. Mechanical shear and size reduction is achieved by shredders, grinders and mills. 

Pretreatments that strictly use water such as hot water washing as well as steam explosion 

are also considered to be physical pretreatments due to the breakdown of the structure 

occurring because of thermal stresses, auto hydrolysis or high-pressure differences. Newer 

technologies that include irradiation, microwave or sonication also fall into this category 

(Zheng et al., 2014).  

Chemical pretreatments require the use of chemicals to alter one or more 

components of lignocellulose. These pretreatments involve use of dilute acid or alkali that 

target hemicellulose and lignin removal respectively at elevated temperatures. Newer 

chemical pretreatments including ionic liquid which targets cellulose removal at milder 

temperatures and Organosolv which uses a mixture of organic solvents to remove lignin and 

hemicellulose (Chiaramonti et al., 2012). Chemical pretreatments are known for their ease 

and high recovery of sugars.  

Biological pretreatments use microorganisms to facilitate the breakdown of lignin, 

hemicellulose and/or cellulose. Fungal species excrete enzymes to breakdown these 

components are typically inoculated on the biomass sample. White rot fungus is especially 

known for its lignin degrading abilities. However biological pretreatments tend to be much 

slower than chemical or physical pretreatments (Castoldi et al., 2014).   

Hybrid pretreatments involve the combination of physical, chemical or biological 

pretreatments in an effort to maximize the positive effects of each pretreatment. Examples 

include ammonia fiber expansion (AFEX) and dilute acid-assisted steam explosion(Sun & 

Cheng, 2002).  These are examples of physio-chemical pretreatment that combines the 

synergetic effects of mechanical breakdown and chemical hydrolysis of the lignocellulosic 

structure to enhance sugar release.  

2.3.2 Dilute Acid Pretreatment 

 

With all of pretreatments available dilute acid pretreatment appears to consistently 

rank as one of a few more promising candidates due to process economics, high yields, 
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scalability and recent pilot reactor testing (Agrawal et al., 2015; Humbird et al., 2011; Rocha 

et al., 2015; Wyman et al., 2005). It was due to these reasons that dilute acid pretreatment 

was the chosen in this study.   

Dilute acid pretreatment uses acid as a catalyst for the hydrolysis of polysaccharides. 

The hydrolysis reaction adds water to the  1,4 glycosidic bond found in lignocellulosic 

sugars. The water is able to cleave the bond and adds a hydrogen atom to one sugar and an 

OH group to the other thereby resulting in two complete monosaccharide sugars (Xiang et 

al., 2004).   There are many different types of acids that are used for pretreatment, each with 

its own advantages and disadvantages. Acids such as hydrochloric, sulfuric, phosphoric and 

nitric are typical acids used in dilute acid pretreatment(Menon & Rao, 2012) as well as 

organic acids (Qin et al., 2012). The choice of acid has shown to influence the rate of sugar 

release and degradation, but dilute sulfuric acid is usually used because it is cheap, has a 

high reaction rate and large success removing hemicellulose (Lavarack et al., 2002). The 

drawbacks of dilute sulfuric acid pretreatment include possible generation of fermentation 

inhibitors and neutralization of the acid hydrolyzate.  Common factors tested in dilute acid 

pretreatment are acid concentration, time and temperature.  
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Table 2-1: Review of dilute acid pretreatment operating conditions 

Substrate Acid type 
Acid 

Concentration 
Time Temperature Solids Loading 

Reported 
Yield 

Best 
Condition 

Source 

Corn Stover Phosphoric 
0.16, 0.5, 1, 1.5, 

1.84 % v/v 

1.59, 5, 
10, 15, 
18.41 

min 

126, 140, 
160, 180, 194 

C 

10 % w/w 

85% 
Glucose 

 

91.4% 
Xylose 

Glucose: 

 0.5% (v/v)  

15 min 

180 C 

 

Xylose: 

1% v/v 

10 min 

160C 

 Avci et al. 
(2013) 

Rapeseed 
Straw 

Sulfuric 
0.5, 1.25, 2 % 

w/v 
0, 10, 20 

min 

140, 170, 200 

C 
36 g to 600 ml 

65% 
Glucose 

 
92.2% 
Xylose 

2% w/v 
6 min 

143 C 

López-Linares 
et al. (2014) 

Rice Straw Sulfuric 
0.5, 0.7, 0.8, 1% 

w/w 

1, 2, 2.5, 

3, 4, 5, 
10, 15, 25 

min 

160, 180, 190 

C 
50g to 500 ml 

85% 
Glucose 

 
89% 

Xylose 

1 % w/w 

1-5 min 

160-180C 

Hsu et al. 
(2010) 

Corn Cobs Sulfuric 
0.5, 1.0, 1.5 % 

w/v 
30, 60, 90 

min 

110, 118, 125 

C 
10% w/w 

78.1% 
Glucose 

 
87.2% 
Xylose 

1 % w/v 
90 min 

123 C 

Cai et al. 
(2012) 

Cotton 
Ginning 

Trash 
Sulfuric 

0, 0.5, 1, 1.5, 2 
% v/v 

4, 8, 12, 
16, 20 
min 

160, 175, 
190, 205, 220 

C 

100 g to 1 L 

89% 
Glucose 

 
87% 

Xylose 

Glucose: 

0.8% v/v 

12 min 

180C 

 

Xylose: 

1.9 %(v/v) 

23.8 min 

150C 

McIntosh et al. 
(2014) 
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Most feedstocks used in dilute acid pretreatment are from agricultural waste sources.  

Studies reported in Table 2-1 tested a wide range of acid concentrations, times, temperatures 

and solids loadings to remove a majority of the xylose and then followed up with an 

enzymatic hydrolysis to remove the remaining glucose sugars. High conversions efficiencies 

of around 80-90% for both glucose and xylose are reported under optimal conditions for 

diverse lignocellulosic feedstocks, thus showing the success of dilute acid pretreatment in 

achieving high sugar yield from lignocellulosic biomass. The conditions for the optimal 

pretreatment condition vary considerably between feedstocks. This wide array of 

pretreatment conditions creates the need for feedstock specific pretreatment conditions.    

Each feedstock has its own set of conditions for pretreatment that work best. The 

composition of the biomass is largely believed to be responsible for the diverse conditions 

needed to obtain optimal sugar release due to the different interactions between cellulose, 

hemicellulose and lignin (Menon & Rao, 2012). Therefore each feedstock needs to be 

carefully analyzed not just for composition; but also for pretreatment reaction conditions 

yielding the most sugars.  

2.4 Process optimization and scale up 

 

Part of optimization is determining what factors affect the process and how these factors 

interact. Their relationship with each other plays an important role in selecting the process 

conditions. It appears that optimization of sugar recovery from biomass samples varies 

greatly depending not only biomass type; but also probably other conditions such as particle 

size, reactor configuration, and scale among others (Guo et al., 2010; Wyman, 2007; Yue et 

al., 2013).  Therefore, it is important to examine different pretreatment conditions and their 

interactive effects on sugar release.  

Napier grass has many desirable traits as a bioenergy feedstock; therefore it is important 

to evaluate the pretreatment conditions affecting sugar release from this feedstock. For 

dilute acid pretreatment, common parameters of interest include acid concentration, 

reaction time, temperature and solids loading. Other factors affecting this process are likely 

to exist but these are the main factors that would likely be controlled in large-scale 
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operations. Therefore, a more thorough study is needed to get insight into how these factors 

affect efficacy of pretreatment and how these factors interact with each other. Better 

understanding of pretreatment conditions can aid in better process design, scale-up and 

operation of biorefinery facilities and improve the overall economics of an emerging bio-

based fuel industry.  
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Chapter 3 Methods and Materials 
 

3.1 Harvesting 

 

Samples of Napier grass (Pennisetum purpureum) were hand harvested from 

Waimanalo Research Station (Waimanalo, HI, USA). 8 month old (mature) Napier grass 

samples were harvested from a ratooned crop at three different times of the year. The stalks 

of Napier grass were hand cut leaving 1-2 inches of the stalk above ground allowing the 

plant to ratoon back. Stalks were then immediately placed in trash bags to minimize 

evapotranspiration while transporting them back to the University of Hawai„i at Mānoa for 

further processing.  

3.2 Size reduction and dewatering 

 
Initial mechanical processing is often necessary facilitate effective pretreatment. Size 

reduction was carried out first by a shredder (Vincent Corporation, Tampa, FL, USA) 

where whole stalks and leaves were passed through the machine twice to ensure the 

particles were not too big for the dewatering phase. To carry out the dewatering step, a 

screw press (Vincent Corporation, Tampa, FL, USA) was used for further size reduction 

and dewatering operated at 30 psi backpressure. The dewatering phase takes advantage of 

green processing in which the biomass is processed fresh or green in order to produce a 

fibrous product and a green plant juice as a coproduct(Takara & Khanal, 2011). Drying is 

often an energy intensive step in the conversion process, so in climates with year round 

growing seasons, feedstocks could be harvested fresh and processed when needed. The juice 

extracted could be used to generate other high-value coproducts. The juice collected was 

saved for investigation of potential coproduct generation such as using it as a substrate for 

fugal protein production (Takara & Khanal, 2015). However most of the co-product work is 

outside the scope of this research. The solid fiber was recovered and stored in a freezer (-20 

°C) until further use.  
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3.3 Compositional analysis 

 
 8-month old (mature) Napier grass samples were harvested in June 2013, October 

2013 and February 2014. Compositional analysis was carried out on each sample. The 

composition of the samples is key to determine how much sugar is available following dilute 

acid pretreatment and enzyme hydrolysis. National Renewable Energy Laboratory (NREL) 

procedures were followed to determine the composition of the biomass samples (Sluiter & 

Sluiter, 2011). Standard testing material NIST 8491 sugarcane bagasse was also run 

alongside these samples to determine the validity of the compositional analysis methods 

run.   

 Prior to analytical procedures the biomass samples were first prepared by drying at 

45  5 C. The dried biomass samples (moisture content <10%) were ground down to a 

particle size of 2 mm or smaller using a commercial blender and then stored in a desiccator 

until further use (Hames et al., 2008). 

3.3.1 Moisture content determination 

 

The moisture content of a biomass sample was determined following the NREL 

protocol (Sluiter et al., 2008a). Aluminum pans were labeled and set to dry in an oven at 

105 ºC for a minimum of 4 hours. The pans were then removed and allowed to cool down 

and then weighed.  Biomass sample was then added to the pan and the weight was 

recorded. The pans with the sample were allowed to dry at 105 ºC in the oven overnight. 

Once the sample was dried to constant weight, the moisture content was determined using 

the following equation:  

 

                       (
(                                  )

                        
    ) 

 

 

 



 16 

The moisture content determines how much of the biomass is composed of water 

and it is crucial to establish this value in order to form a comparison of biomass samples on 

a dry weight basis.  

 

3.3.2 Extractives determination 

 

 The extractives are an important part of the compositional analysis because they will 

remove any components not bound to the biomass structure. Water extractives remove 

water-soluble components from the biomass such as soil, fertilizers, non-structural sugars 

and other inorganic materials. In addition some biomass materials are extracted with 

ethanol to remove waxes and chlorophyll. Extraction is a necessary step in compositional 

analysis in order to remove unbound compounds that can later interfere with the 

composition of the biomass structure (Sluiter et al., 2008c). For determining extractives, 3-5 

g of ground prepared sample was added to 3 different cellulose extraction thimbles 

(Whatman, Maidstone, United Kingdom). A moisture content determination was also 

performed at this time to find the Oven Dry Weight (ODW) of the sample. 500-ml round 

bottom flasks and reflux glassware were dried at 105 ºC until constant weight was reached. 

The thimbles were inserted inside the Soxhlet tube and 190-200 ml of de-ionized water was 

added to the round bottom flasks as well as a magnetic stir bar to provide a site for bubble 

nucleation. The round bottom flasks and the soxhlet tube were connected and hooked up to 

a condenser set to 4 ºC. The flasks were set on a hot plate (Corning, Corning NY, USA) for 

24 hours with a reflux rate of 4-6 times per hour. After this period, the water extractives in 

the round bottom flask were cooled to room temperature and the stirrer bar was rinsed and 

removed. The liquid was then emptied into a 200-ml volumetric flask. The volume was 

brought up to 200 ml with de-ionized water and then mixed thoroughly so 10 ml sample 

could be pipetted out for soluble sugar analysis. The soxhlets were then hooked up to a 

round bottom flask containing 190-200 ml of 190-proof ethanol and a new magnetic stirrer 

bar for extraction. This extraction also ran for 24 hours at the same reflux rate. Upon 

completion of extraction, the biomass sample was removed from the cellulose thimble and 

placed in a büchner funnel lined with cellulose filter paper and rinsed with 100 ml of 190 

proof ethanol. The sample was then allowed to vacuum dry until moisture content was < 
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10%. The contents of the round bottom flasks were evaporated using a rotary evaporator 

(Buchi, Flawil, Switzerland) to remove either the water or ethanol thereby leaving behind 

the extractives residue on the flask. The flasks were then dried in a vacuum oven at 40ºC 

until constant weight was achieved. The % extractives were calculated using the following 

equations:  

 

    
(                                   )                

   
 

 

                       
                                   

         
   

           
                                 

       

 

                       
                                   

         
       

 

The extractives free biomass, once dried, was used for the remainder of the analysis 

to determine the carbohydrate and lignin contents. The biomass samples used in these 

experiments must be on an extractives free basis to prevent high bias towards other 

structural components by being mistaken for carbohydrates or lignin in further downstream 

analytical procedures.  

3.3.3 Ash determination 

 

 Ash content in the biomass represents the amount of inorganic materials present in 

the biomass and can contribute significantly to the overall biomass composition (Sluiter et 

al., 2008b). The inorganic compounds that constitute the ash can either be bound to the 

biomass structure or can be extracted (Sluiter et al., 2010); therefore ash content must be 

measured before and after extractives to find the value of true (raw sample) structural 

(bound) and nonstructural (unbound) ashes. This will allow for proper determination of 

certain components such as water extractives, which is represented by the following 

equations: 
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 The procedure for ashing samples involved placing crucibles in a furnace at 550ºC 

until constant weight was achieved, then 0.5-2.0 g of biomass sample was added into the 

crucible and a weight was taken. A moisture content analysis was also conducted at the 

same time to find out the ODW of the sample. The crucibles were then placed on a clay 

triangle over a flame and allowed to heat up. The samples were allowed to burn until smoke 

ceased to be produced and then were placed in the furnace at 550 ºC until constant weight 

was obtained (Sluiter et al., 2008b). The ash content was calculated using the following 

equation:  

 

       
                                 

         
      

 

3.3.4 Carbohydrate determination 

 

Carbohydrates make up a significant portion of the biomass and can be structurally 

bound or free. Free carbohydrates are easily removed/washed away by extraction whereas 

structural carbohydrates must be broken down via reactive means. The carbohydrates in 

lignocellulosic biomass are mostly in the form of cellulose and hemicellulose. Cellulose is 

comprised of glucose and can be crystalline or amorphous in nature while hemicellulose is a 

mixture of mostly five carbon sugars with a backbone of xylose or mannose and several 

other side chain sugars such as galactose, arabinose and glucose. 

 Sugars are a valuable building block/starting material for many biological and 

biochemical pathways and are of paramount importance in the biofuel industry. Therefore 

determination of the amount of carbohydrates in a feedstock is necessary.  NREL protocol 

was used for determining the amount of carbohydrates using a 2-stage acid hydrolysis 
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procedure. Based on the NREL protocol, 0.3 g of extractives free biomass was added to 

pressure tubes. Concurrently, moisture content was determined to find the ODW of the 

samples. The tubes were partially submerged in a water bath at 30 ºC and 3 ml of 72 % 

(w/w) sulfuric acid was added. A glass stirrer rod was used to agitate the samples to ensure 

a complete digestion; this phase lasted for 60 minutes. After the main digestion, the sample 

was diluted down to a 4% solution by adding 84 ml of de-ionized water and placed in an 

autoclave for 60 minutes at 121 ºC for a second digestion. In addition to the samples, a 

Sugar Recovery Standard (SRS) was also prepared where a known sugar concentration 

(preferably close to the concentration of sugar in the biomass sample) was prepared and 

then 10 ml was added into a pressure tube with 348 L of 72 % (w/w) and was also placed 

inside the autoclave. The SRS was needed to determine sugars degradation due to the acidic 

and high temperature conditions. This was used to determine a correction factor to account 

for the sugars lost due to the second stage acid hydrolysis. Once cooled to room 

temperature, the sample in the pressure tubes was filtered through a filtering crucible to 

catch the remaining undigested sample.  An aliquot of 50 ml of the liquid was saved to 

determine both the carbohydrate and Acid Soluble Lignin (ASL) contents (Sluiter et al., 

2004).  

3.3.4.1 Spiking solution 

 

The NREL protocol for carbohydrate analysis has been thoroughly optimized for 

corn stover; but has had comparative success with other lignocellulosic feedstocks. The 

protocol involves taking 0.30 g of sample and performing a two-stage hydrolysis of the 

sample.  Due to the relatively low amount of sample being hydrolyzed, type of feedstock 

and the sensitivity of the HPLC, it was difficult to get consistent results for the sugars 

glucose, xylose and arabinose present in the sample due to the relatively small amplitude of 

the peaks over the baseline noise. Instead of trying to optimize the NREL protocol for 

Napier grass, it was decided to spike the carbohydrate analysis samples with a known 

concentration of glucose, xylose and arabinose sugars to extend the peak heights to get a 

clearer reading and integration. Later, the concentration of the known spiking solution 

would be subtracted to obtain the true value of sugars in the Napier grass samples. The 
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spiked samples were prepared by neutralizing and centrifuging the original carbohydrate 

sample and then adding 0.5 ml into a HPLC vial, 0.5 ml of the sugar solution was then 

added to this to spike the concentration of the sugars in the sample. The following mass 

balance equations were used to back calculate the original sugar concentrations from the 

HPLC injections: 

 

 

Figure 3-1: Mass balance for carbohydrate sample spiking 
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Where M stands for mass, C for concentration and V for volume. The known NIST 

standard 8491 sugarcane bagasse samples also underwent spiking with a known sugar 

solution to verify this method.  

3.3.4.2  High Pressure Liquid Chromatography (HPLC) 

 

High Pressure Liquid Chromatography (HPLC) was used to identify and quantify 

the sugars present in the sample. A Waters 2695 HPLC equipped with a Waters 2414 

Refractive Index Detector (Waters Corporation, Milford, MA, USA) and a Rezex RPM-

Monosaccharide Pb+2  (8%) column (Phenomenex, Torrance, CA, USA) were used for the 

carbohydrate analysis. 

The mobile phase used was degassed de-ionized water at a flow rate of 0.6 ml/min. 

The column temperature was set at 85 ºC, injection volume was set to 40 µL and the run 

time was set for 20 minutes with a 10 minute delay. All injections were run in triplicate.  

3.3.4.3 Calculations 

 

To calculate the composition of sugars present in the biomass sample the amount of 

sugars recovered from the SRS must be calculated first. This was calculated using the 

following equation:   

  

           
                           

                                          
       

 

 This value serves as the correction factor to take into account any sugars in the 

sample that may be degraded due to the harsh nature of the 2-stage acid hydrolysis. To 

correct the biomass sample’s carbohydrate reading from the HPLC using the average of the  

Rsugar % values, the following equation was used:  
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The last correction factor needed was to account for the fact that when cellulose and 

hemicellulose were broken down via hydrolysis, water was added to separate the 

polysaccharide into monosaccharaides. The anhydro correction took into account this 

added weight of water by using the following equation:  

 

                                     

 

The anhydro correction was either 0.9 (162/180) for six carbon sugars such as 

glucose or 0.88 (132/150) for five carbon sugars such as xylose and arabinose. The 

anhydrous concentration was then used to determine the extractives free polysaccharide 

content using:  

                  
                       

  
      

         
       

 

The Sugarext free  % is expressed as glucan, xylan or arabinan. Since this value of sugar 

was extractives free, it was necessary to add back the extractives to correctly determine the 

amount of carbohydrates present in the sample as harvested. This was calculated using the 

following equation: 

 

                     (              )   
                  

   
 

 

3.3.5 Lignin determination 

 

Lignin is an aromatic polymer and the third major component of lignocellulosic 

biomass. This polymer is bound to the cellulose and hemicellulose structure and provides 

protection against the decomposition of the sugars that make up the structural foundation of 

the biomass. Total lignin based on NREL protocol was grouped in with the determination 
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of carbohydrates. It was determined in two steps, one to determine the Acid Soluble Lignin 

(ASL) content and the other was to determine the Acid Insoluble Lignin (AIL) (Sluiter et 

al., 2004).  The ASL was determined from the 50 ml aliquot by UV spectroscopy. A small 

(usually diluted) sample was placed inside a cuvette. A blank of de-ionized water was used 

to initial blank the spectrophotometer (HACH, Loveland, CO, USA) and then duplicate 

readings of the sample from the spectrophotometer were run until they were within  0.05 

absorbance units. ASL was calculated using the following equations:  

 

       
                                 

                          
       

 

For the determination of the AIL, the first step was to determine the Acid Insoluble 

Residue (AIR). The AIR was the undigested material that was left in the filtering crucibles 

after the second stage acid hydrolysis of the extractives free biomass sample. The filtering 

crucibles were rinsed with de-ionized water to knock any material off the sides and then 

placed in an oven at 105 ºC until constant weight was achieved. The following equation was 

used to determine AIR:  

 

        
                                      

         
       

 

Once the constant weight was recorded, it was placed in the 550 ºC furnace for 

ashing. Once the weight of the filter crucibles with the ash residue reached constant weight, 

the value was recorded and then the amount of AIL was determined using the following 

equation: 

 

       
(                                      )  (                                      )               

         
     

 

 The total amount of lignin was determined as follows:  
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Lastly, since the biomass was extractives free, the percentage of lignin was biased 

higher, so the extractives needed to be “added” back to correctly determine the amount of 

lignin on an as sample received basis. This was calculated using the following equation:  

 

                     (               )   
                  

   
 

 

3.4 Full factorial experiment treatment 

 

 A full factorial experimental treatment was chosen to optimize the pretreatment 

conditions while investigating which variables had the most affect on pretreatment. Full 

factorial experiments run every possible combination of variables in order to see which 

factors produce the desired effect. Factorial experimental designs are useful because they 

require few runs for small experiments, reduce the cost and time of experimental runs, 

provide useful information for operating conditions for scale up, determine the factors 

significantly affecting the process, and be easily augmented to explore factors of interest in 

greater detail (Vicente et al., 2007). This method is typically useful for experiments dealing 

with small amount of factors and levels, because additional factors and levels cause the 

number of experiments grows exponentially larger and become practically unfeasible. The 

level corresponds to the number of different values each variable can have such as low, 

middle and high. The variables or factors chosen are ones that the researcher believes may 

have an effect on the outcome of the process. The number of factors typically dictates if a 

full factorial experimental design is feasible. For larger experimental designs other statistical 

methods may be better suited for handling the questions to be answered (Box et al., 2005).  

3.4.1 Dilute acid pretreatment set-up 

 

Dilute acid pretreatment uses acid at low concentrations and elevated temperatures 

to break down the lignocellulosic structure. The three factors chosen to investigate the 

effectiveness of dilute acid pretreatment on Napier grass were: acid concentration, reaction 
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time and temperature. The experiment investigated these three factors at three levels (2.50, 

3.75 and 5.00% (w/v), 45, 60 and 75 minutes and 110, 120 and 130 °C respectively). 

Appendix C shows a summary table of the factorial experimental conditions tested in this 

experiment. Each of the 27 runs (33) was carried out in triplicate in a Randomized Complete 

Block Design (RCBD).   

This study used 8 month old Napier grass that was shredded, juiced and was frozen 

until use. Biomass was thawed out to room temperature before being used. A moisture 

content reading was taken for future analysis before each run. 50 g of biomass was added to 

a 1-L glass jar. 300 ml of dilute sulfuric acid was added to the jars giving a solid-to-liquid 

ratio of 1:6. The jars were then wrapped in an autoclave bag and placed in an autoclave 

(HVE-50 Hirayama, Japan) for the set amount of time and temperature. After pretreatment, 

the jars were removed from the autoclave bag and allowed to cool in a fume hood. Once the 

jars could be handled the solids and liquids were separated. The liquid portion was the acid 

hydrolysate (AH) that contained the sugars removed from the pretreatment. A 40 ml of 

sample of the hydrolysate was stored in a -20 °C freezer for later sugar analysis via HPLC. 

The solid portion of the biomass was washed with water to bring the pH up to 6-7. The 

biomass was then hand squeezed to remove excess moisture and was stored in a small 

Ziploc bag in a refrigerator (4°C) until it was ready to undergo enzyme hydrolysis the 

following day.  

 

 

Figure 3-2: Experimental set-up for full factorial RCBD 
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3.4.2 Enzyme hydrolysis set-up 

 

The biomass for Enzyme Hydrolysis (EH) was used the day after the dilute acid 

pretreatment to prevent it from drying, which may cause irreversible pore collapse and 

hinder the enzyme efficiency (Selig et al., 2008). Acellerase 1500 commercial enzymes were 

used to break apart the remaining cellulose chains. 7.5 g (dry weight) of pretreated fibers 

was added to a 1-L glass jar. 250 ml of sodium citrate buffer (pH 4.8), 1 ml of sodium azide, 

0.724 ml of Acellerase 1500 enzyme and deionized water (to fill to 500 ml) were added. The 

jars were set in an incubator shaker (New Brunswick Scientific, Enfield, CT, USA) at a 

temperature of 50 C. Once the jars reached equilibrium with the temperature, the enzyme 

was added and the jars were agitated at 200 RPM for 3 days at 50C. After three days, the 

shaker was stopped and the 1L jars were removed and shaken thoroughly to capture all the 

debris that accumulated along the walls of the jar. The mixture was allowed to settle for 10 

minutes. 70ml of the mixture was then poured into a centrifuge tube. The tubes were then 

cooled quickly in an ice bath for 10 minutes to cease enzyme activity. The centrifuge tubes 

were then placed in a centrifuge (eppendorf, Hauppauge, NY) for 10 minutes at 10,000 rpm 

(11.5 x g). After centrifugation about 50 ml of supernatant was removed and stored in an 

eppendorf tube and kept frozen at -20 C until the analysis of sugars was performed via 

HPLC.   

3.5 Investigation of solids loading 

 

 The solids loading (i.e., amount of biomass that could be treated by dilute acid) is 

another key parameter affecting sugar yield. To investigate this, another experimental 

design was used.   

3.5.1 Split-plot experimental design 

 

A split-plot experimental design with a full factorial treatment was used to carry out 

the investigation on solids loading rate. For this experiment, acid concentration, time, 
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temperature and solid-to-liquid ratio were all varied to see the main effects and interactive 

effects these conditions possibly had on sugar release. Advantages of using a split-plot 

design include less experimental units for large designs, increased precision on subplot 

treatments and subplot-main plot interaction effects when compared to other designs such as 

RCBD, however main plot treatments are measured with less precision when compared to a 

RCBD design and analysis is slightly more complicated with split-plot designs (Box et al., 

2005).  

 This experiment consisted of four factors: acid concentration, time, temperature and 

solid-to-liquid ratio. Time and temperature were placed in the main plot because these two 

parameters were controlled by the autoclave and only the best two levels obtained from the 

previous work were investigated (45 and 75 minutes and 120 and 130 C). The split-plot 

occurs in the glass jars that are placed inside the autoclave, therefore the glass jars can have 

different acid concentrations and solid-to-liquid ratios while all being treated at the same 

time and temperature. For the split-plot factors, three levels were investigated (2.50, 3.75 

and 5.00% (w/v) for acid concentration and 1:3, 1:6 and 1:9 part biomass to part acid for 

solid:liquid ratio). A summary table of the treatment conditions is presented in Appendix D. 

3.5.2 Dilute acid pretreatment set-up 

 

The dilute acid procedure for the split-plot experiment was the same as the last dilute 

acid procedure described earlier with the exception of the amount of biomass added.  It 

should be noted that it was decided to keep the working volume at 350 ml, which was the 

same as the previous round of experiments. With the working volume fixed, both the 

amount of acid and amount of biomass added would change (see Appendix D for the 

correct amounts of biomass sample and amount of dilute acid added to each jar).   
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Figure 3-3: Experimental set-up for full factorial split-plot design 

 

3.5.3 Enzyme hydrolysis t set-up  

 
The procedure for enzyme hydrolysis was followed exactly the same as described in the 

previous enzyme hydrolysis section.  
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Chapter 4 Results and Discussion 
 

4.1 Green processing 
 

The concept of using fresh biomass to maximize revenue generating streams is 

mostly suited for places with year-round growing seasons and agricultural fields located 

near processing facilities (O‟Keeffe et al., 2011; Takara & Khanal, 2011). Hawaii has a 

unique potential to take advantage of green processing because of its subtropical climate, 

high-energy costs and isolated geography. Green processing was implemented in this study 

by harvesting Napier grass fresh from the field and immediately processing the biomass 

through a commercial shredder. The resulting material was then passed through a 

dewatering screw-press for further size reduction and the recovery of plant juices. The solid 

fibrous fraction was used as a feedstock for dilute acid pretreatment and enzyme hydrolysis 

to break down the plant structural sugars into free monosaccharaides. The collected juice 

was saved for preliminary investigations to evaluate its potential for high value co-product 

generation.  

4.1.1 Harvest mass balance 

 

Harvested material from the months of June 2013, October 2013, and February 2014 

were all subjected to green processing (i.e., shredding and juicing). For each harvest, the 

weight of shredded biomass, juiced biomass and liquid juice were collected. The following 

figures were generated with the data collected to show the mass balance of the green 

processing.  
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Figure 4-1: Juice and fiber recovery from green processing (n=1) 

 

 

 

Figure 4-2: Schematic of green processing procedure 

 

A detailed table of the harvest data can be found in Appendix A. The average of the 

three harvests were graphed to better represent the quantity of juice and fiber that can be 

typically produced via green processing techniques. Data was normalized and reported as 

percentages to account for differences in the amount of samples collected during each 
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harvest.  Overall about 94.2  3.2% of the freshly shredded biomass was recoverable. 

Around 57.2  3.7 % was solid fiber and 37.0  5.5 % was juice.  

4.1.2 Moisture content 

 

Moisture content readings of the harvested material were taken immediately after 

shredding and then again after juicing to determine the amount of moisture was removed by 

screw pressing. There has interest in trying to maximize both fiber and juice yields as raw 

materials for (co)product generation. The following figure illustrates the moisture content of 

the harvested samples. 

 

 

Figure 4-3: Moisture content removal from screw pressing (n=3) 

 

The shredded Napier grass samples exhibited a 15-20% reduction in moisture content 

after dewatering.  This indicates that a significant amount of moisture can be converted to 

plant juice, which would otherwise be lost in energy intensive drying practices. A summary 

of the moisture content numbers can be found in Appendix A. 
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4.1.3 Discussion 

 

The amount of juice produced from green processing of Napier grass appears to be 

variable when compared to the amount of fiber obtained. The juice yield in October was 

particularly low, however the raw moisture content of the October harvest was also lower 

than the other two harvests, showing a possible link between moisture content of the sample 

and juice produced. The amount of juice recovered from screw pressing was found to be 

higher than the amount of moisture removed (37% compared to roughly 20%). The sieve 

around the screw press allows for juice and small solid particles to pass through. The liquid 

material that is collected was not passed through a screen to filter out the larger particles and 

may account for the discrepancy. In general there appears to be a decent amount of juice 

that can be obtained from the 8 month old Napier grass despite its “drier” appearance to 

younger Napier grass. Juice as a substrate for various co-products was not investigated in 

this work, but could be used in a wide array of applications.  The Napier grass juice could be 

used in the production of high value fungal biomass (Nitayavardhana & Khanal, 2010). In 

addition, other authors have identified that green leafy plant juices can be used as a source 

of proteins, phyto-chemicals, or a substrate in anaerobic digestion for the production of 

lactic acid or biogas (Andersen & Kiel, 2000; Kerfai et al., 2011). Further investigations into 

the potential of Napier grass juice may improve the economics of biomass to biofuel 

processing. 

4.2 Compositional analysis 

.  

 Complete characterization of any biomass feedstock is critical to the success of 

emerging bio-based industries. The three separate harvests of mature Napier grass were 

analyzed to see if there was continuity with respect to composition over time. To analyze 

the composition of Napier grass, NREL standard methods were performed to achieve a 

mass closure close to 100%. The following figure summarizes the analytical findings of the 

compositional analyses.  
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Figure 4-4: Overall compositional analysis of harvested Napier grass and NIST 8491 

(Sugarcane bagasse) samples (n=3) 

 
The 3 harvests of Napier grass and NIST 8491 samples were all run in triplicate 

analyses.  All samples were characterized within the range of 100  5%. Table 4-1: lists the 

percentages on a dry weight basis and the sum of the constituents found. Values are reported 

as the mean  1 standard deviation. 

 

Table 4-1: Summary of compositional analysis of Napier grass and NIST 8491 (Sugarcane 
bagasse) samples (n=3) 

Component 
June 

2013 

Oct 

2013 

Feb 

2014 

NIST 

8491 

NIST 8491 

Standard 

% Glucan 38.31  3.34 36.75  3.89 36.02  1.02 40.51  2.56 40.50  1.40 

%Xylan 21.79  0.90 21.01  1.88 21.02  2.87 24.54  5.41 22.04  0.94 

% Lignin 19.73  0.63 20.70  0.73 18.78  0.26 23.32  0.81 24.40  1.30 

% Water 
Extractives 

7.46  1.31 9.35  1.79 10.17  1.50 5.16  0.69 4.10  1.00 

% Ethanol 

Extractives 
2.76  0.49 2.20  0.54 2.93  0.57 2.12  0.43 1.79  0.21 

% Ash 9.13  0.16 5.89  0.28 10.25  0.37 3.60  0.04 3.84  0.26 

% Total: 99.18  3.79 95.90  4.77 99.17  3.47 99.26  6.09 96.67  2.38 
 

The following sections aim to provide more detail corresponding each biomass 

constituent and will discuss statistical analyses and significance findings. The known 
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standard material (NIST 8491 Sugarcane bagasse) was analyzed alongside the three Napier 

grass samples to validate the laboratory analysis and techniques used.  

4.2.1 Extractives 

 

Extractives represent the readily soluble components of the biomass composition. 

For herbaceous feedstocks it is necessary to perform both water and ethanol extractions 

before further analysis. The water extraction primarily removes fertilizers, soil and any 

unbound soluble sugars. The ethanol extraction removes chlorophyll and waxes; these 

components are part of the biomass composition, but are not chemically bounded to the 

biomass sample. Improper removal of the extractives are known to bias the analyses of other 

plant components (Sluiter et al., 2010).   

 

 

Figure 4-5: Comparison of extractives from Napier grass harvests and NIST 8491 

(Sugarcane bagasse) (n=3) 

 

Statistical analysis of the samples indicated that there were no significant differences 

in water and ethanol extractives at α = 0.05 between the NIST 8491 and NIST 8491 

Standard. This indicates and supports that the compositional analysis procedures conducted 

for this experiment were valid. For the Napier grass samples a Tukey’s HSD test was 
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performed (α = 0.05) and determined that there was no significant difference between 

ethanol extractives of the three Napier grass harvests and the NIST samples, however for 

the water extractives, February and October belonged to one mean group while the NIST 

8491and NIST 8491 Standard belonged to another group. The June sample was placed in 

both groups indicating that the June sample was not significantly different than the NIST 

samples or the Napier grass samples in terms of water extractives. Appendix B has a 

summary of the statistical analyses preformed in this section.    

Since extractives are comprised of soluble components it is more difficult to identify 

any trends (if any) that occur in extractives data with respect to biomass harvests. 

Extractives components, especially water-soluble are composed of material that can easily 

contaminate samples such as soil. Extractives may be biased due to amount of rainfall 

before harvesting, or harvesting practices and cleanliness, which could all influence some 

component of water extractives.  

4.2.2 Carbohydrates 

 

The analysis of carbohydrate content of lignocellulosic feedstocks is paramount for 

the emerging biofuel and bio based product industries. Carbohydrates or sugars are the 

building blocks for many biological and chemical processes; therefore knowledge of the raw 

carbohydrate content can provide insight regarding the economics of conversion processes.   

In this work mature Napier grass was harvested at three different times of the year to 

investigate any changes this may have on the composition of the holocellulose content.  

Previous harvests of Napier grass showed morphological changes of the crop after each 

harvest. This prompted concerns that the carbohydrate content may diminish after 

successive harvests and since Napier grass is a ratooning crop that can be harvested 

continuously for years. This led to the careful examination of the holocellulose content to 

ensure its stability over time. Instability of holocellulose content would be a major concern 

for large scale biomass utilization applications as it may result in more frequent field 

clearings, field preparation and plantings which account for around 20% of input costs for 

biofuel production from grass species (Bansal et al., 2013).  The following figure summarize 

the results determined for carbohydrate content:  
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Figure 4-6: Comparison of carbohydrates from Napier grass harvests and NIST 8491 
(Sugarcane bagasse) (n=3) 

 

Statistical analysis of the glucan and xylan content of the NIST samples and the 

expected revealed no significant difference (α = 0.05) between them. A Tukey‟s HSD test 

was performed and indicated that there were no significant differences between any of the 

Napier grass samples or between the Napier grass and NIST 8491 samples for both glucan 

and xylan content. Total carbohydrate content measured for the three Napier grass averaged 

about 58.30 ± 1.60 %, which is relatively close to the carbohydrate content of the NIST 

sample (62.54 ± 1.69 %) indicating that Napier grass may be a good lignocellulosic 

feedstock biofuel applications based on its similar carbohydrate content to sugarcane 

bagasse (Canilha et al., 2012; Lavarack et al., 2002). Appendix B has a summary of the 

statistical analyses from this section.  

It should be noted that the values stated above are for carbohydrate content 

measured because, while arabinose was detected in the carbohydrate analysis as well as in 

subsequent dilute acid pretreatment experiments, it proved too difficult to get a consistent 

and accurate reading for compositional analysis. The expected value listed for arabinan in 

the NIST 8491 sugarcane bagasse sample was 1.49 ± 0.33 % (Wise & Watters, 2011),  

however it was too difficult to quantify given the separation ability and sensitivity of the 

HPLC used in this work. Therefore it was decided to not include values for arabinan as it 
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generally makes up a tiny fraction of the total carbohydrate content as well as being difficult 

to accurately measure, however it is safe to assume that the overall percentages of the 

carbohydrate content will increase slightly for both NIST and Napier grass samples with the 

inclusion of arabinan.  

4.2.3 Lignin 

 

Lignin makes up a significant portion of the biomass structure and for grasses it can 

account for 10-30% of the total composition (Sun & Cheng, 2002).  A high concentration of 

lignin is the primary reason for the recalcitrant nature of lignocellulosic biomass, and larger 

quantities of lignin are known to decrease pretreatment efficiency (Papa et al., 2012). 

Therefore lignin content is an important parameter to determine since it greatly affects the 

bioconversion of lignocellulosic materials into usable sugars. 

Complete lignin determination is a very difficult analysis to do. As stated earlier, the 

amount of lignin in the NREL protocol is determined in 2 stages, one using UV 

spectroscopy and the other gravimetrically. Using this procedure comes with caution 

because any un-hydrolyzed material can be counted as lignin in the gravimetric analysis, 

therefore if digestion of the biomass structure is not complete then other structural material 

can be mistakenly counted as lignin (Sluiter et al., 2010).  Another issue plaguing lignin 

quantification is that lignin‟s composition can change between different species of plants 

(Buranov & Mazza, 2008) making it difficult to quantify. Because of its difficult nature to 

quantify and its varying structure across species, lignin is traditionally used as a residue fuel 

for combined heat and power (CHP), however there has been varying success to convert 

lignin into other high-value chemicals (Varanasi et al., 2013).  The following figure 

summarizes the total lignin found in this experiment:  
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Figure 4-7: Comparison of lignin from Napier grass harvests and NIST 8491 (Sugarcane 
bagasse) (n=3) 

 

A statistical comparison between the NIST 8491 and NIST 8491 Standard showed 

no difference between these values at an α = 0.05. A Tukey‟s test (see Appendix B) was used 

to identify if any sample of the means were significantly different from each other. The 

results indicate that all Napier grass samples belonged in one group and the NIST samples 

belonged to another group, thus illustrating that the two species have a significantly different 

lignin content.     

4.2.4 Ash 

 

The ash content of biomass samples contains all the inorganic materials found within 

the sample. The numbers represented below are the whole ash percentages meaning that this 

is the amount of inorganic material present in the sample as received.  A breakdown of the 

ash content showing the structural and non-structural components contained in the whole 

ash is available in Appendix B.   
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Figure 4-8: Comparison of whole ash from Napier grass harvests and NIST 8491 
(Sugarcane bagasse) (n=3) 

 

Statistical analysis of the NIST sample indicated that there was no difference (α = 

0.05) between it and the expected value of the sample. Further analysis using a Tukey‟s 

HSD test was performed and indicated that the three Napier grass samples all belong to 

separate individual groups (α = 0.05) indicating they all contain different amounts of ash. 

Appendix B has a summary of these statistics.    

Grasses tend to have a higher ash content than other feedstocks that ranges from 2 to 

20% (Cherney & Baker, 2014). There are many possible sources for the variation in ash 

content. Inorganic material uptake into the biomass is known to be influenced by soil type, 

water uptake, surface soil contamination, plant species and plant component (Cherney & 

Baker, 2014). Ash content therefore is affected by environmental factors such as location 

and weather as well as physical characteristics such as amount of leaves or steams, or if the 

plant was in the process of seeding or not. 

4.2.5 Discussion 

 

The majority of the composition of three different harvests of mature Napier grass 

did not vary with harvest time. Ash was the only component found to vary significantly 
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between harvest dates. Successful characterization of the NIST 8491 sugarcane bagasse 

serves to reinforce the compositional results obtained in this study.  

Compositional analysis of 8 month old Napier grass was also performed in another 

study, (Takara & Khanal, 2015). The authors characterized the composition of 2, 4, 6, and 8 

month Napier grass to see how composition varied with age. Table 4-2 compares the 

compositional data found in this study and the aforementioned study.  

 

Table 4-2: Compositional comparison between 8-month old Napier grasses  

Component 
3 Harvest 

Average 

Takara & 

Khanal 2015 

% Glucan 37.0  1.2 39.4  2.2 

% Xylan 21.3  0.5 21.7  1.0 

%Lignin 19.7  1.0 18.3  2.2 

% Total 
Extractives 

11.6  1.4 14.8  2.3 

% Ash 8.4  2.3 8.7  0.7 

Total: 98.0  3.2 102.9  4.1 

 

For the three-harvest average, the data from the June, October and February harvests 

was averaged together to obtain a single value for Napier grass. The work by (Takara & 

Khanal, 2015) was also based on three different 8-month old harvests. The composition data 

obtained in this study is similar to that of the published data and is well within the reported 

ranges. It should be noted that all of these samples originated from a single location 

(CTAHR agricultural research station at Waimanalo, HI). Samples from the other study 

however, were all collected years before the work of this study, therefore reaffirming the 

stability of the composition of the feedstock over multiple ratoons and harvests.   

4.3 Full factorial 

 

Designed experiments are preferred over traditional one factor at a time (OFAT) 

methods of optimization because they offer better estimates on the effects of each factor, can 

easily estimate the interactive effect between factors, offer more experimental information 

and do so using less resources (i.e. time, materials) (Czitrom, 1999) .  
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Many industrial optimization efforts now focus on using full factorial experimental 

treatments to obtain an in depth look as to how factors interact. In this work, sugars released 

from the dilute acid pretreatment of Napier grass were examined to identify factors and 

conditions that led to maximum sugar release.  The three factors of acid concentration, time 

and temperature were varied throughout the experiment to determine the effects on sugar 

release.  

4.3.1 Acid hydrolysis 

 

Dilute acid pretreatment uses acid to catalyze the hydrolysis of the hemicellulose 

fraction of the lignocellulosic structures. There have been numerous studies reporting the 

success of using dilute acid pretreatment on many different feedstocks(Avci et al., 2013; 

Ballesteros et al., 2008; Cai et al., 2012; Lavarack et al., 2002), however, few have 

considered using biomass that has undergone green processing. In this study, the acid 

hydrolysate resulting from the pretreatment of green processed Napier grass was analyzed 

for sugar content. The sugars quantified were treated as the response variable, and used to 

determine the effectiveness of acid concentration, time and temperature on pretreatment.  

4.3.1.1 Sugar yields 

 

Acid hydrolysate samples are known to contain the hemicellulose sugars since 

hemicellulose is a heterogeneous polymer and does not form a crystalline structure making 

it easier to break apart than cellulose. The hemicellulose of Napier grass is made up of 

mostly xylose and arabinose however some glucose may be present. Dilute acid 

pretreatment depending on the conditions can promote the hydrolysis of cellulose to some 

extent. As mentioned previously while arabinose was detected and quantified in this 

experiment, the data was left out of this discussion because the compositional analysis 

experiment could not consequently quantify the sugar and therefore the sugar recovery of 

arabinose was unknown and thus arabinose was not used in any statistical determination of 

factor significance. A summary of the sugars found in the acid hydrolysate samples is 

displayed below, while a complete list of xylose and glucose sugars can be found in 

Appendix C. 
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Table 4-3: Range of sugar yields from acid hydrolysis 

Acid Hydrolysate 

Component 
Min Max Average 

Xylose [g/g] 0.111  0.002 0.222  0.013 0.173  0.029 

Glucose [g/g] 0.023  0.008 0.096  0.002 0.063  0.019 

Total [g/g] 0.142  0.012 0.304  0.014 0.236  0.044 
       [g/g] is gram sugar per gram dry biomass 

4.3.1.2 Factors 

 
The factors of acid concentration, time and temperature have all been investigated 

before however, most previous studies fail to report any interactive effects of these factors.  

To investigate these factors and their possible interactions, a 33 full factorial experiment was 

designed and implemented. The ANOVA table for the total acid hydrolysate sugars is 

shown below.  

 

Table 4-4: ANOVA results from fixed factors in full factorial RCBD experiment 

Source Nparm DF DFDen F Ratio Prob > F 

Acid Concentration 2 2 51.14 23.0673 <.0001* 

Time 2 2 51.14 13.6755 <.0001* 

Temp 2 2 51.14 118.2517 <.0001* 

Acid Concentration*Time 4 4 51.13 6.3132 0.0003* 

Acid Concentration*Temp 4 4 51.13 27.0823 <.0001* 

Time*Temp 4 4 51.13 2.2049 0.0815 

Acid Concentration*Time*Temp 8 8 51.13 6.6671 <.0001* 

* Indicates statistically significant at =0.05 or lower 

 
The ANOVA demonstrate that nearly all factors and interactions were significant. 

The single factor not found to be significant was the Time*Temperature interaction. 

Temperature appeared to have the most effect on sugar released from the process followed 

by Acid Concentration*Temperature interaction and then Acid Concentration. These three 

will be discussed in greater detail later, but additional calculations and figures associated 

with the other factors can be found in Appendix C 

Heat is the primary form energy given to perform the hydrolysis reaction. In this case 

the thermal energy was applied from heat transfer form the steam in an autoclave to the 
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pretreatment jars. Figure 4-9 shows the effects temperature had on the dilute acid 

pretreatment process. 

 

 

Figure 4-9: Least squared means plot of the effect of temperature 

 
Total sugars released from dilute acid pretreatment are reported as the sum of xylose 

and glucose. There was a clear increasing trend of sugar released corresponding to increased 

temperature.  The 130 C group produced the highest total soluble sugar release average. 

Each of the temperature profiles was determined to be statistically different from each other 

using a Tukey‟s HSD test (=0.05).  

The Acid Concentration*Temperature interaction was found to be the next most 

significant effect on total acid hydrolysis sugar release. Acid is the catalyst that enables 

water to cleave the glycosidic bonds and temperature is believed to help with the reaction 

rate of this process. It has been determined that the Arrhenius equation influences the 

modeling of sugar release kinetics (Shen & Wyman, 2011). Part of this equation illustrates 

that higher heat (energy) can help overcome the activation energy needed to hydrolyze 

glycosidic bonds indicating that higher heat can increase reaction rate of hydrolysis.  Figure 

4-10 shows the least squared means of each temperature and acid concentration 

combination and their corresponding sugar yields.  
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Figure 4-10: Least squared means plot of acid concentration and temperature interaction 
effect 

 
The relationship between Acid Concentration and Temperature in Figure 4-10 shows 

how at lower acid concentrations, additional heat can drastically increase sugar release, 

whereas at higher acid concentrations, additional heat has negligible effects. Statistically all 

acid concentrations at 130 C as well as the 3.75 % (w/v) at 120 C were in the highest-

ranking group via Tukey‟s HSD test (=0.05).  This appears to imply that higher 

temperatures, sulfuric acid concentration is less critical; however if operating at lower 

temperatures a higher acid concentration is needed.   

The last factor that will be discussed is acid concentration. The acid concentration 

can effectively considered as the concentration of catalyst present in the reaction.  The 

following figure shows the effects that acid concentration had on total sugars removed 

during dilute acid pretreatment.  
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Figure 4-11: Least squared means plot of acid concentration effect 

 
Total sugars released showed a slight increasing trend with increasing acid 

concentration. Statistical analysis of each acid concentration level using Tukey‟s HSD test 

(=0.05) showed that 5.00 and 3.75 % (w/v) sulfuric acid was in the best performing while 

2.50% (w/v) was in its own lower group.  Therefore in terms of just acid concentration 

alone there was no significant difference between using 3.75 and 5.00% [w/v] sulfuric acid.  

Appendix C has the statistical analysis summary for this section.  

4.3.2 Enzyme hydrolysis 

 
Enzyme hydrolysis is a crucial step in any bio-based industries dependent on the 

recovery of sugars. Many pretreatments used on biomass directly target the hemicellulose or 

lignin portion of the biomass; very few target cellulose (Zheng et al., 2014). Lignocellulosic 

biomass is typically 40-60% cellulose and by only removing hemicellulose portion (20-40%) 

or lignin (10-25%) (Hamelinck et al., 2005), it still leaves a substantial amount of sugar left 

in the biomass structure. Additional glucose comes from hydrolyzing cellulose and is highly 

valued because it is the most abundant sugar in the biomass structure as well as the easiest 

to ferment into biofuels(Limayem & Ricke, 2012). Cellulase enzymes commonly facilitate 

the breakdown of cellulose, but are costly(Modenbach & Nokes, 2013) and any method to 

facilitate the removal and subsequent conversion of cellulose into glucose is highly valued.   
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4.3.2.1 Sugar yields 

 

In this work enzyme hydrolysis of the samples implemented cellulolytic enzymes to 

solubilize the remaining cellulose fraction of the biomass.  There are combinations of 

enzymes present to convert the cellulose into glucose. Endo-glucanases are able to randomly 

cleave the bonds in the middle of the cellulose chain to reduce the overall degree of 

polymerization; exo-glucanases will reduce the smaller oligosaccharides down to the 

disaccharide cellobiose. A final enzyme known as -glucosidase will hydrolyze the  1,4 

glycosidic bond between the disaccharide and convert it into two glucose monosaccharaides 

(Van Dyk & Pletschke, 2012). The analysis of the enzyme hydrolysate found predominantly 

glucose. Presence of cellobiose is especially important to detect because it would indicate 

incomplete enzymatic digestion of the sample (rate limiting step), however cellobiose was 

not detected in any sugar analyses in this work.  Glucose released during this stage was used 

determine the effectiveness of pretreatment and saccharification.  A summary of how much 

glucose was detected is presented in the table below. A full list of sugar values for each 

treatment combination can be found in Appendix C.   

 
Table 4-5: Range of sugar yields from enzyme hydrolysis 

Enzyme 
Hydrolysate 
Component 

Min Max Average 

Glucose [g/g] 0.088  0.012 0.197  0.009 0.138  0.025 
       [g/g] is gram sugar per gram dry biomass 

 

4.3.2.2 Pretreatment effect 

 

Although enzyme hydrolysis (i.e., saccharification) occurs after dilute acid 

pretreatment, its effectiveness is usually enhanced by successful pretreatment (McIntosh et 

al., 2014). The removal of hemicellulose during dilute acid pretreatment allows for enzymes 

to penetrate the remaining fibrous structure and enhance its break down into glucose 

monomers.  The data obtained in this study was used to see if pretreatment did enhance 

sugar release during enzyme hydrolysis. The data is represent bellow:  
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Figure 4-12: Regression analysis of dilute acid pretreatment on total sugar release  

 

A regression coefficient (r2) of 0.82 indicates a strong positive relationship between 

the total acid hydrolysate sugars and the total sugar release. The total sugar released is 

reported as sum of the acid hydrolysate sugars plus the sugars released in enzyme 

hydrolysis. The total sugar released was implemented for comparison since some of the 

glucose was removed prematurely in the dilute acid pretreatment phase, consequently 

affecting the glucose yielded during saccharification  

4.3.3 Total sugar and sugar recovery 

 

Sugars are the primary component of interest in lignocellulosic biomass as they can 

be used in many different processes.  In this research, the overall goal was to determine 

which factors improved sugar release from the biomass structure. The sugar release during 

both dilute acid pretreatment and enzyme hydrolysis were combined to illustrate the total 

sugar solubilized during each experimental condition. These values were then compared to 

the total structural carbohydrate content of Napier grass to determine the efficiency of 

bioprocessing. The tables below summarize total sugar release as well as sugar recovery, See 

Appendix C for more detailed list of sugar release and sugar recovery.  
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Table 4-6: Range of total sugar yields from combined acid hydrolysis and enzyme 
hydrolysis 

Total Sugar Component Min Max Average 

Total Sugar [g/g] 0.255  0.018 0.451  0.011 0.374  0.057 
[g/g] is gram sugar per gram dry biomass 

 

Table 4-7: Range of sugar recoveries form all pretreatment processes 

Sugar Recovery Min Max Average 

% Xylose 44.89  5.17 89.34  6.18 70.28  11.40 
% Glucose AH 5.31  2.27 22.62  0.23 14.99  4.31 

% Total AH Sugars 20.91  2.42 45.06  0.67 35.17  6.37 

% Glucose EH 20.58  3.25 46.20  2.50 32.98  5.75 

% Total Glucose 33.75  3.83 64.89  2.90 47.97  8.09 
% Total Sugars 37.80  3.42 69.49  2.16 56.12 8.22 

 
  Sugar recovery varied greatly depending on the sugar. Recovery is deemed the 

percentage of sugars detected by the HPLC analysis compared to how much total sugar was 

determined in the raw Napier grass sample. Xylose recovery was the highest out of both 

sugars at an average ~70%, while glucose, which was recovered during two different phases, 

averaged around 50% recovery.  Overall sugar recovery therefore was generally low. 

Maximum xylose recovery was generally around where others have reported (87.2%) 

whereas maximum glucose recovery is lower than reported (78.1%,) with respect to similar 

pretreatment conditions but with a different choice of feedstock (Cai et al., 2012).   

4.3.4 Discussion 

 

Temperature, acid concentration and their interaction were found to be the most 

significant factors effecting sugar release. In this work, it was found that higher temperatures 

and higher acid concentrations were more effective at releasing xylose and glucose sugars. 

However the interaction between the two suggested that at higher temperatures, acid 

concentration did not matter that much in terms of sugar yield; thus indicating that the 

lower acid concentration of 2.50 % (w/v) might be rate limited at the temperatures tested. 

At higher acid concentrations the acid catalyst is in excess, and therefore an increase in 

temperature does not appear to remove sugar release during pretreatment. The acid 

concentration and the acid concentration*temperature interaction figures, suggest that at 
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5.00 % (w/v) acid concentration may in fact be in excess because it does not significantly 

enhance sugar release compared to 3.75 % (w/v). For commercial applications there is 

interest in reducing the amount of acid used during dilute acid pretreatment because it is 

costly to neutralize the acid hydrolysate and treat resulting waste streams (Avci et al., 2013). 

This work suggests that if a lower acid concentration is selected then a much higher 

temperature must implemented to obtain the same effects on sugar release as a lower 

temperature, higher acid concentration operation. In addition it appears that the lower acid 

concentration received a much larger increase in sugar release with increasing temperatures. 

Other studies have found that temperature is one of the most important factors affecting 

dilute acid pretreatment (Park et al., 2013), while others found the interaction of acid 

concentration and temperature was the most important factor for improving hydrolysis 

yields(Zheng et al., 2013). 

It should be noted that all factors were investigated were significant with the 

exception of the Time*Temperature interaction. Figures and statistics associated with the 

other factors can be found in Appendix C.  The factor of time, which was not discussed 

earlier, generally had a positive effect on sugar release. Meaning increasing reaction time 

increased the sugar release. In general it is believed that the more time a catalyst is in 

contact with a material the better the pretreatment yields will be, this is the idea behind 

pretreatments that utilize a “soaking time” such as acid impregnation pretreatments 

(Monavari et al., 2009). Studies have not focused on finding optimal soaking times per say 

because soaking is usually used on woody feedstocks and it is often allowed to run in excess 

of time in order to ensure complete contact and mixing has occurred (He et al., 2014; 

Monavari et al., 2009). 

For the sugar recovery, it appeared that xylose had the highest recovery. Dilute acid 

pretreatment facilitates the removal of hemicellulose so high xylose recovery was originally. 

The low recovery of glucose however was unusual. Some glucose was removed during 

dilute acid pretreatment, and the combined sugar release from the enzyme hydrolysis was 

much lower than anticipated and reported in other literature (~50% compared to 70-90% 

glucose recovery) (Ballesteros et al., 2008; Cai et al., 2012; Eliana et al., 2014; McIntosh et 

al., 2014). The enzyme hydrolysis procedure performed was based on a scaled up version 

(10ml to 500ml) of the enzymatic hydrolysis protocols from NREL (Selig et al., 2008). It is 
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believed that the smaller scale would have greater glucose yield due to mass and heat 

transfer issue minimization at smaller scales. A larger bench scale enzyme hydrolysis 

procedure was desired in these experiments, however it appears that the NREL enzyme 

hydrolysis procedures do not scale up linearly.  

4.4 Investigation of solids loading 

 

In any industry there is a need to process more material to increase output. Higher 

solids loading also has the benefit of reducing waste water generation (Zhang et al., 2014) 

and can reduce the cost associated with heating water (Mafe et al., 2015) while concurrently 

generating more product. There are, however inherent heat and mass transfer challenges 

faced by engineers trying to increase the solids loading which includes: stirring and mixing 

complications, reduced catalyst diffusion, and increased concentration of inhibitors 

generated during bioprocessing (López-Linares et al., 2014). These challenges are worth 

studying because increasing solids loading in both pretreatment and enzyme hydrolysis 

phases is considered to be key in order to make the biofuel industry more competitive with 

the petroleum industry (Modenbach & Nokes, 2013).  

In this work, solids loading was investigated in the form of implementing a Solid to 

Liquid Ratio (S:L ratio). It was decided to keep the working volume of 350 ml constant 

across the experiment such that different amounts of biomass and dilute acid were added to 

reach this working volume. Since solids loading (S:L ratio) can cause both heat and mass 

transfer issues, this factor was studied alongside acid concentration, time and temperature to 

see if and how these factors interacted, and what type of effects they had on the dilute acid 

pretreatment process.  A simpler split experiment was designed and conducted with the 

main focus of gaining information about the S:L ratio.  

4.4.1 Solid:Liquid ratio effects and yields 

 

The split-plot experimental design was carried out to investigate 3 levels of solid 

loading. The way the experiment was designed also allowed for the testing of the 3 acid 

concentrations previously examined. Time and temperature was reduced to only 2 levels 

each because they were previously considered in the main plot of the experimental design. 
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The 2 levels chosen were based on which times and temperatures gave the most sugar 

release from the previous experiment.  

The following ANOVA table was generated and shows the effects the variables of 

S:L ratio, acid concentration, time, temperature and their interactions had on the sugar 

released during the dilute acid pretreatment process.  

 

Table 4-8: ANOVA results from full factorial split-plot experiment 

Source Nparm DF DFDen F Ratio 

Prob > 

F 

Main Plot      

     Time  1 1 4 9.5429 0.0366* 

     Temperature  1 1 4 6.1300 0.0685 

     Temperature*Time  1 1 4 8.2510 0.0454* 

Split-plot      

     Acid Concentration 2 2 32 0.3721 0.6922 

     S:L 2 2 32 23.7174 <.0001* 

     Acid Concentration*S:L 4 4 32 1.4799 0.2314 

     Acid Concentration*Time 2 2 32 1.2226 0.3078 

     Acid Concentration*Temperature 2 2 32 21.0037 <.0001* 

     S:L*Time 2 2 32 1.4507 0.2494 

     S:L*Temperature 2 2 32 6.4338 0.0045* 

     Acid Concentration*Time*Temperature  2 2 32 0.8127 0.4526 

     S:L*Time [min]*Temperature [°C] 2 2 32 0.0847 0.9190 

     Acid Concentration [% w/v]*S:L*Time [min] 4 4 32 0.6618 0.6231 

     Acid Concentration [% w/v]*S:L*Temperature [°C] 4 4 32 2.0384 0.1125 

     Acid Concentration*S:L*Time*Temperature 4 4 32 0.8655 0.4952 

* Indicates statistically significant at =0.05 or lower 

 
 

The three most significant factors will be discussed in more detail. Additional figures 

and other statistical analysis for this experiment are located in Appendix D. The three 

factors discussed here are S:L ratio, acid concentration*temperature interaction and S:L 

ratio*temperature interaction. 

Solid to liquid ratio is used to determine how many parts biomass to parts dilute acid 

are added during the experiment. Since the working volume was fixed to 350 ml, both the 

amount of biomass and amount of acid added would change depending on this ratio. A 

solid:liquid ratio of 1:3 corresponds to a higher solids loading (1 part biomass to 3 parts 

acid) whereas a solid:liquid ratio of 1:9 corresponds to a lower solids loading (1 part 
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biomass to 9 parts acid). The figure below indicates the effect of solids loading on the release 

of sugars during dilute acid pretreatment.  

  

 
Figure 4-13: Least squared means plot of solid to liquid ratio effect 

 
The results suggest that a lower solids loading (S: L ratio of 1:9) released the most 

sugar, and the higher solid loading (S:L ratio of 1:3) had the least sugar release. All values of 

sugar were determined on a per gram of dry biomass basis to correct for the fact that there 

were different amounts of biomass added in these experiments. A Tukey‟s HSD test 

(=0.05) was performed and found that all 3 means were statistically different from each 

other indicating that each level of solid to liquid ratio had a significant impact on sugar 

release.  Further statistical analysis on S:L ratio can be found in Appendix D.  

Acid Concentration*Temperature was also found to be highly significant in the split-

plot experiment. In this case, only 120 and 130 C were studied, but still demonstrated a 

significant influence over its combine effect with acid concentration on sugars released 

during pretreatment.  
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Figure 4-14: Least squared means plot of acid concentration and temperature interaction 
effect 

 
The general trend in this figure suggests an inverse relationship between acid 

concentration and temperature.  A Tukey‟s HSD test (=0.05) was used to check for 

significant differences between the acid concentration and temperature pairs. It found that 

the combinations of 2.50 % (w/v) 130 C, 3.75 % (w/v) 130 C and 5.00 % (w/v) 120 C 

were in the highest sugar released grouping while the remaining 3 combinations of acid 

concentration and temperature to be in the lower ranking group. There was some 

overlapping between these grouped indicating no difference between certain pairs of 

pretreatment conditions. A summary of these groupings can be found in Appendix D.  

The last figure plots the relationship between solid and liquid ratio and temperature, 

which suggests heat transfer issues associated with higher solid loading rates.  
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Figure 4-15: Least squared means plot of solid to liquid ratio and temperature interaction 
effect 

 
The effect of temperature on solid to liquid ratio is clear. In general lower solids 

loading leads to better sugar released than higher solids loading rates, however additional 

heat can help improve sugar release from higher solid loading conditions. A Tukey‟s HSD 

test (=0.05) was used to confirm if these groups were statistically different from each other 

and illustrate the true relationship between these factors. The Tukey‟s groupings revealed 

that only the solid to liquid ratio of 1:3 and temperature of 120 C was in its own group; the 

rest of the combinations had overlapping groups with each other. The lower solid loading 

levels while averaging higher was found to not be statistically different than the other 

combinations at the higher temperature conditions (130 C). APPEDIX D has more 

information on the statistical analysis for this section. 

4.4.2 Discussion 

 

Solid to liquid ratio was found to be a very significant variable that affected the he 

release of sugar during dilute acid pretreatment. By itself a lower solid to liquid ratio 

provided the best sugar release. This is supported by the idea that with increased dilute acid 

concentrations there is more catalyst present and thus more contact with the biomass, 

facilitating sugar release.  

Acid concentration and temperature interaction was also very significant in this 

experiment indicating that is possibly a universally significant factor in all dilute acid 
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pretreatment processes. Similar findings of how increasing temperature greatly affects the 

sugar release form lower concentrations of acid were also found in the previous objectives 

work. 

Solid to liquid ratio also appeared to have a significant interactive effect with 

temperature suggesting a possible heat transfer limitation within the system. A statistical 

analysis of the combinations of solid to liquid ratios and temperatures revealed that 

increasing temperature helps to increase sugar release from high solids loading, whereas this 

effect on lower solid loadings was not as significant. This may be due to poor thermal 

transport of heat through the biomass sample. It has been reported that high solid loadings 

conditions in enzyme hydrolysis can be improved by increasing heat transfer either by 

increasing the temperature or by providing mixing to evenly distribute the heat (Modenbach 

& Nokes, 2013).  Thus using high solids loadings increases the need to try and evenly 

distribute the mass and heat in the system to improve conversion.   
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Chapter 5 Engineering Implications 
 

5.1 Green processing 

 

Plant moisture content places a financial strain on bioprocesses because 

transporting wet material is heavier and thus more costly to transport(Judd et al., 2010). 

To mitigate this, typically biomass is dried, but savings made in transportation is often 

reduced because drying is also a costly and energy intensive processes. In major industries, 

it is important to limit waste generation and treatment because it is often costly to treat 

and dispose of them (Avci et al., 2013). Thus, many industries try to utilize wastes and 

transform them into high-value products. The drying process used to remove the “waste” 

moisture in the biomass and eliminates the potential of utilizing it for co-product 

generation.  One of the main goals of green processing is to reduce the moisture content of 

the biomass as well as recovering this moisture as plant juice for generation of high-value 

products. Additional benefits include reducing storage space requirements for housing 

biomass as well as improving the bulk density for transporting the feedstock which are 

both costly (Gibbons & Hughes, 2012). Further densification of the feedstock can be used to 

produce pellets that can act as a solid fuel substitute for heat generation applications as 

well as further increasing transportation efficiency (Sultana & Kumar, 2011).  This study 

has shown that moisture recovered as juice from green processed Napier grass could be 

used for generating high-value products for other processes while providing fibers that can 

successfully undergo dilute acid pretreatment.  Green processing encourages the use of 

fresh biomass that can have major implications on the designs and placement of future 

facilities or conversion of existing ones.    

5.2 Dilute acid pretreatment and biorefinery concept 

 
While dilute acid pretreatment is efficient at removing hemicellulose sugars, much 

work is needed for successful large-scale cellulosic fuels plant using dilute acid 

pretreatment.  The major factors examined in this work show valuable detail into how 

these factors will affect the process.  The optimization of these conditions while 
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simultaneously investigating the economics of energy usage and cost associated with 

pretreatment is important to evaluate (Mafe et al., 2015). Special consideration of the 

variables of solid to liquid ratio, temperature and acid concentration are the most 

important to consider and can help dictate the design of treatment vessels as well as other 

operating parameters.   

One of the potential downfalls of using acid hydrolysate sugars for fuel production is 

that it may contain inhibitors that can severely affect the rate of fermentation into 

fuels(Palmqvist & Hahn-Hägerdal, 2000).   However, the sugars obtained from the dilute 

aid pretreatment process that may not be suitable for sensitive biological conversion can 

still be utilized for other applications. The biorefinery concept allows for the utilization of 

biomass and/or its constituents to create a multitude of bioenergy and biobased products 

by using many different processes shown in Figure 5-1. 

 

Figure 5-1: Overview of biorefinery processes to convert biomass into bioenergy and bioproducts 

Lignocellulosic biomass, and the structural sugars they are made of, are essential 

sources of carbon and can be utilized to make many different carbon based products. A 
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biorefinery approach to biomass utilization allows for many different types of processes to 

be preformed on biomass in order to get the desired end product of energy, chemicals, fuels 

or other biobased products (Surendra et al., 2015; Werpy et al., 2004). There are numerous 

processes available for biomass processing with only a few main processes shown in Figure 

5-1. There are many of these processes that take advantage of the chemistry of 

lignocellulosic biomass to make carboxylic acids, salts, ketones, organic acids, esters, 

polymers and many other important functional chemicals (Corma Canos et al., 2007; 

Granda, 2008; Tong et al., 2010).   
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Chapter 6 Conclusions 
 

This work combined field and laboratory analysis to characterize the composition of 

Napier grass, determine its potential in green processing, investigate its usage as a 

feedstock for dilute acid pretreatment and examined which factors were important for 

dilute acid pretreatment. A brief summary of the major conclusions is as follows:  

 

 Compositional changes across Napier grass harvests appear to be minimal ensuring 

composition is the same each harvest.  Ash content was the only compositional 

component found to vary significantly with harvest date. Less ash is more desirable 

and mitigation techniques are available to help control some amount of ash 

contamination in the sample.  

 Green processing was able to successfully provide: a reduction in moisture content, 

generation green juice for further co-product generation and a fibrous component 

suitable for pretreatment.  

 Dilute acid pretreatment was successful at removing the hemicellulose portion of 

Napier grass with a maximum xylose recovery nearing 90%. 

 Enzyme hydrolysis was enhanced by better pretreatment despite unusual total 

glucose yields.  

 Factors of acid concentration, time and temperature were all found to interact 

significantly. Temperature appeared to have the largest contribution to changes in 

sugar released as well as the acid concentration and their interaction.  

 Solids loading investigation found that it was highly significant on the release of 

sugars during pretreatment.   

 Solid:Liquid Ratio, and temperature appear to have the largest impacts on 

pretreatment and considerable changes in sugar released can be attributed to acid 

concentration and the interaction between acid concentration and temperature.  
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Chapter 7 Future Works 
 

 

Additional research is required not only to confirm the results found in this study but 

also to also further investigate areas covered in this work. With any research, any gain in 

information usually leads to more questions, verification of experiments and leads to new 

and better experiments. This work has set the foundation for future experiments and studies 

to further the research in the following areas:  

 Green processing: Knowledge into possible co-products that can be produced from 

plant juices is needed. Additional supplementation or alteration to the juice may be 

needed depending on desired co-product and actual experiments to convert this juice 

and determine feasibility and yields of co-products is vital for the success of green 

processing. 

 Enzyme hydrolysis optimization: The glucose yields found in this study after enzyme 

hydrolysis were lower than expected. Additional experiments may be needed to 

figure out how to achieve better glucose yields from larger scaled test. To verify this, 

tests of enzyme hydrolysis should be carried out in the original 10ml scale size 

reported by (Selig et al., 2008) to see if pretreatment was ineffective or to see if the 

scaled up 500ml sized enzyme hydrolysis procedure was the cause of the low yields 

in this work. For the former, pretreatment conditions may have not been sufficient in 

weakening the structure therefore stronger pretreatment conditions will need to be 

tested. For the later it is believed that enzyme loading may not be sufficient at that 

scale since temperature and agitation are maintained for 3 days. Enzyme dosage 

experiments should be performed to find when peak glucose release is met.  
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 Investigation of lower acid concentration: while this study did find high xylose 

yields, recent analysis have hinted that acid concentrations used in this study may be 

too high to be economical due to cost of acid and neutralization. The strong 

interaction between acid concentration and temperature indicates what conditions 

should be modified to achieve a lower acid concentration dilute acid pretreatment. If 

future tests are to be carried out at these conditions then degradation products should 

also be measured.  

 Quantification of degradation products: this study did not quantify degradation or 

fermentation inhibitor products. It is critical to analyze because a high concentration 

of fermentation inhibitors will greatly increase the cost to treat the acid hydrolysate 

until it is tolerable to fermentative microorganisms.   

 Economic analysis: A full techno-economic analysis of the processes covered in this 

work as well as likely upstream and downstream processes that are not covered in 

the scope of this work is needed to see the feasibility of using green processed Napier 

grass for large scale dilute acid pretreatment and subsequent biofuel production. 

Sensitively analysis on juice and fiber content, pretreatment conditions, sugar 

recovery and others is needed to see what processes effect the conversion of biomass 

from field to fuel the most and if that process is contained within the scope of this 

work what can be done rectify it and help the overall process economics.  
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Appendix A: Green Processing Data and Statistics 
 

   

Table A-1: June harvest green processing 

yields 
 

Harvest Date: 6/27/13 

Source lb. Kg 

Total Shredded Biomass 24.5 10.8 

Total Juice 10.4 4.7 
Total S&J Biomass 13.1 5.9 

% Solids Recovered 53.5 

% Juice Recovered 42.4 

% Recovered 95.9 

 

Table A-2: October harvest green 

processing yields 
 

Harvest Date: 10/25/13 

Source lb. Kg 

Total Shredded Biomass 49.4 22.35 

Total Juice 14.6 6.65 
Total S&J Biomass 30.11 13.65 

% Solids Recovered 61.0 

% Juice Recovered 29.6 

% Recovered 90.5 

 

 
 

  

Table A-3: February harvest green 

processing yields 
 

Harvest Date: 2/27/14 

Source lb. Kg 

Total Shredded Biomass 42.50 19.25 

Total Juice 16.6 7.55 
Total S&J Biomass 24.3 11 

% Solids Recovered 57.2 
% Juice Recovered 39.1 

% Recovered 96.2 

  

   

   

 

Table A-4: Moisture content of Napier grass harvests 

% Moisture 
Content 

June 2013 Oct 2013 Feb 2104 

Shredded 68.93  1.64 63.89  3.55 71.46  3.38 

Shredded and 

Juiced 
52.20  2.74 47.18  0.54 50.67  0.90 
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Appendix B: Compositional Data and Statistics 

 
Levels not connected by same letter are significantly different for Tukey’s HSD tests 

 

Table B-1: Tukey‟s HSD for water 

extractives (=0.05) 

Level 
 (n=3) 

Group 
Least Sq Mean 

[%] 

Feb A 10.167 
Oct A 9.350 

June A B 7.463 
NIST 8491 B 5.158 

NIST 8491 
Standard 

B 4.100 
 

 

 

Table B-2: Tukey‟s HSD for ethanol 

extractives (=0.05) 

Level  

(n=3) 
Group 

Least Sq Mean 

[%] 

Feb A 2.930 

June A 2.761 

Oct A 2.201 
NIST 8491 A 2.123 

NIST 8491 
Standard 

A 1.790 
 

   
 

Table B-3: Tukey‟s HSD for total 

extractives (=0.05) 

Level  

(n=3) 
Group 

Least Sq Mean 

[%] 

Feb A 13.097 

Oct A 11.551 
June A B 10.224 

NIST 8491 B C 7.263 
NIST 8491 

Standard 
C 5.890 

 

 

 

Table B-4: Tukey‟s HSD for glucan 

extractives (=0.05) 

Level  

(n=3) 
Group 

Least Sq Mean 

[%] 

NIST 8491 A 40.514 

NIST 8491 
Standard 

A 40.500 

June 2013 A 38.307 

Oct 2013 A 36.753 
Feb 2014 A 36.024 

 

   

 

Table B-5: Tukey‟s HSD for xylan 

(=0.05) 

Level 

 (n=3) 
Group 

Least Sq Mean 

[%] 

NIST 8491 A 24.544 

NIST 8491 
Standard 

A 22.040 

June A 21.793 
Feb A 21.017 
Oct A 21.013 

 

 

 

Table B-6: Tukey‟s HSD for lignin 

(=0.05) 

Level  

(n=3) 
Group 

Least Sq Mean 

[%] 

NIST 8491 

Standard 
A 24.400 

NIST 8491 A 23.317 

Oct B 20.697 
June B 19.727 
Feb B 18.780 

 

 

 
 

 

 

 

 
 
 



 64 

Table B-7: Tukey‟s HSD for whole ash 

(=0.05) 

Level 

 (n=3) 
Group 

Least Sq Mean 

[%] 

Feb A 10.253 

June B 9.133 
Oct C 5.887 

NIST 8491 
Standard 

D 3.840 

NIST 8491 D 3.600 
 

Table B-8: Tukey‟s HSD for structural ash 

(=0.05) 

Level 

 (n=3) 
Group 

Least Sq Mean 

[%] 

Feb A 7.737 

NIST 8491 B 3.493 
NIST 8491 

Standard 
B 3.450 

June B 2.850 

Oct B 2.660 
 

   

 

Table B-9: Tukey‟s HSD for non-structural 

ash (=0.05) 

Level  

(n=3) 
Group 

Least Sq Mean 

[%] 

June A 6.283 

Oct B 3.227 
Feb B C 2.512 

NIST 8491 
Standard 

C 0.390 

NIST 8491 C 0.107 
 

  

 

 
 

Figure B-1: Comparison of ash components from Napier grass harvests and NIST 8491 
(Sugarcane bagasse) 
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Appendix C: Full Factorial Experiment Data and Statistics 
 

Table C-1: Complete list of all possible pretreatment combinations for RCBD full factorial 
experiment 

Acid Concentration 
[% w/v] 

Time 
[min] 

Temperature 
[°C] 

2.50 45 110 
3.75 45 110 
5.00 45 110 
2.50 60 110 
3.75 60 110 
5.00 60 110 
2.50 75 110 
3.75 75 110 
5.00 75 110 
2.50 45 120 
3.75 45 120 
5.00 45 120 
2.50 60 120 
3.75 60 120 
5.00 60 120 
2.50 75 120 
3.75 75 120 
5.00 75 120 
2.50 45 130 
3.75 45 130 
5.00 45 130 
2.50 60 130 
3.75 60 130 
5.00 60 130 
2.50 75 130 
3.75 75 130 
5.00 75 130 
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Levels not connected by same letter are significantly different for Tukey’s HSD tests 

 
Table C-2: Tukey‟s HSD for acid 

concentration effect in RCBD (=0.05) 

Level 
(n=27) 

Group 
Least Sq Mean 

[g/g] 

5.00 A 0.245 
3.75 A 0.245 

2.50 B 0.218 

 

 

 

 
Figure C-1: Least squared means plot of acid 

concentration effect in RCBD 

 

   

   

 
Table C-3: Tukey‟s HSD for time effect in 

RCBD (=0.05) 

Level 
(n=27) 

Group 
Least Sq Mean 

[g/g] 

75 A 0.250 
60 B 0.231 

45 B 0.227 

 

 

 

 
Figure C-2: Least squared means plot of time 

effect in RCBD 

 

   

   

 

Table C-4: Tukey‟s HSD for temperature 

effect in RCBD (=0.05) 

Level 

(n=27) 
Group 

Least Sq Mean 

[g/g] 

130 A 0.267 

120 B 0.245 
110 C 0.196 

 

 

 

 
Figure C-3: Least squared means plot of 

temperature effect in RCBD 
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Table C-5: Tukey‟s HSD for rep effect in 

RCBD (=0.05) 

Level 
(n=27) 

Group 
Least Sq Mean 

[g/g] 

2 A 0.237 
1 A 0.236 

3 A 0.235 

 

 

 

 
Figure C-4: Least squared means plot of rep 

effect in RCBD 

 
 

 

Table C-6: Tukey‟s HSD for acid 
concentration*time interaction effect in 

RCBD (=0.05) 

Level  
(n=9) 

Group 
Least Sq Mean 

[g/g] 

3.75, 75 A 0.260 
5.00, 60 A B 0.252 
5.00, 75 A B 0.247 

3.75, 60 A B 0.245 
2.50, 75 A B 0.243 

5.00, 45 A B C 0.237 
3.75, 45 B C 0.229 

2.50, 45 C D 0.215 
2.50, 60 D 0.196 

 

 

 

 
Figure C-5: Least squared means plot of acid 

concentration*time interaction effect in RCBD 
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Table C-7: Tukey‟s HSD for acid 
concentration*temperature interaction effect 

in RCBD (=0.05) 

Level  

(n=9) 
Group 

Least Sq Mean 

[g/g] 

3.75,120 A 0.278 

3.75,130 A 0.274 
2.50,130 A 0.272 

5.00,130 A B 0.255 

5.00,120 B 0.244 

5.00,110 B C 0.238 
2.50,120 C 0.212 
3.75,110 D 0.182 

2.50,110 D 0.170 

 

 

 

 

 
 
 
 
 
 
 
 

 
Figure C-6: Least squared means plot of acid 

concentration* temperature interaction effect in 

RCBD 

 

 

Table C-8: Tukey‟s HSD for 
time*temperature interaction effect in RCBD 

(=0.05) 

Level 
(n=9) 

Group 
Least Sq Mean 

[g/g] 

75,130 A 0.273 
60,130 A B 0.266 

45,130 A B C 0.261 
75,120 A B C 0.257 
45,120 B C D 0.241 

60,120 C D 0.237 
75,110 D 0.220 

60,110 E 0.189 
45,110 E 0.180 

 

 

 
Figure C-7: Least squared means plot of time* 

temperature interaction effect in RCBD 
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Table C-9: Tukey‟s HSD for acid 

concentration*time*temperature interaction 

effect in RCBD (=0.05) 

Level 

(n=3) 
Group 

Least Sq 

Mean [g/g] 

3.75, 75, 120 A 0.304 

2.50, 75, 130 A B 0.291 
3.75, 45, 130 A B  0.287 

3.75, 60, 130 A B  0.281 
5.00, 75, 130 A B C 0.274 

3.75, 60, 120 A B C 0.272 

2.50, 60, 130 A B C D 0.264 
2.50, 45, 130 A B C D E 0.260 

5.00, 60, 120 A B C D E 0.260 
3.75, 45, 120 A B C D E 0.259 

5.00, 45, 120 A B C D E 0.256 
3.75, 75, 130 A B C D E 0.255 
5.00, 60, 130 A B C D E 0.254 

5.00, 75, 110 A B C D E 0.250 
2.50, 75, 120 B C D E 0.248 

5.00, 60, 110 B C D E F 0.243 
5.00, 45, 130 B C D E F G 0.236 

3.75, 75, 110 C D E F G 0.222 
5.00, 45, 110 C D E F G 0.220 
5.00, 75, 120 D E F G 0.217 

2.50, 45, 120 E F G 0.208 
2.50, 75, 110 F G H 0.189 

3.75, 60, 110 G H 0.182 
2.50, 60, 120 G H 0.180 

2.50, 45, 110 G H 0.178 
2.50, 60, 110 H 0.142 
3.75, 45, 110 H 0.142 

 

 
Figure C-8: Least squared means plot of 

acid concentration* time*temperature 
interaction effect in RCBD 
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Figure C-9: Equations used in sugar calculations 
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Table C-10: Complete list of all sugar yields from Napier grass in RCBD full factorial experiment 

Run 
Acid 

Concentration 
[% w/v] 

Time 
[min] 

Temperature 

[C] 

Dilute Acid Pretreatment 
Enzyme 

Hydrolysis 
Combined 

Xylose 
[g/g] 

Glucose 
[g/g] 

Total  
[g/g] 

Glucose  
[g/g] 

Total 
[g/g] 

1 2.50 45 120 0.154  0.005 0.053  0.002 0.207  0.005 0.169  0.006 0.376  0.009 
2 5.00 45 120 0.186  0.016 0.069  0.005 0.255  0.017 0.169  0.006 0.424  0.018 
3 2.50 60 120 0.131  0.009 0.049  0.004 0.180  0.010 0.158  0.012 0.338  0.016 
4 5.00 60 120 0.188  0.007 0.072  0.004 0.260  0.008 0.155  0.011 0.414  0.015 
5 2.50 45 130 0.188  0.007 0.072  0.003 0.260  0.008 0.112  0.011 0.372  0.014 
6 5.00 45 130 0.169  0.011 0.069  0.006 0.238  0.012 0.131  0.011 0.369  0.018 
7 2.50 60 130 0.190  0.006 0.074  0.002 0.264  0.007 0.146  0.009 0.410  0.012 
8 5.00 60 130 0.174  0.007 0.080  0.002 0.254  0.007 0.132  0.004 0.386  0.008 
9 3.75 45 120 0.192  0.002 0.068  0.001 0.259  0.002 0.157  0.017 0.416  0.020 
10 3.75 60 120 0.192  0.048 0.079  0.024 0.272  0.054 0.088  0.011 0.359  0.055 
11 3.75 45 130 0.207  0.003 0.079  0.001 0.286  0.003 0.136  0.063 0.423  0.070 
12 3.75 60 130 0.200  0.015 0.080  0.007 0.280  0.017 0.170  0.014 0.450  0.023 
13 2.50 75 120 0.181  0.011 0.068  0.003 0.249  0.011 0.171  0.028 0.420  0.033 
14 5.00 75 120 0.195  0.009 0.023  0.008 0.217  0.013 0.150  0.004 0.367  0.013 
15 3.75 75 120 0.222  0.013 0.082  0.005 0.304  0.014 0.139  0.005 0.442  0.015 
16 2.50 75 130 0.210  0.002 0.080  0.002 0.290  0.003 0.155  0.014 0.445  0.016 
17 5.00 75 130 0.177  0.005 0.096  0.002 0.274  0.005 0.149  0.009 0.423  0.011 
18 3.75 75 130 0.175  0.006 0.080  0.002 0.255  0.006 0.197  0.008 0.451  0.011 
19 2.50 45 110 0.139  0.011 0.039  0.003 0.178  0.011 0.123  0.024 0.301  0.029 
20 5.00 45 110 0.166  0.005 0.054  0.002 0.220  0.006 0.107  0.009 0.327  0.012 
21 3.75 45 110 0.112  0.011 0.031  0.003 0.142  0.012 0.113  0.012 0.255  0.018 
22 2.50 60 110 0.111  0.002 0.031  0.000 0.142  0.002 0.114  0.047 0.256  0.053 
23 5.00 60 110 0.182  0.009 0.061  0.004 0.243  0.010 0.125  0.047 0.368  0.017 
24 3.75 60 110 0.139  0.001 0.043  0.001 0.182  0.002 0.109  0.003 0.291  0.004 
25 2.50 75 110 0.146  0.010 0.043  0.003 0.189  0.010 0.114  0.020 0.303  0.025 
26 5.00 75 110 0.185  0.011 0.065  0.005 0.250  0.012 0.116  0.006 0.366  0.014 
27 3.75 75 110 0.164  0.032 0.058  0.010 0.222  0.033 0.132  0.015 0.355  0.037 

g/g : gram sugar per gram dry biomass 
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Table C-11: Complete list of all sugar recoveries from Napier grass in RCBD full factorial experiment 

Run 
Acid Concentration 

[% w/v] 
Time 
[min] 

Temperature 

[C] 

Dilute Acid Pretreatment 
Enzyme 

Hydrolysis 
Combined 

Xylose 
Recovered a 

 [%]  

Glucose  
Recovered b 

 [%]  

Total  
Recovered c  

[%]  

Glucose  
Recovered b  

[%] 

Total  
Recovered c 

 [%]  

1 2.50 45 120 61.85  2.29 12.54  0.63 30.47  1.23 39.63  1.83 55.69  0.49 
2 5.00 45 120 74.80  7.39 16.22  1.32 37.52  3.53 39.68  1.85 62.77  3.23 

3 2.50 60 120 52.60  4.12 11.62  1.08 26.52  2.19 37.07  3.55 50.11  0.96 
4 5.00 60 120 75.51  2.98 16.92  1.04 38.23  1.73 36.33  3.33 61.34  3.41 
5 2.50 45 130 75.74  2.40 16.84  0.77 38.26  1.34 26.41  3.28 55.06  0.76 
6 5.00 45 130 67.99  4.34 16.25  1.53 35.07  2.51 30.71  3.43 54.61  4.69 
7 2.50 60 130 76.45  2.98 17.28  0.48 38.80  1.39 34.41  2.74 60.70  2.37 
8 5.00 60 130 69.79  2.88 18.89  0.33 37.40  1.24 31.06  1.26 57.16  2.00 
9 3.75 45 120 76.99  0.85 15.93  0.23 38.13  0.44 36.85  5.24 61.58  3.44 
10 3.75 60 120 77.37  22.31 18.63  6.44 39.99  4.06 20.58  3.25 53.09  2.77 
11 3.75 45 130 83.34  1.27 18.57  0.22 42.12  0.60 32.06 19.07 62.52  12.08 
12 3.75 60 130 80.28  6.68 18.83  1.47 41.17  3.36 39.98  3.97 66.61  0.84 
13 2.50 75 120 72.71  4.90 15.92  0.84 36.57  2.32 40.20  8.55 62.15  3.32 
14 5.00 75 120 78.29  4.38 5.31  2.27 31.85  2.25 35.15  1.18 54.22  2.70 
15 3.75 75 120 89.34  6.18 19.16  1.32 44.68  3.08 32.54  1.61 65.39  3.86 
16 2.50 75 130 88.01  1.06 20.00  0.46 45.06  0.67 38.68  4.45 69.49  2.16 
17 5.00 75 130 71.30  1.96 22.62  0.23 40.32  0.86 35.02  2.68 62.61  2.23 
18 3.75 75 130 70.45  2.69 18.68  0.57 37.51  1.34 46.20  2.50 66.91  2.70 
19 2.50 45 110 58.09  5.09 9.86  0.85 27.63  2.41 30.68  7.58 47.00  3.51 
20 5.00 45 110 69.31  2.49 13.59  0.53 34.12  1.10 26.84  2.70 51.07  2.71 
21 3.75 45 110 44.89  5.17 7.21  0.84 20.91  2.42 26.54  3.61 37.80  3.42 
22 2.50 60 110 46.41  1.06 7.87  0.12 22.07  0.46 28.36  5.12 39.98  9.71 
23 5.00 60 110 76.03  4.40 15.32  1.18 37.69  2.36 31.33  3.81 57.47  3.21 
24 3.75 60 110 55.71  0.47 10.12  0.15 26.70  0.26 25.62  0.92 43.00  0.67 
25 2.50 75 110 61.05  4.72 10.73  0.93 29.28  2.32 28.60  6.40 47.33  6.14 
26 5.00 75 110 77.33  5.33 16.27  1.42 38.77  2.86 28.92  1.64 57.03  1.82 
27 3.75 75 110 66.08  14.71 13.57  2.70 32.67  7.07 31.11  4.53 52.46  9.72 

a percentage of total xylan, b percentage  of total glucan, c percentage of total sugar (xylan+glucan) 
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Appendix D: Solids Loading Experimental Data and Statistics 
 

 

Table D-1: Complete list of all possible pretreatment combinations for split-plot full 
factorial experiment 

Time 
[min] 

Temperature 
[°C] 

Acid Concentration 
[% w/v] 

Solid:Liquid 
Ratio 
[g:ml] 

Biomass 
added 

[g] 

Acid 
Added 

[ml] 
45 120 2.50 1:9 35.0 315.0 
45 120 3.75 1:9 35.0 315.0 
45 120 5.00 1:9 35.0 315.0 
45 120 2.50 1:6 50.0 300.0 
45 120 3.75 1:6 50.0 300.0 
45 120 5.00 1:6 50.0 300.0 
45 120 2.50 1:3 87.5 262.5 
45 120 3.75 1:3 87.5 262.5 
45 120 5.00 1:3 87.5 262.5 
45 130 2.50 1:9 35.0 315.0 
45 130 3.75 1:9 35.0 315.0 
45 130 5.00 1:9 35.0 315.0 
45 130 2.50 1:6 50.0 300.0 
45 130 3.75 1:6 50.0 300.0 
45 130 5.00 1:6 50.0 300.0 
45 130 2.50 1:3 87.5 262.5 
45 130 3.75 1:3 87.5 262.5 
45 130 5.00 1:3 87.5 262.5 
75 120 2.50 1:9 35.0 315.0 
75 120 3.75 1:9 35.0 315.0 
75 120 5.00 1:9 35.0 315.0 
75 120 2.50 1:6 50.0 300.0 
75 120 3.75 1:6 50.0 300.0 
75 120 5.00 1:6 50.0 300.0 
75 120 2.50 1:3 87.5 262.5 
75 120 3.75 1:3 87.5 262.5 
75 120 5.00 1:3 87.5 262.5 
75 130 2.50 1:9 35.0 315.0 
75 130 3.75 1:9 35.0 315.0 
75 130 5.00 1:9 35.0 315.0 
75 130 2.50 1:6 50.0 300.0 
75 130 3.75 1:6 50.0 300.0 
75 130 5.00 1:6 50.0 300.0 
75 130 2.50 1:3 87.5 262.5 
75 130 3.75 1:3 87.5 262.5 
75 130 5.00 1:3 87.5 262.5 
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Levels not connected by same letter are significantly different for Tukey’s HSD tests 
 

Table D-2: Tukey‟s HSD for time effect in 

split-plot design (=0.05) 

Level 
 (n=32) 

Group 
Least Sq Mean 

[g/g] 

45 A 0.254 
75 B 0.242 

 

 

 
Figure D-1: Least squared means plot of time 

effect in split-plot design 

 
   
   
 

Table D-3: Tukey‟s HSD for temperature 

interaction effect in split-plot design (=0.05) 

Level  
(n=32) 

Group 
Least Sq Mean 

[g/g] 

120 A 0.253 
130 A 0.243 

 

 

 
Figure D-2: Least squared means plot of 

temperature effect in split-plot design 

 
   
   
  

Table D-4: Tukey‟s HSD for 
time*temperature interaction effect in split-

plot design (=0.05) 

Level  
(n=18) 

Group 
Least Sq Mean 

[g/g] 

130,45 A 0.264 
120,45 A B 0.244 

120,75 A B 0.242 
130,75 B 0.241 

 

 

 
Figure D-3: Least squared means plot of 

time*temperature effect in split-plot design 
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Table D-5: Tukey‟s HSD for acid 

concentration effect in split-plot design 

(=0.05) 

Level  
(n=24) 

Group 
Least Sq 

Mean [g/g] 

3.75 A 0.249 
2.50 A 0.247 

5.00 A 0.247 
 

 

 
Figure D-4: Least squared means plot of acid 

concentration effect in split-plot design 

 
   
 

Table D-6: Tukey‟s HSD for solid:liquid 

ratio effect in split-plot design (=0.05) 

Level 

(n=24) 
Group 

Least Sq Mean 

[g/g] 

1:9 A 0.258 

1:6 B 0.249 
1:3 C 0.237 

 

 

 
Figure D-5: Least squared means plot of 

solid:liquid ratio effect in split-plot design 

 

   

 

Table D-7: Tukey‟s HSD for acid 

concentration*solid:liquid ratio effect in split-

plot design (=0.05) 

Level 
(n=8) 

Group 
Least Sq Mean 

[g/g] 

2.50,1:9 A 0.262 

3.75,1:9 A B 0.256 

5.00,1:9 A B C 0.256 
3.75,1:6 A B C 0.253 

5.00,1:6 A B C 0.251 
2.50,1:6 B C D 0.243 

3.75,1:3 B C D 0.239 
2.50,1:3 C D 0.238 
5.00,1:3 D 0.233 

 

 

 
Figure D-6: Least squared means plot of 

solid:liquid ratio*acid concentration effect in 

split-plot design 
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Table D-8: Tukey‟s HSD for acid 

concentration*time interaction effect in split-

plot design (=0.05) 

Level  
(n=12) 

Group 
Least Sq Mean 

[g/g] 

3.75,45 A 0.256 
5.00,45 A B 0.255 

2.50,45 A B 0.251 
2.50,75 A B 0.245 

3.75,75 A B 0.243 
5.00,75 B 0.239 

 

 

 
Figure D-7: Least squared means plot of 

time*acid concentration effect in split-plot design 

 

   

 

Table D-9: Tukey‟s HSD for acid 
concentration*temperature interaction effect 

in split-plot design (=0.05) 

Level 
 (n=12) 

Group 
Least Sq Mean 

[g/g] 

2.50, 130 A 0.263 
3.75, 130 A B 0.254 
5.00, 120 A B 0.252 

3.75, 120 B C 0.245 
5.00, 130 B C 0.242 

2.50, 120 C 0.233 

 

 

 

 

 
Figure D-8: Least squared means plot of acid 

concentration* temperature interaction effect in 
split-plot design 

 

   

 

Table D-10: Tukey‟s HSD for solid:liquid 

ratio*time interaction effect in split-plot 

design (=0.05) 

Level 

(n=12) 
Group 

Least Sq Mean 

[g/g] 

1:9,45 A 0.267 

1:6,45 A B 0.255 
1:9,75 B C 0.250 
1:6,75 B C D 0.243 

1:3,45 C D 0.240 
1:3,75 D 0.234 

 

 

 
Figure D-9: Least squared means plot of 

time*solid:liquid ratio effect in split-plot design 
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Table D-11: Tukey‟s HSD for acid 

concentration*time*temperature 
interaction effect in split-plot design 

(=0.05) 

Level 
(n=6) 

Group 
Least Sq 

Mean [g/g] 

2.50,45,130 A 0.270 
3.75,45,130 A B 0.266 
5.00,45,130 A B C 0.257 

2.50,75,130 A B C 0.256 
5.00,45,120 A B C D 0.252 

5.00,75,120 A B C D 0.251 
3.75,45,120 A B C D 0.247 

3.75,75,120 A B C D 0.244 
3.75,75,130 B C D 0.241 
2.50,75,120 C D 0.233 

2.50,45,120 CD 0.232 
5.00,75,130 D 0.226 

 
 

 

 
Figure D-10: Least squared means plot of acid 
concentration*time*temperature effect in split-

plot design 
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Table D-12: Tukey‟s HSD for solid:liquid 

ratio*time*temperature interaction effect 

in split-plot design (=0.05) 

Level 

(n=6) 
Group 

Least Sq Mean 

[g/g] 

1:9,45,130 A 0.270 

1:6,45,130 A B 0.267 
1:9,45,120 A B C 0.263 
1:3,45,130 A B C 0.256 

1:9,75,120 A B C 0.256 
1:6,45,120 B C D 0.244 

1:6,75,120 B C D 0.244 
1:9,75,130 B C D 0.244 

1:6,75,130 B C D 0.242 
1:3,75,130 C D 0.238 
1:3,75,120 D 0.229 

1:3,45,120 D 0.224 
 

 

 
Figure D-11: Least squared means plot of 

solid:liquid ratio*time*temperature effect in 
split-plot design 
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Table D-13: Tukey‟s HSD for acid 
concentration*solid:liquid ratio*time 
interaction effect in split-plot design 

(=0.05) 

Level 

(n=4) 
Group 

Least Sq 

Mean [g/g] 

3.75,1:9,45 A 0.268 
2.50,1:9,45 A B 0.267 

5.00,1:9,45 A B C 0.265 
5.00,1:6,45 A B C 0.263 

3.75,1:6,45 A B C D 0.259 
2.50,1:9,75 A B C D 0.258 
3.75,1:6,75 A B C D 0.247 

5.00,1:9,75 A B C D 0.247 
2.50,1:6,45 A B C D 0.245 

3.75,1:9,75 A B C D 0.244 
3.75,1:3,45 A B C D 0.242 

2.50,1:6,75 A B C D 0.242 
2.50,1:3,45 A B C D 0.242 
5.00,1:6,75 A B C D 0.240 

5.00,1:3,45 C D 0.236 
3.75,1:3,75 B C D 0.236 

2.50,1:3,75 C D 0.235 
5.00,1:3,75 D 0.230 

  
Figure D-12: Least squared means plot of acid 
concentration*solid:liquid ratio*time effect in 

split-plot design 
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Table D-14: Tukey‟s HSD for acid 
concentration*solid:liquid 

ratio*temperature interaction effect in split-

plot design (=0.05) 

Level 
(n=4) 

Group 
Least Sq 

Mean [g/g] 

2.50,1:9,130 A 0.271 
5.00,1:9,120 A B 0.268 

2.50,1:6,130 A B 0.265 
5.00,1:6,120 A B 0.260 

3.75,1:9,120 A B C 0.257 
3.75,1:9,130 A B C D 0.256 

3.75,1:6,130 A B C D 0.256 
2.50,1:9,120 A B C D 0.253 
2.50,1:3,130 A B C D E 0.253 

3.75,1:6,120 A B C D E F 0.250 
3.75,1:3,130 A B C D E F 0.249 

5.00,1:9,130 A B C D E F 0.244 
5.00,1:6,130 A B C D E F 0.243 

5.00,1:3,130 B C DE F 0.239 
3.75,1:3,120 C D E F 0.229 
5.00,1:3,120 D E F 0.228 

2.50,1:3,120 E F 0.223 
2.50,1:6,120 F 0.222 

 

 

 
Figure D-13: Least squared means plot of 

acid concentration*solid:liquid 

ratio*temperature effect in split-plot design 
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Figure D-14: Least squared means plot of acid concentration*time*temperature*solid:liquid ratio effect in split-plot design 
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Table D-15: Tukey‟s HSD for acid concentration*time*temperature*solid:liquid ratio 

interaction effect in split-plot design (=0.05) 

Level 

(n=2) 
Group 

Least Sq Mean 

[g/g] 

2.50,1:9,45,130 A 0.281 

3.75,1:9,45,130 A B 0.275 
5.00,1:9,45,120 A B 0.274 

2.50,1:6,45,130 A B C 0.270 
3.75,1:6,45,130 A B C D 0.268 

5.00,1:6,45,130 A B C D 0.263 
2.50,1:9,75,130 A B C D 0.262 
5.00,1:6,45,120 A B C D 0.262 

3.75,1:9,45,120 A B C D 0.261 
5.00,1:9,75,120 A B C D 0.261 

2.50,1:6,75,130 A B C D 0.261 
2.50,1:3,45,130 A B C D 0.260 

5.00,1:6,75,120 A B C D 0.257 
5.00,1:9,45,130 A B C D 0.255 
3.75,1:3,45,130 A B C D 0.255 

5.00,1:3,45,130 A B C D 0.253 
2.50,1:9,45,120 A B C D 0.253 

2.50,1:9,75,120 A B C D 0.253 
3.75,1:9,75,120 A B C D 0.252 

3.75,1:6,75,120 A B C D 0.251 
3.75,1:6,45,120 A B C D 0.250 
2.50,1:3,75,130 A B C D 0.246 

3.75,1:6,75,130 A B C D 0.244 
3.75,1:3,75,130 A B C D 0.243 

3.75,1:9,75,130 A B C D 0.237 
5.00,1:3,75,120 A B C D 0.235 

5.00,1:9,75,130 A B C D 0.232 
3.75,1:3,45,120 B C D 0.229 
3.75,1:3,75,120 B C D 0.229 

5.00,1:3,75,130 C D 0.224 
2.50,1:3,45,120 C D 0.224 

5.00,1:6,75,130 C D 0.223 
2.50,1:3,75,120 C D 0.223 

2.50,1:6,75,120 C D 0.223 
2.50,1:6,45,120 D 0.220 
5.00,1:3,45,120 D 0.220 

 

 



 83 

Table D-16: Complete list of all sugar yields from Napier grass in split-plot full factorial experiment 

Run 

Acid 

Concentration 

[% w/v] 

Time 

[min] 

Temperature 

[C] 

S:L 

Ratio 

[g:ml] 

Dilute Acid Pretreatment 
Enzyme 

Hydrolysis 
Combined 

Xylose 

[g/g] 

Glucose 

[g/g] 

Total 

[g/g] 

Glucose 

[g/g] 

Total 

[g/g] 

1 2.50 45 120 1:9 0.183  0.008 0.071  0.004 0.254  0.009 0.152  0.024 0.405  0.026 

2 3.75 45 120 1:9 0.188  0.008 0.074  0.003 0.262  0.009 0.149  0.023 0.411  0.025 

3 5.00 45 120 1:9 0.197  0.011 0.077  0.001 0.274  0.011 0.101  0.002 0.376  0.011 

4 2.50 45 120 1:6 0.160  0.004 0.060  0.004 0.220  0.005 0.133  0.047 0.353  0.047 

5 3.75 45 120 1:3 0.169  0.008 0.061  0.001 0.229  0.008 0.158  0.037 0.387  0.038 

6 5.00 45 120 1:6 0.187  0.003 0.075  0.005 0.262  0.005 0.157  0.036 0.419  0.037 

7 2.50 45 120 1:3 0.163  0.013 0.060  0.001 0.223  0.013 0.144  0.046 0.367  0.047 

8 3.75 45 120 1:6 0.181  0.002 0.068  0.008 0.249  0.008 0.141  0.044 0.390  0.044 

9 5.00 45 120 1:3 0.161  0.016 0.059  0.003 0.220  0.016 0.124  0.032 0.344  0.036 

10 2.50 45 130 1:9 0.201  0.001 0.079  0.007 0.280  0.007 0.140  0.033 0.420  0.033 

11 3.75 45 130 1:9 0.196  0.004 0.080  0.006 0.276  0.007 0.147  0.015 0.422  0.016 

12 5.00 45 130 1:9 0.168  0.011 0.087  0.007 0.255  0.013 0.134  0.028 0.390  0.031 

13 2.50 45 130 1:6 0.191  0.003 0.079  0.003 0.270  0.004 0.136  0.026 0.406  0.027 

14 3.75 45 130 1:3 0.180  0.005 0.075  0.003 0.255  0.006 0.121  0.014 0.376  0.015 

15 5.00 45 130 1:6 0.175  0.004 0.088  0.001 0.263  0.004 0.143  0.002 0.406  0.005 

16 2.50 45 130 1:3 0.184  0.007 0.075  0.002 0.259  0.007 0.133  0.031 0.392  0.032 

17 3.75 45 130 1:6 0.184  0.003 0.083  0.003 0.267  0.004 0.143  0.008 0.410  0.009 

18 5.00 45 130 1:3 0.174  0.004 0.080  0.001 0.254  0.004 0.119  0.024 0.373  0.024 

19 2.50 75 120 1:9 0.182  0.019 0.071  0.002 0.253  0.019 0.106  0.029 0.360  0.035 

20 3.75 75 120 1:9 0.180  0.010 0.071  0.001 0.252  0.010 0.101  0.008 0.353  0.013 

21 5.00 75 120 1:9 0.187  0.007 0.075  0.001 0.262  0.007 0.100  0.013 0.362  0.015 

22 2.50 75 120 1:6 0.160  0.007 0.063  0.007 0.223  0.010 0.136  0.049 0.359  0.050 

23 3.75 75 120 1:3 0.167  0.011 0.063  0.002 0.229  0.011 0.151  0.030 0.380  0.032 

24 5.00 75 120 1:6 0.185  0.003 0.072  0.007 0.257  0.008 0.158  0.011 0.415  0.014 

25 2.50 75 120 1:3 0.163  0.008 0.061  0.009 0.223  0.012 0.137  0.013 0.360  0.018 

26 3.75 75 120 1:6 0.178  0.008 0.072  0.006 0.251  0.010 0.130  0.044 0.381  0.045 

27 5.00 75 120 1:3 0.170  0.002 0.065  0.006 0.235  0.007 0.151  0.029 0.385  0.030 

28 2.50 75 130 1:9 0.179  0.005 0.083  0.000 0.262  0.005 0.119  0.051 0.381  0.051 

29 3.75 75 130 1:9 0.148  0.000 0.089  0.000 0.236  0.000 0.130  0.001 0.366  0.001 
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Run 

Acid 

Concentration 

[% w/v] 

Time 

[min] 

Temperature 

[C] 

S:L 

Ratio 

[g:ml] 

Dilute Acid Pretreatment 
Enzyme 

Hydrolysis 
Combined 

Xylose 

[g/g] 

Glucose 

[g/g] 

Total 

[g/g] 

Glucose 

[g/g] 

Total 

[g/g] 

30 5.00 75 130 1:9 0.142  0.019 0.090  0.002 0.232  0.020 0.122  0.018 0.354  0.026 

31 2.50 75 130 1:6 0.179  0.001 0.082  0.001 0.260  0.002 0.159  0.010 0.419  0.011 

32 3.75 75 130 1:3 0.166  0.011 0.077  0.001 0.243  0.012 0.130  0.010 0.373  0.016 

33 5.00 75 130 1:6 0.138  0.014 0.085  0.004 0.223  0.015 0.144  0.015 0.367  0.021 

34 2.50 75 130 1:3 0.171  0.009 0.075  0.003 0.245  0.010 0.117  0.016 0.362  0.019 

35 3.75 75 130 1:6 0.160  0.004 0.084  0.003 0.244  0.005 0.129  0.001 0.373  0.005 

36 5.00 75 130 1:3 0.142  0.005 0.082  0.005 0.224  0.006 0.144  0.023 0.368  0.024 

g/g : gram sugar per gram dry biomass 
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Table D-17: Complete list of all sugar recoveries from Napier grass in split-plot full factorial experiment 

Run 

Acid 

Concentration 

[% w/v] 

Time 

[min] 

Temperature 

[C] 

S:L 

Ratio 

[g:ml] 

Dilute Acid Pretreatment 
Enzyme 

Hydrolysis 
Combined 

Xylose 

Recovered a 

[%] 

Glucose 

Recovered b 

[%] 

Total 

Recovered c 

[%] 

Glucose 

Recovered b 

[%] 

Total 

Recovered c 

[%] 

1 2.50 45 120 1:9 76.68  4.14 17.43  0.93 39.14  1.13 37.57  8.31 67.28  6.30 

2 3.75 45 120 1:9 77.91  2.40 18.19  0.48 39.72  0.30 37.44  8.50 68.49  4.59 

3 5.00 45 120 1:9 78.84  3.72 19.11  0.16 40.40  1.26 36.95  7.81 69.25  5.67 

4 2.50 45 120 1:6 79.91  2.20 14.81  1.02 41.01  0.40 33.89  12.41 67.46  8.20 

5 3.75 45 120 1:3 82.56  5.96 15.05  0.15 42.35  2.29 25.08  0.32 63.44  2.51 

6 5.00 45 120 1:6 76.26  14.88 19.49  0.28 38.88  7.20 23.44  1.98 59.19  8.52 

7 2.50 45 120 1:3 67.09  1.90 14.78  0.24 33.95  0.23 32.95  15.43 59.92  9.56 

8 3.75 45 120 1:6 68.07  0.52 16.90  2.21 34.19  0.11 37.10  9.56 62.26  6.28 

9 5.00 45 120 1:3 70.57  4.06 14.58  0.22 35.38  1.58 39.12  12.41 64.57  9.53 

10 2.50 45 130 1:9 75.74  3.24 19.60  1.90 38.58  2.94 39.12  12.41 67.81  4.95 

11 3.75 45 130 1:9 78.01  0.03 19.80  1.30 40.38  0.39 30.65  0.43 64.71  0.57 

12 5.00 45 130 1:9 70.77  10.22 21.02  2.85 36.26  5.44 27.99  4.19 58.56  9.28 

13 2.50 45 130 1:6 68.37  6.81 19.47  0.30 34.41  2.83 35.70  15.08 61.34  13.22 

14 3.75 45 130 1:3 74.79  2.27 18.39  0.81 37.98  2.21 35.56  15.27 65.16  7.83 

15 5.00 45 130 1:6 75.81  0.83 21.43  0.08 38.47  1.51 34.94  14.39 64.65  7.12 

16 2.50 45 130 1:3 68.40  9.64 18.30  0.60 34.59  3.98 34.19  15.45 59.97  13.75 

17 3.75 45 130 1:6 67.51  8.38 20.33  0.75 33.97  3.11 30.72  10.54 58.30  11.39 

18 5.00 45 130 1:3 78.75  7.51 19.54  0.15 40.04  5.47 32.62  7.85 66.08  0.38 

19 2.50 75 120 1:9 84.12  0.07 17.10  0.15 43.22  0.96 34.78  10.89 70.12  6.09 

20 3.75 75 120 1:9 82.42  2.47 17.68  0.03 42.54  0.01 37.56  6.95 71.17  4.60 

21 5.00 75 120 1:9 81.96  1.82 18.46  0.10 42.56  0.05 36.32  5.18 70.53  3.69 

22 2.50 75 120 1:6 74.73  12.04 15.46  1.90 40.67  2.73 33.32  9.41 66.54  9.34 

23 3.75 75 120 1:3 68.75  3.57 15.47  0.20 38.38  0.52 32.13  7.72 63.27  4.72 

24 5.00 75 120 1:6 76.16  6.92 17.72  1.96 40.01  2.83 32.47  7.24 65.26  1.91 

25 2.50 75 120 1:3 79.87  1.67 14.99  2.70 41.44  0.80 33.27  8.37 66.92  4.27 

26 3.75 75 120 1:6 75.97  3.84 17.86  1.72 39.43  2.04 32.86  8.95 64.54  7.64 

27 5.00 75 120 1:3 75.22  2.77 16.13  1.72 39.06  1.52 29.66  4.43 62.69  5.02 

28 2.50 75 130 1:9 74.70  3.51 20.33  0.05 40.04  0.14 34.15  1.92 66.55  0.45 

29 3.75 75 130 1:9 73.36  1.62 21.73  0.04 40.32  0.54 35.10  0.58 67.42  0.76 
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Run 

Acid  

Concentration 

[% w/v] 

Time 

[min] 

Temperature 

[C] 

S:L 

Ratio 

[g:ml] 

Dilute Acid Pretreatment 
Enzyme  

Hydrolysis 
Combined 

Xylose 

Recovered a 

 [%] 

Glucose 

 Recovered b  

[%] 

Total  

Recovered c  

[%] 

Glucose 

Recovered b 

 [%] 

Total  

Recovered c  

[%] 

30 5.00 75 130 1:9 77.15  3.75 21.93  0.63 40.82  0.17 30.20  6.35 65.22  3.87 

31 2.50 75 130 1:6 77.18  3.71 20.07  0.34 39.72  1.73 32.59  9.72 65.02  3.58 

32 3.75 75 130 1:3 75.53  1.38 18.90  0.23 39.80  1.84 36.26  4.52 67.06  0.71 

33 5.00 75 130 1:6 77.26  1.06 20.84  1.39 41.04  0.09 34.90  2.60 67.60  1.47 

34 2.50 75 130 1:3 74.77  4.58 18.26  0.98 39.75  1.73 30.27  9.14 63.54  7.21 

35 3.75 75 130 1:6 72.97  2.03 20.58  0.88 38.98  0.64 29.12  7.50 61.96  4.97 

36 5.00 75 130 1:3 71.68  3.85 20.10  1.43 37.66  2.50 27.01  10.49 59.28  8.75 
a percentage of total xylan, b percentage  of total glucan, c percentage of total sugar (xylan+glucan) 
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Appendix E: Conferences 
 

 
Drielak, Edward S., Khanal, Samir.K., 2015. Dilute Acid Pretreatment: Investigation of 

Acid Concentration, Time, Temperature and Solid to Liquid Ratio on Total Sugar Release 
From Napier Grass. S-1041 Annual Meeting and Symposium, Wooster, OH, USA (Poster 

presentation) 
 
Drielak, Edward S., Khanal, Samir.K., 2014. Investigation of Acid Concentration, 

Retention Time, and Temperature on Dilute Acid Pretreatment of Banagrass. ASABE 
International Conference, Montreal, QC, Canada (Oral presentation) 

 
Drielak, Edward S., Khanal, Samir.K., 2014. Examination of Factors Affecting Sugar 

Release From Napier Grass During Dilute Acid Pretreatment. 23rd Annual CTAHR Student 
Research Symposium, University of Hawai'i at Mānoa, Honolulu, HI, USA (Poster 

presentation) 
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