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Abstract
Both the U.S. and world economies have been depending on petroleum based liquid
transportation fuels (such as gasoline, diesel, and jet fuels), which are finite and nonrenewable
energy sources. Increasing demands and concerns for the reliable supply of liquid transportation
fuels make it important to find alternative sources to petroleum based fuels. One such alternative
is cellulosic ethanol. Research, development, and production of cellulosic ethanol have received
significant support from both the U.S. government and private investors. However, several
technical barriers have hindered large-scale, cost-effective manufacturing of cellulosic ethanol.
One such barrier is related to the low density of cellulosic feedstocks, causing high cost in their
transportation and storage. Another barrier is the lack of efficient pretreatment procedures,
making pretreatment one of the most expensive processing steps and causing efficiency in the
subsequent enzymatic hydrolysis to be very low. There is a crucial need to develop more costeffective processes to manufacture cellulosic ethanol. Ultrasonic vibration-assisted (UV-A)
pelleting can increase not only the density of cellulosic feedstocks but also sugar and ethanol
yields. It can help realize cost-effective manufacturing of cellulosic ethanol.
This PhD research consists of eleven chapters. Firstly, an introduction of this research is
given in Chapter 1. Secondly, a literature review on ultrasonic pretreatment for ethanol
manufacturing is given in Chapter 2 to show what has been done in this field. Thirdly, a
feasibility test on UV-A pelleting of cellulosic biomass is conducted in Chapter 3. Comparisons

of the pellet density and sugar yield are also made between pelleting with and without ultrasonic
vibration. Next, effects of process variables (such as biomass moisture content, biomass particle
size, pelleting pressure, and ultrasonic power) on output variables (such as pellet density,
durability, stability, and sugar yield) have been studies in Chapters 4~6. Chapter 7 compares
sugar yields between two kinds of materials: pellets processed by UV-A pelleting and biomass
not processed by UV-A pelleting under different combinations of three pretreatment variables
(temperature, processing time, and solid content). Next, mechanisms through which UV-A
pelleting increases sugar and ethanol yields are investigated in Chapters 8 and 9. Then, a
predictive model of pellet density is developed for UV-A pelleting in Chapter 10. Finally,
conclusions are given in Chapter 11.
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Both the U.S. and world economies have been depending on petroleum based liquid
transportation fuels (such as gasoline, diesel, and jet fuels), which are finite and nonrenewable
energy sources. Increasing demands and concerns for the reliable supply of liquid transportation
fuels make it important to find alternative sources to petroleum based fuels. One such alternative
is cellulosic ethanol. Research, development, and production of cellulosic ethanol have received
significant support from both the U.S. government and private investors. However, several
technical barriers have hindered large-scale, cost-effective manufacturing of cellulosic ethanol.
One such barrier is related to the low density of cellulosic feedstocks, causing high cost in their
transportation and storage. Another barrier is the lack of efficient pretreatment procedures,
making pretreatment one of the most expensive processing steps and causing efficiency in the
subsequent enzymatic hydrolysis to be very low. There is a crucial need to develop more costeffective processes to manufacture cellulosic ethanol. Ultrasonic vibration-assisted (UV-A)
pelleting can increase not only the density of cellulosic feedstocks but also sugar and ethanol
yields. It can help realize cost-effective manufacturing of cellulosic ethanol.
This PhD research consists of eleven chapters. Firstly, an introduction of this research is
given in Chapter 1. Secondly, a literature review on ultrasonic pretreatment for ethanol
manufacturing is given in Chapter 2 to show what has been done in this field. Thirdly, a
feasibility test on UV-A pelleting of cellulosic biomass is conducted in Chapter 3. Comparisons

of the pellet density and sugar yield are also made between pelleting with and without ultrasonic
vibration. Next, effects of process variables (such as biomass moisture content, biomass particle
size, pelleting pressure, and ultrasonic power) on output variables (such as pellet density,
durability, stability, and sugar yield) have been studies in Chapters 4~6. Chapter 7 compares
sugar yields between two kinds of materials: pellets processed by UV-A pelleting and biomass
not processed by UV-A pelleting under different combinations of three pretreatment variables
(temperature, processing time, and solid content). Next, mechanisms through which UV-A
pelleting increases sugar and ethanol yields are investigated in Chapters 8 and 9. Then, a
predictive model of pellet density is developed for UV-A pelleting in Chapter 10. Finally,
conclusions are given in Chapter 11.
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Chapter 1 - Introduction
1.1 Significance of cellulosic ethanol
In the last three decades, the consumption of liquid transportation fuels (including
gasoline, diesel, and jet fuels) in the U.S. increased by 50% (DOE, 2008a). Conventional liquid
transportation fuels are distilled from petroleum and account for 70% of total petroleum
consumption (DOE, 2008a; DOE, 2008b; DOE, 2008c). In 2008, the U.S. transportation sector
consumed about 14 million barrels of petroleum every day, and 60% of them were imported
(NAS et al., 2009). Also, the use of conventional liquid transportation fuels contributes to the
accumulation of greenhouse gas (GHG) in the atmosphere. Finite reserves, non-uniform
distribution, volatile prices, and contribution to GHG emissions of petroleum make it extremely
important to promote development of domestic sustainable sources to replace conventional liquid
transportation fuels.
Ethanol produced from cellulosic biomass (the fibrous, woody, and generally inedible
portions of plant matter) offers an alternative to reduce the nation’s dependence on foreign
petroleum, and cut GHG emissions while continuing to meet the nation’s transportation energy
needs (Anonymous, 2008; DOE, 2006). According to estimates from DOE’s Argonne National
Laboratory, cellulosic ethanol has the potential to reduce GHG emissions by more than 85%, and
its production consumes about 10% of the fossil energy needed to produce conventional gasoline
(Decker, 2009). Manufacturing of ethanol from cellulosic biomass can also create new jobs and
improve rural economies (DOE, 2006).
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Land resources in the U.S. are sufficient to sustain production of over one billion dry tons
of biomass annually, enough to displace 30% or more of the nation’s current consumption of
liquid transportation fuels (Perlack et al., 2005). In contrast to other potential feedstocks for
biofuels (e.g. corn, sugar cane, and beans), cellulosic biomass does not compete for limited
agricultural land which is also needed for food and feed production. Furthermore, advances in
agriculture and biotechnology have made it possible to inexpensively produce cellulosic biomass
at costs that are significantly lower than crude oil (Huber, 2008).
Due to the benefits of cellulosic ethanol, tremendous interest exists to produce more
cellulosic ethanol efficiently and economically. The U.S. government recently called for annual
production of 36 billion gallons of “renewable and alternative fuels” by 2017 and continuous
investing in new methods of producing ethanol from cellulosic biomass (Bush, 2007). Many
pilot ethanol plants using cellulosic feedstocks have been or will be built in the U.S. (Adams,
2008; Laws, 2008; Gardner, 2009).

1.2 Composition and structure of cellulosic biomass
Cellulosic biomass is mainly composed of three compositions: cellulose, hemicellulose,
and lignin (Hon, 1996). As shown in Figure 1.1, cellulose is the principal carbohydrate
component in cellulosic biomass. Cellulose molecule consists of glucose units linked by
glucoside bond (Hon, 1996; Hu et al., 2008), as shown in Figure 1.2. Hemicellulose is composed
of both six-carbon sugars and five-carbon sugars including arabinose, galactose, glucose,
mannose, xylose, and other species (Hon, 1996; Hu et al., 2008). Xylose is believed to be present
in the largest amount in hemicellulose (Hu et al., 2008). Lignin contains no sugars (Demirbas,
2005), and is not convertible to ethanol using the current technologies (Demirbas, 2005).
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Figure 1.1 Composition of cellulosic biomass (after Hon, 1996)
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Figure 1.2 Structure of cellulose molecule (after Hu et al., 2008)
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Although both cellulose and hemicellulose can be converted into ethanol, they play
different roles in ethanol production based on current technologies. Cellulose is believed to have
a highly crystallized structure composed of crystalline regions and amorphous regions, as shown
in Figure 1.3. In contrast to amorphous regions, crystalline regions are difficult to be hydrolyzed
to glucose (Fan et al., 1980; Bertran, 1984). After cellulose is converted into glucose, yeast is
3

used to ferment glucose into ethanol. Unlike cellulose, hemicellulose has a random and
amorphous structure making it easier to be hydrolyzed (Hon, 1996). But the majority of the
component sugars hydrolyzed from hemicellulose (e.g. xylose) are very difficult or
uneconomical to be fermented to ethanol (Demirbas, 2005). Therefore, cellulose is considered as
the main source in cellulosic biomass to manufacture ethanol.

Figure 1.3 Crystallized structure of cellulose (after Statton, 1959)

Crystalline regions
Amorphous regions

In cellulosic biomass, cellulose molecules have a strong tendency to form cellulose
chains which can be aggregated to form microfibrils (Hon, 1996). Microfibrils can be further
aggregated to form fibrils and then fibers, as shown in Figure 1.4. Cellulose fibers act as the
structural component of the primary cell wall of cellulosic biomass and are always imbedded in
a matrix of other polysaccharides (e.g. hemicellulose) and lignin (Hon, 1996), as shown in Figure
1.5. In manufacturing of ethanol, the matrix structure reduces the accessibility to cellulose by
reagents which are used to convert cellulose into glucose.
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Figure 1.4 Structure of cellulose (after Anonymous, 2006)
Cellulose fiber

Fibril

Microfibril
Chains of cellulose
molecules

Figure 1.5 The matrix structure in the cell wall of cellulosic biomass (after DOE, 2006)
Hemicellulose

Cellulose
Lignin

1.3 Manufacturing processes of cellulosic ethanol
Figure 1.6 shows major steps for manufacturing of cellulosic ethanol. After harvest and
collection, cellulosic biomass (feedstock for ethanol production) is transported from the field to
the bioconversion plants, and is stored for future use. Hydrolysis is used to break down cellulose
into its component sugars that are convertible to ethanol by fermentation (DOE, 2006; Rubin,
2008). There are two major types of hydrolysis processes used widely nowadays: acid hydrolysis
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and enzymatic hydrolysis (Jones and Semrau, 1984). In acid hydrolysis, concentrated or diluted
acids are used to soak cellulosic biomass resulting in problems with acid recovery, equipment
corrosion, and decomposition of product sugars (Jones and Semrau, 1984). Enzymatic hydrolysis
does not have these problems, but its efficiency is very low leading to a high production cost
(Jones and Semrau, 1984). Therefore, cellulosic biomass needs to undergo extensive
pretreatment first to increase the efficiency of enzymatic hydrolysis (Hu et al., 2008; Leustean
2009). More information on pretreatment is provided in Section 1.4.

Figure 1.6 Major steps for manufacturing of cellulosic ethanol (after Rubin, 2008)
Cellulosic biomass

Harvest and collection

Transporting and handling

Storage

Pretreatment

Hydrolysis

Fermentation

Ethanol

Currently there are only pilot ethanol plants that use cellulosic feedstocks in the U.S.
(Moresco, 2008). Several technical barriers have hindered large-scale, cost-effective
manufacturing of cellulosic ethanol (Hess, 2007; Huber, 2008). One such barrier is the low
density of cellulosic feedstocks, causing high transportation and storage costs (Huber, 2008; Kho,
6

2009; Waves, 2009). The high costs related to cellulosic feedstock production and logistics (e.g.
transportation and storage) can constitute 35% or more of total manufacturing costs of cellulosic
ethanol (Aden et al., 2002; Phillips et al., 2007). Specifically, the logistics associated with
transportation and storage of low-density biomass can make up more than 50% of the feedstock
costs (Hess et al., 2007).
Another barrier to large-scale manufacturing of cellulosic ethanol is the lack of efficient
and economical pretreatment procedures for enzymatic hydrolysis, causing pretreatment to be
one of the most expensive processing steps (Wooley et al., 1999; Aden et al., 2002; DOE, 2006;
Yang and Wyman, 2008).

1.4 Pretreatment in manufacturing of cellulosic ethanol
The purpose of pretreatment of cellulosic biomass in manufacturing of ethanol is
illustrated in Figure 1.7. Pretreatment can break the lignin seal and disrupt the crystalline
structure of cellulose, increasing its surface area and making it more accessible to enzymatic
hydrolysis (DOE, 2006; Rubin, 2008). In general, pretreatment can be classified into biological
pretreatment, chemical pretreatment, and physical pretreatment according to the different types
of energy consumed in the pretreatment processes. Table 1.1 summarizes some pretreatment
approaches.
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Figure 1.7 Purpose of pretreatment (after DOE, 2006)
Hemicellulose Cellulose
Lignin

Pretreatment

Table 1.1 Summary of pretreatment approaches
Category
Biological

Approach
Fungi
Acid

Chemical

Physical

Alkaline
Gas
Oxidant
Electron beam
Gamma-ray
Microwave
Hot water
Steam
Ultrasonics

Reference
Zhang et al., 2007; Kuhar et al., 2008
Knappert at al., 1980; Nguyen et al., 2000; Guerra et
al., 2006
Chang et al., 2001
Fan et al., 1982
Schmidt and Thomsen, 1998; Palonen et al., 2004
Fatarella et al., 2010; Shin and Sung, 2010
Yang et al., 2009
Zhu et al., 2005
Bouchard et al., 1991; Mok and Antal, 1992
Ramos et al., 1993; Avellar and Glasser, 1998
Wood et al., 1997; Aliyu and Hepher, 2000

It has been reported that use of ultrasonics during pretreatment (of “wet” biomass) is
beneficial to hydrolysis and ethanol fermentation. Toma et al. (2006) used ultrasonics for
pretreatment and for ultrasonically assisted hydrolysis of biomass. Their results showed that
direct exposure of cellulosic biomass to 20 kHz ultrasonics could increase the enzyme-accessible
area of pretreated biomass and enhance the saccharification (extracting sugar out) of cellulose.
Wood et al. (1997) increased ethanol production from mixed waste office paper by 20% with
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intermittent exposure of simultaneous saccharification and fermentation processes (these
processes combine enzymes and fermentative organisms so that, as sugars are produced,
fermentative organisms convert them to ethanol) to ultrasonic energy under selected conditions.
Montalbo-Lomboy et al. (2007) examined sequential ammonia-steeping and ultrasonic
pretreatment of switchgrass. The experimental variables included ultrasonic energy dissipation
and ultrasonic amplitude, biomass concentrations, and antibacterial agents. They found that
sequential ammonia-steeping and ultrasonic pretreatment released about 10% more fermentable
sugars than ammonia steeping alone. It was also reported that fiber structure of recycled paper
was altered by ultrasonic treatment (Norman et al., 1994; Scott and Gerber, 1995; Sell et al.,
1995). Such changes in fiber structure might be beneficial for the bioconversion of cellulose to
ethanol (Wood et al., 1997).

1.5 Ultrasonic vibration-assisted pelleting of cellulosic biomass
Pelleting is generally described as “the agglomeration of small particles into larger
particles by the means of a mechanical process, and in some applications, thermal processing”
(Falk, 1985). If cellulosic biomass is pelleted, its density is increased and handling efficiencies
improved (Robinson, 1975; Leaver, 1984), resulting in a reduction in logistics costs (Hess et al.,
2007). Furthermore, the pellets can be handled and transported with existing grain-handling
equipment in the field, on the road, and at biorefinery plants (Hess et al., 2007).
Traditional pelleting methods (e.g. using a screw extruder, a briquetting press, or a rolling
machine (Mani et al., 2003; Sokhansanj et al., 2005)) generally involve high-temperature steam
and high pressure, and often use binder materials, making it difficult to realize cost-effective
pelleting on or near the field where cellulosic biomass is available. Ultrasonic vibration-assisted
(UV-A) pelleting, without using high-temperature steam and binder materials, can produce
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biomass pellets whose density is comparable to that processed by traditional pelleting methods
(Cong et al., 2009; Pei et al., 2009). Therefore, UV-A pelleting can reduce the overall
manufacturing cost of ethanol by increasing the density of cellulosic feedstock. Another benefit
of UV-A pelleting is that it can increase sugar and ethanol yields in ethanol production.
Experiments show that the biomass feedstocks treated by UV-A pelleting can produce more
glucose and ethanol than those without UV-A pelleting.
Major steps in UV-A pelleting experiments are shown in Figure 1.8. Biomass samples are
milled into powder using a cutting mill with different sieve sizes. Moisture contents of the
biomass powder after milling are measured and adjusted to the desired levels before pelleting. A
Sonic-Mill ultrasonic machine is used to perform pelleting. After UV-A pelleting, a cylinder
shaped pellet is obtained.

Figure 1.8 Major steps in UV-A pelleting experiments

Bulk
biomass

Size reduction

Finished pellet

Biomass particles
UV-A pelleting

1.6 Objectives and scope of this research
The objectives of this research are as the following:
(1) To study the feasibility of UV-A pelleting of cellulosic biomass as a pretreatment
approach in the manufacturing of ethanol.
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(2) To evaluate the effects of process variables on pellet quality and sugar yield.
(3) To investigate the mechanisms through which UV-A pelleting increases sugar yield.
(4) To develop a model to predict pellet density in UV-A pelleting of cellulosic biomass.
This dissertation is organized into an introduction and a collection of nine papers (that
either have been or to be published). Each paper has been used as one chapter. The entire
dissertation has
Chapter 1 is an introduction providing the background and the objectives of this work.
Chapter 2 is a review of reported investigations on ultrasonic pretreatment in ethanol
production. Various ultrasonic treatments are described and their effects on sugar and ethanol
yields are summarized.
Chapter 3 is a feasibility investigation of UV-A pelleting in ethanol production. Three
cellulosic biomass materials (such as sorghum stalks, switchgrass, and wheat straw) are used.
Comparisons are made between pellets made by UV-A pelleting and non-ultrasonic-vibrationassisted pelleting in terms of their quality (such as density, stability, and durability) and sugar
yield.
Chapters 4, 5, and 6 are experimental investigations on effects of input variables on pellet
quality and sugar yield. Chapter 4 investigates effects of biomass moisture content on pellet
quality. Results are obtained at three levels of moisture content while keeping all other input
variables constant. Chapter 5 investigates effects of biomass particle size on sugar yield. Size
reduction of biomass is performed by three different methods. Results are obtained at five levels
of particle size while keeping all other input variables constant. Chapter 6 uses a 24 full design of
experiment (DOE) to investigate main and interaction effects of four input variables (biomass
moisture content, biomass particle size, pelleting pressure, and ultrasonic vibration power) on
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pellet quality (density, durability, and stability) and sugar yield.
Chapter 7 compares sugar yields between two kinds of materials: pellets processed by
UV-A pelleting and biomass not processed by UV-A pelleting under different combinations of
three pretreatment variables (temperature, processing time, and solid content).
Chapter 8 and 9 investigates the mechanisms of UV-A pelleting to increase sugar yields.
Particle sizes of biomass processed and not processed by UV-A pelleting are compared. A
scanning electron microscopy (SEM) is used to observe and compare the surface morphology of
biomass processed and not processed by UV-A pelleting.
Chapter 10 develops a mechanistic model to predict pellet density in UV-A pelleting.
Chapter 11 summarizes the conclusions and contributions of this research.
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Chapter 2 - Literature review
Many investigations have been conducted to evaluate the effects of ultrasonics in
pretreatment on sugar and ethanol yields. In these investigations, cellulosic biomass is soaked in
water or other solvents through which ultrasonic energy is transferred from ultrasonic generator
to cellulosic biomass. It is found that ultrasonic treatments can increase the sugar and ethanol
yields by changing physical features of biomass such as crystallinity, degree of polymerization,
and morphology. This literature review describes the experimental conditions and summarizes
the results of these investigations. The content of this chapter has been published as a technical
paper.

Paper title:
Effects of ultrasonic treatments on cellulose in cellulosic biofuel manufacturing: a
literature review

Published in:
Proceedings of the ASME International Conference on Manufacturing Science and
Engineering (MSEC), October 12-15, 2010, Erie, PA, USA, MSEC 2010-34180.
Authors’ names:
Pengfei Zhang, Z.J. Pei

Authors’ Affiliation:

20

Department of Industrial and Manufacturing Systems Engineering, Kansas State
University, 2037 Durland Hall, Manhattan, KS 66506

Abstract
Cellulosic biofuels are one type of renewable energy, and have been proposed to replace
traditional liquid transportation fuels. Cellulosic biomass is the feedstocks in cellulosic biofuel
manufacturing. Cellulose accounts for approximately 30% of the total weight in cellulosic
biomass. Glucose, one type of monosaccharide convertible to ethanol, can be obtained by
hydrolyzing the polymeric structure of cellulose. Currently enzymatic methods are the most
common for the hydrolysis of cellulose. However, the low efficiency of enzymatic hydrolysis
increases production cost and hinders the large-scale manufacturing of cellulosic biofuels.
Ultrasonic treatments applied on cellulosic biomass were found to improve the efficiency of
hydrolysis and subsequently increase the sugar yield of hydrolysis. To understand the effects of
ultrasonics on cellulose, investigations have been conducted on the effects on cellulose
characteristics caused by ultrasonic treatments during hydrolysis. This paper reviews the effects
of ultrasonic treatments on cellulose during hydrolysis in terms of sugar yield and some
characteristics of cellulose, such as accessibility, crystallinity, degree of polymerization, and
morphological structure.

2.1 Introduction
Biofuels have been promoted as an alternative to traditional liquid transportation fuels
(e.g. gasoline, diesel, and jet fuels distilled from petroleum). Bioethanol is the most widely used
liquid biofuel [1]. At present, most commercial production of bioethanol is from maize and sugar
cane [1,2]. However, cellulosic biomass (such as wood, waste paper, and crop residue resources)
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has become more and more attractive as feedstocks for bioethanol manufacturing due to its
abundant sources and non-competition with food [3].
Cellulosic biomass is mainly comprised of cellulose, hemicellulose, and lignin [1].
Cellulose is the dominant source of material for bioethanol manufacturing. Cellulose molecules
consist of the polymeric glucose, which can be converted into ethanol via fermentation [4-11].
Hemicellulose contains many different sugar monomers; however, most of these sugars are
difficult to convert into ethanol [12]. Lignin is undesired in bioethanol manufacturing. Lignin
contains no sugar and its presence impedes the accessibility of cellulose to enzymes during the
hydrolysis process [12].
Major manufacturing processes for cellulosic bioethanol are shown in Figure 2.1. The
purpose of pretreatment is to break the lignin seal and disrupt the crystalline structure of
cellulose, increasing its surface area and making it more accessible to enzyme hydrolysis [13,14],
as shown in Figure 2.2. Hydrolysis is performed to break the polymeric structure of cellulose
into soluble glucose, which can be converted into ethanol in a fermentation process, as shown in
Figure 2.3.
Figure 2.1 Major processes for manufacturing of cellulosic biofuels (after [14])
Cellulosic biomass
Harvesting and collection
Transporting and handling
Storage
Pretreatment
Hydrolysis
Fermentation
Biofuels
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Figure 2.2 Purpose of pretreatment in biofuel manufacturing (after [13])
Hemicellulose Cellulose
Lignin

Pretreatment

The low efficiency of enzymatic hydrolysis hinders the large-scale and cost-effective
manufacturing of cellulosic biofuels. In order to reduce the production cost of cellulosic biofuels,
intensive investigations have been conducted on different pretreatment approaches, including
biological (such as enzymes and bacteria), chemical (such as sulfuric acid, sulfur dioxide, and
ammonia), and physical (such as heat and ultrasonics). The hydrolysis of cellulose is carried out
based on the action of cellulolytic enzymes and various kinds of chemicals [5]. Ultrasonic
treatments have been used in both the pretreatment and hydrolysis processes of cellulosic
biomass. In hydrolysis, the effects of ultrasonic treatments on the sugar yield have been
investigated [4-11]. In pretreatment, investigations are focused on the effects of ultrasonic
treatments on some cellulose characteristics, such as accessibility, crystallinity, degree of
polymerization, and morphological structure [5,7,15-21]. In all of the reported investigations,
ultrasonic treatments were applied to various solutions in which cellulosic materials were
suspended.
Higher sugar yield is desirable in bioethanol manufacturing. The investigations on
accessibility, crystallinity, degree of polymerization, and morphological structure are also
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valuable, because it is believed that sugar yield is highly influenced by these characteristics.
These investigations can help to understand the mechanisms of the improvement on the sugar
yield caused by ultrasonic treatments. At present, there are no review papers in the literature
about the effects of ultrasonic treatments on cellulose in hydrolysis or pretreatment. Such review
papers would be desirable in order to provide readers with the overview on the effects of
ultrasonic treatments on the sugar yield and the characteristics of cellulose.
This paper reviews the effects of ultrasonic treatments on cellulose in both pretreatment
and hydrolysis. Various cellulose materials, hydrolysis conditions, and ultrasonic treatments are
summarized. Important output variables and their measurement processes are described.

2.2 Experimental conditions
2.2.1 Cellulosic materials
Two major categories of cellulosic materials have been investigated: microcrystalline
cellulose (MCC) and various cellulosic biomasses (such as corn stover, cotton fiber, switchgrass,
etc.). Table 2.1 lists the cellulosic materials tested with ultrasonic treatments. Most of these
cellulosic materials are commercially available and are used for hydrolysis without pretreatment
[4-6,8,9,16-19,21]. Some of these materials are pretreated by the authors before hydrolysis
[10,11,15,20]. Some materials are prepared by the researchers themselves [19].
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Table 2.1 Cellulosic materials tested with ultrasonic treatments

Material

Referances

Bacterial cellulose
Corn stover

[19]
[6]

Incubated
Commercial available

Cotton cellulose

[15]

Pretreated in KHSO4 solution

[18]
Eucalyptus pulp
[20]
MCC
[4,5,16,17,19,21]
Paper pulp
[8, 9]
Pine powder
[10]
Powdered cellulose
[21]
Switchgrass
[11]

Pre-experiment condition

Commercial available
After prehydrolysis
Commercial available
Commercial available
Pretreated in sodium hydroxide
Commercial available
Ground

2.2.2 Test conditions
In enzymatic hydrolysis processes, both enzymes and chemicals were used. Comparisons
of the sugar yield were made between the hydrolyses with and without ultrasonics [4,6-11,21]. In
pretreatment processes, no enzyme was used. The effects of ultrasonic treatments on cellulose
were evaluated in water or chemical solutions [5,15-20].
Important parameters of a hydrolysis process include the type of enzymes, chemical
solution, and the pH value of the solution. Three types of cellulase enzymes are widely used in
hydrolysis process: trichoderma viride [4,8-10], trichoderma reesei [6,21], and spezyme CP
[7,11]. Various chemical solutions were used in hydrolysis process. The pH values of these
solutions are commonly adjusted to around 5. Table 2.2 lists the solutions used in the reported
processes (including hydrolysis and pretreatment).
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Table 2.2 Solutions used in hydrolysis processes

Solution

Reference Concentration pH value

Acetate buffer solution

[6,8-11,21] 0.001-0.05 M

Citrate buffer solution

[7]

0.05 M

Cuprammonium hydroxide

[19]

Ethyl acetate

[15]

0.045-0.15 M

HCL

[4]

0.1 M

Methyl alcohol

[18]

Sodium periodate

[20]

Water

[5,16,17]

4.8 - 5
5.2

4.8-5.5

2.2.3 Ultrasonic treatments
Reported ultrasonic treatments were performed by using an ultrasound vessel [6,19] or
using an ultrasonic horn [4,5,7-11,15-18,20,21]. When using an ultrasound vessel, the container
(which contains the solution with enzyme and suspension of cellulosic materials) is put into a
vessel filled with coupling liquid. The vessel embedded with ultrasound transducers is vibrated
ultrasonically during hydrolysis, as shown in Figure 2.4. Submerging an ultrasonic horn in the
solution to generate ultrasound waves in the solution is another way, as shown in Figure 2.5.
Most of the reported investigations utilized this method.
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Figure 2.3 Purpose of hydrolysis in biofuel manufacturing (after [13])
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Important process parameters of ultrasonic treatments include treatment time, ultrasonic
frequency and intensity, and ultrasonic type (continuous or periodic). The treatment time ranges
from several hours to several days. The applied ultrasonic frequency ranges from 20 kHz to 50
kHz. The intensity of ultrasonic treatments is measured by the input power (Watts) of the
ultrasonic generators. The most commonly used intensity range is from about 100 to 700 Watts.
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Figure 2.4 Schematic illustration of the ultrasound vessel (after [6])
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Figure 2.5 Schematic illustration of the ultrasound horn (after [8,20])
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2.3 Output variables and their measurements
2.3.1 Sugar yield and ethanol yield
Sugar yield represents the amount of the glucose saccharified in hydrolysis process. A
higher sugar yield means more glucose is obtained. Ethanol yield represents the amount of
ethanol obtained after fermentation. Sugar yield and ethanol yield are usually considered
proportional, so most of the investigations were conducted only on sugar yield. Reported
measurement methods of sugar yield include glucose oxidase method [8-10] and DNS method
[6,11]. Measured sugar yield is often expressed as the concentration of the sugar.

2.3.2 Accessibility of cellulose
Accessibility of cellulose is used to describe the susceptibility of cellulose to the action of
cellulase (enzymes used for the hydrolysis of cellulose). Accessibility of cellulose has been
measured by a variety of techniques [22]. Quantitative measurements include determination of
the accessible surface area of cellulose available to the cellulase enzyme by means of nitrogen
sorption and moisture sorption [23], and determination of the size of accessing pores distributed
on cellulose surface by means of water retention value (WRV) [23,24]. A higher sorption rate
and WRV represent higher accessibility of cellulose, which is preferable because the increased
cellulose accessibility can lead to a higher efficiency of enzymatic hydrolysis so that the sugar
yield will be increased.

2.3.3 Crystallinity of cellulose
Generally, cellulose is partially crystalline with crystalline regions dispersed with
amorphous regions, as shown in Figure 2.6. Crystallinity measures the percentage of crystalline
region within the total structure, referred to as crystallinity index (CrI). X-ray diffraction (XRD)
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is the most common used method to determine crystallinity index [16-19]. Diffraction profiles of
the cellulose were fitted with a Gaussian function to resolve into separate diffraction peaks. The
crystallinity index can be determined following the method reported by Wang et al. [16] as:
CrI =

ACrystal
∗ 100%
ATotal

where, ACrystall is the sum of the areas under the crystalline diffraction peaks and ATotal is
the total area under the diffraction curve [19]. It is believed that lower crystallinity of cellulose
can lead to higher sugar yield, because amorphous region are more accessible to enzyme attacks
than crystalline regions [16,17,19].

Figure 2.6 Mixed amorphous and crystalline regions in cellulose structure (after [18])

Crystalline region

Amorphous region

2.3.4 Polymerization degree of cellulose
As a polymer, cellulose molecules have different sizes and weights due to their
distinguished degrees of polymerization (DP). Larger sizes and weights of cellulose molecule are
associated with higher DPs. DP can be determined viscosimetrically as well as by size exclusion
chromatography (SEC). With the proper solvent (e.g. copper ammonia), DP is determined from
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viscosity measurement at 25±1℃ using a capillary viscometer according to the equations of
Craig and Henderson [25]. DP determinations by SEC were performed using a high performance
liquid chromatography (HPLC) unit with UV-detector. The SEC process was described by MarxFigini [15], Dupont [26], and Wong et al. [19]. It means that ultrasonics can disrupt the
polymeric structure of cellulose if DP becomes lower after ultrasonic treatments [15].

2.3.5 Morphological structure of cellulose
The morphological structures of cellulose before and after ultrasonic treatments were
compared by using transmission electron microscopy (TEM) or scanning electron microscope
(SEM). The magnification ranges from 2500× to 25000×. Rougher and cracked surfaces are
preferable to the adsorption of enzyme [5, 7,16,17,19,20]. The particle sizes of the cellulosic
materials before and after the ultrasonic treatments are also measured to evaluate the effects of
ultrasonics [5,7,16,17,19].

2.4 Effects on sugar yield and ethanol yield
A higher sugar yield was obtained in hydrolysis with ultrasonic treatments than without
ultrasonic treatments. Yachmenev et al. [6] found that ultrasonic treatments could increase the
sugar yield by more than 10%, as shown in Figure 2.7. Similar results were found by other
researchers [7-10].
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Figure 2.7 Comparison of sugar yield with and without ultrasonic treatments (after [6])
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Longer time of ultrasonic treatments was found to increase the sugar yield, as shown in
Figure 2.8. The adjusted glucose yield is the difference between the glucose yields in two
hydrolysis conditions (with and without ultrasonic treatments). It can be seen from Figure 2.7
that much more adjusted glucose is obtained with longer treatment time. Similar results were
found by Yachmenev et al. [6] and Nakao et al. [10].
Higher sugar yield can be obtained by increasing the ultrasonic intensity. Nakao et al. [10]
applied three levels of ultrasonic intensity to compare their sugar yield for several cellulosic
materials. It was found that, with the same treatment time, higher sugar yields were always
associated with higher ultrasonic intensities, as shown in Figure 2.9. Similar results were
obtained by other researchers [8,9,11].
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Figure 2.8 Effects of ultrasonic treating time on sugar yield (after [7])
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Figure 2.9 Effects of ultrasonic intensity on sugar yield (after [10])
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Wood et al. [7] compared the effects of continuous ultrasonics on the sugar yield with
periodic ultrasonics. The cycle time of the periodic ultrasonics was 120 minutes with 15 minutes
on and 105 minutes off. It was found that periodic ultrasonics could generate about 20% higher
sugar yield than continuous ultrasonics. They also reported that ethanol yield was increased as
the ultrasonic treatment time increased. The periodic ultrasonics could generate about 30%
higher ethanol yields than the continuous ultrasonics.

2.5 Effects on accessibility of cellulose
Wang et al. [16] found that the accessible surface area increased first with ultrasonic
treatment time and then decreased, as shown in Figure 2.10. They suggested that the accessible
surface area of cellulose could increase dramatically with the control of proper ultrasonic
treatment time. They also reported that using higher ultrasonic intensity could lead to larger
accessible surface area, as shown in Figure 2.11.
There is one other piece of evidence that shows ultrasonic treatments can increase the
accessibility of cellulose in terms of water retention value (WRV). In is clear from Figure 2.12
that WRV increased with an increase in ultrasonic treatment time [16]. Similar results were
found by Tang et al. [20].
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Figure 2.10 Effects of ultrasonic treatment time on accessible surface area (after [16])
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Figure 2.11 Effects of ultrasonic intensity on accessible surface area (after [16])
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Figure 2.12 Effects of ultrasonic treatment time on WRV (after [16])
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2.6 Effects on crystallinity of cellulose
The results on crystallinity index from different investigations are controversial. Figure
2.13 shows the effects of ultrasonic intensity on crystallinity of cellulose from two investigations.
Wang et al. [16] reported that the crystallinity index decreased as the ultrasonic intensity
increased, as shown in Figure 2.13 (a). Xiong et al. [18] reported that, as the ultrasonic intensity
increased, the crystallinity index decreased first and then increased and increased again, as
shown in Figure 2.13 (b). Table 2.3 lists the experimental conditions used in their tests. Wong et
al. [19] compared the effects of ultrasonic treatment time on crystallinity of cellulose between
two kinds of cellulosic materials: bacterial cellulose (incubated by themselves) and plant
cellulose (cotton lint). These two materials went through the same test procedure. It was reported
that the crystallinity index of bacterial cellulose increased as the ultrasonic treatment time
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increased, and the crystallinity index of plant cellulose decreased slightly as the treatment time
increased, as shown in Figure 2.14.
Figure 2.13 Effects of ultrasonic intensity on cellulose crystallinity (after [16,18])
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Figure 2.14 Effects of ultrasonic treatment time on cellulose crystallinity (after [19])
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2.7 Effects on polymerization degree of cellulose
Controversial results on the effects of ultrasonic treatments on the DP of cellulose were
reported [15,16,19,21]. Some researchers got the results that ultrasonic treatments could decrease
the DP of cellulose [15,19,21]. Marx-Figini [15] reported that higher intensity of ultrasonic
treatments got remarkably more rapid degradation of cellulose. Within the same period of time,
smaller DP was obtained as the ultrasonic intensity increased, and the distribution of DP became
narrower with higher ultrasonic intensity. Similar results were found by Wong et al. [19] and
Gama et al. [21].
However, Wang et al. [16] reported that ultrasonic treatments themselves could only
change the DP very little for cellulose. They believed that the energy of ultrasonic treatments
was low, and not enough to break the chemical bond. Table 2.4 lists the experimental conditions
used in their tests.

2.8 Effects on morphological structure
Investigations on the morphological structure of cellulose performed with SEM and TEM
revealed that the dimensions of the cellulosic samples had been significantly reduced, especially
when subjected to direct sonication with ultrasonic horn [5,16,17,19]. However, Wood et al. [7]
reported that the dimensions of their cellulosic samples had not been altered even they also used
ultrasonic horn.
All of the related investigations reported that the surface morphology of the cellulosic
sample was changed after ultrasonic treatments. Erosion was found on the sample surface by
Toma et al. [5]. Wood et al. found that ultrasonic treatments converted the sample surface into a
tangle of filaments, each 20-40 nm in diameter and many microns in length [7]. Many concave
pits and cracks were found on the surfaces of treated samples by Wang et al. [16]. Tang et al.
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found the peeling of the sample’s surface in the form of large pieces or in the form of smaller
flakes [20].

Table 2.3 Experimental conditions to test cellulose crystallinity (after [16,18])
Author

Biomass
material

Wang et al.
Xiong et al.

MCC
Cotton

Ultrasonic
Ultrasonic Ultrasonic intensity Ultrasonic
frequency
Solution
time (min)
treatment
(W)
(kHz)
Water
horn
0, 200, 700
15
20
Methyl alcohol
horn
0, 50, 100, 150, 200
0.5
20

Table 2.4 Experimental conditions to test DP of cellulose (after [15,16,19,21])

Author

Biomass
material

Solution

Enzyme

Ultrasonic
treatment

Gama et al.
Marx-Figini
Wang et al.
Wong et al.

MCC
Cotton
MCC
Cotton

Acetate buffer
Ethyl acetate
Water
Methyl alcohol

Yes
No
No
No

\
horn
horn
horn

Ultrasoni
Ultrasonic Particle
Ultrasonic
c
frequency
size
time (h)
intensity
(kHz) decreased
\
36 h
\
Yes
22
1
20
Yes
500
0.3
20
No
150
0.5
37
Yes

2.9 Concluding remarks
Effects of ultrasonic treatments on cellulose in hydrolysis have been investigated in terms
of sugar yield, accessibility, crystallinity, degree of polymerization, and morphological structure.
The reviewed investigations in this paper are summarized in Table 2.5. Ultrasonic treatments
have beneficial effects on sugar yield in enzymatic hydrolysis when applied to wet cellulosic
materials (which are suspended in solutions). However, controversial results on the other four
characteristics (accessibility, crystallinity, degree of polymerization, and morphological structure)
were reported. It is hard to give the reason for these controversial results, because there are too
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many different conditions (such as materials, solutions, ultrasonic parameters, etc.) used in the
investigations among different authors. The effects of ultrasonic treatments on cellulosic
materials in pretreatment and hydrolysis are still not very clear. Moreover, all of these
investigations were conducted on the cellulosic materials suspended in various solutions. So far
there is no report in the literature about the effects of ultrasonic treatments on cellulosic materials
in dry state (not submerged in solutions).

Table 2.5 Summary of the reported investigations
Reference
Aliyu and Hepher [4]
Gama et al. [21]
Li et al. [8,9]
Lomboy et al. [11]
Marx-Figini [15]
Nakao et al. [10]
Tang et al. [20]
Toma et al. [5]
Wang et al. [16,17]
Wong et al. [19]
Wood et al. [7]
Xiong et al. [18]
Yachmenev et al. [6]

Sugar yield Accessibility Crystallinity

Degree of Morphology
polymerizatio structure

√
√
√
√
√
√
√

√

√
√
√

√
√

√
√

√
√
√

√
√

√

References
[1]

A. Demirbas, “Bioethanol from cellulosic materials: a renewable motor fuel from
biomass,” Energy Sources, Vol. 27, No. 4, pp. 327-337, 2005.

[2]

M. Galbe, and G. Zacchi, “A review of the production of ethanol from softwood,”
Applied Microbiology and Biotechnology, Vol. 59, No. 6, pp. 618-628, 2002.

41

[3]

D.E. Salter, “Production of fuel pellets by the densification of biomass,” Solar Energy
Society of Canada, Vol. 2, pp. 1130-1132, 1982.

[4]

M. Aliyu, and M.J. Hepher, “Effects of ultrasound energy on degradation of cellulose
material,” Ultrasonics Sonochemistry, Vol. 7, No. 4, pp. 265-268, 2000.

[5]

M. Toma, H. Bandow, M. Vinatoru, and Y. Maeda, “Ultrasonic assisted conversion of
lignocellulosic biomass to ethanol,” Proceedings of AIChE Annual Meeting, San
Francisco, CA, USA, November 12 - 17, 2006.

[6]

V. Yachmenev, B. Condon, T. Klasson, and A. Lambert, “Acceleration of the enzymatic
hydrolysis of corn stover and sugar cane bagasse celluloses by low intensity uniform
ultrasound,” Journal of Biobased Materials and Bioenergy, Vol. 3, No. 1, pp. 25-31, 2009.

[7]

B.E. Wood, H.C. Aldrich, and L.O. Ingram, “Ultrasound stimulates ethanol production
during the simultaneous saccharification and fermentation of mixed waste office paper,”
Biotechnology Progress, Vol. 13, No. 3, pp. 232-237, 1997.

[8]

C.Z. Li, M. Yoshimoto, N. Tsukuda, K. Fukunaga, and K. Nakao, “A kinetic study on
enzymatic hydrolysis of a variety of pulps for its enhancement with continuous ultrasonic
irradiation,” Biochemical Engineering Journal, Vol. 19, No. 2, pp. 155-164, 2004.

[9]

C.Z. Li, and K. Seki, “Enzymatic hydrolysis f waste paper in an external loop airlift
bubble column with continuous ultrasonic irradiation,” Journal of Chemical Engineering
of Japan, Vol. 37, No. 8, pp. 1041-1049, 2004.

[10]

K. Nakao, K. Fukunaga, Y. Yasuda, and M. Kimura, “Enzymatic hydrolysis of
lignocellulosics with continuous irradiation of supersonic wave,” Annals of the New
York Academy of Science, Vol. 613, pp. 802-806, 1990.

42

[11]

M.M. Lomboy, G. Srinivasan, D.R. Raman, R.P. Anex, and D. Grewell, “Influence of
ultrasonics in ammonia steeped switchgrass for enzymatic hydrolysis,” ASABE Annual
International Meeting, Technical paper 076231, 2007.

[12]

C.T. Brett, and K.W. Waldron, Physiology and Biochemistry of Plant Cell Walls (second
edition), University Press, Cambridge, Great Britain, 1996.

[13]

DOE, “Breaking the biological barriers to cellulosic ethanol: a joint research agenda,”
DOE Office of Science and Office of Energy Efficiency and Renewable Energy,
http://genomicsgtl.energy.gov/biofuels/b2bworkshop.shtml, 2006.

[14]

E.M. Rubin, “Genomics of cellulosic biofuels,” Nature, Vol. 454, No. 14, pp. 841-845,
2008.

[15]

M. Marx-Figini, “Studies on the ultrasonic degradation of cellulose,” Angewandte
Makromolekulare Chemie, Vol. 250, pp. 85-92, 1996.

[16]

X.L. Wang, G.Z. Fang, C.P. Hu, and T.C. Du, “Application of ultrasonic waves in
activation of microcrystalline cellulose,” Journal of Applied Polymer Science, Vol. 109,
No. 5, pp. 2762-2767, 2008.

[17]

N. Wang, E.Y. Ding, and R.S. Cheng, “Thermal degradation behaviors of spherical
cellulose nanocrystals with sulfate groups,” Polymer, Vol. 48, No. 12, pp. 3486-3493,
2007.

[18]

J. Xiong, J. Ye, and W.Z. Liang, “The influence of ultrasonic wave on supermolecular
structure of cellulose,” Acta Acustica, Vol. 24. No. 1, pp. 66-69, 1999.

[19]

S.S. Wong, S. Kasapis, and Y.F. Tan, “Bacterial and plant cellulose modification using
ultrasound irradiation,” Carbohydrate Polymers, Vol. 77, No. 2, pp. 280-287, 2009.

43

[20]

A.M. Tang, H.W. Zhang, G. Chen, G.H. Xie, and W.Z. Liang, “Influence of ultrasound
treatment on accessibility and regioselective oxidation reactivity of cellulose,”
Ultrasonics Sonochemistry, Vol. 12, No. 6, pp. 467-472, 2005.

[21]

F.M. Gama, M.G. Carvalho, M.M. Figueiredo, and M. Mota, “Comparative study of
cellulose fragmentation by enzymes and ultrasound,” Enzyme and Microbial Technology,
Vol. 20, No. 1, pp. 12-17, 1997.

[22]

J.E. Stone, and A.M. Scallan, “A structural model for the cell wall of water-swollen wood
pulp fibres based on their accessibility to macromolecules,” Cellulose Chemistry and
Technology, Vol. 2, pp. 343-358, 1968.

[23]

M.K. Inglesby, and S.H. Zeronian, “The accessibility of cellulose as determined by dye
adsorption,” Cellulose, Vol. 3, No. 1, pp. 165-181, 1996.

[24]

S. Okubayashi, U.J. Griesser, and T. Bechtold, “Moisture sorption/desorption behavior of
various manmade cellulosic fibers,” Journal of Applied Polymer Science, Vol. 97, No. 4,
pp. 1621-1625, 2005.

[25]

A.W. Craig, and D.A. Henderson, “A viscometer for dilute polymer solutions,” Journal
of Polymer Science, Vol. 19, No. 91, pp. 215, 1956.

[26]

A.L. Dupont, “Cellulose in lithium chloride/N, N-dimethylacetamide, optimisation of a
dissolution method using paper substrates and stability of the solutions,” Polymer, Vol.
44, No. 15, pp. 4117-4126, 2003.

44

Chapter 3 - Feasibility study
Although ultrasonic treatments on soaked cellulosic biomass have been proved beneficial
to manufacturing of ethanol, there are no reports in the literature showing that direct actions of
ultrasonic energy on dry biomass have positive effects on ethanol yield. As described in Section
1.5, ultrasonic forces and energy act on dry biomass directly in UV-A pelleting. In this chapter,
the benefits of UV-A pelleting are verified in terms of its ability to improve the density of
biomass feedstock and to increase sugar yield. The content of this chapter has been published as
a technical paper.
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Abstract
Increasing demands and concerns for the reliable supply of liquid transportation fuels
make it important to find alternative sources to petroleum based fuels. One such alternative is
cellulosic biofuels. However, several technical barriers have hindered large-scale, cost-effective
manufacturing of cellulosic biofuels, such as the low density of cellulosic feedstocks (causing
high transportation and storage costs) and the lack of efficient pretreatment procedures of
biomass feedstocks. This paper reports experimental investigations on ultrasonic vibrationassisted (UV-A) pelleting of cellulosic feedstocks. It studies the effects of input variables
(ultrasonic vibration, moisture content, and particle size) on output variables (pellet density,
stability, durability, pelleting force, and yield of biofuel conversion) in UV-A pelleting. The
results showed that UV-A pelleting could increase the density of cellulosic feedstocks and the
yield of biofuel conversion.
Keywords
Biofuel, cellulosic biomass, density, pellet, ultrasonic vibration-assisted pelleting

3.1 Introduction
In the last three decades, the consumption of liquid transportation fuels (e.g. gasoline,
diesel, and jet fuels) in the U.S. increased by 50% [1]. Conventional liquid transportation fuels
are distilled from petroleum and account for 70% of total petroleum consumption [1-3]. In 2008,
the U.S. transportation sector consumed about 14 million barrels of petroleum every day, and 60%
of them were imported [4]. Also, the use of conventional liquid transportation fuels contributes
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to the accumulation of greenhouse gas (GHG) in the atmosphere. Finite reserves, non-uniform
distribution, volatile prices, and contribution to GHG emissions of petroleum make it extremely
important to promote development of domestic sustainable sources to replace conventional liquid
transportation fuels.
Biofuels produced from cellulosic biomass (the fibrous, woody, and generally inedible
portions of plant matter) offer an alternative to reduce the nation’s dependence on foreign
petroleum, and cut GHG emissions while continuing to meet the nation’s transportation energy
needs [5,6]. Land resources in the U.S. are sufficient to sustain production of enough biomass
annually to displace 30% or more of the nation’s current consumption of liquid transportation
fuels [7]. In contrast to other potential feedstocks for biofuels (e.g. corn, sugar cane, and beans),
cellulosic biomass does not compete for limited agricultural land which is also needed for food
and feed production.
Figure 3.1 shows major processes for manufacturing of cellulosic biofuels. Currently
there are only pilot biofuel plants that use cellulosic feedstocks in the U.S. [8]. Several technical
barriers have hindered large-scale, cost-effective manufacturing of cellulosic biofuels [10,11].
One such barrier is the low density of cellulosic feedstocks, which causes higher transportation
and storage costs [10,12,13]. Another barrier is the lack of efficient pretreatment procedures,
causing pretreatment to be one of the most expensive processing steps [5,14-16].
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Figure 3.1 Major processes for manufacturing of cellulosic biofuels (after [8,9])
Cellulosic biomass
Harvest and collection
Transporting and handling
Storage
Pretreatment
Hydrolysis
Fermentation
Biofuels

The high costs related to cellulosic feedstock production and logistics (e.g. transportation
and storage) can constitute 35% or more of total manufacturing costs of cellulosic biofuels
[15,17]. Specifically, the logistics associated with transportation and storage of low-density
biomass can make up more than 50% of the feedstock costs [11]. If cellulosic biomass is pelleted,
its density is increased and handling efficiencies are improved [18,19], resulting in a reduction in
logistics costs [11]. Traditional pelleting methods (e.g. using a screw extruder, a briquetting
press, or a rolling machine [20,21]) generally involve high-temperature steam and high pressure,
and often use binder materials, making it difficult to realize cost-effective pelleting on or near the
field where cellulosic biomass is available. Ultrasonic vibration-assisted (UV-A) pelleting,
without using high-temperature steam and binder materials, can produce biomass pellets whose
density is comparable to that processed by traditional pelleting methods [22,23].
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The purpose of pretreatment of cellulosic biomass in manufacturing of biofuels is
illustrated in Figure 3.2. Pretreatment can break the lignin seal and disrupt the crystalline
structure of cellulose, increasing its surface area and making it more accessible to enzyme
hydrolysis [5,9]. The goal of hydrolysis is to break down cellulose into its component sugars that
are convertible to ethanol by fermentation [5,9]. A number of different pretreatment approaches
have been investigated, including biological (such as enzymes and bacteria) [24,25], chemical
(such as sulfuric acid, sulfur dioxide, and ammonia) [26-31], physical (such as heat and
ultrasonics) [32,33], and thermal means [34-36]. So far, only those that employ chemicals offer
the high yield vital to economic success [26-30].
It has been reported that use of ultrasonics during pretreatment (of “wet” biomass) is
beneficial to hydrolysis and ethanol fermentation [32,37,38]. Until now, there have been no
reports about the effects of ultrasonic vibration during pelleting (of “dry” biomass) on hydrolysis
and ethanol fermentation.

Figure 3.2 Purpose of pretreatment in biofuel manufacturing (after [5])
Hemicellulose

Cellulose

Lignin

Pretreatment
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Most publications on pelleting deal with biomass pellets that were used as either feed or
fuels (not as feedstocks for conversion to liquid biofuels) [39,40]. The pelleting literature
includes economical analyses [19,39,41,42] as well as experiments on effects of pelleting
process variables (such as compressive force or pressure, temperature, particle size, moisture
content, and binder type and content) on pellet mechanical properties (such as density, stability,
and durability) [43-51]. So far, there are few publications on effects of pelleting on pretreatment
and biofuel conversion, and none on UV-A pelleting of biomass.
This paper reports experimental investigations on UV-A pelleting of cellulosic feedstocks.
Effects of process variables (ultrasonic vibration, moisture content, and particle size) on output
variables (pellet density, stability, durability, pelleting force, and yield of biofuel conversion)
have been studied over several biomass types (including sorghum stalks, switchgrass, and wheat
straw).

3.2 Experimental procedure and conditions
3.2.1 Major steps in UV-A pelleting experiments
Major steps in UV-A pelleting experiments are shown in Figure 3.3. Biomass samples
were milled into powder using a cutting mill (model SM 2000, Retsch, Inc., Haan, Germany)
with different sieve sizes. Moisture contents of the biomass powder after milling were measured
and adjusted to the desired levels before pelleting. A Sonic-Mill rotary ultrasonic machine
(Sonic-Mill, Albuquerque, NM, USA) was used to perform pelleting. After UV-A pelleting, a
cylinder shaped pellet was obtained.
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Figure 3.3 Major steps of UV-A pelleting experiments
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3.2.2 Illustration of UV-A pelleting process
Figure 3.4 illustrates the process of UV-A pelleting. The tool was mounted to a rotary
ultrasonic spindle that provided both rotation and ultrasonic vibration to the tool. The molds
were made in two separate parts, the top part a hollow cylinder and the bottom a disk-shaped
base, which were assembled together with two screws. Biomass was loaded into the center cavity
of the mold, and the tool was fed into this cavity at a certain feedrate. The diameter of the tool
(17.4 mm) was slightly smaller than that of the central hole (18.6 mm) in the mold. When the
tool reached a selected depth inside the cavity, it was retracted and the mold disassembled to
unload the pellet.
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Figure 3.4 Illustration of UV-A pelleting process
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3.2.3 Important process variables
3.2.3.1 Moisture content of biomass powder
Moisture content represents the amount of moisture (water) contained in a certain amount
of biomass. A higher moisture content means more water in the biomass material. Moisture
content was calculated by the ratio of the weight of the water in the biomass material to the total
weight of the biomass material. After measuring the initial moisture content of the biomass
powder, a certain amount of distilled water was sprayed on the biomass powder to adjust the
moisture content to the desired levels. Three moisture content levels (9%, 15%, and 20%) were
used for the investigations.
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3.2.3.2 Particle size of biomass powder
The particle size of the biomass powder was controlled by a sieve in the mill, as shown in
Figure 3.5. Five different sieves (whose hole diameters were 0.25, 1, 1.5, 2, and 8 mm
respectively) were used for the investigations.

Figure 3.5 A sieve used in the cutting mill to control the particle size of the biomass
powder

Knife blade

Shear bar

Sieve

3.2.3.3 Ultrasonic vibration of the tool
The vibration frequency of the tool was fixed at 20 kHz. The vibration amplitude of the
tool was controlled by ultrasonic power. A larger ultrasonic power percentage produced a higher
vibration amplitude. Two levels of ultrasonic power used for the investigations were 25%
(corresponding to about 10 µm of vibration amplitude) and 35% (corresponding to about 24 µm
of vibration amplitude).
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3.2.3.4 Other process variables
Other process variables were kept the same for the investigations. The feedrate of the tool
was 0.267 mm/s, and the tool rotation speed was 50 rpm. Three grams of biomass powder was
put into the cavity of the mold to produce one pellet. The stop position of the tool (in the cavity
of the mold) was constant for every pellet, as shown in Figure 3.6 where H was the height of the
pellet before being taken out from the mold and when the tool hit its stop position before
retracting.
Figure 3.6 Illustration of the stop position of the tool
Tool
Mold

Stop position
H
Biomass

D

3.2.4 Measurements of output variables
3.2.4.1 Pellet density
Density of a pellet was calculated by the ratio of its weight over its volume. The weight
of pellets was measured by an electronic scale (model TAJ602, Ohaus, Pine Brook, NJ, USA).
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The volume of pellets was obtained by measuring the height and diameter of the pellets with a
caliper. For all of the tests, the density of each pellet was recorded once a day for 10 days.
3.2.4.2 Pellet stability
Stability of a pellet was determined by evaluating changes in its dimensions (or volume)
with time. A general trend was observed: the volume of the pellets would increase (spring-back)
with time after they were taken out from the mold. The stability of the pellets was measured by
the spring-back of the pellets which was calculated by
Spring-back =

Measured volume−Initial pellet volume
Initial pellet volume

where, measured volume is the volume of pellets measured every day after the pellets were taken
out from the mold, and initial pellet volume is the theoretical volume of the pellet calculated by
the diameter of the mold cavity and the stop position of the tool. For each pellet, the spring-back
was measured once a day for 10 days.
3.2.4.3 Pellet durability
Pellet durability is the ability of the pellet to withstand impact and other forces
encountered during handling and transportation [52]. It is determined by following the ASABE
standard S269.4 [52]. Five hundred grams of pellets were kept tumbling inside a pellet durability
tester (Seedburo Equipment, Des Plaines, IL, USA) for 10 minutes and then sieved through a
U.S. No. 6 sieve. The pellet durability index was calculated as the ratio of the weight of the
remaining pellets (that did not fall through the No. 6 sieve) after tumbling to the weight of the
pellets before tumbling.
3.2.4.4 Pelleting force
Forces in the tool axial direction were measured during pelleting with and without
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ultrasonic vibration. As shown in Figure 3.7, the pelleting force measurement system included a
piezoelectric dynamometer (Kistler 9272, Kistler Instrument Corp, Amherst, NY, USA), an
amplifier, an A/D converter, and a computer with Lab-VIEW software package (Version 5.1,
National Instruments, Austin, TX, USA). The mold was clamped by a fixture mounted on top of
a dynamometer.

Figure 3.7 Illustration of pelleting force measurement

3.2.4.5 Sugar yield
Pretreatment was carried out in a pressure reactor apparatus (Parr Instrument Company,
Moline, IL, USA) equipped with impeller mixers and a pressurized injection device. Dissociated
biomass was mixed with a sulfuric acid solution to obtain 10% dry matter. The slurry was loaded
into a 1-L reactor and treated at a temperature of 180°C for 15 minutes with diluted sulfuric acid
(at a ratio of 20 g per liter of distilled water). Enzyme hydrolysis of pretreated biomass was
conducted, following the NREL LAP procedure [53], in sealed serum bottles in a 50°C
reciprocal water bath shaker running at 100 rpm for 72 hours. The enzyme used in the hydrolysis
was Accellerase 1500 from Genencor (Rochester, NY, USA).
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3.3 Results on pellet density
3.3.1 Effects of ultrasonic vibration
Figure 3.8 shows a density comparison between pellets processed with and without
ultrasonic vibration using switchgrass (with a 1 mm sieve, and 15% moisture content). The
density of the pellets processed with ultrasonic vibration was consistently higher than that
without ultrasonic vibration. For all density measurements, at least four pellets were measured
and average values were used. Similar results were found from the tests using sorghum stalks
(with a 1 mm sieve, and 15% moisture content) [22].

Figure 3.8 Effects of ultrasonic vibration on switchgrass pellet density
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3.3.2 Effects of moisture content
Figure 3.9 shows the effects of moisture content on pellet density in UV-A pelleting of
switchgrass (with a 1 mm sieve). The milled powder with a lower moisture content produced
pellets with a higher density. Similar results were obtained from the pellets made of wheat straw.
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Figure 3.9 Effects of MC on switchgrass pellet density
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3.3.3 Effects of particle size
Figure 3.10 shows the effects of particle size on pellet density in UV-A pelleting of wheat
straw (with 7% moisture content). The results show a clear trend: a smaller particle size
produced a higher density. Pellets were also produced with mixed particle sizes. For example,
one half of the milled wheat straw (by weight) had a particle size of 0.25 mm and the other half
have a size of 8 mm. They were mixed together thoroughly. The density of the pellets with
mixed particle sizes was higher than that of the pellets with one particle size alone, as shown in
Figure 3.11.
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Figure 3.10 Effects of particle size on pellet density
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Figure 3.11 Effects of mixed particle sizes on pellet density
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3.4 Results on pellet stability
3.4.1 Effects of ultrasonic vibration
Figure 3.12 shows a stability comparison between pellets processed with and without
ultrasonic vibration using switchgrass (with a 1 mm sieve, and 15% moisture content). It is clear
that the pellets processed with ultrasonic vibration were more stable (or had smaller spring-back).
A similar result was observed with sorghum stalks.

Figure 3.12 Effects of ultrasonic vibration on pellet stability
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3.4.2 Effects of moisture content
Figure 3.13 shows the effects of moisture content on pellet stability (spring-back) in UVA pelleting of switchgrass (with a 1 mm sieve). It can be seen that spring-back increased as
moisture content increased from 9% to 20%. A similar trend was observed with wheat straw.
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Figure 3.13 Effects of MC on pellet stability
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3.4.3 Effects of particle size
Figure 3.14 shows the effects of particle size on pellet stability in UV-A pelleting of
wheat straw (with 7% moisture content). Pellets with a smaller particle size were more stable (or
had smaller spring-back). As shown in Figure 3.15, the spring-back of the pellets with mixed
particle sizes (0.25 and 8 mm) was larger than that of the pellets with a particle size of 0.25 mm
but smaller than that of the pellets with a particle size of 8 mm.
Figure 3.14 Effects of particle size on pellet stability
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Figure 3.15 Effects of mixed particle sizes on pellet stability
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3.5 Results on pellet durability
3.5.1Effects of ultrasonic vibration
Figure 3.16 shows the durability comparison between pellets processed with and without
ultrasonic vibration using switchgrass (with a 1 mm sieve, and 15% moisture content). The
durability index for the pellets with ultrasonic vibration was 40%, measured after 10 minutes of
tumbling. However, the pellets processed without ultrasonic vibration did not survive after two
minutes of tumbling.
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Figure 3.16 Effects of ultrasonic vibration on durability
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3.5.2 Effects of moisture content
Figure 3.17 shows the effects of moisture content on pellet durability in UV-A pelleting
of switchgrass (with a 1 mm sieve). It can be seen that 9% moisture content produced pellets that
had the highest durability index, while pellets with 15% and 20% moisture content produced
pellets that had a similar durability index value.

Figure 3.17 Effects of moisture content on durability
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3.6 Results on pelleting force
As shown in Figure 3.18, the maximum force with ultrasonic vibration was only about
two third of that without ultrasonic vibration. In both cases, the force kept increasing from the
beginning of the pelleting till the end of the pelleting.

Figure 3.18 Effects of ultrasonic vibration on pelleting force

3.7 Results on sugar yield
The biofuel conversion was compared among three groups (200 g each) of switchgrass
(with a 1 mm sieve, and 20% moisture content): milled switchgrass powder (without pelleting),
pelleted with ultrasonic vibration, and pelleted without ultrasonic vibration. Half of the samples
in each group were further processed through two more important steps in biofuel (ethanol)
production from cellulosic biomass: pretreatment and enzyme hydrolysis; and half of the samples
were processed through enzyme hydrolysis without pretreatment.
Figure 3.19 shows the effects of UV-A pelleting on sugar (glucose) yield with and
without pretreatment (using a sulfuric acid). With pretreatment, the sugar yield after UV-A
pelleting (86.4%) was 23% higher than the sugar yield without UV-A pelleting (69.9% for non64

pelleted switchgrass and 70.3% for switchgrass pelleted without ultrasonic vibration). Without
pretreatment, the sugar yield after UV-A pelleting (24.7%) was 75% higher than the sugar yields
without UV-A pelleting (13.6% for non-pelleted switchgrass and 14% for switchgrass pelleted
without ultrasonic vibration). Since the ethanol yield (from fermentation) is proportional to the
sugar yield [54], UV-A pelleting will increase ethanol yield by more than 20% after fermentation.

Figure 3.19 Effects of UV-A pelleting on sugar yield
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3.8 Conclusions
This paper reports experimental investigations on ultrasonic vibration-assisted (UV-A)
pelleting of three types of cellulosic biomass (sorghum stalks, switchgrass, and wheat straw).
Major conclusions are:
1. Pelleting with ultrasonic vibration can produce pellets with higher density, stability,
and durability than without ultrasonic vibration. Ultrasonic vibration can also reduce
pelleting force.
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2. Moisture content and particle size of the milled biomass have significant effects on
density, stability, and durability of the pellets.
3. Compared with non-pelleted biomass or biomass pelleted without ultrasonic vibration,
UV-A pelleted biomass can increase sugar yield (ethanol yield) by more than 20%.
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Chapter 4 - effects of biomass moisture content on pellet quality
This chapter presents an experimental investigation on the effects of biomass moisture
content on pellet quality (density, spring-back, and durability). Results are measured at three
levels of moisture content while keeping all other process variables constant. It is found that
moisture content has great effects on pellet quality. Lower moisture content leads to higher pellet
density, lower spring-back, and higher durability. The content of this chapter has been published
as a technical paper.
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Abstract
Biofuels can be used to replace traditional liquid transportation fuels. Cellulosic biomass
is one type of feedstocks in manufacturing of biofuels. The low density of cellulosic feedstocks
causes high transportation and storage cost that hinders the large-scale production of cellulosic
biofuels. Unlike traditional pelleting methods, ultrasonic vibration-assisted (UV-A) pelleting can
produce pellets of comparable density without using high-temperature steam and binder
materials. The moisture content of the biomass material before pelleting is an important
parameter in UV-A pelleting. This paper reports an experimental investigation on effects of
moisture content on pellet density, spring-back, and durability in UV-A pelleting of switchgrass.

4.1 Introduction
In the last three decades, the consumption of the liquid transportation fuels in the U.S.
increased by 50% [1]. Most of these liquid transportation fuels are distilled from petroleum and
account for 70% of total petroleum consumption [1-3]. The increasing demand for liquid
transportation fuels increases the demand for petroleum [4]. The petroleum reserve is not
uniformly distributed around the world. The dependence of the U.S. on foreign petroleum has
increased significantly from 1980 to 2008 [5]. Concerns for the reliable supply of liquid
transportation fuels in the future are driving people to find alternative sources to petroleum.
Biofuels are an attractive candidate to replace the traditional liquid transportation fuels. This is
due to their merits in renewability and their suitability for combustion engines [6-9].
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Cellulosic biomass can be used as feedstocks for biofuel manufacturing. There is
abundant source of various types of cellulosic biomass in different areas of the U.S., enough to
replace about 30% of current consumption of liquid transportation fuels [10]. In contrast to other
potential feedstocks (e.g. corn, sugar cane, and beans), an increase in consumption of cellulosic
biomass as feedstocks has no effects on food supply and price. Typical cellulosic biomass
materials include switchgrass, wheat straw, corn stover, and sorghum stalk [11]. Switchgrass is
used in the tests for this paper.
Figure 4.1 shows the major steps for manufacturing of cellulosic biofuels. Currently there
are only pilot biofuel plants that use cellulosic biomass feedstocks in the U.S. [13]. The largescale and cost-effective manufacturing of cellulosic biofuels is hindered by several technical
barriers [14,15]. One such barrier is the low density of cellulosic feedstocks, which causes high
transportation and storage cost [14,16,17].
Figure 4.1 Major steps for manufacturing of cellulosic biofuels (after [12, 13])
Harvest and collection

Transporting and handling

Storage

Pretreatment

Biofuel conversion

Traditional pelleting methods (like extruding, briquetting, and rolling) have been used to
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increase the density of biomass feedstocks [18,19]. These pelleting methods generally require
high-temperature steam, high pressure, and binder materials. This is uneconomical for use in or
near the field of biomass. Without using high-temperature steam and binder materials, ultrasonic
vibration-assisted (UV-A) pelleting can produce pellets with a density comparable to those
processed by traditional pelleting methods [20,21].
Moisture content (MC) is an important variable of the biomass material used for UV-A
pelleting. MC represents the amount of moisture (water) contained in a certain amount of
biomass. A higher MC means more water in the biomass material. MC is calculated by the ratio
of the weight of the water in the biomass material to the total weight of the biomass material.
Investigations on the effects of MC on pellet quality (e.g. density, spring-back, and
durability) can produce a better understanding of the mechanisms of UV-A pelleting. The
literature does not contain reports on this topic. This paper, for the first time, investigates the
effects of MC on the density, spring-back, and durability of the pellets processed by UV-A
pelleting.

4.2 Experimental conditions and measurement procedures
4.2.1 Experimental conditions
4.2.1.1 Biomass material
Switchgrass is milled into particles by a SM 2000 cutting mill (Retsch, Newtown, PA,
USA). Figure 4.2 shows un-milled switchgrass and milled switchgrass particles used for the
experiments. The size of the switchgrass particles is controlled by a sieve in the mill. The holes
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in the sieve have a diameter of 1 mm, as shown in Figure 4.3. After measuring the initial MC of
the switchgrass particles by following the ASABE standard S358.2 [22], distilled water is
sprayed on the switchgrass particles to adjust the MC to the desired levels. Three MC levels (9%,
15%, and 20%) are used for the tests. For each pellet, 3 grams of switchgrass particles are loaded
into the mold.

Figure 4.2 Switchgrass before and after milling

50 mm

50 mm

(a) Before milling

(b) After milling

Figure 4.3 Sieve with 1 mm holes
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4.2.1.2 Major steps of UV-A pelleting experiments
Major steps of ultrasonic vibration-assisted (UV-A) pelleting experiments are shown in
Figure 4.4. After the biomass material is milled into particles, the MC of the particles is
measured and adjusted to the desired levels. Pelleting is performed on a Sonic-Mill rotary
ultrasonic machine (Sonic-Mill, Albuquerque, NM, USA) and illustrated in Figure 4.5.

Figure 4.4 Major steps of UV-A pelleting experiments (after [21])
Colleting raw biomass material
Milling
Adjusting moisture content
UV-A pelleting

Figure 4.5 Illustration of UV-A pelleting of biomass (after [21])

Tool

Mold

Vice
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In UV-A pelleting, a tool is mounted to a rotary ultrasonic spindle which provides both
rotation and ultrasonic vibration (20 kHz) to the tool. A mold with cylindrical cavity in its center
is fixed by a vice. The diameter of the tool is slightly smaller than that of the cavity in the mold.
The tool is fed down to compress switchgrass particles with a preset feedrate. Once the tool
reaches the preset depth in the cavity of the mold, it will be retracted and the pellet will be taken
out from the mold.
4.2.1.3 Major input parameters of UV-A pelleting experiments
Table 4.1 shows the values of the important parameters in UV-A pelleting. Ultrasonic
power controls the tool’s vibration amplitude. A larger ultrasonic power percentage produces a
higher vibration amplitude. Initial pellet volume represents the theoretical volume of the pellet
when the tool reaches the preset stop position in the mold before retracting. As illustrated in
Figure 4.6, the initial pellet volume is calculated by
Initial pellet volume = π ∙ H ∙ (D/2)2
where, D is the diameter of the mold cavity, and H is the height of the compressed biomass when
the tool reaches the preset stop position.

Table 4.1 Values of main UV-A pelleting parameters
Parameter

Value

Feedrate (mm/s)

0.267

Spindle rotation speed (rpm)

50

Ultrasonic power (%)

35

Initial pellet volume (mm3)

3500; 3800
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Figure 4.6 Illustration of the initial pellet volume
Tool
Mold

Stop position
H
Biomass

D

4.2.2 Measurement procedures of output variables
4.2.2.1 Density
Pellet density is calculated by the ratio of the weight over the volume. The weight of
pellets was measured by a scale (Ohaus, Pine Brook, NJ, USA). Because of the shape of mold’s
cavity, all of the pellets were cylindrical in shape, as shown in Figure 4.7. The volume of pellets
was obtained by measuring the height and diameter of the pellets. The density of each pellet was
recorded once a day for 10 days during which all the pellets were put in sealed plastic bags to
keep the constant moisture content in the pellets.
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Figure 4.7 Pellet shape after UV-A pelleting

4.2.2.2 Spring-back
It was observed that the volume of the pellets started expanding when the tool retracted.
After pellets were made, they would keep expanding during the next few days and then became
stabilized. Spring-back of pellets is used to evaluate the changes in volume with time. Springback was calculated by
Spring-back =

Measured volume−Initial pellet volume
Initial pellet volume

where, measured volume is the volume of pellets measured everyday after the pellets were taken
out from the mold, and initial pellet volume is the theoretical volume introduced in 3.1. For each
pellet, the spring-back was recorded once a day for 10 days.
4.2.2.3 Durability
Pellet durability is the ability of the pellet to withstand impact and other forces
encountered during handling and transportation [21]. It is determined by following the ASABE
standard S269.4 [23]. Five hundred grams of pellets, processed by UV-A pelleting, were kept
tumbling inside a pellet durability tester (Seedburo Equipment, Des Plaines, IL, USA) for 10
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minutes and then sieved through a No. 6 U.S. sieve. The pellet durability index is calculated as
the ratio of the weight of the remaining pellets (that did not fall through the No. 6 sieve) after
tumbling to the weight of the pellets before tumbling. In order to obtain more test data, the pellet
durability index was measured after tumbling for every 2 minutes.

4.3 Results and discussion
4.3.1 Effects of moisture content on pellet density
The results on pellet density are shown in Figure 4.8. The error bars in Figures 4.8 and
4.9 represent the standard deviation of the measured results. Five pellets were measured for each
result. With the same amount of switchgrass (3 grams), pellets were made with two different
initial volumes: 3500 mm3 and 3800 mm3. As a result, two levels of initial density were obtained.
For both levels, the densities of pellets underwent a sharp decrease in the first two days before
they became stabilized. 9% MC produced the highest density, followed by 15% and 20% MC.
For the pellets with lower initial pellet volume (higher initial density), their deviations are much
larger than those from the pellets with higher initial pellet volume (lower initial density).
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Figure 4.8 Effects of MC on pellet density
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(a) Initial pellet volume = 3800 mm3
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(b) Initial pellet volume = 3500 mm3

4.3.2 Effects of moisture content on pellet spring-back
Figure 4.9 shows the results on pellet spring-back with the standard deviations. The
volumes of pellets expanded in the first two days and then became stabilized. For both initial
volumes, 9% MC produced the smallest spring-back, and 20% MC produced the largest spring83

back. Larger deviations were observed for the pellets with lower initial pellet volume (higher
initial density).

Figure 4.9 Effects of MC on pellet spring-back
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(a) Initial pellet volume = 3800 mm3
9% MC

15% MC

20% MC

Spring-back (%)

60
50
40
30
20
10
0
1

2

3

4

5
6
7
Number of d ays

8

(b) Initial pellet volume = 3500 mm3

84

9

10

4.3.3 Effects of moisture content on pellet durability
The results on pellet durability are shown in Figure 4.10. The initial volume of the pellet
was 3800 mm3. Pellets with 9% MC produced the highest durability. Pellets with 15% and 20%
MC had similar durability.

Figure 4.10 Effects of MC on pellet durability
9% MC

15% MC

20% MC

Durability index
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0.2
2
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6
Tumbling time (mins)

8

10

4.4 Conclusions
This paper reports an experimental investigation on the effects of biomass moisture
content on pellet density, spring-back, and durability in ultrasonic vibration-assisted (UV-A)
pelleting of switchgrass. It was found that moisture content had significant effects on these three
output variables. Lower moisture content led to higher density, lower spring-back, and higher
durability.
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Chapter 5 - Effects of biomass particle size on sugar yield
This chapter presents an experimental investigation on effects of biomass particle size on
sugar yield. Particles are generated by three methods (cutting milling, hammer milling, and
manual cutting). Results are measured at five levels of particle size while keeping all other
process variables constant. Crystallinity index (CI) of particles at each level is also measured. It
is found that particles with different sizes but generated by a same method have approximately
equal CI. Without changing CI, particle size has no effects on sugar yield. The content of this
chapter has been published as a technical paper.
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Abstract
Biofuels made from cellulosic biomass are an alternative to petroleum-based liquid
transportation fuels. A key barrier to cost-effective manufacturing of cellulosic biofuel is low
sugar yield in enzymatic hydrolysis. Particle size and crystallinity index of cellulosic biomass are
two important parameters in enzymatic hydrolysis. The current literature contains many
experimental investigations about effects of biomass particle size on sugar yield. However,
particle size, often reduced by ball milling, is correlated with crystallinity index. Changes in
particle size usually cause changes in crystallinity index. Therefore, particle size and crystallinity
index may have confounding effects on sugar yield. Relations between particle size and sugar
yield are not clear. This paper reports an experimental investigation on sugar yields from
switchgrass particles produced by three methods: cutting milling, hammer milling, and manual
cutting. The particles have different sizes but the same crystallinity index. Results show that
there are no significant differences among sugar yields from these particles of different sizes.
Particle size within the tested range has no significant effects on sugar yield.

5.1 Introduction
During the last three decades, consumption of conventional liquid transportation fuels
(including gasoline, diesel, and jet fuels) in the U.S. has increased by 50% [1]. Conventional
liquid transportation fuels are distilled from petroleum and account for 70% of total petroleum
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consumption [1,2]. In 2010, the U.S. transportation sector consumed about 19.1 million barrels
of petroleum every day, and 49.4% of them were imported [3]. Also, use of conventional liquid
transportation fuels contributes to accumulation of greenhouse gas (GHG) in the atmosphere.
This, combined with finite reserves, non-uniform distribution, and volatile prices of petroleum
make it extremely important to develop domestic sustainable sources for liquid transportation
fuels in the U.S..
Biofuels produced from cellulosic biomass, the fibrous, woody, and generally inedible
portions of plant matter, can reduce the U.S.’s dependence on foreign petroleum, and cut GHG
emissions while continuing to meet the nation’s needs for liquid transportation fuels [4-6]. The
U.S. government has recently called for an annual production of 36 billion gallons of biofuels by
2022 [7]. In 2009, about 10.8 billion gallons of bioethanol (one type of biofuel) was produced in
the U.S. [8]. At present, more than 90% of bioethanol is produced from corn [9]. A dramatic
increase in bioethanol production from corn may be limited because corn production for
bioethanol will compete with food and feed production for limited agricultural land. Cellulosic
biofuels do not possess such limitations.
Figure 5.1 shows major steps in manufacturing of cellulosic ethanol. The purpose of
hydrolysis is to break down cellulose into its component sugars that are convertible to ethanol by
fermentation. A key barrier to cost-effective manufacturing of cellulosic ethanol is low sugar
yield in enzymatic hydrolysis, making hydrolysis one of the most costly processes [5,11-13].
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Figure 5.1 Major steps in manufacturing of cellulosic biofuels (after [10,11])
Cellulosic biomass
Harvest and collection
Transporting and
handling
Storage
Pretreatment
Enzymatic hydrolysis
Fermentation
Biofuels

Particle size and crystallinity index (CI) of cellulosic biomass are two important
parameters in enzymatic hydrolysis. The current literature contains many experimental
investigations about effects of biomass particle size on sugar yield. However, particle size is
correlated with crystallinity index. Changes in particle size usually cause changes in CI. In the
reported investigations, ball milling is most widely used to reduce particle size of cellulosic
biomass [14-18]. It has been found that both CI and particle size will decrease when the cycle
time of ball milling is sufficiently long [15,17,19,20]. Therefore, particle size and CI may have
confounding effects on sugar yield. Relations between particle size and sugar yield are not clear.
This paper reports an experimental investigation on sugar yields from switchgrass
particles produced by three methods: cutting milling, hammer milling, and manual cutting. The
particles have different sizes but the same crystallinity index. Sugar yields of the particles are
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measured and compared. Effects of particle size on sugar yield are evaluated.

5.2 Experimental conditions
The experimental procedure is shown in Figure 5.2. Bulky switchgrass was harvested
from Riley County, Kansas, and stored indoors before use. Switchgrass particles were produced
by three methods: cutting milling, hammer milling, and manual cutting. Particles produced from
the three methods were referred to as P c, P h , and P m respectively. The particles obtained from
each method were separated into different sizes using a series of sieves. The CIs of the separated
particles (from different methods and with different sizes) were measured. The particles were
then pretreated and enzymatically hydrolyzed. Sugar yields of the particles were measured.

Figure 5.2 Experimental procedure
Bulky switchgrass

Cutting milling

Hammer milling

Manual cutting

Particles (Pc)

Particles (Ph)

Particles (Pm)

Size separation

Size separation

Size separation

Different sizes of Pc

Different sizes of Ph

Different sizes of Pm

Measurement of CI

Pretreatment

Enzymatic hydrolysis

Measurement of sugar yield
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5.2.1 Cutting milling
In cutting milling, a set of rotating blades inside a chamber cut down the size of bulky
switchgrass. Milled switchgrass is trapped inside the chamber until it is the right size to pass
through the sieve that is located under the blades, as shown in Figure 5.3. In this investigation, a
cutting mill (model SM 2000, Retsch, Inc., Haan, Germany) was used to produce particles P c. A
sieve with a 2 mm screen size was put in the cutting mill to control particle size.
Figure 5.3 Cutting milling
Cutting blades

Sieve

5.2.2 Hammer milling
A hammer mill has a steel drum containing a horizontal rotating shaft on which hammers
are mounted, as shown in Figure 5.4. The hammers are free to swing on the ends of the panels
which are mounted on the shaft. The size of biomass particles is reduced through an impactinduced material fragmentation [21]. Particles leaving contact with the hammers reach the sieve
and fall through if they are small enough [22]. In this investigation, a hammer mill (model 35,
Meadows Mills, Inc., North Wilkesboro, NC, USA) was used to produce particles P h . A sieve
with a 2 mm screen size was put in the hammer mill to control particle size.
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Figure 5.4 Hammer milling

Sieve

Hammers

Panels

Shaft

5.2.3 Manual cutting
Particles P m were produced by manual cutting with scissors, as shown in Figure 5.5. The
size of manually-cut particles was controlled to be less than 2 mm during manual cutting.

Figure 5.5 Manual cutting with scissors

Bulky switchgrass

Manual cutting with scissors
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Particles

5.2.4 Particle size separation
A sieve shaker (model RX-29, W.S. Tyler, Inc., Mentor, OH, U.S.) was used to separate
P c , P h, and P m into different sizes. A series of sieves (with different screen sizes) was loaded on
an agitation tray, as shown in Figure 5.6. Particles were put on the top sieve that had the largest
screen size. A hammer located above the sieves stroke the sieves three times per second to help
particles fall through. Meanwhile, the agitation tray was driven by a motor to move circularly
around a center point at about 200 rpm. The process lasted for ten minutes.

Figure 5.6 Sieve shaker
Hammer

Sieves Agitation tray Base

In this investigation, six sieves were used. Their screen sizes are listed in Table 5.1.
Theoretically, particles could be separated into seven different sizes. However, almost all
particles fell through the 2.4 mm sieve, so the particle size of > 2.4 mm was excluded. In
addition, those particles that fell through the 0.2 mm sieve were also excluded due to concern
about a high percentage of impurities (e.g. dust) in the particles. Therefore, P c, P h , and P m were
separated into five different sizes: 0.2 – 0.3, 0.3 – 0.4, 0.4 – 0.6, 0.6 – 1.2, and 1.2 – 2.4 mm.

96

Table 5.1 Screen sizes of sieves
Sieve #
1
2
3
4
5
6

Screen size
(mm)
2.4
1.2
0.6
0.4
0.3
0.2

5.2.5 Measurement of CI
The CI of switchgrass particles was measured by X - ray diffraction (XRD) with a Bruker
AXS D - 8 diffractometer (AXS GmbH, Karlsruhe, Germany) operating at 40 kW and 40 mA.
The radiation was copper Kα (λ = 1.54 A), and grade range was between 12° and 28° with a step
size of 0.05°. The presence of crystallinity in a sample can be detected by absorption peaks. In
this paper, the CI was calculated using the method described by Segal et al. [23] as follows:

=
CI

I002 − Iamorphous
I002

× 100%
(1)

where I 002 is the intensity of the crystalline portion of switchgrass samples at about 2θ = 22.5°,
and I amorphous is the peak for the amorphous portion at about 2θ = 16°.

5.2.6 Pretreatment
Pretreatment was carried out in a pressure reactor (Parr Instrument Company, Moline, IL,
USA) with a 600 mL reaction vessel. Switchgrass particles were mixed with diluted sulfuric acid
(2% w/v) in the vessel to obtain 1% solid content (approximately 1 gram in 100 mL diluted
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sulfuric acid solution). The slurry was stirred by two impeller mixers and treated at a temperature
of 140 °C for 30 minutes. Pretreated particles were washed with hot distilled water to remove
dissolved sugars and sulfuric acid.

5.2.7 Enzymatic hydrolysis
Pretreated switchgrass particles were enzymatically hydrolyzed in solution with sodium
acetate buffer (100 mM, pH 4.8) and 0.02% (w/v) sodium azide to prevent microbial growth
during hydrolysis. The dry mass content of the hydrolysis slurries was 2% (w/v). Enzymatic
hydrolysis was carried out in 125 mL flasks with 80 mL of slurry in a 50 °C water bath shaker
(Model C76, New Brunswick Scientific, Edison, NJ, USA) agitating at 110 rpm for 24 h. The
loading of enzyme (Accellerase 1500, Danisco US, Inc., Genencor Division, Rochester, NY) was
1 mL per gram of cellulose.
After enzymatic hydrolysis, the hydrolysis slurries were sampled by withdrawing 0.1 mL
of slurry from each flask. Sample slurries were then mixed with 0.9 mL double-distilled water in
1.5 mL vials. The vials were placed to boiling water for 15 min to deactivate the enzyme. After
the enzyme was deactivated, samples were centrifuged at 10,000 rpm for 15 minutes. The
supernatants were then further diluted and filtered into 1.5 mL autosampler vials through 0.2 μm
syringe filters (Millipore, Billerica, MA, USA). Filtered samples were kept at 4 °C before sugar
yield measurement.

5.2.8 Measurement of sugar yield
Sugar concentrations in the prepared samples were determined by an HPLC (highperformance liquid chromatography) (Shimadzu, Kyoto, Japan) equipped with an RCMmonosaccharide column (300 × 7.8 mm; Phenomenex, Torrance, CA, USA) and a refractive
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index detector (RID-10A, Shimadzu, Kyoto, Japan). A higher sugar concentration indicates a
higher sugar yield.

5.3 Experimental results
5.3.1 Results on CI
Measurement results on CI (obtained according to equation 1) of different particles are
shown in Table 5.2 and Figure 5.7. CI does not show any clear trends as particle size decreases.
Standard deviation is shown as error bars in Figure 5.7. It indicates that particles that are
produced by the same method have approximately the same CI even if they have different sizes.
Table 5.2 Measurement results on CI

Particle size
(mm)
1.2-2.4
0.6-1.2
0.4-0.6
0.3-0.4
0.2-0.3

Pc
59
57
54
57
58

99

CI (%)
Ph
48
50
47
51
51

Pm
54
60
57
54
54

Figure 5.7 Measurement results on CI

70

1.2-2.4

0.6-1.2

0.4-0.6

0.3-0.4

0.2-0.3

CI (%)

60

50

40

30

Cutting milling

Hammer milling

Manual cutting

Size reduction method

5.3.2 Results on sugar yield
Measurement results on sugar yield of different particles are shown in Table 5.3 and
Figure 5.8. As particle size decreases, sugar yield remains the same for all three size reduction
methods. It indicates that particle size (in the range of 0.2 - 2.4 mm) of switchgrass has no
significant effects on sugar yield.

Table 5.3 Measurement results on sugar yield
Particle size
(mm)
1.2-2.4
0.6-1.2
0.4-0.6
0.3-0.4
0.2-0.3

Sugar yield (g/L)
Pc
Ph
Pm
10.48
10.28
10.26
10.62
10.26
10.26
10.62
10.42
10.32
10.62
10.44
10.28
10.36
10.28
10.26
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Figure 5.8 Measurement results on sugar yield
1.2-2.4

0.6-1.2

0.4-0.6

0.3-0.4
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Sugar yield (g/L)

11
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9
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5.4 Conclusions
This paper reports an experimental investigation on sugar yields from switchgrass
particles produced by three methods: cutting milling, hammer milling, and manual cutting. Sugar
yields of the particles are measured and compared. The following conclusions can be drawn:
(1) Cutting milling, hammer milling, and manual cutting produce biomass particles with
different sizes but the same CI (obtained according to equation 1).
(2) Without changing CI, particle size (in the range of 0.2 - 2.4 mm) has no effects on
sugar yield.
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Chapter 6 - Effects of process variables on pellet quality and sugar
yield
This chapter focuses on experimental investigations on the effects of process variables
(such as biomass moisture content, biomass particle size, pelleting pressure, and ultrasonic
vibration power) on pellet quality (such as pellet density, durability, and stability) and sugar
yield. A two level four factor (24) DOE is employed to investigate main effects and interaction
effects of these process variables on pellet quality and sugar yield. The content of this chapter
has been published as a technical paper.
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Abstract
Increasing demands and concerns for the reliable supply of liquid transportation fuels
make it important to find alternative sources to petroleum based fuels. One such alternative is
cellulosic biofuels. However, several technical barriers have hindered large-scale, cost-effective
manufacturing of cellulosic biofuels, such as the low density of cellulosic feedstocks (causing
high transportation and storage costs) and the low efficiency of enzymatic hydrolysis process
(causing longer processing time and low sugar yield). Ultrasonic vibration-assisted (UV-A)
pelleting can increase the density of cellulosic materials by compressing them into pellets. UV-A
pelleting can also increase the sugar yield of cellulosic biomass materials in hydrolysis. At
present, the effects of process variables in UV-A pelleting on pellet quality (density, durability,
and stability) and sugar yield have not been adequately investigated. This paper reports an
experimental investigation on UV-A pelleting of wheat straw. A 24 factorial design is employed
to evaluate the effects of process variables (moisture content, particle size, pelleting pressure,
and ultrasonic power) on output variables (pellet density, durability, stability, and sugar yield).
Keywords
Biofuel, biomass, cellulosic, energy manufacturing, pellet, ultrasonic vibration
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6.1 Introduction
In the last three decades, the consumption of liquid transportation fuels (e.g., gasoline,
diesel, and jet fuels) in the U.S. has increased by 50% [1]. Conventional liquid transportation
fuels are distilled from petroleum and account for 70% of total petroleum consumption [1-3]. In
2008, the U.S. transportation sector consumed about 14 million barrels of petroleum every day,
and 60% of them were imported [4]. Also, the use of conventional liquid transportation fuels
contributes to the accumulation of greenhouse gas (GHG) in the atmosphere. Finite reserves,
non-uniform distribution, volatile prices, and contribution to GHG emissions of petroleum make
it extremely important to promote development of domestic sustainable energy sources to replace
conventional liquid transportation fuels.
Cellulosic biofuels produced from cellulosic biomass (the fibrous, woody, and generally
inedible portions of plant matter) offer an alternative to reduce the nation’s dependence on
foreign petroleum, and cut GHG emissions while continuing to meet the nation’s transportation
energy needs [5,6].
Figure 6.1 shows major steps for manufacturing of cellulosic biofuels. Currently there are
only pilot biofuel plants that use cellulosic feedstocks in the U.S. [7]. Several technical barriers
have hindered large-scale, cost-effective manufacturing of cellulosic biofuels [9,10]. One such
barrier is the low density of cellulosic feedstocks, causing higher transportation and storage costs
[9,11,12]. Another barrier is the lack of efficient hydrolysis procedures, causing expensive and
slow hydrolysis processes [5,13-15].
Traditional pelleting methods (e.g., using a screw extruder, a briquetting press, or a
rolling machine [16,17]) can be used to increase the density of cellulosic feedstocks. But they
generally involve high-temperature steam and high pressure, and often use binder materials.
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Therefore, it is difficult to realize cost-effective pelleting on or near the field where cellulosic
biomass is available with traditional pelleting methods. Ultrasonic vibration-assisted (UV-A)
pelleting, without using high-temperature steam and binder materials, can produce biomass
pellets whose density is comparable to that processed by traditional pelleting methods [18,19].
Also, UV-A pelleting can increase the sugar yield of cellulosic biomass materials [20].
Figure 6.1 Major steps for manufacturing of cellulosic biofuels (after [7, 8])
Cellulosic biomass
Harvesting and collection
Transporting and handling
Storage
Pretreatment
Hydrolysis
Fermentation
Biofuels

So far, there are few publications on effects of pelleting on pretreatment and biofuel
conversion, and none on effects of UV-A pelleting of biomass on pretreatment and biofuel
conversion. UV-A pelleting of cellulosic biomass is systematically investigated for the first time.
This paper reports an experimental investigation on UV-A pelleting of wheat straw. The main
and interaction effects of process variables (moisture content, particle size, pelleting pressure,
and ultrasonic power) on output variables (pellet density, durability, stability, and sugar yield)
are studied via employing the 24 factorial design.
108

6.2 Experimental conditions
6.2.1 Major processes in UV-A pelleting experiments
Major processes in UV-A pelleting experiments are shown in Figure 6.2. Wheat straw
was milled into particles using a knife mill (model SM 2000, Retsch, Inc., Haan, Germany).
Sieves with different screen sizes were used to control the particle size. After milling, the
moisture content of the biomass powder was measured and adjusted to the desired levels
according to the ASABE standard S358.2 [21]. A Sonic-Mill ultrasonic machine (Sonic-Mill,
Albuquerque, NM, USA) was used to perform pelleting.

Figure 6.2 Major processes of UV-A pelleting experiments

Bulk
biomass

Knife mill

Finished pellet

Biomass powder
UV-A pelleting

The experimental setup of UV-A pelleting is schematically illustrated in Figure 6.3. The
tool was mounted to a tool holder that was connected to an ultrasonic converter that provided
ultrasonic vibration to the tool. The mold was made in three separate parts which were assembled
together with pins. The top two parts formed a hollow cylinder and the bottom part served as a
base. Biomass was loaded into the center cavity of the mold, and the tool was fed into this cavity.
The tip of the tool was a solid cylinder that had a diameter of 17.4 mm, slightly smaller than that
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of the central hole (18.6 mm) in the mold. After a predetermined period of time, the tool was
retracted and the mold disassembled to unload the pellet. After UV-A pelleting, a cylinder
shaped pellet was obtained.

Figure 6.3 Illustration of experimental setup
Pressure regulator
Pneumatic cylinder
Air compressor

Power supply of ultrasonic
vibration

Converter

Mold
Feed

Ultrasonic vibration

Tool
Biomass
Fixture

Machine table

6.2.2 Important process variables
UV-A pelleting is an innovative pelleting process and only little research has been done
on it. Previous tests show that moisture content and particle size can affect the pellet quality in
terms of density, durability, and stability [20]. Pelleting pressure and ultrasonic power are two
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important process variables in UV-A pelleting.
Moisture content in this paper refers to the moisture content of the wheat straw particles
right before UV-A pelleting. It represents the amount of moisture (water) contained in them. A
higher moisture content means more water in the wheat straw particles. Moisture content was
calculated by the ratio of the weight of the water in the wheat straw particles to the total weight
of the wheat straw particles. When the moisture content was adjusted to the desired level, the
wheat straw particles were stored in zip-lock bags to maintain that moisture content. The screen
size used to mill the wheat straw particles is referred to as particle size in this paper.
The pelleting pressure in this paper is the air pressure in the pneumatic cylinder. It was
controlled by a pressure regulator (shown in Figure 6.3) connected to an air compressor. A
higher pelleting pressure represents a higher compression pressure applied on the wheat straw
particles by the tool in the pelleting process.
Ultrasonic power refers to the power provided to the ultrasonic converter by a power
supply. It controls the amplitude of the tool vibration. A larger ultrasonic power creates a larger
vibration amplitude. The selected ultrasonic power is expressed as a percentage of the maximum
ultrasonic power for the machine. The frequency of the tool vibration was 20 kHz.

6.2.3 Design of experiments
A 24 (four variables, two-levels) full factorial design was used for the experiments with
three replications under each condition for the tests of density and stability. No replication was
obtained under each condition for the tests of durability and sugar yield because both tests are
quite time consuming. The variable levels are listed in Table 6.1 and the matrix of the
experiments is shown in Table 6.2. These tests were conducted in a random order. The variable
levels were determined according to the previous test [20].
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Minitab (Version 15) was used to process the data. To identify the significant effects, the
analysis of variance (ANOVA) was performed for each output variable.
Table 6.1 Variables and their levels

Variable

Unit

Moisture content
Particle size
Pelleting pressure
Ultrasonic power

%
mm
psi
%

Low
level
(-)
10
1
30
30

High
level
(+)
20
2
40
40

Table 6.2 Matrix of the experiments

Test
Moisture Particle Pelleting Ultrasonic
number
content
size pressure power
Test 1, 13, 40
1
-1
-1
1
Test 2, 26, 36
1
1
-1
1
Test 3, 5, 48
-1
-1
1
-1
Test 4, 6, 44
1
1
1
-1
Test 7, 9, 38
1
-1
-1
-1
Test 8, 12, 20
-1
-1
1
1
Test 10, 30, 47
1
-1
1
1
Test 11, 29, 42
-1
1
1
-1
Test 14, 33, 37
-1
-1
-1
1
Test 15, 32, 39
1
1
1
1
Test 16, 31, 35
-1
1
-1
1
Test 17, 21, 24
-1
1
1
1
Test 18, 27, 41
-1
1
-1
-1
Test 19, 22, 43
1
-1
1
-1
Test 23, 28, 45
-1
-1
-1
-1
Test 25, 34, 46
1
1
-1
-1
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6.2.4 Measurements of the output variables
Previous experiments showed that the weight and volume of the pellets would not change
much after the third day after pelleting [20]. After measuring their initial weights and volumes
right after pelleting, the pellets were stored in zip-lock bags. They were taken out from the bags
to measure the weight and volume once a day for 5 days. For each pellet, its reported “stable”
weight and volume were determined as the average value of the measurements at day 3, 4, and 5.
Density of a pellet was calculated by the ratio of its weight over its volume. The weight
of pellets was measured by an electronic scale (model TAJ602, Ohaus, Pine Brook, NJ, USA).
The volume of pellets (with cylindrical shape) was obtained by measuring the height and
diameter of the pellets with a caliper.
Durability is the ability of the pellet to withstand impact and other forces encountered
during handling and transportation [22]. Pellet durability was measured based on the ASABE
standard S269.4 [22] with some modifications. Twenty grams of pellets were kept tumbling
inside a pellet durability tester (Seedburo Equipment, Des Plaines, IL, USA) for 10 minutes and
then sieved through a U.S. No. 6 sieve. The pellet durability index was calculated as the ratio of
the weight of the remaining pellets (that did not fall through the No. 6 sieve) after tumbling to
the weight of the pellets before tumbling.
Stability of a pellet was determined by evaluating changes in its dimensions (or volume)
with time. A general trend was observed: the volume of the pellets would increase (spring-back)
with time after they were taken out from the mold. The spring-back of a pellet was expressed as:
Spring − back (%) =

volume2 − volume1
∗ 100%
volume1

where, volume 1 is the initial pellet volume obtained right after pelleting, volume 2 is the stable
pellet volume (the average value of the pellet volumes from day 3 to day 5). A smaller spring113

back represents a higher pellet stability.
Sugar yield is the amount of glucose obtained after pretreatment and hydrolysis.
Pretreatment was carried out in a pressure reactor apparatus (Parr Instrument Company, Moline,
IL, USA) equipped with impeller mixers and a pressurized injection device. Dissociated biomass
was mixed with a sulfuric acid solution to obtain 10% dry matter. The slurry was loaded into a 1L reactor and treated at 140°C for 30 minutes with diluted sulfuric acid (at a ratio of 20 g per liter
of distilled water). Enzyme hydrolysis of pretreated biomass was conducted, following the
NREL LAP procedure [23], in sealed serum bottles in a 50°C reciprocal water bath shaker
running at 140 rpm for 48 hours. The enzyme used in the hydrolysis was Accellerase 1500 from
Genencor (Rochester, NY, USA). After hydrolysis, a high performance liquid chromatography
(HPLC) was used to measure the sugar yield.

6.3 Results on pellet density
The results on pellet density are presented in Table 6.3. The significant main and
interaction effects of process variables on pellet density are shown in Figure 6.4. All the main
effects of the process variables are significant at the significant level of α = 0.01. From Figure
6.4, it can be seen that pellet density increases with an increase of moisture content, pressure, and
ultrasonic power. Pellet density decreases as particle size increases. Two interaction effects are
significant at the significant level of α = 0.002. From the interactions between ultrasonic power
and pressure, it can be seen that the effects of pressure on pellet density are much stronger at the
higher level of ultrasonic power. The interactions between ultrasonic power and moisture content
show that, with the increase of ultrasonic power, pellet density will increase at the lower level of
moisture content while decrease at the higher level of moisture content.
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Table 6.3 Results on pellet density

Pellet density (kg/m3 )

Moisture Particle PelletingUltrasonic
content

size pressure power Replication 1 Replication 2 Replication 3

1

1

1

1

644

675

670

-1

1

1

1

691

704

686

1

-1

1

1

935

929

908

-1

-1

1

1

963

966

929

1

1

-1

1

678

585

614

-1

1

-1

1

644

642

641

1

-1

-1

1

829

766

897

-1

-1

-1

1

861

873

888

1

1

1

-1

645

662

659

-1

1

1

-1

607

554

582

1

-1

1

-1

901

904

944

-1

-1

1

-1

856

870

889

1

1

-1

-1

605

674

697

-1

1

-1

-1

588

584

533

1

-1

-1

-1

879

954

885

-1

-1

-1

-1

862

842

831
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Figure 6.4 Main and interaction effects on pellet density
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6.4 Results on pellet durability

The results on pellet durability are shown in Table 6.4. Moisture content, particle size,
and ultrasonic power have significant main effects on pellet durability at the significance level of
α = 0.001, as shown in Figure 6.5. Pellet durability increases with an increased moisture content
or ultrasonic power, or decreased particle size. At the significance level of α = 0.02, the
interaction effect between moisture content and ultrasonic power is significant. The effects of
moisture content are much stronger at the lower level of ultrasonic power.

Table 6.4 Results on pellet durability

Moisture Particle Pelleting Ultrasonic Pellet durability
content
size pressure power
(%)
1
1
1
1
71
-1
1
1
1
39
1
-1
1
1
94
-1
-1
1
1
67
1
1
-1
1
69
-1
1
-1
1
31
1
-1
-1
1
85
-1
-1
-1
1
70
1
1
1
-1
56
-1
1
1
-1
14
1
-1
1
-1
93
-1
-1
1
-1
49
1
1
-1
-1
50
-1
1
-1
-1
5
1
-1
-1
-1
91
-1
-1
-1
-1
44
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Figure 6.5 Main and interaction effects on pellet durability
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6.5 Results on pellet stability
Table 6.5 shows the results on pellet stability. ANOVA results show that the main effect
of particle size is significant at the significance level of α = 0.05. As shown in Figure 6.6, pellet
stability decreases (spring-back increases) as particle size increases. There are no significant
interactions between the input variables.
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Table 6.5 Results on pellet stability

Spring-back (%)

Moisture Particle Pelleting Ultrasonic
content
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1

size
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1

pressure
1
1
1
1
-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1

power
1
1
1
1
1
1
1
1
-1
-1
-1
-1
-1
-1
-1
-1

Replication 1
2.33
0.31
0.02
1.12
3.61
1.91
0.02
0.05
1.20
2.29
0.52
0.63
5.12
0.75
1.05
1.94

Replication 2
2.14
0.10
0.01
0.51
2.42
2.77
0.03
0.04
1.49
2.75
0.76
0.58
5.64
1.05
1.18
2.01

Figure 6.6 Main effect on pellet stability
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Replication 3
1.94
0.22
0.01
0.50
3.01
2.05
0.02
0.05
1.32
2.60
0.35
0.12
4.06
0.86
1.11
1.93

6.6 Results on sugar yield

The results on sugar yield are shown in Table 6.6. ANOVA results show that the main
effect of particle size is significant at the significance level of α = 0.05. As shown in Figure 6.7,
sugar yield increases as particle size increases. A significance interaction effect can be found
between particle size and moisture content at the significance level of α = 0.05. With the increase
of particle size, sugar yield will increase slightly at the low level of moisture content while
increase dramatically at the high level of moisture content.

Table 6.6 Results on sugar yield

Moisture Particle Pelleting Ultrasonic Sugar yield
content

size

pressure

power

(g/L)

1

1

1

1

1.75

-1

1

1

1

1.41

1

-1

1

1

1.18

-1

-1

1

1

1.08

1

1

-1

1

1.92

-1

1

-1

1

1.54

1

-1

-1

1

1.40

-1

-1

-1

1

1.50

1

1

1

-1

1.75

-1

1

1

-1

1.44

1

-1

1

-1

0.77

-1

-1

1

-1

1.31

1

1

-1

-1

1.73

-1

1

-1

-1

1.06

1

-1

-1

-1

1.41

-1
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Figure 6.7 Main and interaction effects on sugar yield
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6.7 Conclusions
A 24 full factorial design was used to conduct a set of parametric experiments of
ultrasonic vibration-assisted (UV-A) pelleting on wheat straw. The main effects and two-factor
interactions of input variables (moisture content, particle size, pelleting pressure, and ultrasonic
power) on output variables (pellet density, durability, stability, and sugar yield) are evaluated.
The following conclusions can be drawn from the experiments:
(1) For pellet density, the main effects of all four input variables (moisture content,
particle size, pelleting pressure, and ultrasonic power) are significant. Two interaction effects
(between ultrasonic power and pressure, and between ultrasonic power and moisture content) are
significant.
(2) For pellet durability, moisture content, particle size, and ultrasonic power, as well as
the interaction effects between moisture content and ultrasonic power are significant.
(3) For pellet stability, only the main effect of particle size is significant.
(4) For sugar yield, the main effect of particle size and the interaction effects between
particle size and moisture content are significant.
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Chapter 7 - Comparison of sugar yield from biomass processed and
not processed by UV-A pelleting
This chapter focuses on comparing the sugar yield from biomass processed and not
processed by UV-A pelleting. Box-Behnken design is employed to investigate the sugar yield
under different pretreatment conditions. The obtained data are analyzed based on response
surface methodology (RSM). The content of this chapter will be submitted to Journal of
Manufacturing Science and Engineering.
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Abstract
Ultrasonic vibration-assisted (UV-A) pelleting of cellulosic biomass can increase
biomass density and reduce transportation costs in cellulosic ethanol manufacturing. A
preliminary study shows that sugar yield of pellets processed by UV-A pelleting is higher than
that of biomass not processed by UV-A pelleting. However, this result is obtained under a
specific pretreatment condition. This paper reports an investigation to compare sugar yields
between two kinds of materials: pellets processed by UV-A pelleting (or UV-A pellets) and
biomass not processed by UV-A pelleting (or powders) under different combinations of three
pretreatment variables (temperature, processing time, and solid content). For each kind of
material, a Box-Behnken design is employed to investigate sugar yields from three levels of each
pretreatment variable, and the results are analyzed based on response surface methodology
(RSM). Regression models of sugar yield are obtained. Sugar yields of the two kinds of materials
are compared based on experimental data and regression models. Results show that UV-A pellets
have higher sugar yield than powders under all combinations of pretreatment variables. The
sugar yield difference is larger with shorter processing time and more solid content.

7.1 Introduction
During the last three decades, consumption of liquid transportation fuels (including
gasoline, diesel, and jet fuels) in the U.S. has increased by more than 30% [1]. Conventional
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liquid transportation fuels are distilled from petroleum and account for about 70% of total
petroleum consumption [1]. In 2010, about 15 million barrels of petroleum was consumed in the
U.S. every day, and over 60% of them were imported [2]. In addition, price of petroleum in the
U.S. has almost doubled during the last ten years [1]. Rising petroleum price and concerns about
the nation’s energy security necessitates finding alternatives to petroleum-based liquid
transportation fuels.
Biofuels can be used as liquid transportation fuels. Ethanol (which has been used as
additive to gasoline) is the most widely used biofuel [3]. Ethanol can be used readily by currentgeneration vehicles and distributed through the existing infrastructure without (or with slight)
modifications [4]. In 2010, about 14.7 billion gallons of ethanol was produced in the U.S. [2].
The U.S. government has called for increasing the ethanol production to levels that would
replace about 30% of the annual petroleum consumption (or roughly 90 billion gallons) by 2030
[5,6].
Cellulosic biomass (fibrous, woody, and generally inedible portions of plant matter) has
been regarded as an important feedstock for ethanol production due to environmental, social, and
other benefits [4,7]. Major steps in cellulosic ethanol manufacturing are shown in Figure 7.1.
Planting, harvesting, and collection are required to produce cellulosic feedstocks. Storage and
transportation of biomass are required by feedstock logistics. Pretreatment, hydrolysis, and
fermentation are the three major steps to convert biomass into ethanol. The purpose of
pretreatment is to make cellulose more accessible to hydrolysis [4,8]. Hydrolysis breaks down
cellulose into its component sugars that are converted to ethanol by fermentation [4,8].
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Figure 7.1 Major steps in cellulosic ethanol manufacturing (after [8])
Biomass planting
Harvesting and collection
Storage
Transporting biomass to
biorefineries
Pretreatment
Hydrolysis
Fermentation
Ethanol

A major challenge in cellulosic ethanol manufacturing is high manufacturing costs that
are attributed, to a great extent, to low density of cellulosic feedstocks (causing high
transportation costs) and low efficiency of hydrolysis. Ultrasonic vibration-assisted (UV-A)
pelleting can increase the density of cellulosic biomass by more than 10 times [9,10]. A
preliminary study also shows that sugar yield of biomass processed by UV-A pelleting (or UV-A
pellets) is 23% higher than that of biomass not processed by UV-A pelleting (or powders) under
a specific pretreatment condition [10]. However, there is lack of comparisons on sugar yields of
UV-A pellets and powders under other pretreatment conditions. This paper reports an
investigation to compare sugar yields between UV-A pellets and powders under different
combinations of three pretreatment variables (temperature, processing time, and solid content).
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For each kind of material, a Box-Behnken design is employed to investigate sugar yields from
three levels of each pretreatment variable, and the results are analyzed based on response surface
methodology (RSM). Regression models of sugar yield are obtained. Sugar yields of the two
kinds of materials are compared based on experimental data and regression models.

7.2 Experimental procedures and conditions
The experimental procedure is presented in Figure 7.2. The cellulosic biomass used in
this study was wheat straw which was harvested from northwestern Kansas and stored indoors
before use. Hammer milling was used for size reduction of wheat straw to powders. The straw
powders were separated into two groups. One group went through pretreatment and hydrolysis.
Then its sugar yield was measured and referred to as sugar yield A. The other group was
compressed into pellets by using UV-A pelleting. The produced pellets went through
pretreatment and hydrolysis. Their sugar yield was then measured and referred to as sugar yield
B.

7.2.1 Hammer milling
In this study, a hammer mill (model 35, Meadows Mills, Inc., North Wilkesboro, NC,
USA) was used to produce wheat straw powders. A sieve with a 2 mm screen size was put in the
hammer mill to control particle size. The hammer mill had a steel drum containing a horizontal
rotating shaft on which panels were welded, as shown in Figure 7.3. The hammers were mounted
on panels using a pin and were free to swing on the ends of the panels. Biomass particle size was
reduced by hammers hitting biomass. The particles fell through the sieve if they were small
enough. Large particles were hit more by hammers until they could fell through the sieve.
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Figure 7.2 Experimental procedure
Wheat straw
Hammer milling
Straw powders

UV-A pelleting

Pretreatment

Pellets
Hydrolysis
Pretreatment
Hydrolysis

Sugar yield
measurement

Sugar yield
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Sugar yield B

Sugar yield A

Figure 7.3 Hammer milling
Drum
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Pin

Hammers

130

Panels

Shaft

7.2.2 UV-A pelleting
The experimental setup of UV-A pelleting is schematically illustrated in Figure 7.4. A
mold was fixed on a machine table using a fixture. The mold was made in three separate parts
which were assembled together with pins. The top two parts formed a hollow cylindrical
chamber and the bottom part served as a base. A certain amount of biomass (which was referred
to as pellet weight) was loaded into the mold chamber.

Figure 7.4 Illustration of UV-A pelleting setup
Pneumatic cylinder

Pressure
regulator

Converter

Air compressor

Tool
Power supply of
ultrasonic vibration

Mold
Ultrasonic
vibration

Feed
Biomass
Fixture

Machine
table

A tool with a solid cylinder tip was used to compress biomass. The diameter of the tool
tip was 17.4 mm, slightly smaller than that of the mold chamber (18.6 mm). The tool was
connected to an ultrasonic converter that generated ultrasonic vibration and transferred the
vibration to the tool. A power supply provided the power needed to generate the ultrasonic
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vibration and controlled the amplitude of the vibration. The frequency of the vibration was 20
kHz.
In UV-A pelleting, the tool was fed down with a constant pressure which was provided
by an air compressor and controlled by a pressure regulator. In this study, the pressure applied on
the top surface of wheat straw was referred to as pelleting pressure. When the tool moved down,
the ultrasonic vibration was applied on it. The period of time when biomass was compressed was
referred to as pelleting time. When the predetermined pelleting time was over, the tool was
retracted and the mold disassembled to unload the pellet. The values of the main UV-A pelleting
variables in this study were shown in Table 7.1.

Table 7.1 Values of main UV-A pelleting variables
Variable

Value

Pelleting pressure (psi) 1600
Pellet weight (gram)

2

Pelleting time (min)

1

7.2.3 Pretreatment
Pretreatment was carried out in a pressure reactor (Parr Instrument Company, Moline, IL,
USA). As illustrated in Figure 7.5, the reactor had a 600 mL reaction vessel. Wheat straw and
300 mL diluted sulfuric acid (1% w/v) were loaded in the vessel. The amount of wheat straw
loaded (by weight) was referred to as solid content. The mixture of wheat straw and acid was
stirred by two impeller mixers and treated at high temperatures that were generated by a heater.
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The period of time when wheat straw was treated in the reactor was referred to as processing
time. In this study, three levels of pretreatment variables (temperature, processing time, and solid
content) were investigated, as shown in Table 7.2.

7.2.4 Hydrolysis
Enzymatic hydrolysis was carried out in 125 mL flasks in a 50 °C water bath shaker
(Model C76, New Brunswick Scientific, Edison, NJ, USA). The flasks were agitated at 110 rpm.
In enzymatic hydrolysis, pretreated wheat straw was loaded in 50 mL solution with sodium
acetate buffer (100 mM, pH 4.8) and 0.02% (w/v) sodium azide. Then, 1 mL enzyme
(Accellerase 1500, Danisco US, Inc., Genencor Division, Rochester, NY) was loaded in the
solution.
Figure 7.5 Illustration of pretreatment reactor
Motor
M

Lid

Clamp
Reaction
vessel
Mixture of
biomass and
acid

Shaft
Impeller
mixer

Heater
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Table 7.2 Values of main UV-A pelleting variables

Variable

Unit Low level Middle level High level

Solid content g

10

15

20

Temperature

°C

120

140

160

Treat time

min

10

30

50

After enzymatic hydrolysis, the hydrolysis slurries were sampled by withdrawing 0.1 mL
of slurry from each flask. Sample slurries were then mixed with 0.9 mL double-distilled water in
1.5 mL vials. The vials were placed to boiling water for 15 min to deactivate the enzyme. After
the enzyme was deactivated, samples were centrifuged at 10,000 rpm for 15 minutes. The
supernatants were then further diluted and filtered into 1.5 mL autosampler vials through 0.2 μm
syringe filters (Millipore, Billerica, MA, USA). Filtered samples were kept at 4 °C before sugar
yield measurement.

7.2.5 Sugar yield measurement
In this study, sugar yield means the concentration of glucose in the prepared samples. It
was determined by an HPLC (high-performance liquid chromatography) (Shimadzu, Kyoto,
Japan) equipped with an RCM-monosaccharide column (300 × 7.8 mm; Phenomenex, Torrance,
CA, USA) and a refractive index detector (RID-10A, Shimadzu, Kyoto, Japan). In this
investigation, sugar yield was referred to as the measured glucose concentration.
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7.3 Results and discussion
Box-Behnken design was employed to setup the matrix of the experiments, as shown in
Table 7.3. Such a matrix (including 15 runs) was applied for each type of wheat straw (UV-A
pellets and powders). Results, also shown in Table 7.3, were analyzed by using analysis of
variance (ANOVA) and response surface methodology (RSM) with Design Expert (StatEase,
Inc., Minneapolis, MN, USA). The relationship between sugar yield and pretreatment variables
was fitted by the following equation:
𝑓 (𝑌) = 𝛽0 + ∑ 𝛽𝑖 𝑥𝑖 + ∑ 𝛽𝑖𝑗 𝑥𝑖 𝑥𝑗 + ∑ 𝛽𝑖𝑗 𝑥 2

(1)

where, Y represents the sugar yield, β represents the coefficient for each term, and x represents
the pretreatment variables.

7.3.1 Sugar yield of powders
The relations between powder sugar yield and pretreatment variables are shown in Figure
7.6. It can be seen that a higher sugar yield can be obtained with a higher temperature, a longer
processing time, or a less solid content. Through analysis in Design Expert, a regression model
was obtained corresponding to the three pretreatment variables. ANOVA was then conducted to
remove insignificant terms. A reduced model for powder sugar yield was obtained as:
Powder sugar yield = -43.025 + 0.598×A – 0.356×B + 0.09×C – 0.002×A2

(2)

where, A represents temperature, B represents processing time, and C represents solid content.
The analysis results of ANOVA indicated that the model was highly significant (p-value <0.001),
and the value of R-squared was 0.9887, indicating that the regression model fitted the
experimental results very well. Lack-of-fit test was performed to measure the failure of the
model by representing data in the experimental domain at the points that are not included in the
regression [11]. In this study, the test implied that lack-of-fit was insignificant, which suggested
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that the model could well predict the powder sugar yield for the combinations of pretreatment
variables which were not tested experimentally.

Table 7.3 Experimental matrix and results

Test # Temperature Processing time Solid content Powder sugar yield Pellet sugar yield
(°C)

(min)

(g)

(g/L)

(g/L)

1

160

20

30

9.10

10.19

2

140

20

50

8.01

8.58

3

140

20

10

5.44

7.02

4

140

15

30

7.60

8.44

5

120

10

30

4.56

4.97

6

160

10

30

10.12

10.63

7

120

15

50

4.64

5.01

8

160

15

10

8.98

10.51

9

160

15

50

10.12

10.63

10

140

15

30

7.04

7.74

11

140

10

10

6.90

7.87

12

120

20

30

3.32

3.95

13

120

15

10

2.98

3.67

14

140

15

30

7.26

8.20

15

140

10

50

9.46

9.74
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Figure 7.6 Relations between powder sugar yield and pretreatment variables

7.3.2 Sugar yield of UV-A pellets
The relations between pellet sugar yield and pretreatment variables are shown in Figure
7.7. A higher temperature, a longer processing time, or a less solid content would lead to a higher
sugar yield. Through analysis in Design Expert and analysis of ANOVA, a reduced model for
sugar yield of UV-A pellets was obtained as:
Pellet sugar yield = -50.187 + 0.693 ×A - 0.36 ×B + 0.135 ×C - 0.002×A2

(3)

where, A represents temperature, B represents processing time, and C represents solid content.
The model was highly significant (p-value <0.001), and the value of R-squared was 0.9902,
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indicating that the regression model fitted the experimental results very well. Lack-of-fit test was
insignificant, which suggested that the model could provide good prediction.
Figure 7.7 Relations between pellet sugar yield and pretreatment variables

7.3.3 Comparison of sugar yield
Sugar yields of UV-A pellets and powders were compared over the entire range of one
variable while keeping the other two variables constant. The sugar yield data were obtained from
both experimental results and model prediction.
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7.3.3.1 Sugar yield with different temperature
Figure 7.8 shows the comparison of sugar yield between UV-A pellets and powders when
temperature changed. The two lines in Figure 7.8 presented predicted sugar yield for UV-A
pellets and powders from regression models. Experimental results were plotted as single points.
It can be seen that, UV-A pellets have higher sugar yield than powders. This is true for the entire
temperature range investigated in this study.

Figure 7.8 Sugar yield with different temperature
12
Sugar yield (g/L)

Pellet test results
Pellet model
results

8

4
Powder model
results

Powder test
results

0
120

140
Temperature (°C)

160

Processing time: 10 mins
Solid content: 10 grams

7.3.3.2 Sugar yield with different processing time
Figure 7.9 shows the comparison of sugar yield between UV-A pellets and powders when
processing time changed. The two lines in Figure 7.9 presented predicted sugar yield for UV-A
pellets and powders from regression models. Experimental results were plotted as single points.
UV-A pellets have higher sugar yield than powders for the entire range of processing time. The
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difference of sugar yield between UV-A pellets and powders are larger when processing time is
shorter. As the processing time increases, difference of sugar yields between UV-A pellets and
powders are much smaller.
7.3.3.3 Sugar yield with different solid content
Figure 7.10 shows the comparison of sugar yield between UV-A pellets and powders
when solid content changed. The two lines in Figure 7.10 presented predicted sugar yield for
UV-A pellets and powders from regression models. For the entire range of solid content, UV-A
pellets have higher sugar yield than powders. The difference of sugar yield between UV-A
pellets and powders become larger as solid content is increased.
Figure 7.9 Sugar yield with different processing time
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Figure 7.10 Sugar yield with different solid content
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7.4 Conclusions
This paper reports an investigation to compare sugar yields between biomass processed
by UV-A pelleting (or UV-A pellets) and biomass not processed by UV-A pelleting (or powders)
under different combinations of three pretreatment variables (temperature, processing time, and
solid content). Major conclusions are:
(1) Same trend of relations between pretreatment variables and sugar yield are found for both
powders and UV-A pellets. A higher sugar yield can be obtained with a higher
temperature, a longer processing time, or a less solid content.
(2) UV-A pellets have higher sugar yield than powders for the entire range of the
investigated pretreatment variables. The difference of sugar yield between powders and
UV-A pellets is larger when shorter processing time or more solid content is applied.
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Chapter 8 - Mechanism of UV-A pelleting to enhance sugar yield –
an investigation on biomass particle size
This chapter presents an investigation on the mechanisms for UV-A pelleting to increase
sugar yield. A hypothesis for UV-A pelleting to increase sugar yield is that UV-A pelleting
reduces the particle size of cellulosic biomass. This paper reports an experimental investigation
on effects of UV-A pelleting on biomass particle size. Particle sizes before and after UV-A
pelleting are measured and compared. The content of this chapter has been published as a
technical paper.
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Abstract
Biofuels made from cellulosic biomass are an alternative to petroleum-based liquid
transportation fuels. However, several technical barriers have hindered cost-effective
manufacturing of cellulosic biofuels, such as low density of cellulosic feedstocks (causing high
transportation and storage costs) and low sugar yield in enzymatic hydrolysis. Ultrasonic
vibration-assisted (UV-A) pelleting can increase the density of cellulosic feedstocks and the
sugar yield in enzymatic hydrolysis. A hypothesis for UV-A pelleting to increase sugar yield is
that UV-A pelleting reduces the particle size of cellulosic biomass. This paper reports an
experimental investigation on effects of UV-A pelleting on biomass particle size. Particle sizes
before and after UV-A pelleting are measured and compared. The results show that there is no
significant difference between particle sizes before and after UV-A pelleting. Therefore, the
hypothesis is rejected.

8.1 Introduction
During the last three decades, consumption of conventional liquid transportation fuels
(including gasoline, diesel, and jet fuels) in the U.S. has increased by 50% [1]. Conventional
liquid transportation fuels are distilled from petroleum and account for 70% of total petroleum
consumption [1,2]. In 2010, the U.S. transportation sector consumed about 19.1 million barrels
of petroleum every day, and 49.4% of them were imported [3]. Also, use of conventional liquid
transportation fuels contributes to accumulation of greenhouse gas (GHG) in the atmosphere.
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Finite reserves, non-uniform distribution, volatile prices, and GHG emissions of petroleum make
it very important to develop domestic sustainable sources for liquid transportation fuels in the
U.S..
Cellulosic biofuels produced from cellulosic biomass (the fibrous, woody, and generally
inedible portions of plant matter) can reduce the U.S.’s dependence on foreign petroleum and cut
GHG emissions while continuing to meet the nation’s needs for liquid transportation fuels [4-6].
The U.S. government recently has called for an annual production of 36 billion gallons of
biofuels by 2022 [7]. In 2009, about 10.8 billion gallons of bioethanol (one type of biofuel) was
produced in the U.S. [8]. At present, more than 90% of bioethanol is produced from corn [9]. A
dramatic increase in bioethanol production from corn may be limited because corn production
for bioethanol will compete with food and feed production for limited agricultural land.
Cellulosic biofuels do not possess such limitations.
Figure 8.1 shows major steps in manufacturing of cellulosic biofuels. A key barrier to
cost-effective manufacturing of cellulosic biofuels is their high manufacturing costs which are, to
a great extent, caused by low density of bulky cellulosic feedstocks (resulting in high
transportation costs) [12-15] and low sugar yield in enzymatic hydrolysis (making hydrolysis one
of the most costly processes) [5,16-18].
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Figure 8.1 Major steps in manufacturing of cellulosic biofuels (after [10,11])
Cellulosic biomass
Harvest and collection
Transporting and
handling
Storage
Pretreatment
Hydrolysis
Fermentation
Biofuels

Traditional pelleting methods (e.g., using a screw extruder, a briquetting press, or a
rolling machine [19,20]) have been used to increase the density of cellulosic feedstocks. But they
generally involve high-temperature steam and high pressure, and often use binder materials. It is
difficult to realize cost-effective pelleting on or near the field (where cellulosic biomass is
available) with traditional pelleting methods. Ultrasonic vibration-assisted (UV-A) pelleting,
without using high-temperature steam, high pressure, and binder materials, can produce biomass
pellets whose density is comparable to those produced by traditional pelleting methods [21-23].
In addition, UV-A pelleting can significantly increase sugar yield of cellulosic biomass in
enzymatic hydrolysis. Results of preliminary tests show that sugar yield from cellulosic biomass
processed with UV-A pelleting is more than 20% higher than that without UV-A pelleting [24].
Up to now, the mechanisms through which UV-A pelleting can increase sugar yield of
cellulosic biomass are not clear. Knowledge of such mechanisms will be useful in optimizing the

147

parameters of UV-A pelleting for further increasing of sugar yield. Therefore, investigations on
such mechanisms are of high interest.
Bulky cellulosic feedstocks need to be turned into particles before UV-A pelleting and
enzymatic hydrolysis. The size of these cellulosic particles is an important input parameter of
enzymatic hydrolysis. Many researchers have reported that smaller particle sizes usually produce
higher sugar yields [25-30]. A hypothesis for UV-A pelleting to increase sugar yield is that UVA pelleting reduces the particle size of cellulosic biomass. The hypothesis will be rejected if UVA pelleting has no effects on particle size. This paper reports an experimental investigation on
effects of UV-A pelleting on biomass particle size.

Particle sizes before and after UV-A

pelleting are measured and compared.

8.2 Experimental conditions
The experimental procedure is shown in Figure 8.2. Bulky wheat straw was harvested
from northwestern Kansas and stored indoors before use. Milling and manual cutting were used
to produce wheat straw particles. After UV-A pelleting, pellets were soaked in distilled water to
separate them into individual particles for measurements. Particle sizes before and after UV-A
pelleting (and water soaking) were referred to as size 1 and size 2 respectively.
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Figure 8.2 Experimental procedure

Bulky wheat straw
Milling
Large particles

Small particles

Manual cutting
Measurement
of particle
Size 1

Pellets
UV-A pelleting
Water soaking

Particles
Air drying

Measurement
of particle
Size 2

8.2.1 Milling
A knife mill (model SM 2000, Retsch, Inc., Haan, Germany) was used to mill bulky
wheat straw into particles. A sieve with 2 mm screen size was put in the knife mill to control
particle size. Wheat straw particles after knife milling had a wide range of lengths (from less
than 10 mm to more than 50 mm), as shown in Figure 8.3.
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Figure 8.3 Wheat straw particles after knife milling

10 mm

8.2.2 Manual cutting
Ten grams of milled particles were cut into smaller particles manually with scissors. The
manually-cut particles had a roughly rectangular shape, as shown in Figure 8.4. A ruler was used
to control the particle size to be between 1 to 2 mm.

1.5 mm (Width)

Figure 8.4 Shape and size of a manually-cut particle

1.5 mm (Length)
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8.2.3 Ultrasonic vibration-assisted pelleting
Moisture content (amount of water contained in cellulosic biomass) of manually-cut
wheat straw particles was adjusted to 10% by following the ASABE Standard S358.2 [31]. Then
the manually-cut particles were pelleted into 10 pellets (1 gram per pellet) using an ultrasonic
machine (Sonic-Mill, Albuquerque, NM, USA). The experimental setup of UV-A pelleting is
illustrated in Figure 8.5. The tool was connected to an ultrasonic converter that provided
ultrasonic vibration to the tool. The mold was made in three separate parts which were assembled
together with pins. The top two parts formed a hollow cylinder and the bottom part served as a
base. Biomass was loaded into the center cavity of the mold, and the tool was fed into this cavity.
The tip of the tool was a solid cylinder that had a diameter of 17.4 mm, slightly smaller than that
of the central hole (18.6 mm) in the mold. After a predetermined period of time, the tool was
retracted and the mold disassembled to unload the pellet. After UV-A pelleting, a cylinder
shaped pellet was obtained.
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Figure 8.5 Illustration of UV-A pelleting setup
Pressure
regulator
Pneumatic
cylinder

Air compressor

Tool
Power supply of
ultrasonic vibration

Converter

Mold
Ultrasonic
vibration

Feed
Biomass
Fixture

Machine
table

Important input parameters in UV-A pelleting and their values are shown in Table 8.1.
Pelleting pressure was the air pressure in the pneumatic cylinder. It was controlled by a pressure
regulator connected to an air compressor. A higher pelleting pressure represented a higher
compression pressure applied on the wheat straw particles by the tool. Vibration frequency of the
tool was 20 kHz (a fixed value on the UV-A pelleting machine used in this experiment).
Ultrasonic power referred to the power provided to the ultrasonic converter by a power supply. It
could be adjusted from 0 to 100 percent. It controlled the amplitude of the tool vibration. A
larger ultrasonic power percentage produced a higher vibration amplitude. Pelleting time referred
to the period of time during which the pelleting tool was compressing wheat straw particles
inside the mold.
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Table 8.1 Input parameters and their values
Input parameter
Unit Value
Pelleting pressure
psi
40
Ultrasonic vibration frequency kHz
20
Ultrasonic power
%
60
Pelleting time
sec
20

8.2.4 Water soaking
After UV-A pelleting, the pellets were soaked in distilled water for one hour to separate
them into individual particles. Water soaking could separate the pellets produced by UV-A
pelleting into particles without using any mechanical forces. Using mechanical forces to separate
pellets into particles might reduce particle size.

8.2.5 Air drying
After the pellet was separated into individual particles, these particles were taken out
from water and dried in the air. The drying time was controlled so that the moisture content of
the dried particles reached 10% (the same as the moisture content before UV-A pelleting). In
order to obtain the desired moisture content, moisture content of these particles was measured
every two hours during drying until it reached 10%.

8.2.6 Measurement of particle size
As shown in Figure 8.6, milled wheat straw particles had small thickness and large top
surfaces. In this paper, particle size was referred to as the area of the top surface of a particle.
Particles with larger top surface area were considered having larger sizes. Both size 1 and size 2
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in Figure 8.2 were measured by two methods: using a microscope (model BX51, Olympus, Inc.,
Center Valley, PA, USA) and Image J (an image-processing program).

Figure 8.6 Top surface and thickness of a wheat straw particle

Top surface

1 mm

(A) Top view
Thickness

1 mm

(B) Side view

8.2.6.1 Measurement of particle size using a microscope
The shape of manually-cut particles was remained after UV-A pelleting and water
soaking. Figure 8.7 shows the shapes of a manually-cut particle at three different stages. The size
of a particle was calculated by multiplying its length and width that were measured using a
microscope. The length and width of a particle were measured at three different locations, as
shown in Figure 8.8. Their average values were used to calculate particle sizes. This method can
provide information on each of individual particles. But it is tedious and time consuming.
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Figure 8.7 Shapes of a manually-cut particle at three different stages

1 mm

(A)

(B)

(C)

(A) Before UV-A pelleting;
(B) After UV-A pelleting;
(C) After water soaking.

Width

Figure 8.8 Measurement of a particle’s length and width using a microscope

Length

8.2.6.2 Measurement of particle size using Image J
Using Image J could measure the size of many particles simultaneously thus increase
measurement efficiency. This method was developed at the National Institutes of Health (NIH).
Image J can process and analyze an image (e.g. a photograph) of the particles [32], as shown in
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Figure 8.9. Based on the color contrast in the processed photograph, Image J could calculate the
size of the particles in the photograph.

Figure 8.9 A photograph used by Image J to measure particle size

10 mm

10 mm

(A)

(B)

(A) Original photograph

(B) Processed by Image J

8.3 Experimental results
8.3.1 Effects of water soaking on particle size
There are no reports in the current literature on effects of water soaking on the size of the
soaked particles. In order to study the effects of UV-A pelleting on particle size, it is necessary to
know the effects of water soaking on particle size, because water soaking is needed to separate
pellets into individual particles.
The particle sizes before and after water soaking were compared using a paired T-test.
The sample size of the T-test was determined based on a pilot water soaking test in which ten
particles (which were collected from a pellet using tweezers) were soaked and their sizes before
and after water soaking were measured. The measurement data of the pilot test were shown in
Table 8.2. The difference between the mean values (before and after water soaking) was 0.01
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mm2. The standard deviations of the measured particle size were 0.01 mm2. Sample size was
calculated to be 20 by using operating characteristic curves with the power of the test being 0.8
[33]. It meant that the probability of type II error (failed to detect the difference between the
particles sizes before and after water soaking while they were indeed different) in the T-test
would be 20% when 20 sample particles were measured and compared in the paired T-test. A
smaller sample size would cause a larger type II error.

Table 8.2 Measurement data of the pilot test
Particle size
Particle size
Before soaking After soaking
(mm2)
(mm2)
1
2.97
2.97
2
2.96
2.97
3
2.94
2.95
4
2.95
2.99
5
2.96
2.98
6
2.95
2.97
7
2.96
2.96
8
2.97
2.96
9
2.98
2.99
10
2.95
2.96
Mean
2.96
2.97
Standard deviation
0.01
0.01
Particle #

The 20 sample particles that were used to evaluate effects of water soaking on particle
size were collected from a pellet using tweezers. The pellet was produced using the conditions
described in Table 8.1. The moisture content of the particles before and after water soaking was
adjusted to 10%. The particle sizes before and after water soaking were measured using a
microscope. The measurement data were shown in Table 8.3. The obtained P value of the paired
T-test was 0.19. It indicated that the particle sizes before and after water soaking were not
significantly different at any significance level lower than 0.19 (α < 0.19).
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Table 8.3 Paired T-test results on particle size before and after soaking
Particle size
Particle size
Particle # Before soaking After soaking
(mm2)
(mm2)
1
2.97
2.97
2
2.89
2.93
3
2.94
2.95
4
2.95
2.93
5
2.96
2.98
6
2.91
2.93
7
3.06
3.06
8
2.97
2.96
9
2.98
2.96
10
3.05
3.06
11
2.97
2.97
12
2.89
2.91
13
2.92
2.93
14
2.97
3.01
15
2.96
2.98
16
2.89
2.91
17
3.06
3.06
18
2.98
2.97
19
3.07
3.03
20
3.05
3.06
P value
0.19

8.3.2 Effects of UV-A pelleting on particle size
The particle sizes before and after UV-A pelleting were compared using a two-sample Ttest. The sample size of the T-test was determined based on a pilot UV-A pelleting test in which
one gram of manually-cut particles was pelleted and the pellet was separated into particles by
water soaking. Before and after UV-A pelleting, ten particles were randomly collected
respectively and their sizes were measured. The measurement data were shown in Table 8.4. The
difference between the mean values of particle size (before and after UV-A pelleting) was 0.01
mm2. The standard deviations of the measured particle size were 0.07 mm2. Sample size was
calculated to be 600 by using operating characteristic curves with the power of the test being 0.8.
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It meant that the probability of type II error (failed to detect the difference between particles
sizes before and after UV-A pelleting while they were indeed different) in the T-test would be 20%
when 600 sample particles were measured in the T-test. Since 10 pellets were produced, 60
sample particles were collected randomly from each pellet.

Table 8.4 Measurement data of the pilot UV-A pelleting test
Particle size
Particle size
Before pelleting After pelleting
(mm2)
(mm2)
1
4.26
4.21
2
4.33
4.31
3
4.17
4.21
4
4.31
4.26
5
4.15
4.19
6
4.19
4.23
7
4.29
4.21
8
4.27
4.24
9
4.22
4.27
10
4.33
4.29
Mean
4.25
4.24
Standard deviation
0.07
0.04
Particle #

Tables 8.5 and 8.6 show the average particle sizes of all 60 particles in the 10 pellets
measured using a microscope and Image J respectively. A two-sample T-test was performed to
compare the particle sizes before and after UV-A pelleting. The obtained P values were 0.77 and
0.78 for the data measured by the two methods. It indicated that the particle sizes before and
after UV-A pelleting were not significantly different at any significance level lower than 0.77 (α
< 0.77). With the power of the test being 0.8, it was concluded that particle sizes before and after
UV-A pelleting were not significantly different. UV-A pelleting had no significant effects on
particle size.
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Table 8.5 Particle size measured using a microscope
Before UV-A pelleting After UV-A pelleting
Pellet # Particle size (average) Particle size (average)
(mm)
(mm)
1
4.25
4.31
2
4.36
4.32
3
4.42
4.38
4
4.23
4.21
5
4.13
4.19
6
4.11
4.21
7
4.16
4.15
8
4.15
4.15
9
4.29
4.28
10
4.23
4.25
P value
0.77

Table 8.6 Particle size measured using Image J
Before UV-A pelleting After UV-A pelleting
Pellet # Particle size (average) Particle size (average)
(mm)
(mm)
1
4.24
4.19
2
4.32
4.32
3
4.38
4.36
4
4.27
4.26
5
4.15
4.19
6
4.19
4.23
7
4.26
4.19
8
4.24
4.21
9
4.21
4.27
10
4.32
4.28
P value
0.78
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8.3.3 Comparison of two measurement methods
The current literature contains no reports of using Image J to measure the particle size of
cellulosic biomass. In this paper, the measurement data from Image J were compared to those
measured by the microscope method to evaluate the validity of using Image J to measure particle
size of cellulosic biomass.
The measurement data of particle size obtained by the two methods (data in Tables 8.5
and 8.6) were combined in Table 8.7. Two-sample T-tests were used to compare the data from
the two methods. The results of the T-tests indicated that the measurement data of the two
methods had no significant difference at any significance level lower than 0.53 (α < 0.53). In
addition, the power of the test was calculated to be 0.86 based on operating characteristic curves
with the sample size being 600. It indicated that the measurement data obtained from Image J
were not significantly different from those from the microscope method. It was concluded that
Image J could be used to measure particle size of cellulosic biomass.

Table 8.7 Comparison of the two measurement methods
Pellet No.
1
2
3
4
5
6
7
8
9
10
P value

Before UV-A pelleting After UV-A pelleting
Method 1 Method 2 Method 1 Method 2
4.25
4.24
4.31
4.19
4.36
4.32
4.32
4.32
4.42
4.38
4.38
4.36
4.23
4.27
4.21
4.26
4.13
4.15
4.19
4.19
4.11
4.19
4.21
4.23
4.16
4.26
4.15
4.19
4.15
4.24
4.15
4.21
4.29
4.21
4.28
4.27
4.23
4.32
4.25
4.28
0.53
0.87
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8.4 Conclusions
This paper reports an experimental investigation on effects of ultrasonic vibrationassisted (UV-A) pelleting on cellulosic biomass particle size. Particle sizes before and after UVA pelleting are measured and compared by two methods: using a microscope and using Image J
(an image-processing program). The following conclusions can be drawn:
(1)

Using water soaking to separate pellets into individual particles did not have
significant effects on the size of the soaked particles (at the significance level of α <
0.19 with the power of the test being 0.8).

(2)

Particle sizes before and after UV-A pelleting are not significantly different. In
other words, UV-A pelleting has no effects on particle size. Therefore, the proposed
hypothesis that UV-A pelleting increases sugar yield by reducing particle size is
rejected.

(3)

The measurement data of particle size obtained by using a microscope or Image J
are not significantly different. Therefore, Image J can be used to measure the
particle size of cellulosic biomass.
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Chapter 9 - Mechanism of UV-A pelleting to enhance sugar yield –
microscopic examination on biomass surface morphology
This chapter presents a microscopic examination of the changes on surface morphology
of cellulosic biomass caused by UV-A pelleting and diluted acid pretreatment. Surface
morphologies of biomass processed and not processed by UV-A pelleting are observed and
compared using a scanning electron microscope (SEM). Significant differences in the surface
morphologies between biomass processed by UV-A pelleting and biomass not processed by UVA pelleting are revealed after they go through acid pretreatment. The content of this chapter will
be submitted to Journal of Manufacturing Science and Engineering.
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Abstract
In cellulosic ethanol manufacturing, cellulose is converted into fermentable sugars that
are converted into ethanol by fermentation. Ethanol yield is approximately proportional to sugar
yield. It is found that the sugar yield of cellulosic biomass treated by ultrasonic vibration-assisted
(UV-A) pelleting is higher than that of untreated biomass. However, the mechanisms of UV-A
pelleting to increase biomass sugar yield are unknown. This paper reports an investigation on
such mechanisms. Surface morphologies of biomass processed and not processed by UV-A
pelleting are observed and compared using a scanning electron microscope (SEM). It is found
that UV-A pelleting does not noticeably change the biomass surface morphology. However,
significant differences in the surface morphologies between biomass processed by UV-A
pelleting and biomass not processed by UV-A pelleting are revealed after they go through acid
pretreatment. Severe disruption is observed on the surface of biomass processed by UV-A
pelleting. Internal cellulose structures are also exposed by UV-A pelleting. For biomass surface
not processed by UV-A pelleting, only small cracks are observed without internal cellulose
structures.
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9.1 Introduction
Rising petroleum price and concerns about the nation’s energy security necessitate
finding alternatives to petroleum-based liquid transportation fuels. Biofuels can be used as liquid
transportation fuels. Ethanol (which has been used as additive to gasoline) is the most widely
used biofuel [Demirbas, 2005]. Ethanol can be used readily in current-generation vehicles and
distributed through the existing infrastructure without (or with slight) modifications [DOE, 2006].
In 2010, about 14.7 billion gallons of ethanol was produced in the U.S. [EIA, 2011]. The U.S.
government has called for increasing the ethanol production to levels that would replace about 30%
of the annual petroleum consumption (or roughly 90 billion gallons) by 2030 [DOE, 2003;
Sokhansanj et al., 2006].
Cellulosic biomass (fibrous, woody, and generally inedible portions of plant matter) has
been regarded as important feedstock for ethanol production due to environmental, social, and
other benefits [DOE, 2006; Decker, 2009]. Major steps in cellulosic ethanol manufacturing are
shown in Figure 9.1. There are three major steps to convert biomass to ethanol. The purpose of
pretreatment is to increase the accessibility of cellulose to enzymatic hydrolysis. Hydrolysis
breaks down cellulose into its component sugars. Fermentation converts sugars to ethanol.
Ethanol yield in fermentation is approximately proportional to sugar yield in hydrolysis.
Ultrasonic vibration-assisted (UV-A) pelleting was first described in the literature by Pei
et al. [Pei et al., 2009]. UV-A pelleting can produce pellets whose density is comparable to those
produced by other pelleting methods [Zhang et al., 2010; Zhang et al., 2011]. It is also found that
biomass (switchgrass) treated by UV-A pelleting could generate 23% higher sugar yield than
untreated biomass powders [Zhang et al., 2011]. However, the mechanisms of UV-A pelleting to
increase sugar yield are unknown. This paper reports an investigation on such mechanisms.
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Surface morphologies of biomass processed and not processed by UV-A pelleting are observed
and compared.
Figure 9.1 Major steps in cellulosic ethanol manufacturing (after [Rubin, 2008])
Biomass planting
Harvesting and collection
Storage
Transporting biomass to
biorefineries
Pretreatment
Hydrolysis
Fermentation
Ethanol

9.2 Literature review on effects of surface morphology on sugar yield
Zeng et al. [2007] compared the surface morphologies of corn stover before and after hot
water pretreatment after which sugar yield of corn stover increased significantly. They found that
hot water pretreatment broke the cell wall of corn stover and disrupted the cell structure. Wang et
al. [2008] investigated the morphological structure of microcrystalline cellulose (MCC) before
and after ultrasonic treatment. Many concave pits and cracks were observed on the surface of
treated MCC while none of them was observed on the surface of untreated MCC. The pits and
cracks were believed to increase the accessibility of cellulose and lead to higher sugar yield.
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9.3 Experimental procedures and conditions
The experimental procedure is presented in Figure 9.2. The biomass material used in this
paper was wheat straw which was harvested from northwestern Kansas and stored indoors before
use. Hammer milling was used for size reduction of wheat straw to powders. The straw powders
were separated into two groups. One group was compressed to pellets by UV-A pelleting and the
other group was not. The surface morphology of untreated powders (SM 1 ) and pellets (SM 2 ) was
observed by using a scanning electron microscope (SEM). SM 1 was compared with SM 2 to test
whether or not UV-A pelleting would change the surface morphology of wheat straw. Then both
powders and pellets went through acid pretreatment. The surface morphology of pretreated
powders (SM 3 ) and pellets (SM 4 ) were compared again to test whether or not UV-A pelleting
had effects on the surface morphology of wheat straw after pretreatment.

9.3.1 Size reduction of wheat straw to powder using hammer milling
In this study, a hammer mill (model 35, Meadows Mills, Inc., North Wilkesboro, NC,
USA) was used to produce wheat straw powders. A sieve with a 2 mm screen size was put in the
hammer mill to control particle size. The hammer mill had a steel drum containing a horizontal
rotating shaft on which panels were welded, as shown in Figure 9.3. The hammers were mounted
on panels using a pin and were free to swing on the ends of the panels. The size of wheat straw
was reduced by hammers hitting biomass. The particles fell through the sieve if they were small
enough. Large particles were hit more by hammers until they could fell through the sieve.

9.3.2 UV-A pelleting
The experimental setup of UV-A pelleting is schematically illustrated in Figure 9.4. A
mold was fixed on a machine table using a fixture. The mold was made in three separate parts
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which were assembled together with pins. The top two parts formed a hollow cylindrical
chamber and the bottom part served as a base. A certain amount of biomass (which was referred
to as pellet weight) was loaded into the mold chamber.
Figure 9.2 Experimental procedure
Wheat straw
Hammer milling
Straw powders

UV-A pelleting
SEM observation (SM1)

Pellets
SEM observation (SM2)

Compare MS1 & MS2

Pretreatment

Pretreatment

SEM observation (MS3)

SEM observation (MS4)

Compare MS3 & MS4

A tool with a solid cylinder tip was used to compress biomass. The diameter of the tool
tip was 17.4 mm, slightly smaller than that of the mold chamber (18.6 mm). The tool was
connected to an ultrasonic converter that generated ultrasonic vibration and transferred the
vibration to the tool. A power supply provided the power needed to generate the ultrasonic
vibration and controlled the amplitude of the vibration. The frequency of the vibration was 20
kHz.
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Figure 9.3 Hammer milling

Sieve

Hammers

Shaft

Panels

Figure 9.4 Illustration of UV-A pelleting setup
Pneumatic cylinder

Pressure
regulator

Converter

Air compressor

Tool
Power supply of
ultrasonic vibration

Mold
Ultrasonic
vibration

Feed
Biomass
Fixture

Machine
table

In UV-A pelleting, the tool was fed down with a constant pressure which was provided
by an air compressor and controlled by a pressure regulator. In this study, the pressure applied on
the top surface of wheat straw was referred to as pelleting pressure. When the tool moved down,
the ultrasonic vibration was applied on it. The period of time when biomass was compressed was
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referred to as pelleting time. When the predetermined pelleting time was over, the tool was
retracted and the mold disassembled to unload the pellet.

9.3.3 Pretreatment
Pretreatment was carried out in a pressure reactor (Parr Instrument Company, Moline, IL,
USA) with a 600 mL reaction vessel, as illustrated in Figure 9.5. Wheat straw samples (pellets or
powders) were mixed with diluted sulfuric acid (1% w/v) in the vessel to obtain 3.3% solid
content (approximately 10 grams wheat straw samples in 300 mL diluted sulfuric acid solution).
The slurry was stirred by two impeller mixers and treated at a temperature of 140 °C for 30
minutes. Pretreated wheat straw was washed with hot distilled water and centrifuged four times
to remove dissolved sugars and sulfuric acid. Washed wheat straw was dried in the air for 72
hours.
Figure 9.5 Illustration of pretreatment reactor
Motor
M

Lid

Clamp
Reaction
vessel
Mixture of
biomass and
acid

Shaft
Impeller
mixer

Heater
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9.3.4 Scanning electron microscopic observation
To observe the surface morphology, dried wheat straw samples were observed by using
an EVO MA10 SEM (Carl Zeiss Microscopy, Thornwood, NY, USA) operating at 5 kV.

9.4 Experimental results
Surface morphology of powders and pellets before pretreatment is shown in Figure 9.6.
The untreated powders have naturally curved surfaces. The surfaces of wheat straw treated by
UV-A pelleting are flat, which is caused by the pressure applied to the material during pelleting.
Both surfaces look smooth and integrated. There is no obvious difference between the surfaces
of the two types of materials, indicating that UV-A pelleting itself does not change the surface
morphology of wheat straw as observed with SEM.
Figure 9.6 SEM images of wheat straw before pretreatment
A

B

A: Untreated by UV-A pelleting;
B: Treated by UV-A pelleting.
Figure 9.7 shows the surface morphology of powders and pellets after pretreatment.
There are some small cracks on the surface of pretreated wheat straw powders (Figure 9.7A).
The cells on the surface can be recognized. For pellets after pretreatment, the surface is disrupted
(Figure 9.7B), resulting in exposure of internal structure such as vascular bundles (Figure
9.7C,D,E,F). Vascular bundles have a spiral form (Figure 9.7F) or an annular ring form [Yu et al.,
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2005; Corredor et al., 2009]. The major component of vascular bundles is cellulose [Yu et al.,
2005]. The observation of vascular bundles indicates that UV-A pelleting, combined with
pretreatment, would result in direct exposure of cellulose to enzymes and thus increase the
accessibility of cellulose to enzymatic attack. However, such morphological feature is not
observed in the samples without UV-A pelleting even though they are pretreated.
Figure 9.7 SEM images of wheat straw after pretreatment
B

A

C

D
Vascular bundles
Vascular
bundles

E

F

Vascular
bundles
Vascular
bundles

A: Untreated by UV-A pelleting;
B – F: Treated by UV-A pelleting.
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9.5 Conclusions
This paper reports an investigation on mechanisms of ultrasonic vibration-assisted (UV-A)
pelleting of biomass to increase sugar yield in cellulosic ethanol manufacturing. The surface
morphology of UV-A pelleting treated and untreated wheat straw are investigated and compared.
It is found that UV-A pelleting does not noticeably change the biomass surface morphology.
However, significant differences in the surface morphologies between biomass processed by
UV-A pelleting and biomass not processed by UV-A pelleting are revealed after they go through
acid pretreatment. Severe disruption is observed on the surface of biomass processed by UV-A
pelleting. Internal cellulose structures are also exposed by UV-A pelleting. For biomass surface
not processed by UV-A pelleting, only small cracks are observed without internal cellulose
structures.
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Chapter 10 – Pellet density model in UV-A pelleting
This chapter presents a mechanistic model to predict pellet density in UV-A pelleting.
The predicted pellet densities are compared with experimental results. The content of this chapter
will be submitted to Journal of Manufacturing Science and Engineering.
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Abstract
Ultrasonic vibration-assisted (UV-A) pelleting can increase cellulosic biomass density
and reduce biomass handling and transportation costs in cellulosic ethanol manufacturing.
Effects of input variables in UV-A pelleting on pellet density have been studied experimentally.
However, there is no report on modeling of pellet density in UV-A pelleting. In the literature,
most reported density models in pelleting of biomass are empirical. This paper presents a
mechanistic model to predict pellet density in UV-A pelleting. The predicted data are compared
with experimental results. There is good agreement between the model and experimental data.

10.1 Introduction
10.1.1 Manufacturing of cellulosic ethanol
Rising petroleum price and concerns about the nation’s energy security necessitate
finding alternatives to petroleum-based liquid transportation fuels. One such alternative is
ethanol which can be used readily by current-generation vehicles and distributed through the
existing infrastructure without (or with slight) modifications [DOE, 2006]. Cellulosic biomass
(fibrous, woody, and generally inedible portions of plant matter) has been regarded as an
important feedstock for ethanol manufacturing due to environmental, social, and other benefits
[DOE, 2006; Decker, 2009].
Major steps of cellulosic ethanol manufacturing are shown in Figure 10.1. It starts with
biomass planting. A sequence of steps (harvesting and collection, storage, and transportation) is
needed to turn biomass into feedstocks for biorefineries. Pretreatment, hydrolysis, and
fermentation are the major steps for converting the feedstocks into ethanol.
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Figure 10.1 Major steps in cellulosic ethanol manufacturing (after [Rubin, 2008])
Biomass planting
Harvesting and collection
Storage
Transporting biomass to
biorefineries
Pretreatment
Hydrolysis
Fermentation
Ethanol

A DOE-sponsored study revealed several limitations to the commercial feasibility of
cellulosic feedstocks for large-scale ethanol manufacturing [DOE, 2003]. One limitation is the
high costs related to cellulosic feedstock production and logistics [DOE, 2006; Yang and Wyman,
2008], which can constitute 35% or more of the total production costs of cellulosic ethanol
[Aden et al., 2002; Phillips et al., 2007]. Specifically, the logistics associated with handling lowdensity biomass and moving it from the land to biorefineries can make up more than 50% of the
feedstock costs [Hess, 2007].

10.1.2 Approaches of biomass pelleting
Pelleting is generally described as “the agglomeration of small particles into larger
particles by the means of a mechanical process, and in some applications, thermal processing”
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[Falk, 1985]. Pelleting can increase the density of cellulosic biomass. Furthermore, pellets can be
handled and transported with existing grain-handling equipment. As a result, efficiencies of
biomass handling and transportation will be improved, resulting in a reduction in handling and
transportation costs.
Biomass pelleting can be performed using different traditional processes (for example,
using a screw extruder, a briquetting press, or a rolling machine) [Mani et al., 2003; Sokhansanj
et al., 2005]. However, these processes generally involve high-temperature steam and high
compressing pressure, and often use binder materials, making it difficult to realize cost-effective
pelleting on or near the field where biomass is available.
Ultrasonic vibration-assisted (UV-A) pelleting does not use high-temperature steam and
binder materials. Previous studies show that the pellet density of UV-A pelleting is comparable
to that of traditional pelleting methods [Zhang et al., 2010; Zhang et al., 2011].

10.1.3 Reported studies on pellet density in UV-A pelleting
Effects of input variables (such as pelleting pressure, ultrasonic power, pellet weight,
biomass particle size, and biomass moisture content) in UV-A pelleting on pellet density have
been studied experimentally. Main effects of the input variables on pellet density were reported
[Zhang et al., 2011]. Interaction effects of the input variables on pellet density were also reported
[Zhang et al., 2010]. However, there is a lack of models on pellet density in UV-A pelleting.

10.1.4 Density models for biomass pelleting
Many empirical models on pellet density in traditional pelleting processes have been
proposed, as summarized in Table 10.1. These models mainly describe the relations between
pelleting pressure and pellet density. Other input variables are not involved in these models.
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Although the empirical models can fit some experimental results well, they cannot explain the
pelleting mechanisms. Furthermore, many empirical models do not fit the experimental result
very well when the pelleting pressure is low, while low pelleting pressure is used in UV-A
pelleting.
Table 10.1 Models on pellet density of cellulosic biomass
Model

Reference
𝑃 = 𝑐1 (𝜌𝑐2 − 𝜌0 𝑐3 )
𝑃 = 𝑐4 𝑙𝑛𝜌𝑐5

𝜌𝑚𝑎𝑥 − 𝜌
= 𝑒 (−𝑃/𝐾)
𝜌𝑚𝑎𝑥 − 𝜌0

Mewes, 1959
O'Dogherty and Wheeler, 1984
Bilanski et al., 1985

𝜌 = 𝜌0 + (𝑐6 + 𝑐7 𝑃 )(1 − 𝑒 −𝑐8 𝑃 ) Ferrero et al., 1991
𝑃 = 𝑐9 + 𝑐10 𝜌 + 𝑐11 𝜌2

Viswanathan and Gothandapani,1999

where

c1, c2…c11 = model constants
P = applied pelleting pressure
ρ = Density of compressed biomass
ρ0 = Density of uncompressed biomass
ρmax = Maximum density of biomass
K = stiffness of biomass powders

Some researchers have proposed density models for biomass pelleting based on rheology
theories where biomass is treated as a continuum material [Macosko, 1994]. Three types of
deformation (elastic, plastic, and viscous) are denoted in rheological models as mechanical
analogues such as spring, friction elements, and dashpot elements [Macosko, 1994]. The
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compression behavior of biomass is simulated using combinations of spring, friction elements,
and dashpot elements [Mohsenin, 1986; Macosko, 1994; Haddad, 1995]. However, a rheological
model usually contains several unknown constants which are highly dependent on different
materials. Therefore, many experiments are needed to determine the unknown constants.

10.1.5 Outline of this paper
In this paper, for the first time, a mechanistic model is proposed to predict pelleting
density in UV-A pelleting. The objectives are to provide guidance to obtain the desired pellet
density. This paper is organized into four sections. Following this introduction section, Section
10.2 develops the mechanistic model. Section 10.3 presents the experimental determination of a
mechanistic parameter in the model. Section 10.4 discusses the experiments performed to verify
the model. Conclusions are drawn up in Section 10.5.

10.2 Development of the mechanistic density model
10.2.1 Model assumptions
Development of the mechanistic density model in this paper is based on the following
assumptions:
(1) Biomass uniformly fills the mold chamber;
(2) The vertical pressure is uniform across any horizontal cross section;
(3) The horizontal pressure is uniform across any horizontal cross section;
(4) The frictional force per unit area between biomass and mold wall is given by the product
of coefficient of friction and the horizontal pressure;
(5) The coefficient of friction at any contacting point between biomass and mold is constant;
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(6) In any horizontal layer of biomass, there is a linear relation between the vertical pressure
and the horizontal pressure; and the ratio of the vertical pressure to the horizontal
pressure in any horizontal layer of biomass is constant.

10.2.2 Derivation of the model
It has been observed that pellets will expand after removal of the pelleting pressure. The
expansion will reduce pellet density. This phenomenon is not considered in this model. The
model proposed in this paper aims to predict pellet density under certain pelleting pressure.
10.2.2.1 Density in pelleting without ultrasonic vibration (ultrasonic power = 0)
Figure 10.2 shows the arrangement of mold, tool, and cellulosic biomass during pelleting.
Let P 0 be the external pressure applied vertically downwards by the tool at x = 0, the top of the
pellet. In this study, P 0 is also referred to as pelleting pressure. Let P L be the resistant pressure
applied vertically upwards by the mold at x = L, the bottom of the pellet. For the horizontal layer
(with thickness of d x ) at depth x, the vertical pressure on its top surface is referred to as P x and
on its bottom surface P x +dP x. The horizontal pressure in the layer is kP x . Considering the
equilibrium of the horizontal layer between the depths x and x + dx,
𝑃𝑥 ∙ 𝜋𝑟 2 + 𝜌𝑔 ∙ 𝜋𝑟 2 ∙ 𝑑𝑥 = (𝑃𝑥 + 𝑑𝑃𝑥 ) ∙ 𝜋𝑟 2 + 𝜇 ∙ 2𝜋𝑟 ∙ 𝑑𝑥 ∙ 𝑘𝑃𝑥

(1)

where, ρ is the pellet density, r is the radius of the mold chamber, µ is the coefficient of friction
between wheat straw and mold wall, and k is the ratio of vertical pressure to horizontal pressure.
The reported µ value in the literature varies from 0.2 to 0.4 [Ozerov, 1961; O'Dogherty, 1989],
and k value varies from 0.35 to 0.5 [O'Dogherty, 1989]. In this study, the values of µ and k are
assumed to be 0.268 and 0.5 respectively. These values have also been used by other researchers
[Faborode and O’Callaghan, 1986]. Equation (1) can be rearranged as:
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𝑑𝑃𝑥
𝑑𝑥

= 𝜌𝑔 −

2𝜇𝑘

The solution of this differential equation is:
2𝜇𝑘
𝑑𝑥
𝑟

𝑃𝑥 = (∫ 𝜌𝑔 ∙ 𝑒 ∫

𝑟

∙ 𝑃𝑥

(2)

2𝜇𝑘
𝑑𝑥
𝑟

∙ 𝑑𝑥 + 𝐶) ∙ 𝑒 − ∫

(3)

where, C is an constant. Equation (3) can be transformed to:
𝜌𝑔𝑟

2𝜇𝑘
𝑥
𝑟

+ 𝐶 ∙ 𝑒−

(4)

⎧𝑃0 = 2𝜇𝑘 + 𝐶
⎪
2𝜇𝑘
𝜌𝑔𝑟
𝑃𝐿 =
+ 𝐶 ∙ 𝑒− 𝑟 𝐿
2𝜇𝑘
⎨
⎪𝜌 = 𝑀
⎩
𝐿∙𝜋𝑟 2

(5)

𝑃𝑥 =

2𝜇𝑘

It is known that P x = P 0 at x = 0, and P x = P L at x = L. The following equations can be
obtained:
𝜌𝑔𝑟

(6)
(7)

where, M is the weight of biomass loaded into the mold chamber. These three equations can be
assembled into Equation (8):
𝑃𝐿 =

𝜌𝑔𝑟
2𝜇𝑘

+ (𝑃0 −

𝜌𝑔𝑟
2𝜇𝑘

)∙𝑒

2𝜇𝑘𝑀
𝜌𝜋𝑟3

−

(8)

The only unknown variable in Equation (8) is ρ, the density of compressed biomass. So ρ
can be calculated.
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Figure 10.2 Sketch of the arrangement of mold, tool, and biomass with relevant forces
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10.2.2.2 Density in UV-A pelleting (ultrasonic power ≠ 0)
When ultrasonic vibration is applied on the tool, the pellet density can also be derived
from Equation (1). However, values of µ and k in Equation (1) for UV-A pelleting might be
different from those for pelleting without ultrasonic vibration. In the literature, there are no
results or data showing how ultrasonic vibration will affect the values of µ and k. Since µ and k
always appear together as a product in Equations (1) and (8), a mechanistic parameter b is
introduced to present the difference (if there is any) of the product in pelleting with and without
applying ultrasonic vibration to the tool. And Equation (1) is changed to:
𝑃𝑥 ∙ 𝜋𝑟 2 + 𝜌𝑔 ∙ 𝜋𝑟 2 ∙ 𝑑𝑥 = (𝑃𝑥 + 𝑑𝑃𝑥 ) ∙ 𝜋𝑟 2 + 𝑏𝜇 ∙ 2𝜋𝑟 ∙ 𝑑𝑥 ∙ 𝑘𝑃𝑥

(9)

Accordingly, Equation (8) is changed to:
𝑃𝐿 =

𝜌𝑔𝑟

2𝑏𝜇𝑘

+ (𝑃0 −

𝜌𝑔𝑟

2𝑏𝜇𝑘

)∙𝑒

2𝑏𝜇𝑘𝑀
𝜌𝜋𝑟3

−

(10)

In Equation (10), there are two unknown variables: ρ and b. In order to calculate ρ, b
needs to be determined experimentally.
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10.3 Determination of mechanistic parameter b using experiments
10.3.1 Experimental setup and conditions
The cellulosic biomass material used in this study was wheat straw which was harvested
from northwestern Kansas and stored indoors before use. A hammer mill (model 35, Meadows
Mills, Inc., North Wilkesboro, NC, USA) was used to produce straw powders using a 2 mm
sieve. The moisture content of the straw powders was adjusted to 5% according to ASABE
standard S358.2 [ASABE, 2002].
A Sonic-Mill ultrasonic machine (Sonic-Mill, Albuquerque, NM, USA) was used to
perform UV-A pelleting. The setup of UV-A pelleting is illustrated in Figure 10.3. One gram of
straw powders was put in a plastic tube. A compression spring (Lee Spring, Gilbert, AZ, USA)
was put underneath the straw powders. A tool with a solid cylinder tip was used to compress
biomass. The diameter of the tool tip was 17.4 mm, slightly smaller than that of the inner
diameter of the tube (19 mm). The tool was connected to an ultrasonic converter that generated
ultrasonic vibration and transferred the vibration to the tool. A power supply provided the power
needed to generate the ultrasonic vibration. The ultrasonic power in this study was expressed as
percentage numbers (from 0 to 100%). It controlled the amplitude of the tool vibration. Larger
ultrasonic powers indicated higher amplitudes. The frequency of the vibration was 20 kHz.
In UV-A pelleting, the tool was fed down with a constant pressure which was provided
by an air compressor and controlled by a pressure regulator. In the meanwhile of the tool moving
down, the ultrasonic vibration was applied on it. Both wheat straw and the spring were
compressed, and their heights kept decreasing until the tool could not move down any further.
The heights of compressed straw pellet and spring were measured. Then the tool was retracted
and the pellet was unloaded.
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Figure 10.3 Illustration of UV-A pelleting setup
Pneumatic
cylinder
Converter

Pressure
regulator
Air compressor

Tool
Power supply of
ultrasonic vibration

Ultrasonic
vibration

Feed
Biomass
Plastic tube

Spring
Fixture

Machine
table

With known pellet height, pellet density (ρ) could be calculated from Equation (7). With
known heights of initial and compressed spring and the spring constant, the pressure at the
bottom surface of pellet (P L ) could be calculated based on Hooke’s law. With known value of ρ
and P L , the value of the mechanistic parameter b can be calculated from Equation (10).
The b values for three levels of pelleting pressure (325, 650, and 975 psi) were
determined. At each pressure level, the b values for three levels of ultrasonic power (20%, 30%,
and 40%) were determined.

10.3.2 Experimental results
Experimental results on b value are presented in Table 10.2 and Figure 10.4. For each
combination of pelleting pressure and ultrasonic power, three replicates were conducted to obtain
the b value. The error bars in Figure 10.4 represent the standard deviation of b value. The b
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values at different levels of pelleting pressure are the same, indicating that pelleting pressure
does not have significant effects on the b value. Ultrasonic power has significant effects on b
value. As ultrasonic power increases, b value decreases.
Table 10.2 Experimental results on b value
Pelleting pressure Ultrasonic power
(psi)

325

650

975

b value

(%)

b1

b2

b3

20

0.91 0.82 0.84 0.81

0.85

30

0.65 0.65 0.67 0.69

0.67

40

0.47 0.42 0.42 0.45

0.44

20

0.88 0.84 0.82 0.82

0.84

30

0.7

0.65 0.64 0.69

0.67

40

0.44 0.48 0.41 0.43

0.44

20

0.81 0.81 0.84 0.86

0.83

30

0.63 0.65 0.66 0.69

0.66

40

0.42 0.45 0.43 0.44

0.44

Figure 10.4 Experimental results on b value
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average

Figure 10.5 shows a plot of b values versus ultrasonic power. The b values in Figure 10.6
are the average value of experimental results at each level of pelleting pressure. The plot
indicates a quadratic relation between b value and ultrasonic power:
𝑏 = 𝑎0 + 𝑎1 ∙ 𝑥 + 𝑎2 ∙ 𝑥 2

(11)

where, a 0 , a 1 , and a 2 are constants, x represents the value of ultrasonic power (20, 30, and 40).
Their values were estimated using regression function in Minitab (version 15). The estimates of
a 0 , a 1 , and a 2 were found to be 1, 5×10-4, and -4×10-4 respectively.
Figure 10.5 Relation between b value and ultrasonic power
1.2

Value of b

1.0
0.8
0.6
0.4
0

10

20

30

40

Ultrasonic power (%)

10.4 Experimental verification
In this section, predicted pellet densities are compared with the experimental density
results. All of the experimental density results were obtained from the same batch of wheat straw
and the same setup (with the same UV-A pelleting machine, plastic tube, and spring) as those
used to determine the value of parameter b in Section 10.3.
Figure 10.6 shows the comparison of pellet densities between model predictions and
experiments when ultrasonic vibration is not applied on the tool (ultrasonic power = 0). The data
are shown in Table 10.3. The solid line represents the values of predicted density. The
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experimental results are plotted as dots. It can be seen that the predictions fit the experimental
results very well when pelleting pressure is 975 psi. The difference between predictions and
experimental results is about 3%. When pelleting pressure is 650 psi, the predictions still fit the
experimental results well. The difference between predictions and experimental results is about
4%. When pelleting pressure is 325 psi, the difference between predictions and experimental
results is about 6%.
Figure 10.6 Comparison of pellet densities between prediction and experiments without
ultrasonic vibration applied on the tool

Density (kg/m3)

1000

800

600

400

325

650

975

Pelleting pressure (psi)

Table 10.3 Data of pellet density obtained from experiments and model without
ultrasonic vibration applied on the tool
Pelleting pressure Density obtained from experiments Predicted density
(psi)
(kg/m3)
(kg/m3)
325
650
975

512
605
821

486
620
856

491
593
814
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501
612
848

527
633
839

Figure 10.7 shows the comparison of pellet densities between model predictions and
experiments when different levels of ultrasonic power are applied on the tool and the pelleting
pressure is 650 psi. The data are shown in Table 10.4. It can be seen that the predictions fit the
experimental results very well at all three levels of ultrasonic power. The difference between
predictions and experimental results is lower than 3%, indicating that the proposed model (with
the experimentally determined b value) can predict the pellet density very well when ultrasonic
vibration is applied on the tool.
Figure 10.7 Comparison of pellet densities between predictions and experiments at
different levels of ultrasonic power
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1000
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Table 10.4 Data of pellet density obtained from experiments and predictions at different
levels of ultrasonic power (pelleting pressure = 650 psi)
Ultrasonic power Density obtained from experiments Predicted density
(%)
(kg/m3)
(kg/m3)
20
30
40

841
896
901

859
875
938

830
870
946
194

846
858
911

851
884
920

Figure 10.8 shows the comparison of pellet densities between model predictions and
experiments when 30% ultrasonic power is applied on the tool at different levels of pelleting
pressure. The data are shown in Table 10.5. The predictions fit the experimental results very well
at all three levels of pelleting pressure. The difference between predictions and experimental
results is lower than 6%.
Figure 10.8 Comparison of pellet densities between predictions and experiments at
different levels of pelleting pressure
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Table 10.5 Data of pellet density obtained from experiments and predictions at different
levels of pelleting pressure (ultrasonic power = 30%)
Pelleting pressure Density obtained from experiments Predicted density
(psi)
(kg/m3)
(kg/m3)
325
650
975

635
896
1172

672
875
1134

658
870
1186
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682
858
1149

684
884
1156

10.5 Conclusions
A mechanistic model for pellet density in ultrasonic vibration-assisted (UV-A) pelleting
of cellulosic biomass has been developed using wheat straw as an example. The model was used
to predict pellet density (without considering pellet expansion after removal of pelleting pressure)
at different levels of ultrasonic power (0, 20%, 30%, and 40%). The predicted densities were
compared with experimental results. When ultrasonic power is zero (ultrasonic vibration not
applied on the tool), the proposed model can give good prediction on pellet density at higher
pelleting pressure. When ultrasonic power is not zero (ultrasonic vibration applied on the tool),
the proposed model (with one experimentally determined coefficient) can predict the pellet
density very well.
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Chapter 11 - Conclusions
11.1 Summaries and conclusions of this dissertation
In this dissertation, ultrasonic vibration-assisted (UV-A) pelleting of cellulosic biomass
materials for ethanol manufacturing is investigated. The feasibility of UV-A pelleting as
pretreatment for ethanol manufacturing is studied, and effects of input variables (such as biomass
moisture content, biomass particle size, pelleting pressure, and ultrasonic vibration power) on
pellet quality (such as density, durability, and stability) and sugar yield are studied. The sugar
yields of biomass processed and not processed by UV-A pelleting are compared under different
combinations of pretreatment variables (temperature, processing time, and solid content). The
mechanisms through which UV-A pelleting increases sugar yield are investigated. A mechanistic
model is developed to predict pellet density in UV-A pelleting. The studies presented in this
dissertation are highlighted in Figure 11.1.

200

Figure 11.1 Studies of this dissertation
Ultrasonic vibration-assisted pelleting

Experimental
investigations

Mechanism studies

Feasibility study

Statistical comparison of
biomass particle size
before and after UV-A
pelleting

Theoretical study
Modeling of pellet
density

Effects on pellet quality
Effects on sugar yield

Microscopic examination
of biomass surface
morphology via SEM

Comparison of sugar
yields ofbiomass
processed and not
processed by UV-A
pelleting

Below are the main conclusions drawn from this dissertation:
1.

UV-A pelleting (without using any binder material) can produce pellets whose
density is comparable to those produced by traditional pelleting processes (in
which high pelleting pressure, high temperature steam, and binder materials are
usually used). Pellets produced by UV-A pelleting also have good stability and
durability. Ultrasonic vibration can also reduce pelleting force on the rotary UV-A
pelleting machine.

2.

The four input variables (biomass moisture content, biomass particle size,
pelleting pressure, and ultrasonic vibration power) investigated have significant
effects on pellet density. For pellet durability, biomass moisture content, biomass
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particle size, and ultrasonic power, as well as the interaction effects of moisture
content and ultrasonic power are significant. For pellet stability, only the main
effect of particle size is significant. For sugar yield, the main effect of particle size
and the interaction effects of particle size and moisture content are significant.
3.

Biomass particles produced by hammer milling have lower crystallinity indices
than those produced by knife milling and manual cutting. Each size reduction
method produces biomass particles with different sizes but the same crystallinity
index. The particles that have different sizes but the same crystallinity index have
the same sugar yield.

4.

Compared with non-pelleted biomass or biomass pelleted without ultrasonic
vibration, pellets produced by UV-A pelleting can increase sugar yield by more
than 20%. UV-A pelleted biomass has higher sugar yield than non-pelleted
biomass under different combinations of pretreatment variables. The difference in
sugar yield between UV-A pelleted and non-pelleted biomass is larger when
shorter processing time or more solid content is applied in pretreatment.

5.

Biomass particle sizes before and after UV-A pelleting are not significantly
different. In other words, UV-A pelleting does change biomass particle size.
Therefore, a hypothesis that UV-A pelleting increases sugar yield by reducing
particle size is rejected.

6.

UV-A pelleting does not noticeably change the biomass surface morphology
observed after pelleting. Significant differences in the surface morphologies
between UV-A pelleted biomass and non-pelleted biomass are revealed after
pretreatment. Severe disruption is observed on the surface of UV-A pelleted
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biomass. Internal cellulose structures are also exposed. For non-pelleted biomass
surface, there are only small cracks and no internal cellulose structures. Therefore,
it is hypothesized that UV-A pelleting increases sugar yield by increasing
accessibility of cellulose to enzymes.
7.

A mechanistic model for pellet density in UV-A pelleting of cellulosic biomass
has been developed using wheat straw as an example. The model was used to
predict pellet density (without considering pellet expansion after removal of
pelleting pressure) at different levels of ultrasonic power (0, 20%, 30%, and 40%).
The predicted densities were compared with experimental results. When
ultrasonic power is zero (no ultrasonic vibration is applied on the tool), the
proposed model can give good prediction on pellet density at higher pelleting
pressure. When ultrasonic power is not zero (ultrasonic vibration is applied on the
tool), the proposed model (with one experimentally determined coefficient) can
predict the pellet density very well.

11.2 Contributions of this dissertation
The major contributions of this dissertation are:
1.

This dissertation, for the first time, presents a systematic investigation on
ultrasonic vibration-assisted (UV-A) pelleting of cellulosic biomass. This research
will fill gaps in the literature on cellulosic ethanol manufacturing.

2.

This research is the first to show that UV-A pelleting (without using high
temperature steam and binding materials) can produce pellets whose density is
comparable to those produced by traditional pelleting methods. This research will
add to the literature of both ultrasonics and pelleting. In addition, this result is of
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practical use in industry to pellet biomass cost-effectively without using costly
high temperature steam and binding materials.
3.

This research is the first to study effects of UV-A pelleting of cellulosic biomass
on sugar yield. This research is also the first to compare sugar yields between
non-pelleted and UV-A pelleted biomass. The results will add to the literature of
physical pretreatment of cellulosic biomass for enzymatic hydrolysis.

4.

This research is the first to show that, in some conditions, mixed particle size
results in higher pellet density than each separated particle size. This result will
add to the literature of pelleting. In addition, this result is of practical use in
pelleting industry for improving pellet density.

5.

This research, for the first time, investigates the mechanisms through which UVA pelleting can increase sugar yield. It is found that UV-A pelleting does not
change biomass particle size. It is also found that UV-A pelleting can cause
severe disruption on pretreated biomass surface and expose internal cellulose
structure, leading to higher accessibility to cellulose by enzymes. This result will
add to the literature of enzymatic hydrolysis of cellulosic biomass.

6.

For the first time, this research has developed a mechanistic predictive model of
pellet density in UV-A pelleting. The stated results help to understand the
mechanisms through which ultrasonic vibration can increase pellet density. This
research will fill gaps in the literature on modeling of biomass pelleting.
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